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Abstract 

Powder bed fusion (PBF) of thermoplastic materials, such as polyamide-12 (PA-12), 

can provide complex, individualised components with a high strength-to-weight ratio. 

However, during every build, 80-90% of powder remains un-sintered. The remaining 

powder is recoverable and can be re-used, but it has been exposed to physical aging 

and degradation processes that hinder the recyclability of the material. As a result, 

PBF processes are capable of generating significant amounts of waste. This work 

aims to improve the sustainability of PBF, by determining optimal strategies for 

quantifying the effect of aging on the properties of recycled PA-12 powder, and how 

to maximise its re-use across future builds, without detriment to the quality of final 

components. 

To understand its complex aging behaviour, PA-12 powder was conditioned at 170 

°C, within an oxygenated environment, for up to 336 hours. This time-temperature 

profile aims to replicate the harsh thermal conditions that PA-12 powder could be 

exposed to if repeatedly re-used across multiple PBF builds. Differential scanning 

calorimetry revealed an initial increase in melting temperature and crystallinity, 

representative of secondary crystallisation. However, for extended storage times 

beyond 100 hours, all measured variables indicate that thermo-oxidative degradation 

becomes the dominant aging mechanism. In an attempt to counteract the effect of 

aging, used material is typically blended with virgin powder before re-use; a 50:50 

refresh ratio is most common. This study quantified the effectiveness of employing a 

more resource efficient 70:30 refresh rate. Successive powder re-use affected 

various material properties, such as reduced material coalescence and melt 



  
  

flowability, deteriorated particle morphology, and a 4.5 °C increase in melting 

temperature. Nonetheless, a 20% reduction in particle flowability had the most 

significant effect on the quality of final parts. Despite identifying a direct correlation 

between specific powder and part properties, an 11% reduction in strength across 7 

build cycles is relatively modest. Therefore, a 70:30 refresh ratio offers a good 

compromise between maintaining part performance, particularly for non-critical 

applications, without having to add an unnecessary amount of virgin powder.  

The functionality of PBF parts is also dependent on the crystallisation process. With 

increased powder re-use, polycondensation and cross-linking cause structural 

changes that reduce the rate and extent of primary crystallisation. As a result, the 

common Avrami model is unsuitable for describing the crystallisation kinetics of aged 

PA-12 powder. Alternatively, the Hay theory accounts for both primary and 

secondary crystallisation, so can model the full phase transformation of re-used PA-

12 powder more accurately. Despite limited reports in the literature, secondary 

crystallisation is a crucial aging process in the context of PBF. Flash scanning 

calorimetry (FSC) verified that secondary crystallisation, via lamellar thickening, can 

occur when PA-12 is exposed to elevated temperatures. FSC quantified that the 

mechanism and rate of lamellar thickening is dependent on temperature, time, and 

the polymorphic nature of PA-12. This insight into the crystallisation behaviour of PA-

12 could be utilised to improve the consistency of PBF parts. 

  



  
  

Acknowledgements 

Most importantly, I would like to express my sincere thanks and gratitude to my 

supervisor Dr. Mike Jenkins for his invaluable guidance, advice, and constant 

encouragement throughout the duration of my PhD.  

I am also grateful to my industry supervisor Dr. Edward Cant for regularly offering his 

expertise and assistance, despite his busy schedule. I appreciate the extra efforts he 

made to assist me alongside his regular responsibilities.  

Further, I extend my gratitude to the Manufacturing Technology Centre for funding 

this work, and to Dr. Hoda Amel for her contributions to the project’s 

conceptualisation. I also express my thanks to the Manufacturing Technology Centre 

for providing samples and consumables; as well as allowing me to use their 

outstanding facilities to conduct some of my experiments.  

Finally, I would like to thank all my loved ones for their unwavering support 

throughout the duration of my PhD.  

 

 

  



  
  

List of publications 

This thesis is presented in an alternative format and incorporates the following 

publications: 

1. Sanders B, Cant E, Amel H, Jenkins M. The Effect of Physical Aging and 

Degradation on the Re-Use of Polyamide 12 in Powder Bed Fusion. Polymers. 

2022;14(13):2682. 

2. Sanders B, Cant E, Jenkins M. Re-use of polyamide-12 in powder bed fusion 

and its effect on process-relevant powder characteristics and final part 

properties. Additive Manufacturing. 2024:103961. 

3. Sanders B, Cant E, Kelly CA, Jenkins M. The Effect of Powder Re-Use on the 

Coalescence Behaviour and Isothermal Crystallisation Kinetics of Polyamide 

12 within Powder Bed Fusion. Polymers. 2024;16(5):612. 

Please note that all references are collated in one individual bibliography at the end 

of the thesis.  

  



  
  

Table of Contents 

CHAPTER 1 – INTRODUCTION TO ADDITIVE MANUFACTURING ....................... 1 

1.1 The importance of additive manufacturing ..................................................... 1 

1.2 Powder Bed Fusion ........................................................................................ 4 

1.2.1 Types of Powder Bed Fusion ................................................................... 6 

1.2.2 Applications of Powder Bed Fusion ......................................................... 8 

1.2.3 Materials for PBF ..................................................................................... 9 

1.2.3.1 Polyamide 12 .................................................................................. 11 

1.2.4 Requirement for powder re-use within PBF ........................................... 12 

1.3 Scope of the work ........................................................................................ 15 

CHAPTER 2 – INTRODUCTION TO THERMOPLASTIC MATERIALS .................. 17 

2.1 Microstructure and morphology of thermoplastics ........................................ 17 

2.1.1 Amorphous polymers ............................................................................. 17 

2.1.2 Semi-crystalline materials ...................................................................... 18 

2.2 Glass transition and melting temperatures ................................................... 20 

2.3 The Crystallisation Process .......................................................................... 24 

2.3.1 Nucleation and growth during primary crystallisation ............................. 24 

2.3.2 Secondary crystallisation ....................................................................... 25 

2.4 Isothermal crystallisation .............................................................................. 27 

2.4.1 Modelling isothermal crystallisation kinetics .......................................... 31 

 



  
  

CHAPTER 3 – LITERATURE REVIEW ................................................................... 34 

3.1 The effect of build parameters on the processability of PA-12 within PBF ... 34 

3.1.1 Laser sintering (LS) ............................................................................... 34 

3.1.2 Multi-jet fusion (MJF) ............................................................................. 36 

3.2 Aging and degradation of PA-12 during PBF ............................................... 38 

3.2.1 Solid-state polycondensation ................................................................. 41 

3.2.2 Secondary crystallisation of PA-12 ........................................................ 46 

3.2.3 Degradation processes .......................................................................... 48 

3.2.3.1 Thermo-oxidation ............................................................................ 49 

3.2.3.2 Chemi-crystallisation ....................................................................... 54 

3.2.3.3 Hydrolysis ........................................................................................ 55 

3.2.4 Interaction between aging processes during PBF.................................. 55 

3.2.5 Effect of powder re-use and aging on part properties ............................ 59 

3.3 Rationale of the work .................................................................................... 67 

CHAPTER 4 – THE EFFECT OF PHYSICAL AGING AND DEGRADATION ON THE 

RE-USE OF POLYAMIDE 12 IN POWDER BED FUSION ...................................... 69 

4.1 Abstract ........................................................................................................ 70 

4.2 Introduction .................................................................................................. 71 

4.3 Materials and Methods ................................................................................. 75 

4.3.1 Characterisation of virgin PA-12 powder ............................................... 75 

4.3.2 Oven conditioning of virgin PA-12 powder ............................................. 75 



  
  

4.3.2.1 Thermal analysis using Differential Scanning Calorimetry (DSC) ... 76 

4.3.2.2 Attenuated Total Reflectance Fourier Transform Infrared 

Spectroscopy (ATR-FTIR) ............................................................................... 77 

4.3.3 Fabrication and conditioning of PA-12 tensile specimens ...................... 77 

4.3.4 Effect of drying PA-12 powder before oven conditioning ....................... 78 

4.4 Results and Discussion ................................................................................ 79 

4.4.1 Characterisation of Virgin PA−12 Powder .............................................. 79 

4.4.1.1 Sample Variability ........................................................................... 79 

4.4.1.2 Initial assessment of thermal stability .............................................. 79 

4.4.2 Oven conditioning of virgin PA-12 powder ............................................. 83 

4.4.2.1 Differential Scanning Calorimetry (DSC) ......................................... 83 

4.4.2.2 Attenuated Total Reflection—Fourier Transform Infrared 

Spectroscopy (ATR-FTIR) ............................................................................... 87 

4.4.2.3 Relationship between Aging and Degradation Processes ............... 89 

4.4.2.4 Mechanical Properties of PA−12 Plaques ....................................... 91 

4.4.3 Oven Conditioning of Pre-Dried PA−12 Powder .................................... 97 

4.5 Conclusions ................................................................................................ 100 

4.6 Supplementary Information 1 ..................................................................... 102 

CHAPTER 5 – RE-USE OF POLYAMIDE-12 IN POWDER BED FUSION AND ITS 

EFFECT ON PROCESS-RELEVANT POWDER CHARACTERISTICS AND FINAL 

PART PROPERTIES ............................................................................................. 103 

5.1 Abstract ...................................................................................................... 105 



  
  

5.2 Graphical Abstract ...................................................................................... 107 

5.3 Introduction ................................................................................................ 108 

5.4 Experimental Methodology ......................................................................... 115 

5.4.1 Materials and sample preparation ........................................................ 115 

5.4.2 Powder characterisation ...................................................................... 117 

5.4.3 LS part characterisation ....................................................................... 119 

5.5 Results and discussion ............................................................................... 121 

5.5.1 Powder characterisation ...................................................................... 121 

5.5.1.1 Thermal behaviour ........................................................................ 121 

5.5.1.2 Extrinsic powder properties ........................................................... 128 

5.5.2 LS part characterisation ....................................................................... 135 

5.5.2.1 Part microstructure ........................................................................ 136 

5.5.2.2 Mechanical testing of LS parts ...................................................... 143 

5.5.3 The relationship between the behaviour of refreshed powder and the 

properties of final LS parts ................................................................................ 148 

5.6 Conclusion ................................................................................................. 153 

5.7 Additional un-published material ................................................................ 155 

5.7.1 Laser sintering surface roughness measurements .............................. 155 

5.7.2 Re-use of PA-12 within multi-jet fusion (MJF) ...................................... 157 

5.7.3 Porosity Pearson correlation test ......................................................... 162 



  
  

CHAPTER 6 – EFFECT OF POWDER RE-USE ON THE COALESCENCE 

BEHAVIOUR AND ISOTHERMAL CRYSTALLISATION KINETICS OF 

POLYAMIDE-12 WITHIN POWDER BED FUSION ............................................... 163 

6.1 Abstract ...................................................................................................... 165 

6.2 Graphical Abstract ...................................................................................... 166 

6.3 Introduction ................................................................................................ 167 

6.4 Experimental Method ................................................................................. 174 

6.4.1 Powder Characterisation ..................................................................... 174 

6.4.1.1 Hot-Stage Microscopy (HSM) ........................................................ 174 

6.4.1.2 Differential Scanning Calorimetry (DSC) – Isothermal Crystallisation

 175 

6.5 Results and Discussion .............................................................................. 177 

6.5.1 The Effect of Powder Re-Use on Sintering and Coalescence Behaviour 

of PA-12 ............................................................................................................ 177 

6.5.2 The Effect of Powder Re-Use on Crystallisation Behaviour of PA-12 .. 184 

6.5.3 Avrami Analysis of Isothermal Crystallisation ...................................... 188 

6.5.4 Modelling the Crystallisation Kinetics of Re-Used PA-12 Powder........ 193 

6.6 Conclusions ................................................................................................ 205 

6.7 Supplementary Information ........................................................................ 207 

CHAPTER 7 – INVESTIGATING SECONDARY CRYSTALLISATION OF PA-12 

USING FAST SCANNING CALORIMETRY .......................................................... 220 

7.1 Introduction ................................................................................................ 220 

7.2 Experimental methodology ......................................................................... 227 



  
  

7.2.1 Material ................................................................................................ 227 

7.2.2 Fast scanning chip calorimetry ............................................................ 227 

7.2.3 Isothermal crystallisation kinetics ......................................................... 227 

7.3 Results and discussion ............................................................................... 229 

7.3.1 Rationale for FSC scanning rates ........................................................ 229 

7.3.2 Isothermal crystallisation kinetics ......................................................... 234 

7.3.2.1 High supercooling region – 40 °C to 90 °C .................................... 234 

7.3.2.2 Moderate and low supercooling region – 100 °C to 150 °C ........... 239 

7.3.3 Secondary crystallisation ..................................................................... 246 

7.4 Conclusions ................................................................................................ 256 

CHAPTER 8 – INTEGRATED DISCUSSION......................................................... 258 

8.1 Background ................................................................................................ 258 

8.2 Material characterisation studies ................................................................ 260 

8.3 Laser sintering studies ............................................................................... 264 

8.4 Conclusions ................................................................................................ 274 

8.5 Further research ......................................................................................... 275 

 

 

  



  
  

List of Figures  

Chapter 1 

Figure 1.1 – Illustrates the uniqueness of a PBF build set up because multiple individual parts, all with different 

build geometries and sizes, can be arranged freely within the build volume [13]. ................................................. 5 

Figure 1.2 - Diagram showing the Laser Sintering (LS) process [13] . ...................................................................... 7 

Figure 1.3 - Diagram showing the Multi-Jet Fusion (MJF) process [24]. .................................................................. 8 

Figure 1.4 – A variety of protypes printed by polymer PBF highlight advantages of the technology such as the 

ability to fabricate extremely complex geometries, and intricate component features, with high precision. ........ 9 

Figure 1.5 - Repeating unit of PA-12. The long, linear hydrocarbon chain and reactive amide group are key 

features which influence the physical and chemical properties of PA-12.............................................................. 10 

Figure 1.6 – Schematic diagram illustrating hydrogen bonding ( linkages) between adjacent PA-12 chains; 

this allows close packing of chains so highly crystalline structures can develop. .................................................. 12 

 

Chapter 2 

Figure 2.1 – Schematic of the 3-phase model, which describes the morphology of a semi-crystalline 

thermoplastic......................................................................................................................................................... 20 

Figure 2.2 – Schematic illustration of an endothermic melting peak, indicating how melting occurs over a broad 

temperature range due to differences in lamellar thickness [62].......................................................................... 22 

Figure 2.3 – Diagram portraying two different secondary crystallisation processes, based off the 3-phase model 

for semi-crystalline thermoplastics; a) lamella thickening and b) lamella infill (right) [119]. ............................... 27 

Figure 2.4 – Schematic illustration of the temperature dependence of crystallisation. The effect of temperature 

on the type of nucleation, extent of crystal growth, and resulting crystalline morphology is also depicted. ....... 30 

 

 



  
  

Chapter 3 

Figure 3.1 - The key polymer properties which have an impact on the fabrication of parts using PBF. Highlighted 

regions emphasise parameters which may be affected by aging and degradation processes. Adapted from [64].

 ............................................................................................................................................................................... 40 

Figure 3.2 - Diagram showing the equilibrium equation for polycondensation, whereby two PA-12 chains 

combine with elimination of water. ...................................................................................................................... 42 

Figure 3.3 - Schematic displaying the expected thermo-oxidation mechanism of PA-12 based on literature 

reports for other polyamide structures [174, 175]. ............................................................................................... 50 

Figure 3.4 - a) Molecular structure of PA-12, methylene carbon adjacent to the amide nitrogen is donated by αN 

and shown by an arrow. The αN carbon is the weakest link in the polymer chain so most susceptible to oxidative 

chain scission. b) Random chain scission in a linear polymer chain. ..................................................................... 52 

Figure 3.5 - Illustrates that at the bed temperature, there are 4 key aging processes that are likely occurring 

simultaneously. These processes will have an effect on each other, whilst also having collective and opposing 

effects on PA-12 powder properties. ..................................................................................................................... 56 

Figure 3.6  – LS components displaying (a) orange peel texture and b) an acceptable surface finish [16]. .......... 60 

 

Chapter 4 

Figure 4.1 - Virgin PA−12 powder sample variability for (a) melting behaviour and (b) crystallisation behaviour.

 ............................................................................................................................................................................... 79 

Figure 4.2 - Change in (a) melting behaviour on heating and (b) crystallisation behaviour on cooling with 

repeated thermal cycling, to an upper temperature limit of 215 °C. ..................................................................... 81 

Figure 4.3 - The change in (a) peak Tm, (b) heat of fusion, (c) peak Tc, and (d) heat of crystallisation with 

increased thermal cycling, with varied upper temperature limits. Note that the starting values (cycle number 0) 

for the 25-205 °C and 25-225 °C datasets are slightly different to 25-215 °C because these experiments were 

conducted on a new batch of virgin PA-12 powder. The new powder had a reduced Tc in order to enlarge the 

processing window of PA-12, ultimately, this altered the baseline values for the heat of fusion and heat of 



  
  

crystallisation as well. Nonetheless, the chemical structure of the powder remains the same, so the slight 

change in the baseline value does not alter the observed trends regarding the thermal stability of the material.

 ............................................................................................................................................................................... 83 

Figure 4.4 - DSC first heat–cool showing the change in (a) melting behaviour and (b) crystallisation behaviour, 

for the first 100 h of oven storage. ........................................................................................................................ 85 

Figure 4.5 - DSC first heat–cool showing the change in (a) melting behaviour and (b) crystallisation behaviour, 

for storage times greater than 100 h. ................................................................................................................... 86 

Figure 4.6 - The overall change in Tm and Tc after storage of PA−12 at 170 °C for up to 336 h. ............................ 87 

Figure 4.7 - A full ATR-FTIR spectra for PA−12, with the carbonyl region magnified to show the development of a 

new band at 1700 − 1760 cm−1, with absorption maxima appearing at 1705 cm−1, 1715 cm−1, and 1733 cm−1, as 

indicated by the dashed grey lines. The chemical reaction resulting in the formation of imide bonds is displayed.

 ............................................................................................................................................................................... 88 

Figure 4.8 - Correlation between changes in PA12 Tm, crystallinity, imide peak height growth and sample 

discoloration, with storage time. Displays the relationship between polymer morphology and degradation. .... 91 

Figure 4.9 - Stress Strain curves for PA-12 tensile samples as a function of storage time at 170 °C. .................... 92 

Figure 4.10 - The change in elongation at break (EAB) Young’s modulus, and crystallinity of PA−12 plaques with 

increased storage time. + Significant change in EAB when compared to the 0h sample (p < 0.05). * Very 

significant change in EAB when compared to the 0h sample (p < 0.005). ............................................................. 95 

Figure 4.11 - Relationship between PA−12 plaques thermal, chemical, mechanical, and optical properties as a 

function of storage time. ....................................................................................................................................... 96 

Figure 4.12 - The change in (a) peak melting temperature and (b) peak crystallisation temperature with storage 

time, as a function of time spent drying in a desiccator prior to oven conditioning. Error bars were removed for 

clarity of the data trends, whilst all standard deviation values for these datasets was < 1.0 °C, so considered 

insignificant in relation to the observed trend. ..................................................................................................... 98 

Figure 4.13 - The reduction in melting temperature of PA−12, as a function of pre-drying time. Changes in Tm 

were calculated from the highest value during oven storage to the final value  observed after 336 h. ................ 99 

Figure 4.14 - The effect of drying PA−12 powders before oven conditioning on the growth of the imide peak and 

sample discolouration. ........................................................................................................................................ 100 



  
  

Chapter 5 

Figure 5.1 – Summary of the work package, sampling procedure and sample characterisation. ....................... 116 

Figure 5.2 – Build orientations of tensile samples. 1-5 are horizontal orientation (XY), 6-10 are vertical 

orientation (ZX) and 11-15 have an angular orientation (YX 45 degree). ........................................................... 117 

Figure 5.3 – The change in melting behaviour of a) used powder and b) refreshed powder, with increased build 

number. ............................................................................................................................................................... 121 

Figure 5.4 – Comparing the average change in a) Peak Tm and b) Tm range for used and refreshed PA-12 powder 

across 7 LS build cycles and as a function of tc. All datapoints are taken as an average from 3 repeats. ........... 122 

Figure 5.5 –  Displays the change in a) cumulative avalanche angle and  b) average avalanche angle / average 

avalanche angle distribution, as a function of build number and tc. All datapoints in a) and b) are taken as an 

average of 3 repeats. ........................................................................................................................................... 130 

Figure 5.6 – SEM images of showing particle morphology of a) virgin powder and b) refreshed powder recovered 

from build 3. ........................................................................................................................................................ 133 

Figure 5.7 – SEM images displaying evidence of significant particle cracking (red arrows) and presence of 

“satellite particles” (yellow arrows)  in a) refreshed powder recovered from build 3, and more significantly in b) 

refreshed powder revered from build 6. .............................................................................................................. 134 

Figure 5.8 – First heating run recorded on the DSC shows the change in melting behaviour of LS parts as a 

function of build number. The arrow illustrates the growth of an upper temperature shoulder melting peak 

which appears in parts fabricated from re-used, aged powder. Insert displays the second heating run, where a 

single melting endotherm is observed. ................................................................................................................ 137 

Figure 5.9 – SEM images, taken using a mix of BSE and SE, displaying the fracture surface of tensile samples, 

fabricated from a) virgin powder and b) refreshed powder re-used in 3 build cycles. ........................................ 139 

Figure 5.10 – XCT images taken as transversal cuts throughout the centre of LS tensile specimens recovered 

from different build cycles: a) 1; b) 4; c) 5 and d) 7. ............................................................................................ 140 

Figure 5.11 – a) displays the change in average porosity, pore size and pore number as a function of build 

number and tc, b) demonstrates how porosity alters throughout the thickness of the 3D tensile specimen. In all 

cases datapoints are calculated as an average of 5 repeats. .............................................................................. 142 



  
  

Figure 5.12 – The change in a) UTS, b) yield strength, c) elongation at break, and d) Young’s modulus as a 

function of build orientation and build number. All datapoints were taken as an average of 5 repeats. Note that 

some datapoints are missing due to failed builds. .............................................................................................. 144 

Figure 5.13 - ANOVA analysis showed that, in the XY build direction, there was a significant change in the 

averages of Ultimate Tensile Strength, Yield Strength, and Young’s Modulus, as a function of build number / tc. 

All datapoints are taken as an average of 5 repeats. Post-Hoc T-tests, with the Bonferroni correction, emphasise 

which build number shows a statistically significant (P<0.05) reduction compared to: * Build 1 ....................... 146 

Figure 5.14 - The relationship between the thermal behaviour and flowability of PA-12 powder, with the 

mechanical properties of LS parts, as a function of build number and tc. ........................................................... 149 

Figure 5.15 – Displays the negative correlation between UTS and a) increased Tm, and b) increased avalanche 

angle. A Pearson correlation table quantifies the statistical significance of these relationships. ....................... 151 

Figure 5.16 – Effect of build number on the surface roughness of LS parts built in the XY orientation. Sa is the 

arithmetic mean height, referring to the mean average height away from the surface. Sq is known as the root 

mean square height so corresponds to the standard deviation of the distance away from the surface plane 

[223]. ................................................................................................................................................................... 156 

Figure 5.17 – Effect of build number and build orientation on the surface roughness of LS parts. ..................... 157 

Figure 5.18 -  Locations 1, 2, and 3 illustrate the regions of the bed chamber that powder was sampled from at 

the end of each build. However, these fixed locations are somewhat arbitrary because variations in temperature 

within the build chamber will likely depend on the position of the printed parts, among other processing 

parameters. As such, further work is required to determine whether thermal gradients exist within MJF. ....... 159 

Figure 5.19 - Comparing the a) melting behaviour and b) crystallisation behaviour of HP 3D High Reusability PA-

12 powder, and EOS PA2200 PA-12 powder, re-used across multiple MJF and LS build cycles, respectively. ..... 161 

Figure 5.20 - Displays the positive correlation between porosity and a) increased avalanche angle (aa), and b) 

increased melting temperature (Tm) as a function of build number. ................................................................... 162 

 

 

 



  
  

Chapter 6 

Figure 6.1 - Powder melting and coalescence behaviour of virgin and used powder, observed using hot stage 

microscopy by heating samples at a constant heating rate of 10 °C/min. The theoretical yellow arrow indicates 

the change from particle softening to melting and coalescence during heating; yellow circles provide examples 

of incomplete melting and the presence of un-molten particle cores. ................................................................ 179 

Figure 6.2 - The coalescence behaviour, at 200 °C, of two virgin powder particles, and powder recovered from 

different LS build cycles. ...................................................................................................................................... 181 

Figure 6.3 - The relative roundness of two powder particles coalescing into one consolidated, melted ‘particle’ as 

a function of time when holding at coalescence temperatures of (a) 195 °C, (b) 200 °C, and (c) 205 °C. ........... 182 

Figure 6.4 - The change in absolute crystallinity (columns), measured from the exothermal crystallisation peak, 

and peak melting temperature (lines), measured on the subsequent re-heat, as a function of isothermal 

crystallisation temperature for virgin and used powder samples. ...................................................................... 185 

Figure 6.5 - a) With increased powder re-use, there is a shift in Tg to higher temperatures (represented by 

arrow), as recorded by DSC; b) shows the increase in Tg onset (blue datapoints) and Tg midpoint (gray 

datapoints), whereby Tg is measured using the Richardson approach, and the plotted values are taken as an 

average from 10 repeats. .................................................................................................................................... 187 

Figure 6.6 - The change in (a) crystallisation half-life and (b) Avrami rate constant (ka) as a function of 

isothermal crystallisation temperature for each powder type. ........................................................................... 189 

Figure.6.7 - Relative crystallinity vs. time curves, created from both experimental data and the Avrami model 

within SPSS for (a) virgin powder and used powder collected from build (b) 2, (c) 4, and (d) 6. ......................... 191 

Figure 6.8 - Comparison of the Avrami, simplified Hillier, Tobin, Malkin, and Hay models with experimental data 

obtained for PA-12 at 165 °C for each powder type. Fractional crystallinity curves were fabricated by inputting 

the crystallisation kinetic parameters (Table S3, Table S4, and Table S5) into the corresponding models. 

Superimposed on each plot is a key and the respective co-efficient of determination (R2) value for each model, * 

represents the model with the highest R2 in each plot. ....................................................................................... 196 

Figure 6.9 - Nonlinear multivariable curve fitting of the Avrami, simplified Hillier, Tobin, Malkin, and Hay kinetic 

models to the isothermal crystallisation of PA-12 at 165 °C for each powder type. Superimposed on each plot is 



  
  

a key and the respective co-efficient of determination (R2) value for each model,* represents the model with the 

highest R2 in each plot. ........................................................................................................................................ 197 

Figure 6.10 - The change in (a) the primary crystallisation rate constant, kp (datapoints) and Xpinf (columns) and 

(b) the crystallisation half-time, whereby the trendline is extrapolated to include isothermal Tc’s: 168 °C and 169 

°C, calculated using the Hay model, as a function of isothermal Tc and powder type. ....................................... 204 

Figure 6.11 - Comparison of the values of (a) kp and (b) t ½ using both the Hay and Avrami models, for each 

powder type, at an isothermal Tc of 165 °C. ........................................................................................................ 205 

 

Chapter 7 

Figure 7.1 - Schematic diagram depicting the difference in the a) alpha-prime (α’) and b) gamma (γ) crystal 

structures, whereby hydrogen bonds are illustrated by the dashed line. ............................................................ 224 

Figure 7.2 - Temperature-time protocol for analysing the isothermal crystallisation kinetics of PA-12. Isothermal 

crystallisation was studied at 10 °C intervals between 40 °C and 150 °C, whilst isothermal crystallisation time (tc) 

varied from 0.01 seconds to 10,000 seconds. ...................................................................................................... 229 

Figure 7.3 - Thermal behaviour of PA-12 upon heating at 1,000 °C/s following non-isothermal cooling at a range 

of cooling rates between 1 °C/s and 4000 °C/s, emphasising that a cooling rate of 2,000 °C is sufficient to 

prevent crystal growth on cooling. ...................................................................................................................... 231 

Figure 7.4 - Compares the effect of heating rate on the melting behaviour of PA-12, following isothermal 

crystallisation at 100 °C, for either 0.1 seconds (dashed line) or 10 seconds (solid line). Only a heating rate of 

1,000 °C/s is capable of separating the crystal population formed during isothermal crystallisation, from the 

crystals formed during cold-crystallisation or melt-recrystallisation on heating, indicated by the dual melting 

peaks at 1000 °C/s. .............................................................................................................................................. 233 

Figure 7.5 - FSC heating scans, at 1,000 °C/s,  after isothermal crystallisation at 70 °C for up to 10,000 seconds; 

the arrow indicates the growth of the mesophase with increased tc, whilst endothermic peak 2 remains constant 

for all crystallisation times as it represents the melting of the γ crystals that formed via recrystallisation on 

heating. This provides an example of the crystallisation behaviour of PA-12 in the isothermal temperature range 

of 40 °C to 90 °C, where the mesophase is expected to form. ............................................................................. 235 



  
  

Figure 7.6 - a) FSC heating scans, at 1,000 °C/s, after isothermal crystallisation at temperatures between 40 °C 

and 90 °C, for three selected crystallisation times of 0.01 seconds, 100 seconds, and 1000 seconds. The arrow 

indicates the progressive increase in the size and stability of the mesophase with increased Tc, whilst the solid 

line at 150 °C emphasises that this melting peak represents the melting of crystals that formed via 

reorganisation, or melt-recrystallisation, on heating. b) The variation in melting enthalpy of the mesophase (i.e., 

“endothermic peak 1”), as a function of isothermal time, for isothermal crystallisation temperatures between 40 

°C and 90 °C. ........................................................................................................................................................ 238 

Figure 7.7 - FSC heating scans, at 1,000 °C/s, after isothermal crystallisation at temperatures between 100 °C 

and 150 °C, for three selected crystallisation times of 0.01 seconds, 100 seconds, and 1000 seconds, indicating 

the influence of isothermal Tc and tc on the crystallisation behaviour of PA-12. For crystallisation temperatures > 

130 °C there is a transition from the γ to the α’ phase. ....................................................................................... 241 

Figure 7.8 - a) FSC heating scans, at 1,000 °C/s,  after isothermal crystallisation at 120 °C for crystallisation up to 

10,000 seconds; this provides an example of the crystallisation behaviour of PA-12 in the isothermal 

temperature range of 100 °C to 130 °C, where the γ phase is expected to form. b) The change in cold 

crystallisation enthalpy and total enthalpy change, whereby total enthalpy = melting enthalpy – cold 

crystallisation enthalpy, as a function of isothermal crystallisation time at 120 °C. For extended crystallisation 

times, the gradual, progressive increase in total enthalpy is indicative of secondary crystallisation, via lamellar 

thickening. ........................................................................................................................................................... 243 

Figure 7.9 - a) FSC heating scans, at 1,000 °C/s,  after isothermal crystallisation at 140 °C for up to 10,000 

seconds; this provides an example of the crystallisation behaviour of PA-12 at isothermal temperatures > 140 °C, 

where the high temperature endotherm represents the formation of the α’ phase. b) The change in cold 

crystallisation enthalpy and total enthalpy change, whereby total enthalpy change = total melting enthalpy – 

cold crystallisation enthalpy, as a function of isothermal crystallisation time at 140 °C. ................................... 245 

Figure 7.10 -- The change in cold crystallisation enthalpy and total enthalpy change, whereby total enthalpy 

change = total melting enthalpy – cold crystallisation enthalpy, as a function of isothermal crystallisation time 

for all crystallisation temperatures between 100 °C and 150 °C. The dotted line indicates the approximate 

transition from primary to secondary crystallisation, whilst the arrow represents a reduction in the primary 

crystallisation rate with increased isothermal Tc. ................................................................................................ 248 



  
  

Figure 7.11 - The total change in enthalpy, as a function of isothermal crystallisation time for all crystallisation 

temperatures between 100 °C and 150 °C, whereby the curves are limited to the secondary crystallisation region 

alone. Superimposed is a table which compares the gradient of the secondary region at each isothermal Tc; the 

gradient is representative of the relative rate of lamellar thickening. ................................................................ 249 

Figure 7.12 - The change in a) total enthalpy and b) peak melting temperature, against the natural logarithm of 

isothermal crystallisation time, whereby data is limited to the secondary crystallisation region. The co-efficient 

of determination (R2) values indicate how well the data fits a logarithmic time dependence at each isothermal 

Tc.  * Signifies the reduction in R2 at 140 °C and 150 °C, so at these crystallisation temperatures, lamellar 

thickening likely occurs via an alternative mechanism........................................................................................ 253 

Figure 7.13 - Schematic illustration of lamellar thickening within semi-crystalline polymers via Hay’s reptation-

diffusion theory; the change in b) total enthalpy and c) peak melting temperature, against the square root of 

isothermal crystallisation time, whereby data is limited to the secondary crystallisation region. The co-efficient 

of determination (R2) values displayed in b) and c) demonstrate that lamellar thickening follows a square root 

time dependence at isothermal crystallisation temperatures of 140 °C and 150 °C. .......................................... 255 

 

Chapter 8 

Figure 8.1  -  Demonstrates the steps involved in a PBF processing cycle and recommendations that can be 

implemented in order to improve powder re-use. Further information can be found within Figure 8.2 and ASTM 

WK75265. ............................................................................................................................................................ 272 

Figure 8.2 - An example flow chart that outlines strategies for characterising the quality of recovered powder. 1 

Before disposal, check whether the powder could be re-purposed for use in a different manufacturing technique 

that has less stringent specifications. 2 Operate with flexible refresh/blending rates that are adjusted based on 

specific powder quality and intended part application. ...................................................................................... 273 



  
  

List of Tables 

Table 1.1 - Classification of the seven additive manufacturing techniques based on ASTM descriptions [11, 12]. 3 

Table 2.1 – Summary of the main models used to describe the isothermal crystallisation kinetics of polymers. . 32 

Table 3.1 – Aging mechanisms of PA-12 powder within powder bed fusion processes. ....................................... 58 

Table 3.2 – Mechanical properties of PBF parts fabricated from PA-12 powder at different levels of 

aging/powder re-use. ............................................................................................................................................ 64 

Table 4.1 -  Experimental conditions adopted for thermal analysis. ..................................................................... 76 

Table 4.2 - The variation of mechanical properties with storage time. ................................................................. 93 

Table 5.1 - RPA flowability test set up parameters. Experiments were conducted under a room temperature of 

25°C, and room humidity of 40%. ........................................................................................................................ 119 

Table 5.2 - The change in thermal properties of used and refreshed powder, as a function of build number, 

measured via DSC. ............................................................................................................................................... 124 

Table 5.3 – Average change in the key markers of refreshed powder particle flowability, with build number, 

measured using the revolution particle analyser. ............................................................................................... 131 

Table 5.4 – Particle size distribution analysis of refreshed powder at each build number. ................................. 132 

Table 5.5 - The effect of cumulative build time, and location within the MJF build chamber, on the thermal 

properties of PA-12 powder when re-using HP 3D high reusability PA-12 across multiple build cycles with an 

80:20 refresh ratio. Whereby build location is described in Figure 5.18. ............................................................ 160 

Table 6.1 - Standard error of regression for each isothermal crystallisation kinetic model over four selected 

regions of the cumulative fractional crystallinity curve. S values < 0.005 are highlighted green to emphasise the 

models that best fit the experimental data for each region and powder type – note that in used powder samples 

the Hay model displays the lowest S values, particularly for the secondary region. ........................................... 199 

 

 



  
  

1 

 

1 CHAPTER 1 – INTRODUCTION TO ADDITIVE 

MANUFACTURING  

1.1 The importance of additive manufacturing 

In 2021, it was reported that, globally, the manufacturing industry contributes to 25% 

of energy demand, 20% of CO2 emissions, and 40% of material consumption [1]. 

Given the increasing threat of climate change and global warming, the manufacturing 

industry now faces stringent government legislations advocating for a transition 

toward more sustainable processing methods [1].  

Traditional subtractive manufacturing (SM), such as cutting, drilling, and milling, 

involves the extensive use of machinery to form parts into the desired shape and 

size, by removing unwanted raw material from a solid block [1-3]. SM is valuable for 

the mass production of simple, identical components whereby the unit cost of parts 

progressively decreases with increased production scale. In addition, computer 

numeric controlled (CNC) machining has delivered advancements within SM in terms 

of improved resource efficiency and part performance. However, SM has significant 

initial start-up costs due to the necessary installation of complex tooling, fixtures, and 

jigs. Similarly, there are problems associated with clamping, so production is limited 

to components with a simple geometry [1, 4, 5]. Furthermore, in the context of 

sustainability, the most significant limitation of SM is that excess, removed material is 

discarded, resulting in a considerable amount of waste [2, 6, 7].  

Additive manufacturing (AM), more commonly known as “3D printing”, was first 

developed in 1981 with the intention of solving some of the issues associated with 
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SM [6, 7]. AM is an automated rapid prototyping technique, that allows physical 

components to be fabricated from virtual three-dimensional computer aided design 

(3D-CAD) models [3, 4, 8]. The material is usually printed layer by layer using a 

combination of two main sub-processes occurring simultaneously: the deposition of 

each layer onto the build platform, and the bonding with subsequent layers, in 

sequence, until a 3D part is formed [4]. According to the ISO/ASTM52900_15 

standard of AM categorisation there are currently seven AM processes (Table 1.1), 

including Powder Bed Fusion [7], which is of particular importance to this project.  

AM allows design freedom and high precision of complex parts, including personal 

customisation. Furthermore, tooling and clamping are not required [2, 4, 7]. This 

helps deliver versatility and the ability to fabricate components with a unique 

geometry that would not be possible with conventional manufacturing methods [4, 5, 

7]. Furthermore, product scaling can be achieved in CAD files, removing the data 

exchange problems found in SM; therefore, parts of different sizes and material types 

can be obtained from the same data set [4, 5]. More importantly, AM is a resource-

efficient manufacturing technology that can reduce material waste and energy 

consumption, whilst continuing to provide high-quality parts with functional properties 

comparable to SM components [1, 6, 9]. Nevertheless, the use of expensive 

materials, issues associated with thermal stresses and dimensional inaccuracies 

within fabricated parts, and limits on the recyclability of feedstock material, has 

hindered the widespread adoption of AM technology [1, 10]. As a result, AM is 

generally restricted to the production of low-volume parts, so improvements are 

required to maximise material savings and increase the sustainability of the process. 



Chapter 1 – Introduction to AM 

        3 

Table 1.1 - Classification of the seven additive manufacturing techniques based on ASTM descriptions [11, 12].  

AM Type Techniques General description Pros Cons 
Common 
materials 

Common 
Applications 

Powder bed fusion 
(PBF) 

Electron beam melting, 
direct metal laser 
sintering (metal) 
High speed sintering, , 
laser sintering, multi-jet 
fusion (polymer) 

Thermal energy 
(laser/election beam), or 
infrared energy, 
selectively fuses regions 
of a powder bed to form a 
3D object 
 

- Highly complex geometries 
- Powder acts as support 

structure 
- Precision and accuracy 
- Low cost 
 

- Post-processing 
requirements 

- Low powder utilisation 
rate 

- Relatively slow and 
long print time 

Metals, 
polymers, 
ceramics, 
hybrids, and 
composites 

Automotive (tyre 
moulds, brake 
calliper); medical 
(knee replacement); 
aerospace (GEPC 
engine) 

Material jetting 
(MJT) 

Inkjet printing, Object 
PolyJet and 3D systems 
ProJet 

Droplets of photosensitive 
feedstock material are 
selectively deposited and 
then solidify when 
exposed to UV light 

- Full colour parts possible 
- Multiple materials can be 

incorporated into a single 
part. 

- High levels of accuracy 

- Poor mechanical 
properties so restricted 
to non-functional 
prototypes 

- Photosensitive material 
prone to degradation 

- Relatively expensive 

Photopolymers, 
thermoplastics, 
ceramics, 
composites, 
waxes 

Medical (visualisation 
models); engineering 
(prototypes);jewellery 
(casting patterns) 

VAT photo-
polymerisation 

(VPP) 

Digital light processing, 
stereolithography and 
micro-SLA 

Liquid photopolymer is 
selectively cured by light-
activated polymerisation in 
a vat. An initially liquid 
material hardens when 
exposed to UV light 

- High accuracy and 
complexity 

- Large build areas possible 
- Smooth surface finish 

- Inadequate strength 
- Brittle parts 
- Lack of material 

choices 

UV-curable 
photopolymer 
resins 

Medical (hearing aids, 
facial prosthetics); 
dental; jewellery 

Sheet lamination 
(SHL) 

Layered object 
manufacturing and 
ultrasound additive 
manufacturing 

Sheets of material bonded 
to form a 3D part 

- Extra material recycled. 
- Full-colour parts possible 
- Ease of material handling 

- Limited material 
options 

- Layer height cannot be 
changed without 
altering sheet thickness 

Metal foils, 
plastic sheets, 
and paper 

Not suitable for 
structural use – limited 
to aesthetic & visual 
models 

Directed energy 
deposition (DED) 

Laser Engineered Net 
Shaping 

Thermal energy such as 
laser or plasma melts and 
fuses material as it is 
deposited 

- High single-point deposition 
rates 

- No limits on direction or axis 
- High build rates 
- Dense and strong parts 

- Low build resolution 
- Poor surface finish 
- High capital cost 

Metal and 
metal-based 
hybrids with 
ceramics 

Repair & maintenance 
of high value structural 
parts e.g., nickel alloy 
turbine blade 

Material extrusion 
(MEX) 

Fused filament 
fabrication, fused 
deposition modelling, 3D 
dispensing 

Material selectively 
dispensed through nozzle 
and 3D parts are 
constructed layer by layer 

- Good structural properties 
- Multi-colours possible 
- Inexpensive 
- User and office friendly 

- Visible layer lines 
- Support structures 

required 
- Susceptible to warping 

Thermoplastic 
filaments, rods, 
and pellets 

Non-functional 
prototypes, concept 
models, production 
jigs 

Binder jetting 
(BJT) 

Voxeljet, Exone binder 
jetting 

Liquid bonding agent 
selectively deposited to 
fuse powdered feedstock 
material, with the 
assistance of a chemical 
binder 

- Large products possible 
- Wide range of materials 
- High productivity 
- Full-colour parts 

- Use of binder makes 
BJT unsuitable for 
some structural parts 

- Significant post-
processing often 
required 

Metals, 
polymers, 
sands, 
ceramics 

Full colour prototypes, 
cores & moulds, 
jewellery; tooling 
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1.2 Powder Bed Fusion 

Powder Bed Fusion (PBF) is a subset of AM whereby a heat source, such as laser, 

infrared, or thermal print head, is applied to consolidate powdered material into a 3D 

object [13]. As shown in Table 1.1, this technique can operate with a variety of 

materials, however this project is solely focussed on polymer based PBF processes. 

PBF shares similarities to other AM methods because material is added gradually, 

layer-by-layer into a geometry fabricated directly from a 3D-CAD model [13-15]. 

Powder particles are stored within a bed chamber and, as each layer is completed, 

the build platform indexes down and new powder is spread over the build area, 

ready for the next layer to be selectively melted and consolidated into the desired 

geometry [13]. 

The PBF build process is usually comprised of three key stages [13, 16-18]. The 

warm-up phase involves the entire build chamber being gradually heated from room 

temperature to the required processing temperature, which is dependent upon the 

material used; this usually occurs within 1-2 hours. Secondly, the processing stage 

describes the layer-by-layer fusion of selected areas of powder into a 3D component. 

Once the parts are completed, the “part-cake”, which refers to the un-sintered 

powder and final parts within the powder bed chamber, slowly cools down until the 

parts can be removed [13]. This cool-down phase may extend for twice the duration 

of the processing stage because a slow cooling rate is required to prevent warpage 

and distortion of fabricated parts. Therefore, the complete build process often 

extends beyond 24 hours.  

A significant advantage of PBF is that the removal of support structures is not 

required because sintered particles, unconnected islands, and overhangs are 
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contained within the surrounding un-sintered powder bed [13, 17, 19, 20]. As a 

result, the most complex geometries can be manufactured and multiple parts, of 

different sizes and shapes, can be stacked freely in the powder bed. This enhances 

part nesting, whilst increasing efficiency and productivity [13, 16-18, 20] (Figure 1.1).  

On the other hand, as consolidated parts are contained within the un-fused powder 

bed, PBF has a low build conversion rate, and ~80-90% of powder from each build 

remains un-sintered. This un-sintered powder is recoverable and can be re-used in 

future build cycles [16-18, 21]. However, during part production the surrounding 

powder bed is exposed to high temperatures, approaching the material melting point, 

for long periods of time [21-26]. This can result in physical aging and chemical 

degradation processes that could cause deterioration of the polymers properties [18, 

21, 27, 28]. As such, the extent of powder re-use is relatively unknown, and 

difficulties related to powder recycling has become a big challenge for the polymer 

PBF industry.  

 

Figure 1.1 – Illustrates the uniqueness of a PBF build set up because multiple 
individual parts, all with different build geometries and sizes, can be arranged freely 
within the build volume [13].  
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1.2.1 Types of Powder Bed Fusion 

Additive Manufacturing (AM) is a rapidly growing industry [29]. The current AM 

market is valued at $16.83 billion, with annual growth expected to continue at a rate 

of 21% until at least 2027 [30]. Therefore, there has been large investment into 

innovating new types of PBF technology, which each aim to offer benefits over 

previous processes. Current established PBF techniques include laser sintering (LS), 

high speed sintering (HSS), and multi-jet fusion (MJF) [31]; more recently Stratasys 

have introduced selective absorption fusion (SAF). In this project, there is a 

particular focus on the two most commonly used PBF techniques: LS and MJF.  

Selective laser sintering, now referred to as laser sintering (LS) [12], was introduced 

in 1992 and became the first commercially available polymer PBF process [32].  

During LS, to ensure homogeneous heating within the build chamber, the production 

zone and surrounding part-cake material are heated to the same temperature [33]. 

The build temperature is just below the onset of melting yet above the crystallisation 

temperature, which ensures powder consolidation does not occur before laser 

scanning [14, 33]. Additionally, in an attempt to create a controlled environment and 

restrict oxidative degradation, a LS build chamber is filled with nitrogen [28, 34-36], 

although most LS machines usually retain 2-5% residual oxygen [37, 38]. After a 

layer of powder is deposited onto the build platform, a high-power CO2 laser melts 

selected regions of the powder layer, based on the 3D-CAD data provided for the 

designed part. The build platform is then lowered, and a fresh layer of powder is 

deposited before another scan causes polymer particles to fuse together, within the 

layer and with the underlying layer [16, 17]. This is repeated until all the necessary 

powder coalesces to form the 3D part [13, 14, 39, 40]. The common practice of an 

LS machine is depicted in Figure 1.2.  
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Figure 1.2 - Diagram showing the Laser Sintering (LS) process [13] .  

 

Multi-Jet Fusion (MJF) is a relatively new PBF process, introduced by Hewlett-

Packard (HP) in 2016 [7]. In MJF, following the deposition of each coating of powder 

onto the build platform, the entire powder layer is uniformly heated via infrared 

radiation before two separate printing inks, known as the fusing agent (FA) and 

detailing agent (DA), are added on selected areas of the powder surface [7, 15, 22, 

24, 41, 42]. An automated 3D-CAD model provides the cross-section of the part 

which is then fused and printed using a combination of these two inks [24, 42] 

(Figure 1.3). The fusing agent assists heat transfer and helps the coalescence of 

particles into a consolidated layer; therefore, only the powder particles impregnated 

with FA melt when the infra-red lamp irradiates the powder surface [22, 42, 43]. 

During this printing phase the detailing agent inhibits heat diffusion outside the 

molten material, improving the dimensional accuracy of geometrically complex 

features  [22, 24, 43, 44].  
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Figure 1.3 - Diagram showing the Multi-Jet Fusion (MJF) process [24].  

 

1.2.2 Applications of Powder Bed Fusion 

PBF is used across many different industries due to the advantageous ability to 

fabricate complex and personalised components, in a cost-effective manner [5-7]. 

Industrial sectors such as medical (e.g., individualised protheses and eyewear 

frames), domestic (e.g., household appliances), aerospace (e.g., cable routing 

covers), and sports (e.g., bicycle saddle padding) have benefitted immensely from 

the use of PBF technology [2, 45]. This is a result of the benefits the technology 

offers including customisation, high performance to weight ratio, and the potential to 

automate production, without expensive tooling [46-49]. Similarly, PBF can fulfil 

many unique requirements associated with these industries; providing flexibility in 

producing complex shapes which can suit the specific needs of each application 

(Figure 1.4)  [2].  

Furthermore, as binders are not necessary within LS, there is no risk of toxicity, 

which is particularly beneficial for biomedical applications where more conventional 

processing methods, such as injection moulding, cannot be used [21]. On the other 

hand, the FA and DA used within MJF are potentially toxic; emphasising how it is 

important to select the most appropriate type of PBF for specific applications. In 
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addition, as a result of increased regulations surrounding environmental 

sustainability, the importance of producing lightweight parts, with sufficient 

mechanical properties, has become increasingly crucial. Within the aerospace and 

automotive industry, lightweighting can be achieved by replacing complex metallic 

components, such as brake brackets and window guide rails, with polymeric parts 

fabricated using PBF [45]. Lightweight parts enhance the fuel efficiency of the aircraft 

or vehicle, considerably reducing the CO2 emissions in each case.  

 

Figure 1.4 – A variety of protypes printed by polymer PBF highlight advantages of 
the technology such as the ability to fabricate extremely complex geometries, and 
intricate component features, with high precision.  

 

1.2.3 Materials for PBF 

Theoretically any polymer able to be produced in powdered form can be used for 

PBF. However, due to the complex thermal properties of polymers, only a few are 

known to be successful at producing multi-layered parts with sufficient properties 
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[13]. To be suitable for PBF a large processing window, whereby the melting 

temperature (Tm) is significantly higher than the crystallisation temperature (Tc), is 

required [38, 50]. This ensures that the crystallisation process is delayed during the 

build, which reduces residual stresses, distortions, and warpage of final parts [22, 

38, 51]. Semi-crystalline thermoplastics (section 2.1.2), in particular nylons, are 

common to PBF and polyamide 12 (PA-12) is the most widely used [15, 21-23, 28, 

38, 51-53]. PA-12 is considered the benchmark material as it can form strong, highly 

crystalline structures, is recyclable, and, relative to other polyamides, is more 

resistant to moisture [54-56]. Nonetheless, other materials such as polyamide-11 

(PA-11), and polyetheretherketone (PEEK) have also been used previously [23, 57]. 

Standard PA-12 powders (Figure 1.5) have a peak melting temperature of 178-

180°C [19, 57]. However, prior to use in PBF, powders are subjected to a unique 

thermal treatment which increases the materials melting temperature and, more 

importantly, enlarges the processing window [19]. Therefore, most PBF-modified PA-

12 powders show a higher melting temperature of 182-187°C [34, 58].  

 

 

Figure 1.5 - Repeating unit of PA-12. The long, linear hydrocarbon chain and 
reactive amide group are key features which influence the physical and chemical 
properties of PA-12.  
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1.2.3.1 Polyamide 12 

Polyamide 12 (PA-12) is the most commonly used material within PBF [15, 21-23, 

28, 38, 51-53]. PA-12 is a semi-crystalline, aliphatic nylon which consists of amide 

groups separated by a methylene sequence. Within polyamides, hydrogen bonding 

represents the dominant intermolecular interaction, and these bonds can form 

between N-H and C=O groups across adjacent chain segments [54, 59]. Due to the 

presence of hydrogen bonds, PA-12 can develop relatively high levels of crystallinity 

(Figure 1.6) [54, 59, 60]. This is preferential for PBF because a high crystallinity 

relates to a greater enthalpy of fusion, which helps prevent unintentional melting of 

PA-12 powder in the vicinity of particles targeted by the heat source [50]. Also, the 

crystalline phase improves the mechanical properties of fabricated parts, as more 

hydrogen bonds can form between adjacent layers, increasing inter-layer bonding, 

whilst enhancing part strength and stiffness [54, 59]. As a result, PA-12 parts can be 

used for functional, end-use applications [61]. Another key characteristic of PA-12 

powder, which makes it superior over many other thermoplastic materials, is a large 

processing window. This prevents premature crystallisation and limits distortion or 

warpage of parts, reducing the number of discarded components [21-23, 28, 38, 51, 

62].  
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Figure 1.6 – Schematic diagram illustrating hydrogen bonding ( linkages) 
between adjacent PA-12 chains; this allows close packing of chains so highly 
crystalline structures can develop.  

 

1.2.4 Requirement for powder re-use within PBF 

It was envisaged that the introduction of AM would provide a resource efficient 

alternative to more traditional manufacturing methods that often produce 

considerable amounts of waste material [63]. However, due to the large amount of 

support material used, and relatively sparse packing density of parts, PBF has a low 

powder utilisation rate and material waste remains a significant industry problem. 

PBF-grade PA-12 powder is expensive [16, 17, 21, 26], and can cost between $100-

$150 per kg [25, 64], whilst equivalent polyamide feedstock for injection moulding 

(IM) costs $3 per kg [64]. Compared to IM, there is a limited number of materials that 

can be used to fabricate functional PBF components, so the high demand for PA-12 

powder contributes to this significant difference in cost [64]. Similarly, production of 
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the powder itself is costly and energy intensive [27], so if batches of un-sintered 

powder were to be discarded and remain un-utilised, then the energy-efficiency of 

PBF would be critically compromised [27]. Furthermore, as PA-12 powder is such a 

high-value material, recycling used PA-12 powder for low cost everyday items such 

as plastic bottles and packaging would be uneconomical [27].  

In order for PBF to be economically viable and environmentally sustainable, it is 

crucial that un-sintered powder remaining at the end of each build, is re-used in 

subsequent build cycles. Nonetheless, powder re-use is complex because during 

each build cycle PA-12 powder is exposed to high temperatures, for extended 

periods of time, which results in aging and degradation of the material. It has been 

established that various aging processes could be active during a build cycle; 

depending on the specific processing method, the most prevalent are 

polycondensation, secondary crystallisation, and thermo-oxidative degradation. 

These aging processes, which are discussed in detail in section 3.2, have the 

potential to alter the quality of un-sintered powder, and ultimately its suitability for re-

use in future builds. Therefore, to be suitable for reuse, the un-sintered, yet used 

powder, is usually “refreshed” with new, virgin material in an attempt to restore the 

properties of the feedstock material [16-18, 21]. The volume of fresh powder added 

to the used powder is known as the refresh rate or the refresh ratio [23-25, 65, 66].  

In LS, typically 30-50% of virgin material is blended with used powder before re-use 

in subsequent builds, although the exact refresh rate differs from supplier to supplier 

[16-18, 21, 23, 26]. Conversely, in MJF the use of fusing and detailing agents allows 

for a lower powder bed temperature, so the recyclability of PA-12 powder is greater, 

and the recommended refresh rate is only 20% [24]. However, these refresh ratios 

are arbitrary and rarely account for variation in the properties of used powder [16, 17, 
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25]. PBF operators are constantly working with powder mixtures of an unknown, 

inconsistent quality, so the property profile of a final component is difficult to predict 

[17, 18]. As such, a common issue within both LS and MJF is the fabrication of 

components with unreliable mechanical and physical properties. This has restricted 

the widespread adoption of these technologies for the production of functional end-

use parts; so, the manufacture of low-value prototypes remains the most common 

industry use of PBF. 

Operating with rigid refresh ratios is ineffective because aging of PA-12 powder 

during each build cycle is a multi-factorial, complex problem, with various processes 

occurring simultaneously and interacting with each other. Similarly, multiple process-

specific factors can also influence the deterioration of powder properties. For 

example, material aging is more prominent in longer builds and systems with larger, 

more complex, build volumes [13, 16], whilst increased part density and packing 

density can also affect the extent of material aging. Used powder remaining from 

these builds would likely need a greater influx of virgin powder to maintain the 

necessary properties. Furthermore, temperature gradients within the build chamber 

may cause different regions of powder to be exposed to inconsistent 

temperature/time profiles, resulting in varying levels of powder deterioration [18]. 

These factors have great impact from an industrial standpoint because variations in 

the extent of powder aging causes the recommended refresh ratio to become 

inaccurate and un-fit for purpose. As a result, for time and cost-saving purposes, 

industry operators often use a higher proportion of new powder than necessary to 

avoid the risk of final components having inadequate properties [16, 17]. However, 

this is inefficient and unsustainable because using excessive amounts of new 

powder, when it is not necessarily required, is wasteful. Alternatively, when dealing 
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with more severely aged powder, an insufficient refresh rate could render the 

subsequent build unsuccessful, leading to unserviceable parts which have to be 

discarded [16, 17, 21, 25, 28, 67].  

Therefore, a greater understanding of aging and degradation is required, in order to 

deliver more information about whether un-sintered powder is suitable for re-use 

within PBF. A holistic approach is essential, using a wide range of characterisation 

techniques to determine powder quality and formulate a structured recycling 

strategy, based off quantitative data. This would help ease current environmental 

and economic concerns regarding powder waste, which is necessary for growth and 

extensive use of this technology.  

1.3 Scope of the work  

This work aims to improve the sustainability of powder bed fusion, by determining 

optimal strategies for defining the effect of aging on recycled polyamide-12 powder, 

and how to maximise its re-use without detriment to the quality and performance of 

final parts. Utilising a wide range of characterisation techniques, the complex aging 

mechanisms occurring during a build cycle are untangled. Therefore, the influence of 

specific aging phenomenon, namely polycondensation, secondary crystallisation, 

and thermo-oxidative degradation, can be better understood. In addition, the 

relationship between the deterioration of powder quality and the reduced 

performance of final parts is quantified; indicating how aging processes may restrict 

the re-usability of PA-12 powder. Finally, it is hoped that the findings of this study will 

help inform more efficient classification of used powder and provide guidance to 

industry operators on how to incorporate recycled PA-12 powder into future build 

cycles. This could help enhance powder re-use, minimise waste, and lead to more 
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reliable final part properties; allowing PBF to be used more regularly for the 

fabrication of functional, end-use components.  

The thesis includes an introduction to polymers (chapter 2), providing the information 

required to understand the complex aging and degradation mechanisms discussed 

in the literature review (chapter 3). Chapters 4 to 6 are comprised of three published 

articles, whereby the aims and their rationale are identified in each individual paper. 

This is followed by an additional chapter investigating secondary crystallisation of 

PA-12, providing useful information that was complimentary to the prior schemes of 

work. Finally, the most crucial findings and conclusions of these studies are brought 

together in a subsequent integrated discussion.  
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2 CHAPTER 2 – INTRODUCTION TO 

THERMOPLASTIC MATERIALS 

 

2.1 Microstructure and morphology of thermoplastics  

Polymers are comprised of molecules with long sequences of atoms, or groups of 

atoms, which are linked together by primary bonds, often in the form of covalent 

bonding [68]. These sequences are known as monomers. Macromolecular polymers 

form through polymerisation and this involves combining multiple monomers together 

through chemical reactions [68]. There are two main types of polymers: thermosets 

and thermoplastics. A thermosetting plastic is a polymer that irreversibly hardens 

after application of heat or pressure [69]. Thermoplastics, which are of particular 

interest to this project, are made up of polymer chains that become soft when heated 

but can harden when cooled [70]. Therefore, structural changes within thermoplastic 

materials are reversible. Depending on the degree of microstructural order, 

thermoplastics can be categorised as either amorphous or semi-crystalline materials.  

2.1.1 Amorphous polymers 

Amorphous polymers are completely disordered, exist in a liquid-like state, and do 

not exhibit any level of arrangement or structural regularity  [68, 71]. These polymers 

are incapable of crystallisation and, as they have no ordered phase, cannot melt. 

Amorphous polymer chains are instead characterised by the glass-to-liquid transition 

temperature (Tg), which corresponds to a change in molecular motion, rather than a 

change in structure. At temperatures below Tg, amorphous polymers are in a solid-

state and can be generically classified as ‘frozen polymer liquids’ [68]. The polymer 
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system remains disordered in a random orientation, but the chains are immobile and 

there is insufficient energy to overcome the rotational energy barriers within the 

chain [72]. Similarly, the material is considered to be in a state of non-equilibrium, 

whereby conformational change and long-range motion is restricted. At these low 

temperatures, the material is hard, glassy, and brittle [68]. As temperature rises 

above Tg, the thermal energy within the system increases, allowing amorphous 

chains to rotate. At this point, there is an abrupt transition to the rubbery (“soft”) state 

and chain mobility is greater, so molecules are able to move effortlessly throughout 

the free volume present within the system [68, 73]. With further increases in 

temperature into the “liquid” state, the thermal energy within the polymer is raised 

significantly. The viscosity of the polymer is low and chain mobility is high, so 

molecules can spontaneously rotate and there is unrestricted conformational 

change, which results in a significantly coiled and entangled microstructure [74]. 

Common amorphous polymers that are widely used across a wide range of industrial 

applications include polystyrene, polyvinyl chloride (PVC), and acrylonitrile butadiene 

styrene (ABS).  

2.1.2 Semi-crystalline materials 

In the “liquid” state, macromolecular polymer chains display long-range motion and 

molecules exist in a highly entangled and chaotic system, whereby there is thought 

to be a random coil conformation [75]. As such, thermoplastics struggle to crystallise 

on cooling back to the solid state, because this would require extensive un-coiling 

and organisation of the chains, therefore it is near impossible to attain a perfectly 

crystalline polymer [68]. Nonetheless, many thermoplastics are semi-crystalline and 

contain organised crystalline blocks which are separated by regions of disordered  

amorphous chains.  
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The crystalline phase contains folded polymer chains which align into ordered 

structures known as lamella [76]. Numerous models have been proposed for the 

morphology of crystalline lamellae; however, the structure of semi-crystalline 

polymers is best described by the 3-phase model [77, 78], which combines aspects 

of the more traditional regular re-entry and random switchboard models [74, 79-81]. 

The 3-phase model concludes that there are three main regions which define a semi-

crystalline polymer: crystalline, interfacial, and amorphous [74]. This model allows for 

regular re-entry of aligned polymer chains into the lamellae; chains fold back and 

forth via hairpin-type turns, as shown by the tight, medium, and long loops in Figure 

2.1. As a result, polymer crystals display a closely packed, uniform lamellae 

structure. In the 3-phase model, polymer chains can also integrate into the crystalline 

lamellae via random re-entry, whereby chain folding is more limited. In this case, 

chains meander through the inter-lamellar amorphous regions before aligning and 

re-entering the crystalline lamellae at random locations [72]. Additionally, the 3-

phase model displays cilia which indicate chains with free ends present; whilst tie-

chains are portions of disordered polymer sequences that form structural 

connections between adjacent crystalline lamellae. This phenomenon is also known 

as cross-linking [75, 82, 83]. The inter-lamellar amorphous region is divided into the 

mobile amorphous fraction (MAF) and the rigid amorphous fraction (RAF), which is 

also known as the interfacial structure [74]. The MAF behaves as a normal 

amorphous material with no ordered regions, whilst the RAF is sandwiched between 

the crystalline regions and the MAF, so some segments of the chain are held within 

the lamella by covalent bonding and have restricted mobility.  



Chapter 2 – Introduction to polymers 

  
 20 

 

Figure 2.1 – Schematic of the 3-phase model, which describes the morphology of a 
semi-crystalline thermoplastic.  

 

2.2 Glass transition and melting temperatures  

As a semi-crystalline polymer comprises of both amorphous and crystalline regions, 

it goes through two thermal transitions on heating. Firstly, the glass-transition 

temperature (Tg) describes a change in mobility of amorphous chains [72]. Below Tg, 

the material behaves as a hard, brittle glass; long range motion of amorphous chains 

is hindered, so chain mobility is limited to local conformational change such as the 

partial rotation of individual C-C bonds from the cis to trans position, and vice versa 

[68, 81]. Upon heating through Tg, the increased thermal energy present within 

amorphous regions allows greater chain mobility and the polymer system transforms 

into a soft, rubbery state whereby the amorphous phase displays long range 

cooperative motion [68, 72]. The glass transition occurs over a wide temperature 

range, because Tg is influenced by many factors such as chain length, chain 
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entanglements/branching, chain flexibility, and cross-linking, amongst other 

intermolecular interactions [68, 72].  

With further increases in temperature, highly ordered crystalline regions begin to 

melt when the increased energy provided by higher temperatures breaks the 

intermolecular bonding present within the crystalline phase of the polymer system. 

Following melting, the previously ordered crystalline regions have no internal 

structure, causing an increase in disorder and entropy, as well as significant changes 

in volume [75]. The melting of polymer crystals can be distinguished from other 

materials as it displays various unique characteristics. Firstly, unlike metals, melting 

is not an abrupt, sharp event but instead occurs over a broad temperature range due 

to variations in the thickness of different lamellae [62, 68]. This is displayed in Figure 

2.2, which demonstrates that a single endothermic peak is actually compromised of 

multiple melting events, representative of different lamellae structures that melt over 

a range of temperatures. Thicker lamellae contain additional intermolecular bonding, 

and are more thermodynamically stable, so further thermal energy is required to 

disrupt the structure and their melting point increases. Furthermore, the thermal 

history of the sample, and the rate at which the material is heated, will have a 

significant effect on the melting behaviour [68, 75]. The melting temperature (Tm) can 

also be adjusted by the crystallisation temperature (Tc), which alters the crystal 

microstructure (Section 2.4), and a secondary crystallisation process that causes 

continuous and progressive thickening of lamella (Section 2.3.2).  
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Figure 2.2 – Schematic illustration of an endothermic melting peak, indicating how 
melting occurs over a broad temperature range due to differences in lamellar 
thickness [62].  

 

Due to the unique thermal behaviour of polymers, an equilibrium melting temperature 

(Tm
0) has been introduced to offer a more realistic estimation of the melting point. 

According to Hoffman and Weeks, Tm
0 describes the melting of an infinitely large 

crystal, whereby a polymer has been crystallised infinitely slowly and, as a result, 

melting and crystallisation theoretically occur at the same temperature [68, 84]. 

Crystal thickness increases with Tc so is inversely proportional to the extent of under-

cooling. Therefore, there is a linear increase in Tm, as a function of Tc, and Tm
0 is 

defined by the point at which an extrapolation of this positive, linear trendline 

intersects with Tc = Tm. This relationship can be expressed in the equation:  

 𝑇𝑚 =  𝑇𝑚
0  (1 −

1

2
𝛽) +

𝑇𝑐

2𝛽
 (Equation 2.1) 
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where 𝛽 is the thickening factor, equal to 1 if recrystallisation does not occur during 

melting, and the slope of the line is expected to equal to ½ 𝛽. As shown in Figure 

2.2, thicker lamellae melt at considerably higher temperatures than thinner, more 

unstable crystalline structures. Therefore, above the peak Tm it is conceivable that 

some thicker lamella may not be fully melted, and un-molten spherulite cores could 

be present within the polymer “melt”. Through a process known as “self-seeding”, 

these un-molten cores could act as self-nucleation sites, causing enhanced 

crystallisation temperatures, and a faster crystallisation rate on cooling [85, 86]. 

However, Tm
0 is useful because it estimates complete polymer melting. At 

temperatures > Tm
0, the material should be in a fully molten, amorphous state with 

no remnants of crystalline structures remaining, so self-seeding should not be 

possible.  

Relative to other materials, the use of polymers within practical, structural 

applications is often restricted by their lower melting temperatures and poor thermal 

stability. However, multiple factors can be altered to control Tm and produce 

polymers with superior thermal properties. The melting point of different polymers is 

generally determined by its chemical structure; stiff chain backbones have a higher 

Tm because there is restricted rotation of chemical bonds along the chain. Similarly, 

the presence of bulky side groups can also hinder rotation of bonds around the chain 

backbone, which has the same effect of increasing Tm. The addition of polar groups, 

for example amide linkages (-CONH-), causes intermolecular hydrogen bonding to 

take place which also raises the melting temperature because each individual 

hydrogen bond will increase the overall enthalpy of fusion of the polymer. Therefore, 

greater hydrogen bond density, and a reduction in the number of -CH2- linkages 

between the amide bonds, causes an increase in Tm [68]. 
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2.3 The Crystallisation Process 

2.3.1 Nucleation and growth during primary crystallisation  

Crystallisation is a kinetic process which describes the transformation of a 

disordered phase into an ordered structure with greater stability. Primary 

crystallisation is initiated when the pure polymer melt is cooled below Tm, via a 

process called nucleation. As temperature reduces, there is a tendency for 

disordered molecules to rotate and become aligned into small, ordered regions 

described as nuclei or embryos [60, 68, 87]. Such rotations occur around carbon-

carbon bonds within the chain’s backbone and these local, randomised variations in 

order provide sufficient energy to overcome the energy barrier for crystallisation [87]. 

This type of nucleation is defined as homogeneous and small nuclei are 

spontaneously formed in random locations throughout the polymer melt. However, 

the primary mechanism of nucleation is heterogeneous nucleation, whereby 

impurities (e.g., dust particles) present in the polymer system, act as artificial primary 

nuclei. This occurs more commonly because the presence of a foreign surface 

significantly reduces the energy barrier for crystallisation and the required nucleus 

size for crystal growth [68, 87].  

Once a primary nucleus is formed, crystallisation theories envisage that crystal 

growth can occur as a secondary nucleation process, whereby molecules stick to the 

smooth growth surface of the pre-existing nucleus, via a chain folding mechanism. 

Growth can occur in 1-(rods), 2-(discs) or 3-(spheres) dimensions and growth 

morphology is dependent on the geometric shape of the crystals [68, 72]. The 

activation energy barrier for secondary nucleation is significantly lower than primary 

nucleation, so once a stable nucleus has been formed, crystal growth can occur 
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relatively quickly. Following nucleation, polymer chains are mobile and flexible, so 

free rotation of the polymer backbone allows chain folding and alignment of polymer 

molecules into a lamella structure. Crystalline lamellae contain fibrils, which grow out 

from the nucleation site and spread into the disordered polymer melt, expanding 

radially, and forming a multi-layered chain-folded structure, whereby amorphous 

chains are trapped in between the ordered, crystalline blocks [88-90]. This results in 

the formation of structures known as spherulites; given there is sufficient time and 

thermal energy within the system, the spherulites will continue to grow out radially 

until spherulite impingement occurs. At this stage, the previously growing spherulites 

display a polyhedral shape and are separated by linear boundaries (Figure 2.4 in 

section 2.4). Spherulite impingement represents termination of primary 

crystallisation, but crystal growth can continue via a secondary crystallisation 

process.  

2.3.2 Secondary crystallisation 

Secondary crystallisation refers to a process whereby a polymer continues to 

increase in crystallinity. Generally, the secondary process is differentiated from 

primary crystal growth because it occurs following spherulite impingement, which 

represents termination of the primary process [91-93]. As such, crystallisation 

continues within the amorphous phase, in the presence of existing crystals, rather 

than crystallisation from the melt [94]. However, it has also been suggested that 

primary and secondary crystallisation can occur simultaneously [91, 92, 95-97]. In 

this case, the secondary process can occur within spherulites and instigates as soon 

as lamellae are formed [95, 98]. 

Within the current literature, there are many theories for explaining the mechanisms 

underlying secondary crystallisation within polymeric materials. Some have reported 
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that secondary crystallisation occurs via lamellar thickening. Following primary 

crystallisation, crystalline stems are generally quite thin, and lamellae have a high 

surface to volume ratio so are thermodynamically metastable. To minimise the 

crystal to liquid interfacial free energy and achieve a greater thermodynamic stability, 

lamellae tend to thicken within the chain axis direction [99-103]. Although there is 

agreement that the thermodynamic driving force for lamellar thickening is a reduction 

in the surface free energy, debate remains regarding how thickening occurs. It has 

previously been suggested that thickening develops through solid-state chain 

diffusion, whereby folded chains reconfigure their arrangements via chain sliding [99, 

101-106] or chain refolding [79, 105, 107, 108]. Alternatively, Hay’s reptation-

diffusion model [93, 95, 109] refers to the movement of amorphous chains across the 

crystal boundary. The key differential of this theory is that fractions of amorphous 

chains, within the polymer melt, are able to become incorporated into the pre-

existing crystalline lamellae (Figure 2.3a).  

On the other hand, it has been reported that polymer crystallinity can increase 

through lamellar infill or lamellar insertion [105, 110-113] (Figure 2.3b). Lamellar infill 

involves the growth of thin, small crystals in the interlamellar MAF, within regions not 

occupied by lamellae initially formed during primary crystallisation [113]. This 

process is thought to occur at temperatures lower than the primary crystallisation 

temperature. As a result, lamella structures that form via lamellar infill are unstable 

and weak, so they melt at significantly lower temperatures than the main bulk 

crystals [113, 114]. 

Secondary crystallisation may also occur upon heating the polymer, through a 

reversible process known as melt-recrystallisation [105, 110, 111, 115-117]. 

Depending on the crystallisation conditions, primary polymer crystals could be 
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comprised of thin, unstable lamellae. On heating, these “metastable” structures melt 

at lower temperatures, followed by rapid recrystallisation from the molten phase, 

resulting in the formation of thicker, more stable crystal structures which then re-melt 

at higher temperatures [103, 105, 117]. If there is sufficient time, melt-

recrystallisation can result in double melting of the material [84, 116, 118].  

 

 

Figure 2.3 – Diagram portraying two different secondary crystallisation processes, 
based off the 3-phase model for semi-crystalline thermoplastics; a) lamella 
thickening and b) lamella infill (right) [119].  

 

2.4 Isothermal crystallisation 

Crystallisation can occur over a wide temperature range between Tg and Tm where 

there is appropriate chain motion. Below Tg, crystallisation cannot occur as chains 

become immobile, so there is insufficient thermal energy for chain motion and crystal 

growth. Conversely, above Tm, stable crystal nuclei cannot form because the 
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polymer system is highly disordered, and chains are constantly moving and rotating. 

The number of nuclei which form, and the extent of crystal growth, is heavily 

dependent on temperature and the degree of undercooling (ΔT). This is also known 

as supercooling and ΔT=Tm
0 – Tc, whereby Tm

0 is the equilibrium melting 

temperature and Tc is the crystallisation temperature.  

At high crystallisation temperatures (low supercooling), the crystallisation process is 

nucleation limited, and crystal growth is thermodynamically favoured. Increased 

thermal energy raises molecular mobility so the formation of stable nuclei is 

challenging, and nucleation is more sporadic. As such, the resulting morphology 

displays a relatively low number of larger spherulites. Similarly, at low supercooling, 

heterogeneous nucleation is thermodynamically favoured, and crystallisation is 

initiated almost exclusively via heterogeneous nucleation [120, 121]. At these 

temperatures, nucleation can effectively only occur on pre-existing surfaces where 

the free energy barrier to nucleation has reduced sufficiently. In contrast, at higher 

levels of supercooling, homogeneous nucleation is thermodynamically favoured, and 

a greater number of nuclei can form. At lower crystallisation temperatures, the 

mobility of polymer chains is limited, whilst available free volume is hindered by the 

high number of nuclei, so the rate of crystal growth is significantly reduced. As a 

result, the final morphology contains a high number of much smaller spherulites [68, 

122]. It has also been suggested that at very high supercooling, near Tg, 

homogeneous nucleation density is so high that it causes non-spherulitic growth and 

the resulting morphology is instead described as a nodular mesophase [120, 123, 

124].  

Evidently, the isothermal crystallisation temperature has a significant effect on the 

type of nucleation and resulting crystalline morphology of a polymer (Figure 2.4). 
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From a polymer processing standpoint, understanding the temperature dependence 

of crystallisation is crucial because the mechanical properties of a polymer are 

influenced by the type of crystal morphology which forms. As such, altering Tc allows 

the crystal morphology and mechanical properties to be tailored to specific 

applications. A polymer crystallised at temperatures closer to Tm usually has a small 

number of larger spherulites. Due to increased intermolecular bonding, this 

increases the tensile strength and modulus of the material, but leads to 

embrittlement and reduced toughness [73]. Conversely, at crystallisation 

temperatures closer to Tg, the resulting crystalline structure generally displays ductile 

behaviour, with a higher elongation at break, but low strength and stiffness [73, 125, 

126]. This is because there are a greater number of spherulites, with a reduced 

diameter, so the fracture energy can be dissipated across numerous spherulite 

boundaries, increasing the ductility of the material [126]. As shown in Figure 2.4, the 

maximum rate of crystallisation usually occurs halfway between Tg and Tm; this is 

due to the crystallisation rate being growth limited at temperatures tending to Tg, and 

nucleation limited near the Tm. Therefore, this optimum temperature represents a 

compromise between the conflicting temperature dependence of nucleation and 

growth.  

To summarise, the crystalline morphology of thermoplastics, and subsequently the 

mechanical and physical properties of the material, are heavily influenced by Tc and 

crystallisation rate. This is relevant to PBF because the onset and rate of 

crystallisation of PA-12 significantly affects the processing window and printability of 

the powder. Also, the crystallisation process causes residual stresses which can 

result in shrinkage of consolidated parts within the build chamber. Consequently, the 

geometrical accuracy of final parts is often hindered by non-uniform crystallisation, 
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leading to inconsistent volume reductions, part curling, and part warpage [127]. 

Therefore, an extensive understanding of the crystallisation kinetics of thermoplastic 

polymers, is necessary to ensure homogeneous crystallisation during the PBF build 

process; this is crucial for the fabrication of functional end-use parts.  

 

 

Figure 2.4 – Schematic illustration of the temperature dependence of crystallisation. 
The effect of temperature on the type of nucleation, extent of crystal growth, and 
resulting crystalline morphology is also depicted.  
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2.4.1 Modelling isothermal crystallisation kinetics 

Using differential scanning calorimetry (DSC), the isothermal crystallisation kinetics 

of polymers can be analysed [112, 127-131]. The polymer is initially heated to 

temperatures above its equilibrium melting point and held in the molten phase. This 

provides sufficient time for the complete melting of any pre-existing crystals. Once a 

completely amorphous, liquid state has been established, the sample is cooled 

rapidly to the desired crystallisation temperature (Tc) and then remains at this 

temperature for a pre-determined amount of time (tc). During this time period, 

variations in heat flow, as a function of time, are monitored by the DSC. Assuming 

the sample is stored for a sufficient period of time, an exothermic peak is observed 

which is characteristic of an isothermal crystallisation process. The exothermic 

energy released is directly proportional to the development of crystallinity. Therefore, 

integrating the DSC crystallisation exotherms can provide a measurement for relative 

crystallinity (Xc) as a function of time [112, 132]. However, this method is restricted to 

a specific temperature range. At low temperatures crystallisation occurs rapidly, and 

cannot be measured by the DSC, whereas at higher temperatures crystallisation is 

slow, so storage for extended periods could result in degradation. Similarly, at 

elevated Tc’s, any alteration in heat flow is negligible and falls below the detection 

threshold of the DSC.  

A variety of models have been proposed to reveal more information about the 

crystallisation behaviour of polymeric materials. These models, described in more 

detail within Table 2.1, aim to analyse and replicate crystallinity development across 

the full phase-transformation from an amorphous structure to a semi-crystalline 

material.
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Table 2.1 – Summary of the main models used to describe the isothermal crystallisation kinetics of polymers.  

Model Equation(s) Definitions Key points 

Avrami 
 

[133-135] 

𝑿𝒕 =  (𝟏 − 𝒆−𝒌𝒂𝒕𝒏𝒂
) 

• Xt - fractional 

crystallinity at time, t. 

• t - crystallisation time 

• ka - Avrami rate 

constant.  

• na - Avrami exponent 

• ka determines crystallisation rate. 

• na is the sum of the nucleation mechanism & geometry of growth.  

• In theory, na should be an integer between 1 and 4, whereby: 

1 = one-dimensional rods, 2 = two-dimensional discs &  

3 = three-dimensional spheres.  

• Parameters of the Avrami equation are calculated from the 

gradient (na) and anti-logarithm of the y-intercept (ka) when 

log(− ln(1 − Xt)) is plotted against log time. 

Simplified 
Hillier 

 
[112, 136, 

137] 

𝑿𝒕 =  𝑿𝒑,∞(𝟏 − 𝒆−𝒌𝒂𝒕𝒏𝒂
) 

• 𝑋𝑝,∞ is the relative 

crystallinity upon 

completion of 

primary 

crystallisation. 

 

• 𝑋𝑝,∞ restricts the data to primary crystallisation alone. 

• In a fractional crystallinity vs time plot, 𝑋𝑝,∞ is measured from the 

intersect of tangents drawn from the primary & secondary regions. 

• Using a plot of log (− ln (1 −
𝑋𝑡

𝑋𝑝,∞
)) versus log time, na and ka are 

resolved from the gradient & anti-logarithm of the y-intercept, 

respectively. 

Tobin 
 

[138-140] 

𝑿𝒕 =  
𝒌𝒕𝒕𝒏𝒕

𝟏 + (𝒌𝒕𝒕𝒏𝒕)
 

• kt - Tobin rate 

constant. 

• nt - Tobin exponent. 

• Alteration of the Avrami equation which attempts to account for 

spherulite impingement.  

• kt and nt have similar meanings to the Avrami parameters, although 

nt does not need to be an integer.  

• A plot of log (
𝑋𝑡

(1−𝑋𝑡)
) versus log time, allows nt and kt to be measured 

from the gradient and antilogarithm of the y-intercept, respectively.  
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Malkin 
 

[132, 141-
143] 

𝑿𝒕 = 𝟏 −
𝑪𝟎 + 𝟏

𝑪𝟎 + 𝒆𝑪𝟏𝒕
 

 
𝑪𝟎 =  𝟒𝒏𝒂 − 𝟒 

 

𝑪𝟏 = 𝒍𝒏(𝟒𝒏𝒂 − 𝟐) (
𝒌𝒂

𝐥𝐧 (𝟐)
)

𝟏
𝒏𝒂

 

• C0 – Malkin 

exponent. 

• C1 - Malkin rate 

constant 

• Assumes that the overall rate of crystallisation is the combined 

sum of the rate of primary nuclei formation and the rate of 

secondary crystal growth.  

• C0 is proportional to the ratio of primary crystal growth to primary 

nucleation rate; C1 can be derived from the addition of numerous 

fractions related to these two parameters.  

• C0 and C1 cannot be derived from a double log plot and can only 

be derived via curve fitting. This is achieved using the two extra 

equations.  

Hay 
 

[92, 95, 
144] 

𝑿𝒕 =  𝑿𝒑,∞(𝟏 − 𝒆−𝒌𝒑𝒕𝒏𝒂
) 

(𝟏 + 𝒌𝒔𝒕𝟏/𝟐) 

• kp & ks are the 

Avrami rate 

constants of primary 

& secondary 

crystallisation, 

respectively.  

• na becomes fixed 

(estimated for 

expected nucleation 

& growth 

mechanism) during 

modelling. In the 

other models, na is 

allowed to vary.  

• Assumes primary & secondary crystallisation occur concurrently.  

• Secondary crystallisation appeared to be most significant at the 

centre of spherulites, indicating that the secondary process occurs 

almost immediately after the formation of a stable, growing nuclei. 

• Primary process continues to follow the standard Avrami equation.  

• Secondary crystallisation is determined by a square root 

dependence on fractional crystallinity.  

• Traditional models assume that full crystal phase transformation is 

complete on the ambiguous return of the DSC trace to baseline 

values of heat flow [128, 145, 146]. Hay shows that the 

crystallisation process can continue for extended periods of time, 

due to a significant involvement of secondary crystallisation.  

• Hay’s approach calculates where the secondary process tends to 

zero so is able to estimate the latter stages of crystallisation more 

accurately.  
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3 CHAPTER 3 – LITERATURE REVIEW 

 

3.1 The effect of build parameters on the processability of 

PA-12 within PBF 

The physical, structural, and mechanical properties of PBF parts are essential to 

fulfilling the functional requirements for various applications. Aging and degradation 

of PA-12 during PBF has the potential to significantly alter the properties of 

feedstock powder, its suitability for re-use across future build cycles, and the 

performance of final components. However, the processability of PA-12 powder 

within PBF, as well as the mechanical behaviour and surface quality of fabricated 

parts, is also dependent on the close control of numerous build specific processing 

parameters. Similarly, limitations of different PBF techniques influence the 

relationship between the properties of feedstock powder and the consistency of 

fabricated parts. Therefore, before exploring the various aging and degradation 

processes that can occur within PA-12 (section 3.2.), it is necessary to provide a 

more in-depth understanding of the intricacies of laser sintering and multi jet fusion.  

3.1.1 Laser sintering (LS) 

LS is particularly susceptible to various processing parameters [147-149], including: 

• Scanning parameters, such as scan spacing, direction, and speed.  

• Laser parameters, for instance laser power, quality, and spot size.  

• Build parameters, for example build chamber temperature, build chamber 

atmosphere, build chamber humidity, part position, and scan length. 
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• Part specific quantities, including build orientation, part thickness, and part 

density.  

This can be beneficial because varying any of these factors allows material 

properties to be controlled and tailored for specific applications. For example, 

increasing laser intensity maximises melting and consolidation of PA-12 particles, 

which reduces part porosity and improves the mechanical properties. However, 

heightened laser power also increases degradation of un-sintered powder in the 

heat-affected zones near to the print surface; a compromise is therefore required. 

So, where possible, operators are advised to keep laser power at a minimum and 

instead adjust other key process variables to achieve optimum part properties [148, 

150, 151].  

Various other parameters can also affect the LS build process. Firstly, following a LS 

build, cooling rates are restricted by conduction through the large powder bed, which 

is slow due to the poor thermal conductivity of PA-12 powder [61]. In addition, to 

prevent warpage and deformation, sintered parts can only be withdrawn once the 

chamber temperature is below the relatively low Tg (~45 °C) of PA-12 [16, 17]. As a 

result, the cool down phase can, depending on the build conditions, last for extended 

periods of time and in some cases as long as 80 hours [16, 17, 33]. During this time, 

un-sintered PA-12 powder continues to be exposed to high temperatures, so aging 

processes will remain active, and the un-sintered powder will continue to deteriorate. 

Furthermore, inconsistent powder deposition and incomplete particle melting, due to 

temperature gradients within the part bed, can cause non-homogeneous melting, 

which often leads to particle coring and, subsequently, increased part porosity [38, 

50, 61]. In this case, particle coring refers to the presence of un-molten particle 

cores, whereby solid crystalline fragments remain due to incomplete melting. This 



Chapter 3 – Literature review 

  
 36 

leads to an increased number of pores within fabricated parts because un-molten 

regions hinder complete consolidation of powder particles within each layer, and 

between subsequent layers, during the layer-by-layer build process. As such, the 

ductility of LS parts is generally lower than components fabricated by conventional 

methods, such as injection moulding [61]. 

In addition, build orientation is vital because LS parts display anisotropic behaviour, 

and this has a significant effect on part density and mechanical properties. LS parts 

fabricated vertically in the powder bed show the weakest tensile strength and are the 

most brittle [41, 152-157]. Vertical samples display reduced tensile properties 

because the tensile force is applied perpendicular to the print and pore layer 

direction, which act as crack propagation and failure initiation sites [41, 153]. 

Similarly, due to the fusion method used in LS, vertically orientated samples display 

reduced layer-layer bonding compared to equivalent parts printed in the horizontal 

orientation. Aforementioned, poor layer-layer bonding increases porosity and 

interlayer defects which contribute to the anisotropic behaviour observed within LS 

components [41].  

3.1.2 Multi-jet fusion (MJF) 

As MJF has been developed more recently, the technology was invented with the 

intention of solving some of the processing restrictions associated with LS. MJF is 

reportedly up to 10 times faster than LS, which increases productivity, thus providing 

economic benefits in terms of energy and material consumption [15, 42, 44]. One of 

the main differences between the two technologies is that MJF uses two inks during 

the printing process: the fusing agent (FA) and detailing agent (DA). These printing 

inks help improve the processability of the material. The DA inhibits heat transfer out 

the part, allowing the MJF process to print more geometrically complex features, 
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more accurately [22, 24, 44]. The FA contains carbon black, which increases the 

energy absorption of PA-12 powder, assisting the melting and consolidation process. 

This improves sintering quality and bonding strength, leading to less porous 

components. As a result, in contrast to LS parts, MJF components usually display 

isotropic mechanical behaviour [22, 24, 41, 150].  

The printing inks (FA and DA) also help to improve the re-usability of the feedstock 

material [15, 44]. Due to the energy absorption capabilities of the DA, the 

surrounding un-sintered part-cake is exposed to less severe thermal conditions and 

powder deterioration is reduced [20]. In addition, as the FA assists particle melting 

and consolidation, the bed temperature and infrared radiation intensity during 

printing, can be minimised, which reduces aging of the feedstock powder. As a 

result, relative to LS, a greater amount of unfused powder can be recycled for future 

builds, and the manufacturer recommended refresh rate is only 20% virgin material. 

This limits waste and delivers a substantial productivity gain, unlocking heightened 

cost efficiencies for industrial applications [22, 24, 41, 42, 154]. Nonetheless, due to 

the large production scale of MJF powder, waste remains a significant industry-wide 

issue, so improving the material re-use strategy further could improve the economic 

and environmental sustainability of the process.  

Although it offers benefits over LS, the MJF process has important limitations that 

have to be considered. Despite displaying isotropic mechanical behaviour, the 

benchmark mechanical properties of MJF parts in the XY horizontal orientation are 

generally lower than LS components [19, 154]. The IR lamp used within MJF allows 

the whole build layer to be fused in one pass, which yields higher productivity; but it 

can also result in large thermal gradients that may reduce the consistency of parts, 

depending on their location in the bed chamber [44]. As a result, aging of un-sintered 
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powder can vary significantly across the powder bed and powder quality is 

inconsistent. When using a fixed 20% refresh rate, which does not account for any 

variation in powder properties, unpredictable feedstock powder affects the 

performance of MJF parts. This emphasises the importance of understanding the 

various aging and degradation processes that can occur during a build cycle, in 

order to quantify powder quality and its potential for re-use in future build cycles. 

 

3.2 Aging and degradation of PA-12 during PBF 

Powder bed fusion (PBF) has numerous benefits over other AM processes. 

However, for PBF to be successful it must comply with stringent processing 

conditions (section 3.1), and this requires extremely close control of various process-

relevant material properties [62, 64]. Intrinsic powder characteristics are those which 

are inherent to the material, for example rheological, thermal, and optical properties; 

whilst extrinsic parameters, such as particle morphology and flowability, are also 

dependent upon external factors [62, 64]. In the context of PBF, the melting 

temperature of PA-12 is an intrinsic property because it is determined by changes in 

the chemical structure of PA-12. In contrast, as well as being affected by particle 

morphology and other powder properties, particle flowability is also dependent upon 

its interaction with the re-coater blade, so is an extrinsic parameter. The interaction 

between all the process relevant properties, that are imperative to fabricating high 

quality parts, is outlined in Figure 3.1. Aging and degradation processes occurring 

during PBF builds have a significant impact on many of these process-relevant 

powder properties, which limits the re-usability of un-sintered PA-12 powder. 

Subsequently, the properties of PBF components made from re-used powder are 
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also heavily dependent on aging and degradation. It is therefore important to have a 

holistic understanding of the aging phenomena that may take place during both LS 

and MJF, as well as the effect that each specific aging process has on PA-12 

powder. Similarly, some insight into necessary characterisation techniques required 

to detect such changes in powder behaviour is equally important. During PBF, the 

powder bed temperature of 150 °C to 170 °C is just below the Tm of PA-12. Exposure 

of PA-12 to high temperatures during the build can result in multiple physical aging 

and chemical degradation processes which could all occur simultaneously during a 

build cycle [16-18, 21, 23, 38, 51, 53]. An extensive understanding of these 

processes is imperative to improving the re-usability of PA-12.  
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Figure 3.1 - The key polymer properties which have an impact on the fabrication of parts using PBF. Highlighted regions emphasise 
parameters which may be affected by aging and degradation processes. Adapted from [64].
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3.2.1 Solid-state polycondensation 

Solid-state polycondensation (post-condensation) is a step growth reaction which 

can occur between Tg and Tm [21, 26, 158], therefore may be active at the common 

PBF bed temperature of 150 °C to 170 °C. Polycondensation describes linear 

macromolecular chain growth through reactions of end groups, causing increased 

molecular weight (Mw) [15, 21, 26, 53, 65]. At elevated temperatures, increased 

molecular mobility of amorphous polymer chains allows reactive amide linkages and 

open chain ends of adjacent sequences to connect [16, 24, 26, 38]. More 

specifically, C=O and O-H end groups combine into a COOH functional group, which 

frees up NH2 chain ends, under H2O elimination (Figure 3.2) [21, 24-26, 38, 42, 51, 

159, 160]. This process is thought to occur exclusively in the amorphous phase 

where polymeric chains have the freedom and mobility to connect; within crystalline 

regions chain mobility is restricted.  

LS provides the ideal conditions for solid-state polycondensation due to the high bed 

temperature, long reaction times and inert, or low oxygen, atmosphere [21, 24, 38]. 

High temperatures increase the rate of polycondensation [21, 24, 28, 38], whilst end 

group concentration and degree of crystallinity also influence the extent and rate of 

the reaction [21, 26, 61, 158]. In addition, although polycondensation is usually a 

reversible process, an inert atmosphere shifts the equilibrium towards continuous 

water removal [15]. This effectively renders polycondensation non-reversible under 

LS conditions, resulting in high rates of chain lengthening.  
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Figure 3.2 - Diagram showing the equilibrium equation for polycondensation, 
whereby two PA-12 chains combine with elimination of water. 

 

Previous studies have attempted to explore the extent of polycondensation, during 

PBF, using a range of characterisation techniques. Increases in Mw can be quantified 

using size exclusion chromatography (SEC). Wudy and Drummer recycled EOS 

GmbH PA2200 PA-12 powder (EOS PA-12) across 5 build cycles in a Sinterstation 

2000 LS machine, whereby the recovered un-sintered powder was re-used in the 

next build without refreshing with any virgin powder. Across a total cumulative build 

time of 26.6 hours, they observed an increase in the average Mw from 32,900 gmol-1 

to 61,100 gmol-1. By utilising a linear Mark-Houwink plot, they showed that increases 

in Mw were a result of linear chain growth, whilst cross linking and chain branching 

were insignificant [26].  

However, Sillani et al., observed a more significant increase in Mw following the re-

use of PA-12 within a different LS system. The Mw of virgin 3D systems Duraform 
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PA-12 powder increased from 49,734 gmol-1 to 134,120 gmol-1 after only one build 

cycle in the DTM 2500+ LS machine, which represents a 170% increase in Mw [15]. 

Sillani et al., also analysed the behaviour of MJF HP 3D high reusability PA-12 (HP 

PA-12). There was only a relatively insignificant 17.5% increase in Mw over one MJF 

build cycle, which suggests that the extent of polycondensation during MJF is 

minimal [15]. This may be explained by the different processing conditions, such as 

an increased presence of oxygen, whilst it has also been reported that HP PA-12 

polymer chains are “end-capped” to prevent degradation via polycondensation [15, 

20]. Therefore, previous investigations into the change in Mw of PA-12, during a PBF 

build cycle, emphasise the complexity of the polycondensation process. It also 

indicates the variation between different PBF powder types, and machines, 

highlighting that material aging is multi-factorial and various processing parameters 

will also alter the extent of polycondensation.  

Multiple studies have also characterised polycondensation by analysing the change 

in thermal properties of PA-12 using differential scanning calorimetry (DSC). Longer 

polymer chains may exhibit hindered mobility due to increased chain entanglements 

and knots, which postpones the crystallisation process because more energy is 

required for chain ordering [161]. As a result, polycondensation is thought to cause 

reductions in crystallisation kinetics and decreases in crystallisation temperature (Tc) 

[16, 17, 26, 28, 38, 51, 87]. It has also been reported that polycondensation 

increases Tm [15, 24-26, 38, 41, 61, 67, 159, 160]. For example, Pham et al., 

observed a 5 °C increase in Tm, and 3 °C decrease in Tc when EOS PA-12 powder 

was recycled across 3 build cycles with a total cumulative build time of ~120 - 150 

hours [16]. Polycondensation increases Mw and causes a rise in the number of 

amide groups, resulting in additional hydrogen bonding within the polymer chains 
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[23, 24, 26]. As such, it is suggested that more energy is required to fully breakdown 

these longer chains, which causes an upwards shift in the melting point [24, 41, 159, 

160]. However, these studies give no explanation as to how a process which occurs 

exclusively in the amorphous phase could significantly influence the size, stability, 

and melting temperature of crystalline spherulites. Furthermore, due to the relatively 

long hydrocarbon chain present between amide groups within PA-12, any increase in 

chain length and Mw, as a result of polycondensation, are unlikely to cause a 

substantial rise in the number of amide groups. Therefore, it is hard to envisage that 

changes to the amide group density would be significant enough to cause an 

increase in melting temperature. Consequently, the possibility of secondary 

crystallisation (section 2.3.2) occurring simultaneously within PA-12 during the PBF 

build process, requires more attention (section 3.2.2).  

Within current PBF literature, plastic melt flow rate (MFR) is the most common 

method for reporting changes in the properties of PA-12 powder as a result of 

polycondensation. Multiple studies have found that with increased storage of PA-12 

powder at elevated temperatures, there is a reduction in MFR which corresponds to 

increased polymer viscosity and reduced flowability of the melt [15, 16, 18, 21, 24, 

26, 28, 41, 51, 53, 61, 159, 160]. These changes can be explained by increased 

chain length and Mw, as a result of polycondensation. Some studies used MFR to 

show that chain growth via polycondensation occurs primarily on thermally 

unstressed (virgin) powder, but such growth cannot maintain the same rate within 

used powder [18, 24]. Riedelbauch et al., re-used HP PA-12 across six MJF 

processing cycles; during the first build, MFR decreased from 84 cm310min-1 to 30 

cm310min-1, but with continued powder re-use a plateau occurs and there is no 

further change across the next five cycles [24]. This suggests there is a point of 
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maximum chain growth, whereby there are no more active end groups available for 

polycondensation to occur [18, 21, 24, 53, 158].  

MFR values have also been used previously to define the refresh ratio [49], and one 

study concluded that a powder MFR > 26 g10min-1 will produce a LS component with 

sufficient properties [17]. However, the use of MFR as a metric for powder quality is 

limited in that it only measures one material property: melt viscosity. This prevents 

complete understanding of the underlying aging processes. Similarly, MFR is energy 

intensive, and it takes a long time to obtain results that can be inconsistent, so it is 

not the most cost-effective measurement tool. A further limitation of MFR tests is 

that, within previous studies, critical experimental parameters such as the specific 

dies, weights, and plate geometries used, are not standardised across different 

studies. This is an important consideration because alterations to these parameters 

will affect the shear rate and, subsequently, the measured viscosity of the material. 

Additionally, it is unlikely that a MFR test replicates the conditions that PA-12 is 

exposed to during the PBF process, so any measurements of viscosity and flow may 

not be accurate in the context of a PBF build cycle. Therefore, a more extensive use 

of multiple characterisation techniques to measure the quality of PA-12 powder 

would provide a holistic understanding of the effect of aging during PBF. Similarly, 

focussing on more process relevant powder properties, such as particle morphology 

and flowability, will reveal more direct information about the effect of powder re-use 

on the properties of final parts.  
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3.2.2 Secondary crystallisation of PA-12 

Storage of semi-crystalline polymers at elevated temperatures can cause further 

developments in crystallinity via secondary crystallisation. As discussed in section 

2.3.2, there are various different theories that seek to explain how secondary 

crystallisation occurs, but the most prominent mechanisms are lamellar thickening 

and lamellar insertion.  

During PBF, un-sintered PA-12 powder within the build chamber is exposed to 

elevated temperatures for long time periods. As a result, amorphous polymer chains 

exhibit enhanced chain mobility and the capacity to undergo secondary 

crystallisation via either lamellar thickening or lamellar insertion. Therefore, the PBF 

build process provides ideal conditions for secondary crystallisation to occur; this 

could have a significant effect on the resulting quality and performance of fabricated 

parts. During crystallisation, PA-12 displays a volume shrinkage which reduces the 

dimensional accuracy of printed parts [162, 163]. Further developments in 

crystallinity and alterations in crystalline morphology, as a result of secondary 

crystallisation, could heighten the effects of this shrinkage process. In addition, 

secondary processes may cause variations in the structure and morphological 

stability of the material, which ultimately affects the material properties. For example 

lamellar insertion forms unstable, thin lamella, leading to premature melting and a 

reduction in thermal stability [113]. In contrast, the tensile strength, stiffness, and 

thermal conductivity can all be enhanced by thicker lamella [99, 164]. Despite its 

importance to the processability of PA-12 powder within PBF, and the subsequent 

properties of fabricated parts, previous work investigating secondary crystallisation 

within PA-12 is limited.  
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Previous studies have begun to explore the crystallisation behaviour of PA-12 

powder when storing the material under similar time-temperature profiles to those 

found in PBF [24, 38, 159, 165, 166]. However, these investigations are more related 

to the polymorphic nature of PA-12, and the transformation between different crystal 

phases that can occur upon heating. Gogolewski et al., reported that thermal 

annealing at temperatures greater than 160 °C triggered a gradual growth of the 

alpha-prime (α’) crystal phase. Furthermore, Dadbakhsh et al., used wide angle x-ray 

scattering (WAXS) to show an α’-crystal structure is present within EOS PA-12 

powder, whilst LS parts display the gamma (γ) form [38].  

Increases in crystallinity as a result of secondary crystallisation can be detected 

using DSC by monitoring alterations in the shape, size, area, and position of the 

endothermic melting peak. This allows changes in peak Tm and enthalpy of fusion, 

which is directly related to percentage crystallinity (Xc), to be measured. Previous 

PBF studies have commonly reported increases in the Tm of PA-12 powder, as a 

result of thermal aging or powder re-use [24-26, 41, 51, 160, 167-169]. However, 

authors almost exclusively attribute increases in Tm to the polycondensation process, 

and reports of secondary crystallisation occurring during a build cycle are rare.  

Similarly, there is contradiction and inconsistent trends within the few papers which 

do measure the change in crystallinity of PA-12 powder, as a function of powder re-

use [24, 38, 168, 169]. For example, Dadbakhsh et al., presented an increase in the 

crystallinity of PA-12 powder, from 44% to 48%, across just one build cycle; however 

they attributed the increase in crystallinity to a rise in Mw, as a result of 

polycondensation [38]. This explanation indicates that there is confusion surrounding 

the effect of some aging processes on the morphology and microstructure of 

polymers. Polycondensation leads to greater chain lengths and, subsequently, 
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increased chain entanglements which create more disorder and knots within the 

polymer. Therefore, polycondensation is more likely to restrict chain mobility and 

prevent amorphous chains rearranging into a rigid crystalline structure via secondary 

crystallisation. This lack of understanding may be related to the complexity of 

secondary crystallisation, whereby there are numerous different theories and 

models, leading to inconsistencies and contradictions within the literature. 

Consequently, further work is required in order to understand the specific 

mechanism by which secondary crystallisation occurs when PA-12 is exposed to 

similar conditions to those found within a PBF build chamber. In the context of PBF 

this is significant because industry practitioners need to be aware of how secondary 

crystallisation can alter the properties of PA-12 powder, its ability to be reused in 

multiple build cycles, and the effect these changes have on the performance of final 

fabricated parts. 

3.2.3 Degradation processes  

The term “thermal degradation” refers explicitly to the effect of high temperatures, 

independent of the surrounding atmospheric conditions [66, 166, 170]. Levantovkay 

suggested that thermal degradation of polyamides only occurs at temperatures >250 

°C [170]; however, the rate and extent of thermal degradation can be significantly 

increased by a heightened oxygen content and humidity. Within MJF, un-sintered 

PA-12 powder is prone to thermo-oxidative degradation due to a high bed 

temperature of 150 °C to 170 °C, combined with the presence of oxygen [171]. 

Similarly, despite LS machines operating with an inert atmosphere, processing of 

PA-12 into powder at elevated temperatures could cause the formation of free 

radicals [166], whilst laser radiation could also instigate oxidation [54, 168]. Both of 

these factors could lead to accelerated degradation during LS. In addition, a small 



Chapter 3 – Literature review 

  
 49 

amount of unavoidable, residual oxygen (2-5%) is usually present within a LS build 

chamber, so thermo-oxidation becomes a distinct possibility [35, 38, 168]. Therefore, 

it is necessary to thoroughly investigate the various degradation processes that may 

occur when re-using PA-12 powder within both LS and MJF.    

3.2.3.1 Thermo-oxidation 

Thermo-oxidative degradation, also known as thermo-oxidation, is the integrated 

effect of heat and oxygen. Under extreme storage conditions, i.e., high temperatures 

for long periods, thermo-oxidative degradation can occur via an auto-oxidation 

mechanism [66, 168, 170, 172, 173]. As shown in Figure 3.3, the auto-oxidation 

cycle begins with the generation of polymer radicals via the separation of hydrogen. 

These radicals react with oxygen in the surrounding atmosphere to form peroxyl 

radicals. At this stage, oxidation can occur with a low activation energy and 

accelerate, without an induction period, due to the production of highly destabilised 

alpha amino hydroperoxides [173]. At the end of the auto-oxidation mechanism there 

are ultimately two different outcomes. Termination can occur via recombination of 

two or more radicals which results in the production of macroradicals. This is 

expected to occur through a chain reaction involving peroxide formation, resulting in 

cross-linking and the formation of tie-molecules [82, 83, 159]. Conversely, 

hydroperoxides can decompose to alkoxy radicals which abstract hydrogen atoms 

from the polymer backbone via chain scission, leading to the formation of various 

unstable oxidation products [172, 174-176]. The dominant outcome of the thermo-

oxidation mechanism is dependent upon the type of polymer, environmental 

conditions, and time/temperature dependencies [23, 53, 66, 83].  
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Figure 3.3 - Schematic displaying the expected thermo-oxidation mechanism of PA-
12 based on literature reports for other polyamide structures [174, 175].  

 

3.2.3.1.1 Cross-linking  

Cross-linking involves the formation of covalent bonds between polymer chains, 

which leads to increased molecular weight [25, 38, 66, 82]. Such cross-links, also 

known as tie-chains, are molecular connections which form in interlamellar 

amorphous regions and effectively act as bridges holding crystallites together [75, 

82, 83]. It has been suggested that in the presence of oxygen, polyamides undergo 
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cross-linking at temperatures >140 °C [159]. Elevated temperatures increase the 

thermal energy present within the polymer, so amorphous chains obtain the sufficient 

mobility required for the development of cross-links. However, depending on the Mw 

of the material, cross linking can also occur in an inert, or low oxygen, environment. 

This can be explained by a study from Seguela, which suggests that above a certain 

critical molar mass, amorphous chains become intertwined into a macro-molecular 

network. Due to the elevated molecular weight, there is an increased volume of 

entanglements which cannot contribute to crystallisation. Instead, intertwining chains 

belonging to two adjacent crystallites can form a bridge between the crystalline 

regions, resulting in the formation of tie-chains [82].  

This would suggest that cross-linking can occur under the conditions present during 

both LS and MJF. In fact, some authors have suggested that, within oxygenated 

conditions, degradation of PA-12 occurs primarily via chain scission, whilst cross-

linking becomes more predominant in an inert atmosphere [177, 178]. However, a 

limitation of primarily using conventional characterisation techniques such as MFR, is 

that it can be difficult to differentiate cross-linking from polycondensation because 

both processes cause increases in Mw and melt-viscosity. Some studies have 

attributed reductions in MFR to cross-linking [24, 66, 168], but generally cross-linking 

is often overshadowed by polycondensation within PBF studies, particularly those 

aiming to replicate the inert atmosphere found within a LS build chamber. This can 

become problematic because cross-linking will have different effects on the 

behaviour of PA-12 powder, its suitability for re-use, and the mechanical properties 

of final parts (section 3.2.5).  
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3.2.3.1.2 Chain scission 

Chain scission involves random cleavage of the polymer backbone, which results in 

a rapid decrease in Mw [24, 179]. In polyamides, scission occurs primarily at the α 

methylene group, whereby the C-H bonds are adjacent to the nitrogen in the amide 

unit; these are the weakest bonds because they contain the most mobile, and 

reactive hydrogen atoms (Figure 3.4) [54, 170, 172, 173, 175, 180, 181]. Some have 

hypothesised that diffusion of oxygen and water cannot happen in crystalline regions 

of the material [173, 175, 176]. However, others suggest oxidative degradation 

occurs via a two-step process. Firstly, preferential attack of the more easily 

accessible amorphous chains, before degradation of crystalline regions, which 

coincides with polymer mass loss [182, 183]. Regardless, chain scission due to 

thermo-oxidation (and hydrolysis, section 3.2.3.3) is thought to occur primarily in the 

amorphous phase.  

 

Figure 3.4 - a) Molecular structure of PA-12, methylene carbon adjacent to the amide 
nitrogen is donated by αN and shown by an arrow. The αN carbon is the weakest link 
in the polymer chain so most susceptible to oxidative chain scission. b) Random 
chain scission in a linear polymer chain.  
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Chain cleavage removes hydrogen atoms from the polymer backbone, resulting in 

multiple oxidation by-products, such as aldehydes and carboxylic acids [172, 174-

176]. The generation of imide groups following oxidative chain scission has also 

been reported [166, 172-175, 180, 181]. These new functional groups, and other 

changes in polymer morphology, have previously been observed within various 

polyamide materials using Fourier transform infrared spectroscopy (FTIR) [166, 172, 

175, 180, 181, 184]. Additionally, chain scission can result in substantial and rapid 

reductions in molecular weight which significantly effects the thermal and mechanical 

properties of polyamide materials [66, 166, 172, 180]. Another indicator of thermo-

oxidation is sample discolouration (yellowing) [172, 174, 180, 181, 185], which is 

thought to occur due to the formation of different functional groups, e.g., reaction of 

amine end groups [172, 186]. Alternatively, the production of pyrrole derivatives 

increases the amount of chromophore, which may trigger yellowing [180, 181].  

It has been suggested that, with a long enough exposure time, thermo-oxidation can 

occur at temperatures as low as 80 °C to 90 °C [170]. However, the higher 

temperatures present within the oxygenated MJF build chamber would accelerate 

the process [66, 181], so thermo-oxidative chain scission is likely to occur with 

extended powder re-use. However, due to the MJF process being a relatively new 

PBF process, previous  work is often focussed on replicating LS build conditions; 

only a few studies have investigated long term storage of PA-12 powder under 

oxygenated conditions. Wudy et al., compared the change in MFR of PA-12 powder 

samples stored for up to 128 hours, at 175 °C, in air, vacuum, and nitrogen oven 

conditions. For all three storage types there was initially a large reduction in MFR, 

which is caused by cross-linking. But, with storage between 32 and 128 hours in air, 

there is a substantial increase in MFR, whilst no further change is observed in the 
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other two conditions. A higher MFR indicates improved melt flowability due to the 

shorter chain molecules present following thermo-oxidative chain scission [66]. 

Furthermore, Pandelidi et al., exposed polyamide-11 (PA-11) powder to thermo-

oxidative aging at 180 °C, for up to 168 hours. Parallel plate rheology illustrated a 

reduction in complex viscosity, which suggests a decrease in chain length and a 

lower chain entanglement density, indicating that chain scission can occur after only 

24 hours of oven conditioning [177].  

3.2.3.2 Chemi-crystallisation  

Due to the macromolecular nature of semi-crystalline polymers, a high number of 

entanglements is expected to be present in the melt. This entangled system restricts 

the crystallisation process because long polymer chains are unable to easily 

organise and align into an ordered structure [187]. However, thermo-oxidation can 

cause chain scission of amorphous chains resulting in a polymer system with a 

greater number of short chain molecules. This allows further crystallisation via 

rearrangement of the smaller, and subsequently more mobile, polymer chains [176, 

187, 188]. This process is known as chemi-crystallisation and can enhance the 

degree of crystallinity as a result of degradative chain scission [166, 174, 176, 187, 

188].  

Chemi-crystallisation can increase the degree of crystallinity via aforementioned 

secondary crystallisation mechanisms. Molecular segments freed by chain scission 

can incorporate into pre-existing crystals through lamellar thickening, or new crystals 

can form in the bulk of the amorphous region via lamellar insertion [176, 187, 188]. 

Crystals formed by chemi-crystallisation can be identified from primary crystals 

because they grow from segments that become progressively more defective as 

exposure to degradation continues [187]. As such, chemi-crystallisation is thought to 
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create less stable crystalline regions, because they are formed from imperfect 

molecules, in less favourable conditions. This can result in a material with 

inconsistent thermal and mechanical properties since the new crystals will likely have 

lower melting temperatures and an increased defect content [176, 187].  

3.2.3.3 Hydrolysis  

Thermo-oxidative degradation accelerates in the presence of moisture, through a 

process known as hydrolysis [54, 166, 170, 180, 188]. PA-12 is hydrophilic and has 

a strong affinity for water due to the existence of amide groups and hydrogen 

bonding within the polymer system. As such, PA-12 is sensitive to chain scissions 

when exposed to an environment containing moisture, for example high humidity, or 

when water is present within the material [166, 188]. During hydrolysis, similarly to 

the oxidation mechanism, sorption of water occurs primarily in the amorphous phase 

and interactions between water molecules and hydrogen bonds results in an 

increased number of chain scissions [180, 188]. Ingress of water molecules into the 

polymer can also mobilise amorphous chains, enhancing the rate of diffusion of 

oxygen into the polymer, which subsequently increases the rate of thermo-oxidation 

[54, 170]. Within PBF, an advantage of PA-12 is a relatively long methylene 

sequence, which decreases the amide group concentration [54-56]. As a result, PA-

12 has reduced polarity and a lower affinity for water compared to other, shorter-

chain polyamides. Nonetheless, the issue of hydrolysis persists so controlling the 

moisture content of PA-12 during powder storage, handling, and re-use is vital. 

3.2.4 Interaction between aging processes during PBF 

During a PBF build, there is an interplay between the different aging and degradation 

processes which may occur within un-sintered PA-12 powder. At the powder bed 
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temperature, multiple aging phenomena can take place simultaneously and interact 

with each other [24, 28]. This creates a complex aging mechanism which is 

problematic for the PBF industry because there can be inconsistencies in the 

properties of different batches of powder. These aging processes are also influenced 

by temperature, time, and the specific processing conditions (Figure 3.5), thus the 

dominant aging process when re-using powder in multiple build cycles, is prone to 

change and difficult to predict.  

 

 

Figure 3.5 - Illustrates that at the bed temperature, there are 4 key aging processes 
that are likely occurring simultaneously. These processes will have an effect on each 
other, whilst also having collective and opposing effects on PA-12 powder properties. 

 

For example, chain scission alters the morphology of PA-12, forming shorter polymer 

chains which are able to align more easily into an ordered crystalline structure. As 

such, chain scission can increase crystallinity through chemi-crystallisation [176, 

187, 188] . Conversely, secondary crystallisation can be hindered by cross-linking 

and polycondensation because tie molecules and chain entanglements restrict 

motion of polymer chains, preventing reorganisation of amorphous regions into a 
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more aligned arrangement [16, 17, 23, 26, 28, 38, 51]. However, alterations in 

polymer structure, such as increased crystallinity, can restrict motion of reactive 

polymer chains which raises the activation energy for cross-linking [83]. Further 

examples of the interaction between the various aging processes that can occur 

during a PBF build are summarised in Table 3.1. Evidently, the chemical and 

physical aging of PA-12 during PBF is a multifaceted problem. Understanding the 

interaction between these processes, and how that relationship may change when 

PA-12 powder is stored for long periods of time, across multiple build cycles, is vital 

to improving the re-usability of PA-12. 
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Table 3.1 – Aging mechanisms of PA-12 powder within powder bed fusion processes.  

 Solid-state 
Polycondensation 

Secondary 
crystallisation 

Cross-linking Chain scission Hydrolysis Chemi-
crystallisation  

Type of aging Chemical Physical Chemical  Chemical  Chemical  Chemical  

Reversibility Reversible (under the right 
conditions) 

Reversible  Irreversible  Irreversible  Irreversible  
Reversible  

Cause High temperatures 
whereby:  
Tg < temp. < Tm Accelerates 
in inert atmosphere.  
Long reaction times 
Laser radiation 
Microstructure – e.g., end-
group  concentration  

High temperatures 
whereby:  
Tg < temp. < Tm  

High 
temperatures  
Oxygen content 
Laser radiation  
Time dependent  

High 
temperatures  
Oxygen content 
Laser radiation 
Longer time 
periods  

High 
temperatures 
Presence of 
water/moisture  

Rearrangement 
of short 
amorphous 
chains following 
chain scission  
High 
temperature 

Effects on 
PA-12 powder 
properties 

Increased Mw 
Increased Tm  
Reduced Tc 
Reduced crystallisation 
kinetics  
Reduced % crystallinity (Xc) 
Reduced MFR / MVR 
Increased melt viscosity 

Increased Xc 
Increased Tm 
Transition between 
α’ & γ crystal 
structures 
Increased lamellae 
thickness 
Growth of larger 
spherulites  

Increased Mw 
Increased melt 
viscosity  
Reduced MFR 
Reduced 
crystallisation 
kinetics 
Reduced Tc 

Decreased Mw 
Mass loss  
Oxidation by-
products e.g., 
imide groups 
Discolouration 
Increased MFR 

Increases the 
rate & extent of 
chain scission, 
so has the same 
effect on PA-12 
powder.  

May cause 
reduced Tm. 
Increased Xc 

Formation of 
imperfect, less 
stable crystalline 
regions 
 

Interaction 
with other 
aging 
processes  

Secondary crystallisation – 
rate of polycondensation is 
dependent upon degree of 
crystallinity, as the reaction 
occurs in amorphous 
regions.  
On the other hand, it 
reduces the rate of 
secondary crystallisation 
due to the entangled 
polymer chains following 
polycondensation  

Polycondensation – 
increased Mw 
hinders secondary 
crystallisation.  
Cross-linking – 
formation of tie 
chains restricts 
chain mobility.  
Conversely, 
increased Xc may 
raise the activation 
energy for cross-
linking  

Hard to 
differentiate from 
polycondensation 
as both processes 
have similar 
effects on powder 
properties.  
Reduces 
likelihood of 
secondary 
crystallisation due 
to restricted chain 
mobility  

Can lead to 
chemi-
crystallisation & 
secondary 
crystallisation 
due to reduced 
chain length 

Increases chain 
scission, so 
could also 
contribute to 
chemi-
crystallisation 

Caused by chain 
scission.  
Polycondensatio
n & cross-linking 
would prevent 
chemi-
crystallisation 
occurring.  
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3.2.5 Effect of powder re-use and aging on part properties 

Assuming that the PA-12 powder used in the build contains recovered powder, aging 

and degradation processes have the potential to significantly affect the properties of 

final parts. This is particularly problematic when the refresh ratio is insufficient or if 

the used powder is severely degraded. When producing final components with 

recycled, used powder, the fabricated parts commonly experience a variation in their 

mechanical properties, higher shrinkage, and a rough surface finish known as 

“orange peel” (Figure 3.6) [16, 17, 23, 26, 38, 160]. Previous studies have measured 

the change in surface roughness of PBF parts using a profilometer. Crane et al., 

showed that a novel post-processing, chemical surface enhancement technique, 

known as PUSh™, can reduce the average surface roughness (Ra) of LS PA-12 

parts from 21.8±6.8 μm to 6.1±1.6 μm [189]. The PUSh™ process utilises automated 

solvent vapour smoothing technology; as the solvent condenses onto the surface of 

a part, it forms a boundary layer which is able to flow, fill up pores, and smoothen the 

surface of the fabricated part [189, 190]. In addition, Petzold et al., found that the Ra 

of LS parts made from virgin PA-12 powder is 13.2 μm; this value rises by 8.8 μm 

when LS parts are fabricated from recycled PA-12 powder [191]. Virgin MJF parts 

also display similar Ra values [192]. However, to the best of the authors knowledge, 

no previous papers have quantified the effect of extended powder re-use, across 

multiple build cycles, on the surface quality of PBF parts.  
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Figure 3.6  – LS components displaying (a) orange peel texture and b) an acceptable 
surface finish [16].  

 

Changes in the physical properties of PBF parts, in particular porosity and density, 

are also caused by a deterioration of feedstock powder quality as a result of material 

aging. For example, polycondensation and cross-linking cause increases in Mw, 

reduced melt flowability, and hindered material coalescence [50, 53, 168, 169]. This 

leads to increases in part porosity [38, 53, 154, 169]. Furthermore, due to either 

secondary crystallisation or polycondensation, aged powder likely contains particles 

with a higher melting temperature. Assuming the processing parameters are kept 

constant for each build, these higher melting point, “nascent” particles may remain 

unmolten, which prevents a homogeneous melt and limits part density [23, 38, 53, 

168]. Within industry, monitoring porosity is vital because an increase in the number 

and size of pores will likely result in a significant reduction in the mechanical 

performance of final components.   

As such, the ultimate tensile strength (UTS), Young’s modulus (E), and elongation at 

break (EAB) of fabricated parts, which are crucial for functional applications within 

PBF, can be affected by powder re-use and subsequent material aging [23, 24, 35, 
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38, 53, 168, 193]. The standard mechanical properties of parts produced from new, 

virgin powder are generally well understood; however, there are inconsistencies in 

the literature regarding the effects of PA-12 powder re-use on the properties of LS 

and MJF parts (Table 3.2). Several studies have claimed no significant change in 

UTS, E, and EAB within parts made using re-used, aged powders [24, 51, 53, 160], 

whilst others reported a reduction in strength and stiffness with increased build 

number [49, 66, 169, 194]. On the other hand, it has been suggested that aging 

processes are time dependent, so with increased cycle number, there could be two 

opposing trends in terms of the effect of re-use on the mechanical properties of PBF 

parts. Furthermore, the results of these studies often contradict each other [169, 

193]. Alo et al., observed a 27.8 MPa reduction in strength for the first 6 build cycles, 

followed by a 21.5 MPa increase in UTS with further powder re-use across build 6 to 

build 8 [169]. Conversely, Yao et al., stated an initial 6.7 MPa increase in strength 

between builds 1 and 2, before a 9.5 MPa reduction in UTS across the next 7 build 

cycles [193].  

Therefore, there is significant debate surrounding the effects of powder re-use on the 

quality and performance of PBF parts. Inconsistencies in the results of previous 

studies can be explained by many factors. Firstly, within the studies shown in Table 

3.2, there are variations in PA-12 powder grade, PBF machine, processing 

parameters, and testing conditions; all of which may have an effect on the success of 

the print and the resulting mechanical properties of the part (section 3.1). 

Nonetheless, Table 3.2 does not appear to show any clear trends in terms of the 

specific effects of any particular build parameter, and there were further 

inconsistencies between studies. Zarringhalam et al., showed that LS parts had a 

higher strength, modulus, and elongation at break when operating with a significantly 
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greater laser power [51]. It is expected that increasing laser power ensures complete 

fusion of particles, which increases layer-layer bonding and limits porosity 

development. In contrast, Wudy and Drummer used a substantially lower laser 

power of only 7.8 W and virgin parts displayed a higher UTS than parts made using 

a laser power of 45.7 W [53]. Therefore, multiple other build parameters such as 

build chamber temperature, scan speed, scan spacing, and layer thickness must 

also have a significant impact on the mechanical and structural properties of PBF 

parts [35]. Identifying the most appropriate build parameters for printing with either 

virgin or used PA-12 powder would help to improve the performance of PBF 

components. Nonetheless, that is beyond the scope of this project, which focusses 

specifically on the effects of powder re-use and material aging. With repeated 

powder re-use, multiple aging and degradation phenomenon can occur 

simultaneously, with an interplay between the conflicting and harmonious effects of 

each aging mechanism (as shown in Table 3.1). This creates a highly convoluted 

problem, whereby the effects of aging on mechanical properties of PBF parts are 

almost impossible to predict, therefore the resulting performance and serviceability of 

parts is uncertain.  

The aforementioned reductions in UTS can be attributed to changes in powder 

properties, such as melt flowability, as a result of polycondensation (section 3.2.1) 

and cross-linking (section 3.2.3.1.1) [49, 66, 169, 194]. However, others have 

suggested that an increased cross-link density promotes intermolecular interactions, 

and creates more complex molecular chains, which ultimately enhances the strength 

and stiffness of LS parts [169, 193]. Similarly, increases in Mw and chain 

entanglements, due to polycondensation, can lead to a higher cross-link density with 

stronger Van der Waals forces, resulting in a higher tensile strength [35, 195]. This 
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emphasises how polycondensation and cross-linking are closely linked, yet there is 

uncertainty and disagreement surrounding their impact on the functionality of end-

use PBF parts.   

It is also important to try and isolate polycondensation from secondary crystallisation 

(section 3.2.2) because each of these processes will have an opposite effect on part 

crystallinity and, subsequently, mechanical behaviour. Increased crystallinity, due to 

secondary crystallisation, causes improved intermolecular bonding, which may 

increase the strength and stiffness of final parts [35, 51, 160, 193, 196]. However, 

highly crystalline parts are also expected to be more brittle [35, 43, 50]. Conversely, 

polycondensation causes increased chain length and entanglement which hinders 

crystallisation and reduces the crystallinity of final parts, so components are 

expected to be more ductile, but weaker [38, 51, 168]. More confusion arises when 

considering thermo-oxidation. Chain scission (section 3.2.3.1.2) is a degradation 

process which causes deterioration of a polymers macromolecular structure, 

reducing the number of covalent bonds and Van der Waals forces present within the 

chain. Therefore, thermo-oxidative chain scission is expected to lower the tensile 

strength [35, 180], as well as cause significant part embrittlement [166, 172]. 

Nonetheless, chain scission can ultimately lead to chemi-crystallisation (section 

3.2.3.2), which would have the opposite effect of increasing crystallinity, creating 

more interactions and bonding between chains, thus increasing part strength [166]. 

This represents another example where a single degradation process can influence 

the mechanical performance of PBF parts in two different directions.  

Overall, due to the complexity of material aging as a function of powder re-use, 

printed parts are often of reduced quality, and this is a significant challenge which 

has hindered the advancement of polymer PBF processes. 
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Table 3.2 – Mechanical properties of PBF parts fabricated from PA-12 powder at different levels of aging/powder re-use. 

Reference 
Process 

Type 

Number of 
re-use 
cycles 

Reported printing 
parameters 

Horizontal (XY) build orientation 

Effect of build / 
powder re-use 

Ultimate 
tensile 

strength 
(MPa) 

Young’s 
modulus 

(MPa) 

Elongation at 
break (%) 

[160] 

Duraform 
PA-12 
3D systems 
SLS2000 

7 build cycles 
No refresh 
rate 

N/A 
Build 1 = 29.4 
Build 4 = 27.6 
Build 7 = 20.7 

N/A 
Build 1 = 3.5 
Build 4 = 5.5 
Build 7 = 7.8 

No significant change 
in UTS until after build 
5 
EAB shows a small, 
gradual increase 

 
[51] 
 

EOS 
PA2200 PA-
12 
EOS P380 
LS machine 

Comparing 
parts made 
from virgin, 
once used, & 
once 
refreshed 
(70:30 RR) 
powder  

0.15 mm layer 
thickness 
45.7 W laser power 
4000 mm/s scan 
speed 
0.3 mm scan 
spacing 

Virgin = 45.0 
Refreshed 
=45.5 

Virgin = 1750 
Refreshed= 
1750 

Virgin = 14 
Refreshed 
=18.5 

In both systems there is 
an insignificant change 
in UTS & Young’s 
modulus, as well as 
increased ductility 

Duraform 
PA-12 
3D systems 
Vanguard 
LS machine 

0.1 mm layer 
thickness 
11 W laser power 
5000 mm/s scan 
speed 
0.15 mm scan 
spacing 

Virgin = 37.5 
Refreshed = 
35 
Used = 40 

Virgin = 1600 
Refreshed = 
1400 
Used = 1650 

Virgin = 4 
Refreshed = 7 
Used = 12 

[66] 

EOS 
PA2200 PA-
12 
3D systems 
Sinterstation 
2000 LS 
machine 

10 build 
cycles 
50:50 RR 

175°C pre-heating 
temperature 
0.1 mm layer 
thickness 
5 W laser power 
1257 mm/s scan 
speed 

Build 1 = 35 
Build 5 = 5 
Build 10 = 2 

N/A 
Build 1 = 5.3 
Build 5 = 0.8 
Build 10 = 0.2 

Significant reductions in 
UTS and severe 
embrittlement 

[194] 

Sinterit PA-
12 
Sharebot 
SnowWhite 
LS printer 

8 build cycles 
No refreshing 

160°C plate 
temperature 
0.1 mm layer 
thickness 
14 W laser power 

Build 1 = 31.7 
Build 2 = 27.2 
Build 5 = 21.9 
Build 8 = 20.5 

Build 1 = 1276 
Build 2 = 1190 
Build 5 = 985 
Build 8 = 1035 

Build 1 = 6.2 
Build 2 = 5.5 
Build 5 = 4.9 
Build 8 = 4.6 

Significant & gradual 
reductions in UTS 
Insignificant change in 
stiffness & EAB 
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[53] 

EOS 
PA2200 PA-
12 
Research 
sintering 
station 

5 build cycles 
Cumulative 
build time 42 
hours 
No refreshing 

172°C build 
temperature 
100 μm layer 
thickness 
7.8 W laser power 
904 mm/s scan 
speed 
 

Build 1 = 50 
Build 3 = 48 
Build 5 = 42 

Build 1 = 1650 
Build 3 = 1600 
Build 5 = 1550 

N/A 

Insignificant change in 
UTS until build 4, then 
small reduction 
No change in stiffness 

[23] 

EOS 
PA2200 PA-
12 
DTM 
Sinterstation 
2000 LS 
machine 

5 build cycles 
25 
cumulative 
build time 
No refreshing 

N/A 
Build 1 = 49 
Build 3 = 43 
Build 5 = 38 

Build 1 = 1800 
Build 3 = 1550 
Build 5 = 1500 

Build 1 = 14 
Build 3 = 14 
Build 5 = 14 

Significant reduction in 
UTS 
No change in stiffness 
or ductility 

[38] 

EOS 
PA2200 PA-
12 
DTM 
Sinterstation 
2000 LS 
machine 

Compares 
virgin, used, 
& refreshed 
powder 
Used powder 
exposed for 
‘2-10 cycles’ 

170°C bed 
temperature 
5W laser power 
600 mm/s scan 
speed 
150 μm scan 
spacing 

Virgin = 32.7 
Refreshed 
=32.2 
Used = 25.2 

N/A 

Virgin = 18.5 
Refreshed = 
22.1 
Used = 15.4 

Reduction in strength, 
although refreshing 
does help restore part 
performance. 
Minimal change in 
ductility. 

[193] 

EOS 
PA2200 PA-
12 
EOS P110 
LS machine 

8 build cycles 
No refreshing 

168°C build 
temperature 
0.1 mm layer 
thickness 
30 W laser power 
1500 mm/s scan 
speed 
0.15 mm scan 
spacing 

Build 1 = 42.8 
Build 2 = 49.5 
Build 8 = 40.0 

Build 1 = 1068 
Build 2 = 1658 
Build 8 = 824 

Build 1 = 20 
Build 5 = 26 
Build 8 = 23 

Strength and stiffness 
increase significantly 
after build 1 but then 
gradually reduces. 
EAB shows no 
significant change in 
XY orientation 

[169] 

EOS 
PA2200 PA-
12 
EOS 
Formiga 
P110 LS 
printer 

8 build cycles 
Cumulative 
build time 77 
hours 
no refreshing 

169°C build 
temperature  
30 W laser power 
1500 mm/s scan 
speed 
0.15 mm scan 
spacing 

Build 1 = 40.6 
Build 6 = 12.8  
Build 8 = 34.3 

Build 1 = 1450 
Build 6 = 510 
Build 8 = 1190 

N/A 

Significant reductions in 
strength & stiffness 
over the first 6 builds 
Significant increase in 
strength & stiffness 
between build 6 & build 
8 
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Multi-Jet Fusion examples, including PA-11 & PA-12 

[24] 

HP high 
reusability 
PA-12 
HP MJF 3D 
4200 

5 build cycles 
RR varied: 
0/100, 20/80, 
40/60, 60/40, 
80/20, 100/0 

 
Balanced print mode 
 

Build 1 = 46.9 
Build 2 = 45.0 
Build 5 = 44.5 

Build 1 = 1446 
Build 2 = 1467 
Build 5 = 1437 

Build 1 = 12.9 
Build 2 = 14.5 
Build 5 = 13.1 

Insignificant change in 
all mechanical 
properties 

[49] 

HP 3D high 
reusability 
PA11 
HP MJF 3D 
4200 

Compare 
parts made 
from virgin 
and used 
PA11 powder 

Balanced print mode 
Build 1 = 45 
Build 2=39 

Build 1 = 1421 
Build 2 = 955 

Build 1 = 21 
Build 2 = 24 

Significant reduction in 
strength and stiffness 
after just one-reuse 
cycle 
No embrittlement 
observed 
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3.3 Rationale of the work  

There is a general lack of understanding regarding the convoluted aging mechanisms 

that occur within PA-12 during PBF. Similarly, the effect of aging on the behaviour of 

un-sintered PA-12 powder, and its suitability for re-use in future builds, is relatively 

unknown. Previous work has begun to investigate the aging and degradation of PA-

12 in the context of PBF. However, many of these studies have attempted to quantify 

powder quality using specific material characterisation techniques, such as melt flow 

rate. Although MFR has some benefits, the aging behaviour of PA-12 during PBF is 

far too complex to be determined by a technique that effectively only measures one 

material property: melt viscosity. A more extensive classification of used PA-12 

powders, utilising a wide range of characterisation techniques, is required in order to 

establish whether or not aged material is suitable for re-use in future builds. 

Furthermore, the predominant utilisation of MFR has influenced PBF operators to 

focus primarily on the polycondensation process when considering the aging 

behaviour of PA-12 powder. Although polycondensation is a pivotal aging 

phenomenon, that absolutely affects the properties of PA-12 powder and its potential 

for re-use, the wider industry is largely naïve to various other aging processes that 

can occur simultaneously. Of utmost significance is secondary crystallisation, which 

has rarely been discussed in previous literature. Despite its importance to the 

processability of PA-12, the mechanism, rate, and extent of secondary crystallisation 

during a PBF build cycle is generally unknown. This is concerning because the 

secondary process not only has the potential to alter the properties of un-sintered 

PA-12 powder, but also the dimensional precision and mechanical performance of 

PBF parts. As a result, the current work involves an in-depth investigation into the 
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secondary crystallisation behaviour of PA-12 when it is exposed to conditions similar 

to those found in a PBF build chamber.  

Finally, PBF components often display a wide range of physical and mechanical 

properties, which has hindered the widespread adoption of this technology for the 

production of functional, end-use parts. Subsequently, the most common application 

of PBF is currently limited to the development of prototypes. One of the main causes 

for inconsistent part properties is the complex, multifaceted aging behaviour of PA-

12. With increased powder re-use, the quality of feedstock powder becomes 

progressively more unpredictable, particularly when operating with fixed refresh 

ratios that do not account for any variability in the properties of used material. 

Therefore, PBF part performance becomes very difficult to predict. As such, an 

enhanced understanding of the close relationship between aging, powder re-use, and 

subsequent part properties is necessary. This thesis determines the optimal 

characterisation techniques for quantifying powder quality, identifying a correlation 

between alterations in specific powder properties and the performance of fabricated 

parts. This insight could be utilised to improve the consistency of PBF parts, allowing 

the technology to be used more regularly for the production of functional, end-use 

components. Overall, the primary objective is to enhance the environmental 

sustainability and cost effectiveness of the PBF process, which faces ongoing 

challenges related to material waste due to inefficient powder re-use strategies.  
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4.1 Abstract  

Powder Bed Fusion (PBF) is an Additive Manufacturing (AM) technique which offers 

efficient part-production, light-weighting, and the ability to create complex 

geometries. However, during a build cycle, multiple aging and degradation processes 

occur which may affect the reusability of the polyamide 12 (PA-12) powder. Limited 

understanding of these phenomena can result in discarding re-usable powder 

unnecessarily, or the production of parts with insufficient properties; both of which 

lead to significant amounts of waste. This paper examines the thermal, chemical, and 

mechanical characteristics of PA-12, via an oven storage experiment that simulates 

multi jet fusion (MJF) conditions. Changes in the properties of PA-12 powder during 

oven storage showed two separate, time-dependent trends. Initially, differential 

scanning calorimetry showed a 4.2 °C increase in melting temperature (Tm) and a 

rise in crystallinity (Xc). This suggests that secondary crystallisation is occurring 

instead of, or in addition to, the more commonly reported further polycondensation 

process. However, with extended storage time, there were substantial reductions in 

Tm and Xc, whilst an 11.6 °C decrease in crystallisation temperature was observed. 

Fourier transform infrared spectroscopy, a technique rarely used in PBF literature, 

shows an increased presence of imide bonds – a key marker of thermo-oxidative 

degradation. Discolouration of samples, an 81% reduction in strength and severe 

material embrittlement provided further evidence that thermo-oxidative degradation 

becomes the dominant process following extended storage times beyond 100 hours. 

An additional pre-drying experiment showed how moisture present within PA-12 can 

also accelerate degradation via hydrolysis.   
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4.2 Introduction 

Polymer powder bed fusion (PBF) is a subset technique in additive manufacturing 

(AM) which has attracted attention because it offers great design freedom and high 

efficiency, as parts can be stacked freely in the powder bed [13, 14, 16-18]. Industrial 

sectors such as medical, aerospace and architecture have benefitted immensely 

from the use of additive manufacturing and more specifically PBF technology. This is 

a result of the advantages the technology offers including customization, light-

weighting, and the ability to create complex geometries [46-49]. The most common 

PBF technique is laser sintering (LS) [13], but more recently HP introduced the multi-

jet fusion (MJF) process [49]. Both processes involve storing thermoplastic powder at 

an elevated temperature, close to the melting point, before the localised application 

of heat to consolidate the material into a 3D part [13]. As per other AM methods, 

powder is added layer-by-layer into a geometry fabricated directly from a 3D-CAD 

model [13, 24].  

Materials for PBF require a large processing window, in which the powder melting 

temperature (Tm) is significantly higher than the crystallisation temperature (Tc). 

Maintaining a high temperature in the build volume delays the crystallisation process 

during a PBF build, which reduces the residual stresses, prevents distortions, and 

provides a more homogeneous microstructure [22, 28, 38, 51, 197]. Due to its large 

processing window and the ability to form highly crystalline structures, polyamide 12 

(PA-12) is the most widely used polymer in PBF [15, 21, 22, 38, 51]. Polyamides are 

also popular due to their high recyclability, which can be a major cost saving 

advantage [49, 198]. Nonetheless, PBF has a low powder utilisation rate whereby at 

least 80% of the powder deposited for each build cycle remains un-sintered [16, 23, 
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25, 26, 49]. For the process to be economically viable and environmentally 

sustainable, the un-sintered powder needs to be reused [16, 17, 21]. A key 

consideration regarding the re-usability of PA-12 powder is aging of the un-sintered 

powder during each build. This occurs because the bed chamber is heated to 

elevated temperatures for extended periods, which can lead to thermal aging 

processes such as secondary crystallisation [24, 26, 168]  and, in the case of MJF, 

thermo-oxidative degradation [22, 24, 49] . The PBF process also includes a slow 

cool down phase which extends aging of the un-sintered powder [16, 17, 33]. As a 

result, the un-sintered, or “used” powder, is “refreshed” with virgin material and used 

in subsequent builds. The ratio of used to virgin powder is known as the refresh ratio 

and, although it differs for LS and MJF, typically about 20% to 50% of the used 

powder is discarded after every build cycle [15, 18, 21, 26, 66]. This incurs significant 

costs and environmental impacts [49].  

Furthermore, assuming that the PA-12 powder used in the build contains recovered 

powder, these aging processes have the potential to affect the physical properties of 

final parts. Components made using aged powder are often more porous and brittle 

[28], whilst the “orange peel” effect is a common surface defect [16, 23, 26, 38]. To 

limit the number of parts which are discarded due to their insufficient properties, 

manufacturers often use a higher proportion of new powder than necessary [16, 17, 

21, 25, 28]. Owing to the high cost of PA-12 [17, 21, 26], maximizing the re-use of 

un-sintered powder is economically desirable. Currently, powder recycling protocols 

do not fully account for any variation in the properties of “used” powder, and refresh 

ratios are arbitrary [16, 17, 25]. As such, the quality of refreshed powder mixtures is 

often inconsistent, or unknown, so the property profile of a final component is difficult 
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to predict [18]. Therefore, a greater understanding of aging and degradation 

processes is required to help ease current environmental and economic concerns 

regarding powder waste, which is necessary for proliferation and widespread use of 

this technology.  

Under PBF conditions, at elevated powder bed temperatures, PA-12 may undergo 

complex aging mechanisms. Storing PA-12 at high temperatures can cause 

irreversible chemical changes, resulting in a change to the polymer molecular weight 

(Mw) [23, 25, 65]. Polycondensation (also referred to as postcondensation) describes 

linear macromolecular chain growth through reactions of end groups, resulting in 

increased Mw [15, 21, 26, 53, 65]. Also, thermo-oxidation often leads to cross-linking 

and chain scission which can result in opposing effects [18, 26, 38]. Cross-linking 

involves the formation of covalent bonds between polymer chains, leading to 

increased Mw [25, 38, 66], whilst chain scission in the polymer backbone results in a 

rapid decrease in Mw [24, 179]. Furthermore, when polyamides are heated to 

elevated temperatures, the chain mobility in the amorphous regions allows the 

degree of crystallinity in the polymer to increase. This is known as secondary 

crystallisation and it can occur via a slow, but continuous lamellar thickening 

mechanism [105, 117, 199]; depending on the temperature, new lamellae can form in 

the amorphous interlayer [105, 110, 111]. These processes can affect the behaviour 

of PA-12 powder, and, subsequently, the properties of final parts. Secondary 

crystallisation results in an increased Tm, which may cause incomplete melting, 

leading to un-molten, nascent particles remaining in the part [50]. Similarly, increases 

in melt viscosity, due to rising Mw or enhanced cross-link density, can cause 

insufficient powder coalescence [18, 23, 24, 26] and part consolidation [38, 42, 65, 
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67]. At the powder bed temperature, physical aging and degradation processes may 

occur simultaneously and interact with each other [24, 28]. For example, chain 

scission alters the morphology of PA-12, which can increase secondary 

crystallisation through chemi-crystallisation [176, 187, 188]. Conversely, cross linking 

may reduce secondary crystallisation by restricting motion and reorganisation of 

polymer chains [23]. Clearly, the chemical and physical aging of PA-12 during PBF is 

a complex problem and previous work has explored it from a range of perspectives. 

Plastic melt flow rate (MFR) has been used previously to characterise the effect of 

degradation on the melt-flow properties of PA-12 powder [16, 17, 21, 24, 49, 160]. 

MFR values have been used to define the refresh ratio [49], and Dotchev and Yusoff 

concluded that a powder MFR > 26 g10min-1 will produce a component with sufficient 

properties [17]. However, the use of MFR as a metric for powder quality is limited in 

that it only focuses on one material property: melt flowability/viscosity. Differential 

scanning calorimetry (DSC) has been used in previous studies to explore the thermal 

aging of PA-12, within the context of PBF processes. Increased Tm, broadening of 

the melting region, and decreased crystallisation temperature are common 

observations [23, 25, 49]. However, there is contradiction within PBF literature 

regarding the cause of the changes in Tm. The majority of current studies use 

polycondensation, and rising Mw, as an explanation for increased Tm [15, 24-26, 38, 

41, 61, 67, 159, 160]. A few papers state that secondary crystallisation may explain 

the shift in Tm [24, 26, 168] but, the possibility of this lamellar thickening process 

occurring simultaneously is generally overlooked and requires more attention. 

Previous studies that age powder in-situ in LS or MJF systems tend to be limited to 

relatively short aging time periods [21, 26, 53], or only compare the difference 
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between “virgin” and “aged” samples [42, 51, 168]. Other studies have attempted to 

replicate LS conditions over extended time periods by storing virgin PA-12 powder in 

a deoxygenated vacuum oven, set at 170 °C [16, 18, 28, 167]. As MJF is a more 

recently developed process, studies exploring aging and degradation of PA-12 in a 

high-temperature, oxygenated environment are far more limited.  

Therefore, this study aims to develop current understanding of the aging and 

degradation processes which occur when PA-12 is stored at an elevated 

temperature, for a range of extended time periods, in an oxygenated environment. 

Since Fourier transform infrared spectroscopy (FTIR) has rarely been used as a 

characterisation technique in the PBF literature, FTIR will be used in conjunction with 

DSC and mechanical testing to elucidate the aging processes occurring under 

simulated MJF conditions.  

 

4.3 Materials and Methods 

4.3.1 Characterisation of virgin PA-12 powder 

Commercial grade HP high reusability polyamide 12 (PA-12) was supplied by 

Hewlett-Packard as virgin powder. Sample variability was assessed by recording the 

melting point of six unconditioned powder samples, whilst the thermal stability of 

virgin PA-12 powder was also studied (see section 4.3.2.1 for further information). 

4.3.2 Oven conditioning of virgin PA-12 powder 

The exact temperature of the MJF bed chamber is confidential, so the storage 

conditions used within this work were informed by the patent for MJF [171]. To 



       Chapter 4 – Understanding the aging and degradation of polyamide-12 
 

 
76 

simulate the conditions found within MJF, the as-received, “virgin”, PA-12 powder 

was stored at a temperature of 170 °C, in an air circulating Carbolite-Gero PF 60 

oven. Storage times were selected to reveal the extent to which the aging processes 

could occur and the interplay between them. Virgin powder was stored for up to 336 

hours, with samples removed at the following time intervals (hours): 24, 48, 72, 96, 

120, 144, 168, 192, 226, 264, 310, 336. A minimum of three samples were analysed 

per storage time to ensure reproducibility of measurements. Following oven 

conditioning, powder was stored at room temperature and sealed with parafilm to 

prevent any further degradation. 

4.3.2.1 Thermal analysis using Differential Scanning Calorimetry (DSC) 

A Mettler Toledo DSC-1, calibrated from the melting behaviour of zinc (Tm 419.5 °C, 

ΔHf 107.5 Jg-1) and indium (Tm 156.6 °C, ΔHf 28.45 Jg-1) and purged under nitrogen 

gas flow, was used for the thermal characterisation of PA-12. The different DSC 

procedures for each experimental section are shown in Table 4.1.  

 

Table 4.1 -  Experimental conditions adopted for thermal analysis. 

 

Experiment 
Sample 
mass 
(mg) 

Heating/ 
cooling rate   

(Kmin-1) 

Heating range 
(°C) 

No. of heat-
cool runs 

Sample 
variability 

6±0.5 

10 25 – 220 2 

Thermal 
stability 

40 

25-205, 

25-215, 

25-225 

25 

Post-oven 
conditioning 

10 25 – 220 2 
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Following oven conditioning, analysis of the thermal response was primarily carried 

out on the first heating and cooling cycle to study the effect of thermal annealing on 

PA-12. Aging and degradation processes often cause melting and crystallisation 

peaks to shift [24-26, 160, 167, 168]. The heat of fusion (ΔHf) was determined from 

the melting peak and this was used to calculate percentage crystallinity (Xc) using 

Equation 4.1, whereby ΔHf
0 = 209.3 Jg-1 (100% crystalline PA-12) [15].  

 𝑿𝒄 (%) =  
∆𝑯𝒇

∆𝑯𝒇
𝟎  𝑿 𝟏𝟎𝟎 (Equation 4.1) 

 

4.3.2.2 Attenuated Total Reflectance Fourier Transform Infrared 

Spectroscopy (ATR-FTIR) 

Samples were recovered from the DSC pans and characterised using a Nicolet 8700 

FTIR with an ATR accessory. Preliminary experiments revealed that exposing 

conditioned PA-12 powder to two heat-cool cycles in the DSC did not alter the 

observed IR spectra. Therefore, samples were recovered from the DSC pans for 

subsequent ATR-FTIR analysis. Spectra were recorded at 4 cm-1 resolution and 125 

scans, with 4 levels zero filling and 0.482 cm-1 data spacing.    

4.3.3 Fabrication and conditioning of PA-12 tensile specimens  

To characterise the mechanical properties of conditioned PA-12, plaques were hot 

pressed from PA-12 powder using a Moore E1127 Hydraulic Press. 10 g of virgin PA-

12 powder was placed in the centre of a polytetrafluoroethylene (PTFE) frame (18 cm 

x 18 cm x 0.022 cm) and sandwiched between two stainless steel plates. This was 

inserted between the pre-heated hot press platens, at 200 °C for 3 minutes, then 
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pressed with a 10-tonne load for 3 minutes, at the same temperature. A slow cooling 

method under atmospheric conditions (~12 °Cminute-1), with no pressure applied, 

produced a plaque with thermal properties most similar to PA-12 powder.  

Dog-bone tensile samples, with a gauge length of 28 mm, width 4 mm and thickness 

of ~0.23 mm were stamped from the PA-12 plaques using a cutting die. Thickness 

was measured using a micrometer screw gauge and taken from an average of 3 

locations across the sample. Tensile samples were then stored under the same oven 

conditions as PA-12 powder (section 4.3.2). Following removal from the oven, the 

specimens were tested on an Instron 5566 materials tester using a 1 kN load cell and 

10 mm/s crosshead speed. Proprietary Instron Bluehill analysis software enabled 

measurements of Yield Strength (YS), Ultimate Tensile Strength (UTS), Fracture 

Strength (FS), Elongation at break (EAB) and Young’s Modulus. For each parameter, 

an average was determined from six tensile samples per storage time to ensure 

reproducibility. Statistical analysis on the measured data was carried out using a 

simple T-test. We note that there are limitations to this aspect of the study. To create 

the plaques for mechanical testing, the powder material was exposed to one thermal 

cycle, but this is unavoidable.  

4.3.4 Effect of drying PA-12 powder before oven conditioning  

To determine the effect of water content on degradation, virgin PA-12 was dried in a 

desiccator for the following time periods (days): 4, 40, 100. Following this pre-

treatment, “dried” PA-12 was annealed under identical oven storage conditions to 

virgin (“un-dried”) PA-12 (section 4.3.2). Comparisons between the behaviour of 

virgin and dried PA-12 were made. 
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4.4 Results and Discussion 

4.4.1 Characterisation of Virgin PA−12 Powder 

4.4.1.1 Sample Variability 

Un-conditioned, “virgin” PA−12 powder displays consistent and reproducible thermal 

properties, as shown by the insignificant sample-to-sample variability and low 

standard deviation values (Figure 4.1). 

 

Figure 4.1 - Virgin PA−12 powder sample variability for (a) melting behaviour and (b) 
crystallisation behaviour. 

 

4.4.1.2 Initial assessment of thermal stability 

An initial assessment of the stability of the polymer was investigated by exposing 

virgin PA-12 powder to repeated thermal cycling. A sample was subjected to 25 heat-
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cool cycles, with a temperature range of 25 °C to 215 °C. With increased cycle 

number, both peak melting temperature (Tm) and heat of fusion (ΔHf) reduced (Figure 

4.2a). There is also a significant change in the crystallisation behaviour, as shown by 

reductions in peak crystallisation temperature (Tc) and heat of crystallisation (ΔHc) 

(Figure 4.2b). This indicates a progressive hindrance to the crystallisation process 

and results in the observed changes in the subsequent re-heat. Repeated heating of 

PA-12 to high temperatures makes polymer chains highly mobile and more reactive, 

which can result in linear chain growth via further polycondensation [16, 17, 26, 28, 

38, 51]. It can be envisaged that these longer polymer chains then exhibit hindered 

mobility due to increased chain entanglement which restricts the formation of ordered 

crystalline regions [26]. Alternatively, some have suggested that cross-links can form 

within PA-12 [23, 24], creating physical links between amorphous chains that could 

be described as tie-molecules [75]; their effect being to hinder the crystallisation 

process. However, as the DSC is flushed with nitrogen, it is more likely that 

polycondensation causes the observed changes in melting and crystallisation 

behaviour.  

Initially, a notable low temperature endotherm was apparent on the main melting 

peak (demonstrated by the small shoulder to the left of the main peak), but with 

increasing cycle number, the shoulder reduces in size and disappears (Figure 4.2a). 

There are two theories that could explain this behaviour. Some suggest that it 

represents the melting of thinner, less “perfect” crystals [51, 158, 165]. However, one 

can also interpret that the shoulder peak is caused by the reorganisation of polymer 

chains during heating; as a result of melt-recrystallisation, which stems from the 

metastability of the system [105, 111, 166, 199]. With increased time spent above the 
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melting temperature, further polycondensation and cross-linking hinders chain 

mobility and limits polymer reorganisation on heating, so the shoulder on the main 

peak diminishes. 

 

 

Figure 4.2 - Change in (a) melting behaviour on heating and (b) crystallisation 
behaviour on cooling with repeated thermal cycling, to an upper temperature limit of 
215 °C. 

 

This thermal cycling DSC experiment was repeated to investigate how the thermal 

stability of PA-12 may vary, when powder samples are repeatedly heated to different 

temperatures in the melt. On this occasion, two separate samples of virgin PA-12 

were subjected to 25 heat-cool cycles, with a temperature range of 25 °C to 205 °C 

and 25 °C to 225 °C, respectively. Figure 4.3 indicates that the behaviour of the 

polymer depends on the upper temperature limit. When repeatedly heated to 205 °C, 
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the melting and crystallisation behaviour of PA-12 shows what can conveniently be 

described as a parabolic response. This could be explained by a “self-seeding” 

process [91, 92]. Although 205 °C is greater than the observed melting point, some 

thicker lamellae may not fully melt which can result in residual lamellae. These small 

crystalline fragments persist into the melt and can act as nucleation sites which 

accelerate the re-crystallisation process on cooling [111, 199]. Thus, as indicated by 

the blue trends in Figure 4.3, there is an initial increase in Tc, ΔHc, Tm, and ΔHf. But, 

with continued thermal cycling the residual lamellae eventually fully melt, halting the 

“self-seeding” process, and a reduction in these parameters is then observed. As 

previously shown in Figure 4.2, with an upper limit of 215 °C, there is a progressive, 

albeit small, reduction in Tm, ΔHf, Tc, and ΔHc, which indicates some degradation in 

the form of polycondensation and cross-linking. When heating to 225 °C, the 

polymeric sample is repeatedly exposed to a higher temperature, so the level of 

degradation is greater. Polycondensation and cross-linking are time and temperature 

dependant processes, thus they occur to a greater extent in the sample heated to 

225 °C. As such, more significant reductions in Tm, ΔHf, Tc, and ΔHc were observed, 

as indicated by the grey trend lines (Figure 4.3).  
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Figure 4.3 - The change in (a) peak Tm, (b) heat of fusion, (c) peak Tc, and (d) heat of 
crystallisation with increased thermal cycling, with varied upper temperature limits. 
Note that the starting values (cycle number 0) for the 25-205 °C and 25-225 °C 
datasets are slightly different to 25-215 °C because these experiments were 
conducted on a new batch of virgin PA-12 powder. The new powder had a reduced 
Tc in order to enlarge the processing window of PA-12, ultimately, this altered the 
baseline values for the heat of fusion and heat of crystallisation as well. Nonetheless, 
the chemical structure of the powder remains the same, so the slight change in the 
baseline value does not alter the observed trends regarding the thermal stability of 
the material. 

 

4.4.2 Oven conditioning of virgin PA-12 powder 

4.4.2.1 Differential Scanning Calorimetry (DSC) 

Over 336 hours of oven storage there appeared to be a marked time-dependency to 

the aging and degradation processes that were dominant over this timescale 
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(Supplementary Information 1). The melting and crystallisation behaviour of PA-12 

powder showed two separate trends dependent upon storage time, these are 

considered separately.  

4.4.2.1.1 The first 100 hours of storage 

After the first 100 hours of storage, Tm increased by 4.2 °C. There was also a 

progressive increase in ΔHf and ΔHc, while Tc displayed a slight reduction (Figure 

4.4). Increases in Tm have previously been explained by polycondensation [15, 24-

26, 38, 41, 61, 67, 159, 160] and secondary crystallisation [23, 24, 26, 158, 159, 

166].  

Polycondensation increases molecular weight; some suggest a higher temperature is 

therefore required to overcome the additional hydrogen bonding present in the 

lamellae of long polymer chains [23, 24, 26]. However, this process occurs 

exclusively in the amorphous phase and causes an increased number of 

entanglements, which hinders the crystallisation process [16, 17, 26, 28, 38, 51]. As 

such, polycondensation alone would be expected to result in a larger reduction in Tc, 

whilst ΔHf, a direct measure of crystallinity, would remain unchanged.  

Secondary crystallisation and polycondensation could both occur simultaneously 

under the conditions of this study. Previous studies have shown that chain growth via 

polycondensation occurs primarily on thermally unstressed (virgin) PA-12 and, due to 

reduced availability of end-groups, is unable to continue at the same rate within aged 

powder [18, 21, 24, 53, 158]. As such, continued growth of Tm for 100 hours provides 

strong evidence that secondary crystallisation, via lamellar thickening [24, 159, 165, 

166, 174, 176, 185], also contributed to the observed changes. This is further 
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supported by increased ΔHf and a rise in ΔHc which links to the previously explained 

“self-seeding” process and the formation of thicker lamellar structures [111].  

 

 

Figure 4.4 - DSC first heat–cool showing the change in (a) melting behaviour and (b) 
crystallisation behaviour, for the first 100 h of oven storage. 

 

4.4.2.1.2 Storage times greater than 100 hours  

For storage times greater than 100 hours the initial trends reverse. After extended 

storage times there is a significant decrease in Tm and ΔHf (Figure 4.5a), as well as 

substantial reductions in Tc (Figure 4.5b). These changes provide evidence of 

degradation and, as storage time increases, degradative processes become 

predominant over previous aging phenomena. Prolonged oven storage provides 

suitable conditions for thermo-oxidative degradation as PA-12 powder is exposed to 

high temperatures, in the presence of oxygen, for extended time periods [18, 21, 24, 

66, 174, 176, 184]. This results in rapid chain scission and significant reductions in 
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molecular weight are expected [23, 166, 174, 184, 188]. As such, melting point 

depression occurs due to the acidic degradation products of thermo-oxidation [184].  

Thermo-oxidative degradation may also cause the decrease in ΔHf and the 

accelerated reduction in Tc, which both signify a delayed and diminished 

crystallisation process. Thermo-oxidation can result in oxidation products such as 

carboxylic acids, aldehydes, and imides [174]. These products have additional, bulky 

side chains which prevent polymer chains rearranging into an ordered structure and 

may explain the observed reduction in Tc. As such less crystalline regions form 

during cooling, and lamellar structures are generally thinner, so Tm and ΔHf also 

reduce. There is a strong relationship between the melting and crystallisation 

behaviour (Figure 4.6), emphasising that degradation is the underlying causation of 

the changes in thermal properties at extended storage times.  

 

 

Figure 4.5 - DSC first heat–cool showing the change in (a) melting behaviour and (b) 
crystallisation behaviour, for storage times greater than 100 h. 
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Figure 4.6 - The overall change in Tm and Tc after storage of PA−12 at 170 °C for up 
to 336 h. 

 

4.4.2.2 Attenuated Total Reflection—Fourier Transform Infrared 

Spectroscopy (ATR-FTIR) 

Infrared spectroscopy is a characterisation technique commonly used to investigate 

oxidative aging [166, 172, 174, 175, 180], but it has not been fully utilised in previous 

PBF studies. In the current study, following extended oven storage (>150 hours), a 

new absorbance band, containing various absorption maxima, began to form as a 

notable shoulder on the Amide I carbonyl peak (Figure 4.7). Similar behaviour has 

been seen previously within polyamides and is associated with thermo-oxidative 

degradation of PA-12 [166, 172, 174, 175, 180, 181]. As such, the growth of this 

shoulder peak can be used as an indicator for the onset of degradation. 
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With increased storage time, three distinct absorption peaks became apparent 

(Figure 4.7). An increase in absorbance at 1733 cm-1 is associated with the formation 

of imide bonds, often used as the main marker of thermo-oxidative degradation [166, 

172-175, 180, 181]. Similar increases in absorbance occurred at 1715 cm-1 and 1705 

cm-1, which are caused by other products of the polyamide oxidation cycle, such as 

carboxylic acids [166, 174] and aldehydes [180, 181], respectively.   

 

 

Figure 4.7 - A full ATR-FTIR spectra for PA−12, with the carbonyl region magnified to 
show the development of a new band at 1700 − 1760 cm−1, with absorption maxima 
appearing at 1705 cm−1, 1715 cm−1, and 1733 cm−1, as indicated by the dashed grey 
lines. The chemical reaction resulting in the formation of imide bonds is displayed. 
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The primary degradation pathway of polyamides involves oxidation of the methylene 

carbon adjacent to the amide nitrogen, resulting in the formation of an imide group 

from the amide (Figure 4.7) [66, 170, 172, 173, 175, 181]. Storage of PA-12 powder 

at high temperatures, close to the melting point, accelerates this process [66, 181]. 

The production of an imide group facilitates chain scission at the carbon-nitrogen 

bond [172, 175, 181] which creates a strongly destabilised polymer. Within 

polyamides this instability allows thermo-oxidative degradation to proceed without an 

induction period [173]. As such, once degradation becomes dominant it can 

accelerate with a low activation energy resulting in rapid reductions in molecular 

weight, as well as significant changes to the thermal (section 4.4.2.1) and mechanical 

properties (section 4.4.2.4) of the material.  

 

4.4.2.3 Relationship between Aging and Degradation Processes 

Characterisation of PA-12 powder using DSC and FTIR provides evidence of multiple 

aging and degradation processes occurring during storage at 170 C in air. Figure 

4.8 indicates that there is an interplay between these aging phenomena and, across 

the full duration of storage time, the dominant aging process changes.  

Initially, there is an increase in peak melting temperature (Tm) and crystallinity (Xc), 

which can be associated with lamellar thickening [23, 24, 26, 158, 159, 166], yet 

there is an insignificant change to imide peak height. However, with extended 

storage beyond 150 hours, there is a reduction in Tm and Xc. This is closely 

correlated with a significant increase in imide peak height, indicating thermo-oxidative 

degradation [166, 172, 174, 175, 180, 181]. The extent to which degradation occurs 
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is exposed by the discolouration of the samples, whereby they changed from 

translucent, to yellow and then dark brown (Figure 4.8), as seen previously [172, 174, 

180, 181, 185]. Lamellar thickening may still be occurring, but any effects on polymer 

morphology and thermal properties are masked by the ever-accelerating degradation 

process.  

Furthermore, polymer morphology, particularly the crystallinity of PA-12, influences 

the extent of degradation processes. Some have hypothesized that diffusion of 

oxygen and water cannot happen in crystalline regions of the material [173, 175, 

176]. However, others suggest degradation occurs via a two-step process. Firstly, 

preferential attack of the more easily accessible amorphous chains, before the 

degradation of crystalline regions, which coincides with polymer mass loss [182, 

183]. Regardless, chain scission due to thermo-oxidation (and hydrolysis, see section 

4.4.3) is thought to occur primarily in the amorphous phase. As such, with extended 

storage time, degradation of PA-12 is accelerated by the reduction in crystallinity, 

because there are less crystalline regions remaining to combat the intake of oxygen. 

This is exacerbated by an increased presence of acidic groups, which accelerate 

degradation through a process known as “autocatalysis” [200, 201]. 
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Figure 4.8 - Correlation between changes in PA12 Tm, crystallinity, imide peak height 
growth and sample discoloration, with storage time. Displays the relationship 
between polymer morphology and degradation. 

 

4.4.2.4 Mechanical Properties of PA−12 Plaques 

There was a significant change in the mechanical properties of PA-12 following 

storage at 170 °C for an extended period. Un-conditioned PA-12 displayed ductile 

behaviour, but with increased storage time there was progressive embrittlement of 

the material until almost immediate fracture (Figure 4.9). All measures of strength 

exhibited similar behaviour; a gradual reduction observed for the first 72 hours of 

storage, followed by a more rapid decrease (Table 4.2). There was an 81% reduction 
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in ultimate tensile strength (UTS) between un-conditioned PA-12 and tensile samples 

stored for 144 hours. Values of elongation at break (EAB) significantly reduce with 

increased storage time, with a corresponding rise in Young’s modulus (Figure 4.10). 

Un-conditioned PA-12 samples presented an EAB of 436.7% with a standard 

deviation of 67.9 (436.7±67.9%). This value decreased to 213.7±21.8% after 48 

hours of storage and 1.03±0.3% after 144 hours, demonstrating significant 

embrittlement of the material. This provides more evidence of severe degradation, so 

no further oven storage times were required. 

 

Figure 4.9 - Stress Strain curves for PA-12 tensile samples as a function of storage 
time at 170 °C. 
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Table 4.2 - The variation of mechanical properties with storage time. 

 

 

 

 

 

 

 

 

 

As discussed in section 4.4.2.1.2 and section 4.4.2.2, the conditions adopted in this 

study ultimately result in thermo-oxidative degradation and subsequently chain 

scission of PA-12 [23, 24, 66, 174, 176, 184]. The observed changes in mechanical 

properties provides more evidence of oxidative degradation because reduced tensile 

strength is a strong indicator of decreasing molecular weight [202-204]. Within PA-

12, degradation involves an auto-oxidation mechanism whereby hydrogen atoms are 

abstracted from the polymer backbone, causing a loss of amide groups, and a 

reduction in hydrogen bonding between adjacent polymer chains [66, 168, 170, 172, 

173]. This contributes to a significant decrease in molecular weight [18, 21, 166, 

188], as well as substantial reductions in strength and EAB [66, 170, 172, 175, 176, 

181, 205].  

Storage time 
(hours) 

Yield Strength (MPa) 
Ultimate Tensile 
Strength (MPa) 

Fracture Strength 
(MPa) 

0 28.1 ± 1.2 62.1 ± 8.2 59.8 ± 7.2 

24 27.1 ± 0.9 49.2 ± 2.8 44.8 ± 4.0 

48 25.4 ± 0.6 47.1 ± 3.9 46.1 ± 4.7 

72 25.3 ± 1.4 44.8 ± 2.0 44.0 ± 2.3 

96 25.2 ± 1.8 34.6 ± 1.1 34.6 ± 1.1 

144 11.6 ± 2.4 11.6 ± 2.4 11.6 ± 2.4 
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Degradation can cause a reduction in Young’s modulus [39, 180], but in this case, 

within the first 24 hours of oven conditioning, Young’s modulus increased by 109 

MPa. Across the same period a 12% increase in the crystallinity of PA-12 tensile 

samples was observed (Figure 4.10). For the duration of oven storage, the changes 

in Young’s modulus and crystallinity are linked and both remain elevated relative to 

un-conditioned PA-12 plaques. This suggests that secondary crystallisation may 

have occurred  in the conditioned tensile samples, albeit alongside degradation 

processes.  

During oven storage, morphological and structural changes to PA-12 could be 

attributed to two different phenomena; lamellar thickening via thermal annealing [105, 

159, 166] or chemi-crystallisation, which is initiated by degradation [166, 174, 176, 

187, 188]. Due to the macromolecular nature of semi-crystalline polymer chains, they 

usually contain a high number of entanglements, which can limit further crystallisation 

[187]. However, during chemi-crystallisation, chain scission allows previously 

entangled amorphous sections to be released which permits further crystallisation via 

rearrangement of the smaller, and subsequently more mobile polymer chains [176, 

187, 188]. Both secondary processes enhance the degree of crystallinity, reducing 

the volume fraction of the amorphous phase, which explains the observed reduction 

in EAB [176, 188, 206] and increase in Young’s modulus [166, 206].  
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Figure 4.10 - The change in elongation at break (EAB) Young’s modulus, and 
crystallinity of PA−12 plaques with increased storage time. + Significant change in 
EAB when compared to the 0h sample (p < 0.05). * Very significant change in EAB 
when compared to the 0h sample (p < 0.005). 

 

Characterisation of the PA-12 plaques using DSC and FTIR allows the aging 

behaviour of the plaques to be compared to that of the powder. Figure 4.11 displays 

the thermal, chemical, mechanical, and optical properties of PA-12 plaques and 

generally the observed behaviour is comparable to PA-12 powder (as shown in 

Figure 4.8). A similar initial increase in Tm occurs and with extended storage time, 

PA-12 plaques show decreased Tm, increased imide peak height and sample 

discolouration. These changes indicate thermo-oxidative degradation, which also 

explains embrittlement of PA-12 [166, 172, 176, 180]. Although the observed trends 

are similar, the key difference is that degradation occurs at an accelerated rate within 
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PA-12 plaques which are less stable, and melt at a lower temperature than the 

powder samples. This is due to the unavoidable degradation that occurs during hot-

pressing. As such, after only ~150 hours of storage the samples were so heavily 

degraded that oven conditioning was discontinued. Similarly, reprocessing altered 

the changes in PA-12 crystallinity. Accelerated degradation, as well as storage 

conditions being closer to the Tm of the reprocessed material, allows chemi-

crystallisation to occur within PA-12 plaques, resulting in increased crystallinity.  

 

Figure 4.11 - Relationship between PA−12 plaques thermal, chemical, mechanical, 
and optical properties as a function of storage time. 
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4.4.3 Oven Conditioning of Pre-Dried PA−12 Powder 

As shown in section 4.4.2 degradation processes alter the thermal properties of PA-

12, resulting in significant changes to the melting and crystallisation behaviours. 

However, the presence of amide groups and hydrogen bonding renders polyamides 

polar and highly hydrophilic, so PA-12 is also sensitive to chain scissions in the 

presence of water and moisture, through hydrolysis [166, 188]. Water molecules 

mobilise polymer chains which increases the rate of diffusion of oxygen into the 

polymer [54, 170, 175].  

To limit the possibility of hydrolysis, unconditioned PA-12 powder was dried in a 

desiccator, without elevating the temperature. Dried samples were then conditioned 

in the oven (as explained in section 4.3.2) and compared to un-dried PA-12. With 

increased pre-drying time, melting point depression diminished (Figure 4.12a), whilst 

the change in Tc was also lowered (Figure 4.12b). Similarly, the maximum Tm 

observed during oven conditioning is deferred to later storage times, which suggests 

the onset of degradation is delayed. After 100 days pre-drying, the reduction in Tm is 

only 6.3 °C, compared to a 9.3 °C decrease in un-dried PA-12 (Figure 4.13). This 

provides evidence that thermo-oxidative degradation is accelerated by moisture 

within PA-12, leading to more rapid chain scissions and subsequently more 

significant reductions in molecular weight [166, 170, 180, 188]. As a result, pre-drying 

PA-12 before exposure to heat and oxygen assists water removal, which reduces the 

extent of polymer degradation.  
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Figure 4.12 - The change in (a) peak melting temperature and (b) peak crystallisation 
temperature with storage time, as a function of time spent drying in a desiccator prior 
to oven conditioning. Error bars were removed for clarity of the data trends, whilst all 
standard deviation values for these datasets was < 1.0 °C, so considered 
insignificant in relation to the observed trend. 

 

The effect of pre-drying PA-12 before oven conditioning is further supported by FTIR 

data. Figure 4.14 displays the change in imide peak height as a function of storage 

and pre-drying time; the growth of the imide band is significantly greater in un-dried 

PA-12. With increased pre-drying time there was a consistent reduction in imide 

growth, emphasising decreased thermo-oxidative degradation. After 336 hours of 

oven storage un-dried PA-12 has an imide peak height of 0.07, with 100 days of pre-

drying imide peak intensity is only 0.039. This highlights the effect of hydrolysis on 

the extent of PA-12 degradation.   

Another indicator of thermo-oxidative degradation is sample discolouration [172, 174, 

180, 181, 185] , which appears linked to imide growth (Figure 4.14). With increased 

storage time, all samples change from translucent to yellow to dark brown. However, 
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as shown by the table in Figure 4.14, sample discolouration becomes less 

pronounced as pre-drying time is increased, with the most notable differences 

appearing in the samples stored for greater than 200 hours. This provides further 

evidence that pre-drying PA-12 can reduce degradation.  

 

 

Figure 4.13 - The reduction in melting temperature of PA−12, as a function of pre-
drying time. Changes in Tm were calculated from the highest value during oven 
storage to the final value observed after 336 h. 
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Figure 4.14 - The effect of drying PA−12 powders before oven conditioning on the 
growth of the imide peak and sample discolouration. 

 

4.5 Conclusions 

This investigation included a unique analysis of conditioned PA−12 samples using 

FTIR, a technique rarely utilized in PBF literature, in addition to DSC. 

Characterisation indicated that across 336 hours of oven conditioning, there were two 

separate, time-dependant trends, which suggested an interplay between the multiple 

aging processes occurring during PBF. 

Initially, DSC showed a 4.2 °C increase in Tm, as well as progressive increases in ΔHf 

and ΔHc, but only a 1.8 °C reduction in Tc. Across the same period of storage, FTIR 

spectra displayed an insignificant change in imide peak height. As such, due to the 

increase in crystallinity over the first 100 hours, secondary crystallisation appears to 
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be the dominant aging process over this period. However, between 100 hours and 

336 hours of storage, there was a 9.3 °C reduction in Tm and a 11.8 °C decrease in 

Tc. These changes are closely correlated with an accelerated increase in imide peak 

absorbance and significant sample discolouration. Hence, with extended storage 

times, thermo-oxidative degradation became dominant over other aging processes. 

The mechanical behaviour of PA−12 plaques supports the trends observed in PA−12 

powder. Un-conditioned PA−12 displayed ductile behaviour, but with increased 

storage time, there was progressive embrittlement of the material and significant 

reductions in strength. The loss of mechanical properties is likely a consequence of 

chain scission and subsequent reductions in molecular weight as a result of thermo-

oxidation. Samples of virgin PA−12 powder were pre-dried in a desiccator to examine 

the effect of hydrolysis on PA−12 degradation. With 100 days pre-drying, the 

reduction in Tm after 336 hours of storage was 3 °C less than un-dried PA−12. 

Similarly, pre-drying saw a decrease in the presence of imide bonds and reduced 

sample discolouration. These differences show that thermo-oxidative degradation is 

accelerated by moisture present within PA−12.  

These results illustrate an interaction between the multiple aging and degradation 

processes which can occur when PA−12 is exposed to conditions found within MJF. 

Through a combination of characterisation techniques, the dominant aging process 

across different periods of storage was quantified. As well as adding to the research 

community, this improved understanding could be utilised by the AM industry. The 

current use of set, arbitrary refresh ratios could be addressed to help develop a more 

sustainable and cost-effective recycling strategy in the future. 
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4.6 Supplementary Information 1 

Experimental data at all storage times for PA−12 powder, whereby the values shown 
are taken as an average from 3 repeats. 

Storage 
Time 

(hours) 
Peak Tm ( °C) 

Tm      

Endpoint  
(°C) 

ΔHf 

(Jg−1) 

Crystallini
ty (%) 

Peak Tc (°C) 
ΔHC 

(Jg−1) 

0 185.8 (±0.27) 187.8 (±0.27) 107 (±3.2) 51 (±1.5) 144.7 (±0.21) 54 (±2.3) 

24 188.0 (±0.00) 190.9 (±0.58) 109 (±4.2) 52 (±2.1) 144.0 (±0.13) 56 (±3.5) 

48 188.9 (±0.11) 193.6 (±0.14) 111 (±2.9) 53 (±1.4) 143.4 (±0.11) 59 (±2.3) 

72 189.4 (±0.11) 193.4 (±0.43) 111 (±3.1) 53 (±1.5) 143.2 (±0.22) 60 (±2.7) 

96 190.0 (±0.28) 194.5 (±0.42) 113 (±2.8) 54 (±1.4) 142.7 (±0.39) 58 (±1.7) 

120 189.1 (±0.11) 192.8 (±0.38) 106 (±0.8) 51 (±0.4) 142.9 (±0.11) 54 (±1.8) 

144 188.9 (±0.20) 192.8 (±0.28) 117 (±7.0) 56 (±3.4) 141.9 (±0.11) 62 (±2.8) 

168 188.4 (±0.08) 192.4 (±0.21) 115 (±0.9) 55 (±0.4) 141.6 (±0.10) 59 (±1.2) 

192 188.4 (±0.39) 190.8 (±0.70) 95 (±7.3) 45 (±3.5) 140.2 (±0.67) 48 (±4.1) 

226 188.7 (±0.09) 191.3 (±0.38) 91 (±6.2) 43 (±2.9) 141.0 (±0.17) 48 (±3.5) 

266 184.8 (±0.45) 187.1 (±0.63) 107 (±4.7) 51 (±2.2) 138.3 (±0.17) 58 (±0.1) 

312 184.6 (±0.02) 187.5 (±0.00) 81 (±0.7) 39 (±2.5) 134.0 (±0.49) 47 (±0.2) 

336 180.7 (±0.04) 184.5 (±0.79) 79 (±7.2) 38 (±3.5) 131.1 (±1.24) 49 (±0.9) 



  
  
  
  
  

103 

 

5 CHAPTER 5 – RE-USE OF POLYAMIDE-12 IN 

POWDER BED FUSION AND ITS EFFECT ON 

PROCESS-RELEVANT POWDER 

CHARACTERISTICS AND FINAL PART 

PROPERTIES 

Published article.  

Additive Manufacturing; Volume 80; 25 January 2024, 103961;  

https://doi.org/10.1016/j.addma.2024.103961  

Benjamin Sanders1, Edward Cant2, Mike Jenkins1* 

1. School of Metallurgy and Materials, University of Birmingham, Elms Road, 

Birmingham B15 2SE, UK 

2. The Manufacturing Technology Centre, Ansty Park, Coventry CV7 9JU, UK 

 

Author contributions: 

Sanders, Benjamin: Writing – original draft, Writing – review & editing, 

Visualization, Validation, Methodology, Investigation, Formal analysis, Data 

curation, Conceptualization. Cant, Edward: Writing – review & editing, Resources, 

Methodology, Conceptualization. Jenkins, Michael: Writing – review & editing, 

Supervision, Methodology, Conceptualization.  

https://doi.org/10.1016/j.addma.2024.103961


Chapter 5  – The re-use of polyamide-12 within laser sintering 

  

 
104 

 

Acknowledgements 

The authors would like to acknowledge the facilities and technical support of the 

Manufacturing Technology Centre. The authors would also like to thank Prototal UK 

Ltd. for providing test specimens and powder samples, and to ASTM for funding the 

laser sintering build cycles which were completed by Prototal UK Ltd. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5  – The re-use of polyamide-12 within laser sintering 

  

 
105 

5.1 Abstract  

Powder bed fusion (PBF) is an additive manufacturing technique capable of 

fabricating highly complex, individualised, and lightweight polymer components. 

However, to maximise the potential of PBF, in terms of both economic efficiency and 

environmental sustainability, a successful powder re-use strategy is essential. During 

a build, aging and degradation processes affect the re-usability of un-sintered 

powder, so used powder is usually refreshed with virgin material before re-use. This 

study considers the effectiveness of using a 70:30 (used: virgin) refresh ratio in a 

specific PBF technique: laser sintering (LS). Across a total of seven printing cycles, 

polyamide-12 (PA-12) powder refreshed with 30% virgin material after each build, 

revealed a 4.5 °C increase in melting temperature. There was also a 20% reduction 

in particle flowability, which may be related to the presence of fine satellite particles 

and considerable particle cracking. This deterioration in powder quality resulted in a 

5.8% increase in total part porosity, and an 11% reduction in the ultimate tensile 

strength of fabricated parts, over the seven build cycles. A Pearson correlation test 

indicated that the reduction in powder flowability was the most significant (p-value of 

0.005) cause for the loss of part strength; emphasising that the revolution powder 

analyser could be a useful complimentary technique for determining the quality of 

used powder within laser sintering. Nonetheless, compared to previous studies which 

re-used 100% aged PA-12 powder, without refreshing with any virgin material, the 

observed reduction in part strength is relatively modest. This suggests that a 70:30 

refresh ratio offers a good compromise between maintaining part performance, 

particularly for non-critical applications, without having to add an unnecessary 

amount of virgin powder. Therefore, this study reveals the relationship between the 
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deterioration of powder properties and reductions in part strength; yet highlights the 

benefits of operating with a 70:30 refresh ratio when re-using PA-12 powder across 

multiple build cycles.  
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5.2 Graphical Abstract 
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5.3 Introduction 

Laser sintering (LS) is a powder bed fusion process which has gained prominence in 

the additive manufacturing industry and is increasingly used for the fabrication of 

commercial polymer products. LS offers many benefits over more conventional 

techniques such as injection moulding, and other AM methods e.g., 

stereolithography. LS provides great design freedom, which allows the production of 

highly complex, individualised products [13, 18]. Other advantages of LS include 

dimensional precision, light-weighting, and the manufacture  of components with 

strong mechanical properties [13, 14, 16-18, 207]. As a result, LS has become 

increasingly popular in medical (e.g., individualised prosthesis), aerospace, and 

architectural application areas.  

In LS, thermoplastic powder, most commonly polyamide-12 (PA-12) [15, 21, 22, 38, 

51], is stored within a build chamber at elevated temperatures. Typical LS build 

temperatures are between 168 °C to 172 °C [14, 38], which is above the 

crystallisation temperature (Tc), yet just below the melting temperature (Tm), of PA-

12. A CO2 laser then provides the extra energy required to melt selected regions of 

the powder layer, based on the 3D-CAD data provided for the designed part. The 

build platform is lowered, and a fresh layer of powder is deposited before another 

scan causes polymer particles to fuse together, in the desired shape for that 2D 

cross-section [16, 17]. This is repeated until all the necessary powder coalesces, 

layer-by-layer, to form a 3D part [13, 14, 39, 40]. During the LS process, the build 

chamber utilises an inert gas environment to restrict oxidative degradation [28], 

however many state of the art LS machines still contain 2-5% residual oxygen [38, 

168]. Within LS, PA-12 dominates the market for polymeric feedstock materials due 
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to its wide processing window, whereby there is a large temperature range between 

the start of melting and the start of crystallisation. This helps maximise powder 

consolidation and limit part warpage [169, 207, 208]. PA-12 powder also displays 

good flowability, relatively low moisture absorption, and a high sintering rate [38, 169, 

193, 207].  

Another significant advantage of LS is that the sintered and consolidated particles 

are contained within an unfused powder bed, so the removal of support structures is 

not required [13, 17, 19, 20]. Unconnected islands and overhangs are supported by 

the surrounding, un-sintered powder within the build chamber [13, 19]. As a result, 

the most complex features can be manufactured and multiple parts, of different sizes 

and geometries, can be arranged together, without restrictions, within the powder 

bed. This enhances part nesting and increases productivity [13, 16-18, 20]. On the 

other hand, as the majority of powder within a build chamber is used as support 

material, LS has an inefficient powder utilisation rate and, for each build, only ~10-

20% of the powder deposited is consolidated into final parts [16, 23, 25, 26, 

49].Therefore, the remaining 80-90% of un-sintered powder must be re-used to 

ensure the process is financially feasible and environmentally sustainable [16, 17, 

21].  

LS-grade PA-12 powder is estimated to be 5000% more expensive, per kg, than 

equivalent polyamide feedstock for injection moulding [64]. Therefore, maximising 

powder re-use is economically vital [17, 21, 26, 64]. However, during a build cycle, 

PA-12 powder is exposed to high temperatures for extended periods of time. This 

inevitably results in aging and degradation processes which limit the re-usability of 

the material [16-18, 21, 23, 38, 51, 53]. LS also involves a cooling stage, which is 
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often double the duration of the build, prolonging aging of the un-sintered powder [16, 

17, 33]. Aging and degradation processes possess the capability to alter the intrinsic 

and extrinsic properties of PA-12 powder; following multiple refreshing cycles the 

feedstock material may display heterogeneous behaviour, with a wide variation in 

properties [208]. This is problematic because, to ensure the fabrication of high-quality 

parts, LS must follow stringent processing conditions and requires extremely close 

control of material properties [62, 64]. Key intrinsic parameters include thermal 

properties such as the processing window, Tm, and development of crystallinity. 

Whilst particle morphology (e.g., sphericity, shape, and size), and particle flowability 

are crucial extrinsic characteristics that are imperative to the successful production of 

LS parts [62, 64]. As such, aging processes may limit the re-usability and 

processability of PA-12 powder, which could ultimately result in the manufacture of 

underperforming LS components. Therefore, it is common practice for virgin PA-12 

powder to be added to the un-sintered, “used” powder, in an attempt to restore the 

material properties. This refreshed blend is then used in subsequent builds. The 

refresh ratio defines the ratio of used to virgin material, and commonly 50-70% of 

used powder is recycled for future use, although the exact refresh rate differs from 

supplier to supplier [16-18, 21, 23].  Nevertheless, many operators continue to 

exclusively use a 50:50 refresh ratio, in an attempt to maximise part quality. 

However, refreshing with 50% virgin powder often results in relatively un-aged 

powder being discarded unnecessarily, so this recycling strategy can be inefficient 

and wasteful. In order to improve powder recycling, a compromise between 

maximising powder re-use, without causing a significant reduction in powder and final 

part quality is required.   
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Aging and degradation of PA-12 powder within LS is a complex problem. At the 

typical powder bed temperature of ~170 °C, there is an interplay between various 

chemical aging processes as they often occur simultaneously [24, 28]. Solid-state 

polycondensation (post-condensation) of un-sintered PA-12 powder involves 

lengthening of polymer chains through reactions of end groups; this linear chain 

growth leads to an increase in molecular weight (Mw) [15, 21, 26, 53, 65]. On the 

other hand, chain scission and cross-linking, which usually have opposing effects, 

can occur as a result of thermo-oxidation [18, 26, 38]. Most LS machines utilise an 

inert (or low oxygen) environment in an attempt to limit the effects of thermo-

oxidation. Nonetheless, laser radiation can locally form hydrogen molecule radicals 

[54, 168]. With extended time, these free radicals can combine with the unavoidable, 

residual oxygen remaining in the build chamber and initiate oxidation [168]. 

Furthermore, when semi-crystalline polymers are heated to higher temperatures, 

there is increased chain mobility in the amorphous regions which may allow 

developments in crystallinity via a secondary crystallisation process, such as lamella 

thickening [105, 117, 199, 209]. Previous studies have suggested that 

polycondensation is the dominant aging phenomenon within LS [15, 25, 26, 38, 41, 

61, 67, 160], however, the possibility of other processes occurring with repeated 

powder re-use cannot be ignored.  

The effect of aging on the re-usability of PA-12 powder within LS has previously been 

explored from a range of perspectives. Multiple papers have attempted to simulate 

the conditions found within a LS build chamber by storing PA-12 powder at various 

temperatures, for a range of time periods, within a nitrogen flushed or vacuum oven 

[16, 25, 28, 39, 210]. These authors used a range of techniques such as differential 
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scanning calorimetry (DSC), scanning electron microscopy (SEM), and size exclusion 

chromatography (SEC) to investigate the change in powder properties as a result of 

aging. Although useful for improving the understanding of aging and degradation, 

oven conditions cannot be directly compared to a LS build process, nor reveal the 

effect aging has on the mechanical properties of LS parts. Other studies have 

focussed specifically on the effect of oven conditioning, or powder re-use within LS, 

on the change in melt viscosity of PA-12 powder, often using melt flow rate (MFR) as 

the primary measurement [17, 18, 21, 66, 210]. Generally, they reported that, with 

increased aging of PA-12 powder, MFR significantly reduced, indicating an increase 

in melt viscosity. This correlates to an increase in molecular weight (Mw), which was 

attributed to polycondensation. However, exclusively using MFR to characterise a 

change in powder properties has limitations, as it is an energy-intensive technique 

and only concentrates on one material property. Consequently, MFR is unable to 

detect other types of aging, such as secondary crystallisation; it also fails to account 

for more process-relevant parameters, such as particle morphology and flowability, 

which likely have a significant effect on the property profile of laser sintered parts.  

Furthermore, some papers compared virgin, aged, and once-recycled powder 

samples by characterising the change in Tm, coalescence behaviour, particle 

flowability, and Mw as a result of aging [15, 38, 51, 167]. Zarringhalam et al., re-used 

PA-12 powder with a 67:33 refresh rate and observed a 143% increase in Mw after 

just one build cycle [51]. Conversely, using a 50:50 refresh ratio, Sillani et al., saw a 

170% increase in Mw [15]. Comparing these two papers suggests that the extent of 

polycondensation, and subsequent increases in Mw, is greater within the study that 

refreshed with more virgin powder. Although there may have been slight differences 
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in the specific build processing parameters between these two investigations, which 

could have altered the rate of polycondensation, these results indicate that using 

higher refresh rates may not always be beneficial for controlling the properties of 

feedstock powder. This one example provides some insight into the inefficiency of 

current powder re-use strategies, such as exclusively using a 50:50 refresh ratio. 

Nevertheless, despite providing valuable insight into the change in powder behaviour 

across one build cycle, further investigation is required to determine the effect on 

powder and part properties across multiple build cycles. This is necessary because, 

within industry, it is essential that powder is re-used for multiple cycles, particularly 

when aiming to minimise environmental impact and cost.  

Multiple papers have begun to explore the effect of aging when re-using PA-12 

powder across multiple build cycles, without refreshing with virgin material [26, 53, 

160, 169, 193, 194, 208]. They reported that with increased PA-12 powder re-use, 

there is an increase in melt viscosity [26, 53, 160, 194] which ultimately contributes to 

reductions in part density and part strength [53, 160, 194]. However, these studies 

either don’t reveal build times, so the total cumulative build time is unknown [160, 

194, 211], or use build times much shorter than what is common within industry [26, 

53]. As such, the cumulative build times, even across five process cycles, remain 

relatively modest (e.g., < 27 hours [26]) and the extent of material aging is limited. 

More recently Alo et al., exposed PA-12 powder to eight build cycles and, with 

increased cumulative build time, observed a significant decrease in the degree of 

crystallinity, as well as a change in the size and shape distribution of feedstock 

powder. This change in powder properties resulted in significant reductions in the 

strength of sintered parts [169, 208]. However, it is important to highlight that, in 
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between build cycles the feedstock material was not refreshed with virgin powder, 

which contradicts common industrial practice. As such, there is limited understanding 

regarding the effect of refreshing used powder with virgin material, when re-using 

PA-12 powder across an extended number of LS cycles, with a large cumulative 

build time. Determining whether virgin refresh rates are able to counteract the 

changes in used powder properties, as a result of aging, is crucial to help predict the 

property profile of LS parts. Current industry practices generally use either 50:50 or 

70:30 refresh ratios. In this work a 30% refresh rate was implemented in order to 

investigate the possibility of re-using more powder, without compromising final part 

performance.  

Therefore, this study intends to quantify the effect of aging on the relationship 

between process-relevant properties of PA-12 powder, and the behaviour of LS 

parts, when operating with a 70:30 refresh ratio. PA-12 feedstock, refreshed with 

30% virgin powder before each build, was exposed to seven LS cycles, with an 

extended cumulative build time of over 200 hours, including the cool-down. This work 

provides quantitative data about the capability of a 30% refresh ratio for restoring the 

properties of used powder, and ultimately determines whether a 70:30 refresh ratio 

offers a good compromise between increasing powder re-use, without a detriment to 

final part quality. In addition, the most suitable characterisation techniques for 

determining PA-12 powder quality were identified, providing more information about 

the suitability of un-sintered powder for re-use within LS. This will help inform more 

efficient classification of used powder recovered from different build cycles, thereby 

helping the industry realise improved recycling strategies. 
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5.4 Experimental Methodology 

5.4.1 Materials and sample preparation 

An outline of the sample preparation procedure is shown in Figure 5.1. The work was 

carried out using industrial grade PA-12 powder (PA2200, EOS GmbH), whilst laser 

sintered parts were fabricated using standard EOS build parameters [212], so print 

conditions were ‘locked-in’. For each build, the chamber temperature was 170±1 °C, 

and the unloading temperature was 130±1 °C. PA-12 powder was re-used for a total 

of seven build cycles, using a refresh ratio of 70:30 (used: virgin). Therefore, as the 

supplied powder is refreshed before each build, only ~12% of ‘used’ powder 

recovered from build 7 would have been through every build cycle. To quantify the 

time that refreshed powder was exposed to the processing temperature, and to better 

indicate the extent of powder aging, the cumulative build time (tc) was also recorded. 

After seven builds, the tc was 98 hours, whilst the total cumulative time (including the 

cool down) was 208 hours. The approximate cooldown time, of build to breakout 

temperature, ranged from 14 to 18 hours across the seven build cycles.  
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Figure 5.1 – Summary of the work package, sampling procedure and sample 
characterisation.  

 

During each build the refreshed powder was used to produce tensile samples in 3 

different build orientations (XY, ZX and YX 45 degree), as shown in Figure 5.2. The 

LS dog-bone tensile specimens had a gauge length of 70 mm, width 12.89 mm and 

thickness of ~3 mm, whereby a micrometre screw gauge was used to measure the 

sample thickness.  
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Figure 5.2 – Build orientations of tensile samples. 1-5 are horizontal orientation (XY), 
6-10 are vertical orientation (ZX) and 11-15 have an angular orientation (YX 45 
degree).  

 

5.4.2 Powder characterisation 

Differential scanning calorimetry (DSC) analysis of virgin, used, and refreshed 

powder was performed using a Mettler Toledo DSC-1. Before conducting material 

characterisation experiments, the DSC was calibrated using zinc (Tm 419.5 °C, ΔHf 

107.5 Jg-1) and indium (Tm 156.6 °C, ΔHf 28.45 Jg-1); nitrogen gas (flow rate 100 

mLmin-1) was used to limit oxidative degradation occurring during experiments. 

Samples, with a mass of 6±0.5 mg, were heated from 25 °C to 220 °C, using a 

heating rate of 10 °Cmin-1 and then cooled at the same rate.  Analysis was primarily 

carried out on the first heating and cooling cycle, to understand the effect of the LS 

build conditions on the thermal properties of PA-12 powder. Integration of the 

endothermic melting peak provides a value for heat of fusion (ΔHf). This can be used 
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to estimate percentage crystallinity (Xc) using Equation 5.1 whereby ΔHf
0 = 209.3 Jg-1 

(100% crystalline PA-12) [15]. For every sample, 3 DSC repeats were conducted, 

and an average calculated.  

 𝑿𝒄 (%) =  
∆𝑯𝒇

∆𝑯𝒇
𝟎  𝑿 𝟏𝟎𝟎 (Equation 5.1) 

Various process relevant, extrinsic powder properties were also analysed for virgin, 

used, and refreshed powder samples. A Mercury Scientific revolution powder 

analyser (RPA) quantified particle flowability. A low RPM was used so that the 

flowability of powder particles could be measured by analysing a sequence of 

avalanches. Full experimental parameters are outlined in Table 5.1. For each batch 

of PA-12 powder, 3 repeats were recorded, and an average taken. The change in 

particle size distribution (PSD), with build number, was evaluated using a Malvern 

Mastersizer 2000 which uses laser diffraction to determine the particle size of PA-12 

powder suspended in water. Tests were conducted according to the ASTM B822-10 

standard test method for PSD of powders and compounds. Powder particle shape 

and microstructure was characterised using scanning electron microscopy (SEM). To 

prepare the sample a single layer of PA-12 powder was applied onto carbon 

adhesive, on an aluminium stub. Samples were sputter coated in gold using an 

Enscope Engineering LTD. SC500 gold sputter coater to reduce surface charging in 

the samples. To ensure the polymer sample was conductive, copper tape was 

applied from the aluminium stub to the powder surface. The sample was viewed 

using a tabletop Hitachi 3030+ SEM, under vacuum, with a voltage of 15kW and 

using a mix of back-scattered electrons (BSE) and secondary electrons (SE) signals. 

Magnifications ranged from 40x to 500x, depending on the feature of interest, and the 
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auto-focus/auto-contrast functions were utilised. This was repeated with each batch 

of refreshed PA-12 powder.  

Table 5.1 - RPA flowability test set up parameters. Experiments were conducted 
under a room temperature of 25°C, and room humidity of 40%. 

Parameter Value 

Sample Volume 25 cc (tap density) 

Rotating speed 0.3 RPM 

Preparation time 60 seconds 

Avalanche threshold 0-65% 

Angle calculation Half 

No. of avalanches recorded 150 

Image capturing rate 25 frames per second 

 

5.4.3 LS part characterisation 

The thermal behaviour of LS parts was characterised using the same DSC method 

described in section 5.4.2. DSC samples, with a mass of 10±0.5 mg, were prepared 

by punching discs from the grip sections of tensile specimens.  

To establish the influence of powder re-use on the mechanical properties of LS parts, 

all tensile samples were examined on an Instron 7877 material tester. Each 

experiment was run according to ASTM D638 tensile tension testing for plastics, with 

a 20 kN load cell and strain rate of 10 mm/min. Bluehill universal materials analysis 

software (Instron) provided measurements of ultimate tensile strength (UTS), yield 
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strength (YS), and elongation at break (EAB). The Young’s modulus was estimated 

from the linear elastic region of the stress-strain curves. For each build number, in 

every build orientation, an average was taken from 5 samples. The statistical 

significance of the data was measured using ANOVA analysis and post-hoc T-tests, 

with the Bonferroni correction, to indicate which build number showed significant 

changes in mechanical properties.   

Following mechanical testing, samples were further characterised using SEM. The 

fracture surface of randomly selected tensile specimens, from each build number, 

were prepared and viewed using the same method described in section 5.4.2. To 

quantify the change in porosity of LS tensile specimens with increased build number, 

multiple samples were analysed using x-ray computed topography (XCT). The scans 

were performed using a Diondo D2 micro-CT machine using a voltage of 30 kV, a 

current of 200 μA, and 2500 projections. The magnification was x17.3, which yields a 

sufficient voxel size to accurately measure porosity. Pore size, number, and overall 

percentage porosity were estimated using ImageJ software.  
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5.5 Results and discussion  

5.5.1 Powder characterisation 

5.5.1.1 Thermal behaviour 

The change in the melting behaviour of used and refreshed powder, across a total of 

seven build cycles, was measured using DSC (Figure 5.3). With increased powder 

re-use, used powder displayed a gradual increase in peak melting temperature (Tm) 

and endpoint of melting (Tme), which is particularly important for subsequent LS 

builds. Conversely, the refreshed powder shows an initial increase in Tm, but then 

any further change is less significant.  

 

 

Figure 5.3 – The change in melting behaviour of a) used powder and b) refreshed 
powder, with increased build number.  
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The difference in the melting behaviour of used and refreshed powder, across 

multiple build cycles, is shown more clearly in Figure 5.4. The average peak Tm of 

used PA-12 powder increases almost linearly until build 5, at which point Tm is 4.2 °C 

greater than virgin material. This is followed by a 0.5 °C reduction in Tm; within the 

sensitivity of the DSC, this change is considered insignificant, nevertheless it 

represents a change in the observed trend. On the other hand, refreshed powder 

also shows an initial rise in Tm and by build 2, refreshed powder has a peak Tm 3.4 °C 

higher than virgin material. However, the increase then plateaus and there is no 

further change until build 6, where a 1 °C rise is observed (Figure 5.4a). 

 

 

Figure 5.4 – Comparing the average change in a) Peak Tm and b) Tm range for used 
and refreshed PA-12 powder across 7 LS build cycles and as a function of tc. All 
datapoints are taken as an average from 3 repeats.  

 

In both used and refreshed powder, the increase in Tm may be explained by solid-

state polycondensation, as reported previously [24, 25, 41, 160, 167]. Prior research 

revealed reservations about how a process which occurs primarily in the amorphous 
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phase can significantly affect the melting of crystalline structures [209]. Nonetheless, 

it is widely reported that the inert (or low oxygen) conditions found within a LS build 

chamber favours the polycondensation reaction, which increases the rate of 

macromolecular chain growth [15, 25, 26, 38, 41, 61, 67, 160]. This can lead to an 

increased molecular weight, resulting in a higher melting point [23, 24, 26]. Increases 

in Tm could also be attributed to cross-linking [24, 160], but cross-links usually form 

as a product of the thermo-oxidation cycle [82, 83, 159], so is unlikely to occur in a 

LS build chamber with limited oxygen. However, secondary crystallisation, an aging 

process often overlooked in previous LS studies, can also contribute to changes in 

the melting behaviour [23, 24, 26, 158, 159]. At the elevated temperatures found 

within an LS build chamber, amorphous chains have greater mobility, which can 

allow further crystallinity to develop via a continuous lamellar thickening process, 

resulting in an increased Tm [209]. The DSC was unable to identify a significant 

increase in sample crystallinity (Table 5.2) but this characterisation technique may 

not be sensitive enough to detect the gradual lamellar thickening process. Therefore, 

secondary crystallisation occurring within unfused PA-12 powder cannot be ruled out, 

and lamellar thickening may contribute to an increased Tm, in addition to the 

polycondensation process.  
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Table 5.2 - The change in thermal properties of used and refreshed powder, as a 
function of build number, measured via DSC.  

 

 

 

 

Used powder Refreshed powder 

Build 

number 

Peak 

T
m 

(°C) 

Endpoint 

Tm 

(°C) 

Peak 

T
c
 

(°C) 

Crystallinity 

(%) 

Peak 

T
m 

(°C) 

Endpoint 

Tm 

(°C) 

Peak 

T
c
 

(°C) 

Crystallinity 

(%) 

Virgin 
185.2 

(±0.12) 

187.7 

(±1.90) 

145.8 

(±0.77) 
47 (±3.8) 

185.2 

(±0.12) 

187.7 

(±1.90) 

145.8 

(±0.77) 
47 (±3.8) 

1 
187.1 

(±0.35) 

190.1 

(±1.22) 

144.0 

(±0.88) 
47 (±0.8) 

187.8 

(±0.09) 

191.1 

(±0.24)) 

146.0 

(±0.00) 
51 (±0.7) 

2 
187.6 

(±0.59) 

190.5 

(±1.09) 

143.9 

(±0.70) 
49 (±4.2) 

188.6 

(±0.95) 

192.1 

(±1.15) 

145.7 

(±0.96) 
50 (±1.9) 

3 
188.3 

(±0.79) 

191.8 

(±1.31) 

143.2 

(±1.02) 
48 (±2.0) 

188.4 

(±0.25) 

191.7 

(±0.69) 

145.7 

(±0.00) 
48 (±1.8) 

4 
189.2 

(±0.17) 

192.8 

(±0.41) 

144.4 

(±0.20) 
49 (±1.0) 

188.7 

(±0.17) 

192.3 

(±0.19) 

145.8 

(±0.19) 
48 (±0.8) 

5 
189.4 

(±0.38) 

193.0 

(±0.23) 

144.8 

(±0.19) 
50 (±0.5) 

188.6 

(±0.77) 

191.9 

(±0.84) 

146.0 

(±0.88) 
49 (±1.0) 

6 
188.9 

(±0.35) 

192.2 

(±0.71) 

144.7 

(±0.00) 
48 (±1.7) 

189.7 

(±0.42) 

193.1 

(±0.35) 

144.7 

(±0.33) 
50 (±1.1) 

7 
189.1 

(±0.98) 

192.1 

(±0.74) 

144.8 

(±0.69) 
49 (±1.0) - - - - 
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In refreshed powder, virgin material is added in an attempt to try and restore powder 

properties; the aim is to prevent further increases in Tm and return the thermal 

properties back towards that of the virgin powder. However, in this work over the first 

two build cycles, the increase in Tm of refreshed powder is slightly greater than the 

change in used samples. Measuring the peak melting temperature of polymers within 

the DSC is only accurate to ±0.5 °C, so the initial variability between used and 

refreshed samples is not considered significant. Nonetheless, it does indicate that a 

30% refresh ratio may not be high enough to completely overcome the effects of 

polycondensation and secondary crystallisation. As a result, over the first two build 

cycles, refreshed powder still shows a significant increase in melting temperature. 

This could be explained by previous suggestions that polycondensation occurs 

primarily on thermally unstressed (virgin) powder, whilst the rate of chain growth 

within used, aged powder is lowered due to the reduced availability of end-groups 

[18, 21, 24]. Figure 5.4a shows that the major increase in Tm occurs during build 1, 

where 100% of material is thermally “unstressed”. Following build 2, 50% of the 

powder has been used within two full build cycles, so the rate of polycondensation 

may reduce and refreshing with virgin powder now prevents further changes in the 

melting temperature. This is supported by the behaviour of used powder samples. 

Between virgin material to used powder recovered from build 1, the increase in Tm 

has a gradient of 1.8, whilst the gradient for the increase over builds 2 to 5 is 0.6, 

emphasising that the major change occurs on thermally unstressed material. In the 

used samples, no virgin material is added so Tm continues to increase, albeit at a 

reduced rate. On the other hand, the plateau observed in the refreshed samples after 
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build 2 emphasises that the refresh rate is now successful in inhibiting further 

changes in Tm.  

Used and refreshed powder samples also show increases in melting point range, as 

a function of powder re-use, and at each build number the Tm range for the refreshed 

mixture is slightly greater than used powder (Figure 5.4b). The difference between 

used and refreshed powder makes sense because, when 30% virgin powder is 

added to the used material, the refreshed blend now contains two separate 

populations; virgin powder particles which should melt at lower temperatures, and 

used powder particles that are expected to have a higher Tm. As a result, there is a 

change in shape and broadening of the endothermic melting peak. A rise in the 

endpoint of melting, as shown in Table 5.2, will also contribute to the increase in Tm 

range; this explains why there is a broadening of the melting interval within both used 

and refreshed samples, as a function of build number. Analogous to the changes in 

peak Tm, the most significant increase in Tm range occurs over the first two build 

cycles. Furthermore, in both types of powder, the thermal properties appear to 

become more heterogeneous with increased build number, demonstrated by rising 

standard deviation values. In the context of LS, increases in the endpoint of melting 

are important because it means that more energy is required for complete melting of 

powder particles. So, assuming that build processing parameters remain constant, 

this could lead to incomplete particle melting and an increased number of nascent 

particles, which hinders particle coalescence during sintering, resulting in greater 

pore density [23, 38, 53, 168]. The industrial significance of the observed variations 

in melting temperature, as a function of build number, can be further understood 

upon characterisation of the behaviour of final LS parts (section 5.5.2.1).   
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Increased powder re-use across multiple LS build cycles also influences the 

crystallisation behaviour of PA-12 on cooling from the melt (Table 5.2). Although the 

change in crystallisation temperature (Tc), with build number, does not follow the 

same trend as the melting behaviour, there is a similar difference between used and 

refreshed powder. In the used material there is an immediate reduction in Tc and 

used powder recovered from build 3 has a Tc 2.6 °C lower than virgin material. 

Reductions in Tc provide further evidence of solid-state polycondensation occurring 

within un-sintered powder during LS builds. Lengthening of polymer chains via 

polycondensation leads to a greater number of entanglements, which hinders chain 

ordering and postpones the crystallisation process [16, 17, 26, 28, 38, 51]. Following 

build 3, there is no further change in Tc of used powder, which further supports the 

suggestion that the rate of the chain growth decreases within aged powder, due to a 

reduced availability of active end groups [18, 21, 24].  

In refreshed powder, the only significant change in crystallisation behaviour occurs 

after 5 build cycles, at which point there is a 1.5 °C reduction in Tc, mirroring the 1.1 

°C increase in Tm observed at the same build number. At this point, a higher volume 

of powder has been re-used in multiple build cycles, so one might expect the 

recovered material to be more degraded. The change in trend following build 5 

indicates the point at which a refresh ratio of 70:30 may be insufficient to restore the 

thermal properties of PA-12 powder. Providing that there is close monitoring of 

powder quality after each build, there is potential for industry to extend powder re-

usability. Small modifications of the processing parameters (e.g., laser power and 

scanning speed) at the stage where it appears the thermal properties can no longer 

be restored, could help ensure that the powder is still suitable for re-use in 
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subsequent builds. However, it should be recognised that altering processing 

parameters may then alter the rate of degradation processes. Alternatively, for 

industrial applications where the control of thermal properties is especially crucial, the 

use of flexible refresh ratios could be explored. For example, over the first two build 

cycles, where the rate of polycondensation is heightened, a greater proportion of 

virgin powder could be added to try and prevent the observed increases in melting 

temperature. A similar approach could also be taken following further changes in 

thermal properties after build 5. However, the use of different refresh ratios was 

beyond the scope of this project; further work would be required to investigate the 

effectiveness of higher virgin refresh rates.  

5.5.1.2 Extrinsic powder properties  

The re-usability of PA-12 powder across multiple LS builds is heavily dependent on 

various material properties [62, 64]. In this section, analysis has been focused on 

‘refreshed’ samples because this was the powder reintroduced into the bed chamber 

before each build, and the material that final LS components were fabricated from. 

Within industry, the importance of utilising a more modern powder characterisation 

methodology, which provides understanding of the material properties required to 

fabricate high quality parts consistently, has been recognised in recent years [64, 

213]. As such, there is currently a growing demand for a more equivalent analysis 

method to determine flowability in LS systems [213]. Powder flowability is closely 

related with spreadability, which is required within LS to ensure a uniform layer 

thickness, smooth even surfaces, and equal particle size distribution across a powder 

bed. This ensures homogeneous powder layers and subsequently consistent 

properties of LS parts. The revolution powder analyser (RPA) is a particularly useful 
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characterisation technique because it can measure the flowability of powder particles 

under a similar stress state to when powder is spread over the build platform during 

LS. Although the RPA is not a direct representation of what occurs during LS with 

regards to the re-coater blade, it provides more process relevant data than other, 

more commonly used characterisation techniques, such as melt flow rate. The RPA 

exports high volumes of data, however the key characterisation indexes regarding 

particle flowability are avalanche angle (aa), avalanche time (at), and avalanche 

energy (ae) [15, 213, 214], so these parameters are the focus of this study. With 

increased build number there is an increase in the median aa and aa distribution, both 

of which indicate a reduction in flowability of refreshed powder (Figure 5.5a). This 

was supported by an ANOVA analysis, which emphasised that there was a 

statistically significant difference in aa as a function of build number (Figure 5.5b). 

The change in aa follows an almost identical trend to the melting behaviour of 

refreshed powder, which increases confidence in the significance of these results. 

Across the first two builds there was a 12.2% increase in aa, this was followed by a 

plateau, before another 7% increase following build 6. Post-hoc t-tests, with the 

Bonferroni correction, emphasised that, the powder recovered from build 2 showed a 

statistically significant difference to virgin powder, as denoted by * in Figure 5.5b.  
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Figure 5.5 –  Displays the change in a) cumulative avalanche angle and  b) average 
avalanche angle / average avalanche angle distribution, as a function of build 
number and tc. All datapoints in a) and b) are taken as an average of 3 repeats. 

 

Avalanche energy and avalanche time showed similar behaviour to the observed 

increase in avalanche angle (Table 5.3). These changes emphasise that, with 

increased powder re-use, there was a reduction in powder flowability. This may have 

consequences for subsequent LS builds because when using powder with reduced 

particle flow, it may hinder how easily powder can be spread across the build 

platform. Therefore, powder may not be uniformly distributed, and during sintering 

this could result in the fabrication of parts with decreased density, increased porosity, 

and significant layer delamination [38, 53, 154]. These factors have the potential to 

decrease the mechanical properties and aesthetics (e.g., orange peel) of parts, which 

may render the component un-suitable for use in its industrial application.  
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Table 5.3 – Average change in the key markers of refreshed powder particle 
flowability, with build number, measured using the revolution particle analyser.  

Build Number 
Avalanche angle 

(degrees) 
Avalanche 

energy (mJ) 
Avalanche time 

(seconds) 

0 47.2 ±0.16 11.5 ±0.73 4.1 ±0.42 

1 49.5 ±0.97 12.6 ±1.20 4.7 ±0.62 

2 52.9 ±0.85 12.9 ±1.30 4.9 ±0.45 

3 54.1 ±0.91 12.7±1.12 5.0 ±0.46 

4 54.5 ±0.92 13.1 ±1.18 5.1 ±0.05 

5 53.5 ±0.61 13.5 ±0.73 5.1 ±0.49 

6 56.87±0.88 14.7 ±0.94 5.4±0.25 

 

Reductions in particle flowability have previously been associated with changes in 

particle size [38, 53, 62, 154].  LS polymer powders require a particle size distribution 

between 20 μm and 80 μm; fine particles that are too small induce stickiness whilst 

larger particles hinder the flowability of the powder across the powder bed [62]. Some 

authors have reported a broadening of the polydispersity index (PDI) in used powder, 

which indicates the presence of large molecules [24, 25, 158]. These large particles 

may form in aged powder due to severe agglomeration as a result of greater 

cohesive forces between particles [168, 208]. Particle size analysis was carried out to 

try and understand whether the reductions in powder flowability were caused by a 

significant change in particle size. However, with increasing build number the 

Malvern mastersizer was unable to detect any change in particle size distribution 
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(Table 5.4). Therefore, although there is evidence of polycondensation occurring 

(section 5.5.1.1), it does not appear to cause agglomeration of particles, or an 

increase in particle size, so may not explain the reduction in powder flow observed in 

this study.  

Table 5.4 – Particle size distribution analysis of refreshed powder at each build 
number. 

Build number Dx10 Dx50 Dx90 

0 37.0±0.90 56.8±0.50 85.0±0.70 

1 37.2±0.78 56.9±0.45 84.8±0.46 

2 36.8±0.72 56.4±0.64 84.5±0.38 

3 37.0±1.42 56.2±0.87 83.5±0.72 

4 37.1±0.20 56.5±0.31 84.9±0.40 

5 33.9±1.67 54.8±0.60 84.4±0.66 

6 36.0±0.72 55.0±0.35 84.5±0.35 

 

Changes in particle sphericity and surface smoothness can also affect the flowability 

of PA-12 powder. Perfectly spherical particles, with a smooth surface, allow adjacent 

particles to move freely past each other, which reduces friction and mechanical 

interlocking during re-coater spreading [208]. Smooth and spherical powder also 

assists powder flow, minimises agglomeration, and enables greater packing densities 

[38, 215]. Nonetheless, despite particle sphericity being highly beneficial for LS 

processing, most commercial PA-12 powders are produced via precipitation from 
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solvents, such as ethanol, and forming fully spherical particles using this method can 

be difficult [216-218]. Samples of virgin and refreshed PA-12 powder were analysed 

using SEM to monitor whether there was a change in particle morphology with build 

number. Virgin powder contained particles with a relatively spherical shape and fairly 

smooth surface, whilst there was limited particle cracking (Figure 5.6a). In contrast, 

the powder recovered from build 3, showed a greater number of non-spherical 

particles, with many displaying a more elongated, oval shape (Figure 5.6b), as 

observed in previous studies [193, 208, 218].  

 

Figure 5.6 – SEM images of showing particle morphology of a) virgin powder and b) 
refreshed powder recovered from build 3.  

 

Nevertheless, the more significant change in particle morphology is the considerable 

increase in particle cracking and the appearance of “satellite” particles which attach 

themselves to larger particles; it is likely these fine fragments cannot be detected by 

the Malvern Mastersizer as they are not considered as independent particles. 

Powder recovered from build 3 showed some evidence of particle cracking (Figure 

5.7a), but, the extent of cracking is accentuated in powder recovered from build 6 



Chapter 5  – The re-use of polyamide-12 within laser sintering 

  

 
134 

(Figure 5.7b). Similarly, within virgin powder some fine satellite particles are present 

(Figure 5.6), however they significantly increase in number within samples which 

have been recovered after use in multiple LS builds (Figure 5.7). In powder 

recovered from build 6, fragmented, satellite particles are widespread and appear to 

cluster around crack regions within bigger particles. Satellite particles are thought to 

form as a result of the high temperatures present within a LS build chamber which 

makes finer particles stick to the surface of larger particles [208].  

 

 

Figure 5.7 – SEM images displaying evidence of significant particle cracking (red 
arrows) and presence of “satellite particles” (yellow arrows)  in a) refreshed powder 
recovered from build 3, and more significantly in b) refreshed powder revered from 
build 6.  

 

It should be noted that the presence of irregular particle shapes and particle cracking 

can still exist in virgin powder, but to a much lesser extent. As such, these results 

indicate that with increased powder re-use there is a deterioration of particle structure 

and a reduction in surface smoothness, which can be explained by a variety of 
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factors. Evaporation of the ethanol solvent used in powder processing, or moisture 

remaining in the material, may explain the formation of particle cracks [38]. With 

increased time spent at the elevated temperatures found within a LS build chamber, 

evaporation will likely occur to a greater extent, so could contribute to the 

deterioration of powder structure. Equally, if powder handling between build cycles is 

not conducted in a controlled environment, this may allow more moisture to diffuse 

into the powder, resulting in further evaporation in subsequent builds. Additionally, 

successive re-use in multiple builds exposes powder to repeated expansion and 

shrinkage cycles, which may also cause increased cracking and particle 

fragmentation [208, 219]. Similarly, deterioration of the particle surface could be 

related to a mechanical interaction with the re-coater blade.  

The observed changes in powder morphology likely explains the reduction in particle 

flowability, and this could weaken the mechanical properties of sintered parts [53, 

154]. Furthermore, particle cracking may impair the surface finish of parts, resulting in 

an ‘orange peel’ appearance, which has been commonly reported when parts are 

fabricated using severely degraded powder [16, 17, 23, 26, 38, 160].  

 

5.5.2 LS part characterisation 

Analysis of the physical and mechanical properties of LS parts provides more 

information about the relationship between the deterioration of powder properties and 

the reduced quality of final parts. This delivers increased understanding of the extent 

of quality compromise over multiple build cycles, when operating with a 70:30 refresh 
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ratio; demonstrating how much performance is lost with increased, extended powder 

re-use.  

5.5.2.1 Part microstructure 

5.5.2.1.1 Differential Scanning Calorimetry (DSC) 

The thermal behaviour of sintered parts was characterised using DSC (Figure 5.8). 

Parts fabricated from fresh, virgin powder (build 1) show a single, symmetrical 

melting endotherm with a peak Tm of 182 °C. However, in parts produced from aged 

powder a secondary melting peak forms, as an upper-temperature shoulder peak, on 

the main melting endotherm. The development of this shoulder peak is likely related 

to the presence of un-molten regions at particle cores within LS parts [41]. Such 

particles have a higher Tm, and the additional heat provided by the laser is insufficient 

to fully melt the spherulitic structures present within the particle. The shoulder peak 

appearing between 190 °C to 193 °C supports this theory because this is a similar 

temperature to the endpoint of melting observed for powder samples recovered from 

builds 3, 5 and 7 (Table 5.2). 
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Figure 5.8 – First heating run recorded on the DSC shows the change in melting 
behaviour of LS parts as a function of build number. The arrow illustrates the growth 
of an upper temperature shoulder melting peak which appears in parts fabricated 
from re-used, aged powder. Insert displays the second heating run, where a single 
melting endotherm is observed.  

 

In section 5.5.1.1., it was suggested that polycondensation, and potentially 

secondary crystallisation, via lamellar thickening, caused Tm to shift to higher 

temperatures. Un-molten particle cores remaining in the structure of LS parts, 

indicates the presence of residual crystal fragments. As these fragments only appear 

in parts produced from aged powder, it would suggest that aged powder contains 

some particles with thicker crystalline lamellae that are unable to fully melt during the 

sintering process. On the second heating run (Figure 5.8, insert), the shoulder peaks 

disappeared, and all samples displayed a symmetrical melting peak; the previously 

un-molten particle cores remaining after the build process were fully melted when 

exposed to higher temperatures within the DSC. This provides further evidence of 

lamellar thickening because secondary crystallisation is a reversible process. 
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Conversely, although polycondensation is fully reversible under the right conditions, 

the high temperatures present within a LS build chamber removes the water required 

for the reverse reaction to occur. Therefore, during LS, increased Mw due to 

polycondensation is effectively an irreversible change, and the higher Tm structures 

present in the first heating run would be expected to persist if caused by 

polycondensation. As such, the thermal behaviour of LS parts emphasises that 

lamellar thickening is likely occurring (alongside polycondensation), within un-

sintered powder during the LS build process.  

The presence of unmolten particle cores may lead to hindered particle coalescence, 

reduced material consolidation, and increased porosity in parts fabricated using re-

used powder. Similarly, crystalline fragments remaining due to incomplete melting, 

could act as nucleation sites during solidification, which would affect the 

crystallisation kinetics and subsequent crystalline microstructure of LS parts. All of 

these factors may contribute to the observed reductions in mechanical properties 

(section 5.5.2.2.2), emphasising how deterioration of powder quality can alter the 

properties and functionality of LS parts. Thermal characterisation of LS parts also 

provides context to the changes in the melting behaviour of refreshed PA-12 powder 

(section 5.5.1.1). Evidence of incomplete particle melting highlights that 1 °C to 4 °C 

increases in the Tm of PA-12 powder are significant in terms of its suitability for re-use 

within LS. Within industry, the formation of unmolten regions is a product of aging 

which could be overcome by altering certain build parameters. For example, 

increasing laser power, and decreasing scan speed when printing with a higher 

proportion of re-used powder, would allow complete melting of all sintered powder 

particles.  
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5.5.2.1.2 Scanning Electron Microscopy (SEM) 

The fracture surfaces of tensile samples were analysed to determine whether the 

deterioration of powder quality causes a change in the microstructure of LS parts. 

Figure 5.9 compares the fracture surfaces of a LS part fabricated using virgin powder 

(build 1) with LS samples formed using powder recycled through 3 build cycles (build 

4). Build 1 displays some evidence of pores forming but these are randomly situated 

and low in number. However, build 4 shows a significant increase in pore size and 

pore number, with an equal distribution of pores across the surface of the sample.  

 

Figure 5.9 – SEM images, taken using a mix of BSE and SE, displaying the fracture 
surface of tensile samples, fabricated from a) virgin powder and b) refreshed powder 
re-used in 3 build cycles.  

 

5.5.2.1.3 X-ray Computed Topography (XCT) 

SEM images only reveal a small cross-section of the fracture surface, so tensile 

samples were further characterised using X-Ray computed topography (XCT) to 

quantify the change in porosity with increased build number. Figure 5.10 shows that 

porosity is homogenous throughout all LS parts, and a significant number of pores 
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are present even in parts fabricated from virgin powder. This is due to limitations of 

the LS process which cause periodic and interlayer porosity, as well as incomplete 

melting of larger spherulites [38, 61, 169]. With increasing build number, porosity 

increases and, more importantly, there is a greater number of larger pores.  

 

Figure 5.10 – XCT images taken as transversal cuts throughout the centre of LS 
tensile specimens recovered from different build cycles: a) 1; b) 4; c) 5 and d) 7.  

 

The increase in porosity with build number is also displayed in Figure 5.11a. With 

repeated powder re-use, the average % porosity of parts increases from 4.4% in 

build 1 samples to 10.2% in samples recovered from build 7. With increased build 

number, % porosity also displays larger variability, further indicating that 

used/refreshed powder has a less homogeneous property profile than virgin powder. 

Across the first five build cycles, the increase in porosity is primarily caused by a 

123% increase in pore size. After build 5 there is then a reduction in pore size which 

likely explains the subsequent plateau in % porosity. Furthermore, when analysing 

XCT images it became evident that, independent of build number, porosity is 

significantly limited when scans are captured near the edge of samples; upon 
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scanning through the thickness of the part, towards the centre, porosity reaches a 

maximum (Figure 5.11b). In this case, it appears that the increased porosity in the 

centre of parts is caused by a substantial increase in pore number, whilst pore size 

was generally unaffected. For example, in parts recovered from build 5, XCT scans 

taken at the edge of samples had an average pore count of 196, whereas the 

average number of pores in the centre of the part was 1590. This increase in pore 

number caused the overall porosity to increase from 1.04% at the part edge to 9.5% 

in the centre, as shown in Figure 5.11b.  

The increase in porosity as a function of build number is likely multi-factorial. Aging 

processes, such as polycondensation and secondary crystallisation, can cause a rise 

in Tm and spherulite size, as explained in section 5.5.1.1. This could result in the 

presence of higher melting point particles and an increased number of un-molten 

spherulite cores (Figure 5.8). Furthermore, reduced powder flowability, as discussed 

in section 5.5.1.2, can cause a decrease in coalescence and consolidation of powder 

particles. Additionally, increased part porosity could be related to the significant 

particle cracking observed in refreshed powder samples [207], as displayed in Figure 

5.7.  
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Figure 5.11 – a) displays the change in average porosity, pore size and pore number 
as a function of build number and tc, b) demonstrates how porosity alters throughout 
the thickness of the 3D tensile specimen. In all cases datapoints are calculated as an 
average of 5 repeats.  
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5.5.2.2 Mechanical testing of LS parts  

5.5.2.2.1  Effect of build orientation on mechanical properties 

Independent of powder re-use, multiple processing parameters such as bed 

temperature, layer thickness, laser power and laser speed can all effect the 

mechanical properties of LS parts [149, 150]. However, for this study the standard 

EOS build parameters were locked, so could not be changed for each build. 

Nonetheless, the orientation of components within the build chamber is also 

important because parts display anisotropic behaviour, which can significantly affect 

part density and mechanical properties. Figure 5.12 shows the overall change in 

various mechanical properties as a function of build number and build orientation. 

The most significant difference, in terms of build orientation, is that samples 

developed in the ZX (vertical) direction are significantly weaker and are the most 

brittle (Figure 5.12a and Figure 5.12c). Vertically positioned samples display weaker 

interlayer bonding, and during a tensile test, the force is applied perpendicular to the 

print and pore layer direction, which act as crack propagation and failure initiation 

sites [41, 153, 169]. Conversely, samples orientated in the horizontal (XY) direction 

display superior mechanical properties due to a larger and stronger particle bonding 

area [156, 220]. As a result, ZX tensile samples produced during build 2 had a UTS 

3.7 MPa lower, and an EAB 14% less than samples aligned in the XY (horizontal) 

direction.   
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Figure 5.12 – The change in a) UTS, b) yield strength, c) elongation at break, and d) 
Young’s modulus as a function of build orientation and build number. All datapoints 
were taken as an average of 5 repeats. Note that some datapoints are missing due to 
failed builds.  

 

5.5.2.2.2 Effect of build number on mechanical properties  

As shown in Figure 5.12 there is a reduction in the strength and modulus of all 

samples, independent of orientation, as a function of build number. This implies that 

increased material re-use and subsequent aging of PA-12 powder, has a significant 

effect on the mechanical properties of fabricated parts in every build orientation. As 

tensile specimens orientated in the horizontal (XY) direction generally display 

superior mechanical properties, industrial operators are recommended to print 
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components in the XY orientation. Therefore, in this study, XY tensile specimens 

were analysed in more detail to show the change in properties as a function of build 

number. 

Figure 5.13 shows that, across a total of 7 builds, yield strength and UTS reduce by 

24% and 11%, respectively, whilst Young’s modulus decreased by a relatively 

modest 7.41%.  The reductions in strength can be explained by the changes in the 

behaviour of PA-12 powder with increased powder re-use. Increases in Tm, as a 

result of polycondensation and lamellar thickening, can cause incomplete melting 

and increase the number of nascent particles during sintering. Similarly, 

polycondensation leads to a higher molecular weight and increased melt viscosity, 

which may hinder particle coalescence within and between layers [23, 66, 168]. 

Reduced particle flowability, as discussed in section 5.5.1.2, will likely hinder the 

spread of powder across the build platform, resulting in voids or agglomeration of 

powder. As evidenced in section 5.5.2.1.3, all of these factors can contribute to 

increased pore density and an increased number of failure initiation sites, resulting in 

reductions in UTS and Young’s modulus.  
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Figure 5.13 - ANOVA analysis showed that, in the XY build direction, there was a 
significant change in the averages of Ultimate Tensile Strength, Yield Strength, and 
Young’s Modulus, as a function of build number / tc. All datapoints are taken as an 
average of 5 repeats. Post-Hoc T-tests, with the Bonferroni correction, emphasise 
which build number shows a statistically significant (P<0.05) reduction compared to: 
* Build 1 

+ Build 3 

 

However, mechanical testing indicated that, as a function of build number, there was 

only a minimal change in the elongation at break (EAB) of LS parts. Considering the 

increase in part porosity, a more significant embrittlement of parts would have been 

expected. There does appear to be some part embrittlement, however the sample 

variation within each build is high so the statistical significance of the reductions in 

EAB is limited. Scattering of elongation at break data has been reported previously 

by Bourell et al.; they suggested that uneven heating and cooling of the powder bed 

chamber causes variability in pore distribution and, subsequently, inconsistencies in 

the ductility of LS samples [61]. Furthermore, due to limitations of the laser sintering 

technology, it is widely considered that the ductility of LS parts is generally an order 
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of magnitude lower than more traditional manufacturing methods, such as injection 

moulding [61, 221]. As shown in Figure 5.10, even virgin parts are relatively porous, 

consequently, they have a moderately low EAB of 28%. In parts made from re-used 

powder, pores remain well distributed throughout the sample, rather than clustering 

together; this may help prevent weak stress concentrations from forming. Therefore, 

the 5.8% increase in porosity across 7 build cycles, although appearing substantial, 

may not be high enough to induce further embrittlement of an already porous 

material.    

The re-usability of PA-12 powder within LS is a complex problem because, with 

increased powder re-use, alterations in the property profile of un-sintered powder are 

multi-factorial and the properties of LS parts are difficult to predict. Statistical analysis 

of the mechanical performance of LS parts is useful because it emphasises the close 

relationship between the changes in feedstock powder quality, and subsequent part 

properties, when re-using PA-12 across multiple build cycles, with a 70:30 refresh 

ratio. From an industrial standpoint this is useful because it quantifies the stage at 

which powder re-use has a detrimental effect on part properties. In section 5.5.1, 

Figure 5.4 and Figure 5.5 showed that the most significant increases in Tm and 

avalanche angle occurred over the first 2 build cycles. Similarly, the largest rise in 

part porosity occurred between builds 1 to 3 (Figure 5.11); consequently, there was a 

statistically significant reduction in average yield strength and UTS during the 3rd 

build cycle (Figure 5.13). Both powder and part behaviour then display a period of 

minimal change between build 3 and build 6. Finally, there is a further reduction in 

the strength of parts fabricated in build 7; directly corresponding to the point at which 

it was hypothesised that a 70:30 refresh rate was no longer sufficient for maintaining 
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powder quality. As a result, continued powder re-use beyond 7 build cycles would be 

expected to result in further, more substantial reductions in part strength. Due to the 

almost parallel changes in the behaviour of powder and sintered parts, the alterations 

in thermal properties and particle flowability of feedstock powder must explain the 

observed reduction in part strength. Nonetheless, interpreting the absolute 

significance of these changes is difficult because the impact is heavily dependent on 

the industrial application of the component. For example, non-safety critical 

applications, such as tooling, could withstand some loss of strength and stiffness, 

whereas in aerospace applications, any reduction in mechanical properties could be 

critical.  

 

5.5.3 The relationship between the behaviour of refreshed powder 

and the properties of final LS parts 

The close relationship between the deterioration of powder quality and the 

mechanical performance of LS parts is further shown in Figure 5.14. This 

emphasises how increases in Tm and avalanche angle, as a result of aging, are 

mirrored by a reduction in the UTS of LS parts. Understanding this connection is 

crucial to improving the recyclability of PA-12 powder. To clarify the sensitivity and 

effectiveness of the DSC and the RPA for accurately defining whether un-sintered 

powder is suitable for re-use, it is necessary to quantify the specific relationship 

between powder and part properties. 
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Figure 5.14 - The relationship between the thermal behaviour and flowability of PA-
12 powder, with the mechanical properties of LS parts, as a function of build number 
and tc.  

 

A Pearson correlation test can quantify the strength of the relationship between two 

linearly related variables [222]. Figure 5.15 shows that increases in melting 

temperature, and reductions in flowability, of the supplied powder tend to cause a 

decrease in the strength of final LS parts. A Pearson correlation test quantified that 

changes in both Tm and aa have a statistically significant effect on UTS, as shown by 

the table in Figure 5.15. The relationship between aa and UTS is stronger, 

emphasised by the higher Pearson co-efficient and lower p-value, then the same 

outputs for Tm. The UTS vs aa correlation is significant to the 0.01 level, whilst UTS 

vs Tm is still statistically significant, but only to the 0.05 level. Therefore, with 

increased powder re-use, reduced powder flowability (increased aa) appears to be 

the most prominent cause for the decline in mechanical properties of sintered parts. 
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Decreased particle flow can hinder the spread of powder across the build platform, 

resulting in an uneven, non-homogeneous powder layer; this may prevent full part 

coalescence and consolidation, leading to regions with significant porosity. Other 

powder changes, such as increased Tm and a higher number of unmolten particles, 

will also contribute to reductions in part strength, but the results outlined in this study 

suggest that decreased powder flow is the most significant factor.  

This data suggests that thermal analysis of powder, which is a common 

characterisation technique within current LS studies, is not necessarily the best 

indicator of powder reusability. On the other hand, the RPA is a non-destructive, 

quick, and energy efficient testing method, which has rarely been used in previous 

literature, but could be a useful complementary tool for quantifying the quality of PA-

12 powder within the LS industry. Therefore, there may be benefits of utilising the 

RPA alongside other characterisation techniques to optimise and manage the 

lifecycle of recycled PA-12 powders. As a result, data from this work has contributed 

to the development of an ASTM work item. This ASTM work item aims to facilitate the 

development of a standardised set of guidelines that will help define the effectiveness 

of different characterisation techniques for determining the quality of feedstock 

powder, and ultimately, its potential for re-use within LS.  



Chapter 5  – The re-use of polyamide-12 within laser sintering 

  

 
151 

 

Figure 5.15 – Displays the negative correlation between UTS and a) increased Tm, 
and b) increased avalanche angle. A Pearson correlation table quantifies the 
statistical significance of these relationships.  

 

Within the LS industry using a 30 or 50% refresh rate is common practice, but the 

effectiveness of these refresh ratios for maintaining powder and part quality, over 

multiple build cycles, has not been explored previously. In a refresh ratio, virgin 

material is added to dilute the effects of material aging on the thermal, chemical, and 

physical properties of feedstock powder; the aim is to ensure that the “refreshed” 

powder is capable of fabricating high-quality components. However, due to the 

environmental and economic cost of discarding un-sintered powder, and replacing it 

with high amounts of virgin material, a compromise is required. Therefore, in this 

study, a 30% refresh rate was used to investigate whether powder re-use can be 

maximised (relative to 50:50), without compromising the quality and functionality of 

LS parts.  
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Results showed that powder quality deteriorated as a function of build number, 

indicating that a 30% refresh rate may not be sufficient to prevent all the effects of 

aging that occur when re-using powder across multiple build cycles; as such, there 

was a corresponding reduction in the mechanical properties and density of LS parts. 

Nonetheless, across a total of 7 build cycles, there was only an 11% reduction in the 

ultimate tensile strength of sintered parts. This loss of part strength is relatively 

modest when compared to previous work which employed a similar experimental 

procedure, but without refreshing the feedstock with any virgin powder [23, 169]. Alo 

et al., stated that parts sintered using virgin powder had a UTS of 40.6 MPa, which is 

equivalent to the tensile strength measured for build 1 in this study. However, parts 

printed in build 6 (cumulative build time of ~62 hours) displayed a UTS of only 12.8 

MPa, which represents a 69% reduction in UTS [169]. Similarly, Kuehnlein et al., saw 

a 30% reduction in UTS after re-using 100% used powder for 5 build cycles, which 

correlated to a cumulative build time of only 25 hours [23]. Therefore, the results of 

the current study suggest that, despite alterations in the quality of un-sintered 

powder, a 70:30 refresh ratio is successful at limiting severe reductions in part 

strength. This emphasises that a 30% refresh rate can fabricate LS parts with 

adequate mechanical properties for most industrial applications, for up to at least 7 

build cycles. However, in some application areas, e.g., critical end-use products, an 

11% reduction in strength would be deemed unacceptable. In this scenario, the 

supply chain could be better organised to re-distribute more severly aged powder to 

less critical applications, e.g., printing of prototypes. Alternatively, more virgin powder 

could then be added to the feedstock if necessary. As such, these results appear to 

show that a 50:50 refresh ratio is only required when manufacturing critical parts 
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where maintaining mechanical performance is vital. Overall, increasing the 

implementation of a 70:30 refresh rate within industry would reduce the production of 

LS parts with inadequate mechanical properties, that ultimately have to be discarded; 

whilst allowing 20% more un-sintered powder to be re-used every build cycle. This 

will help decrease the issue of waste, with significant economic and environmental 

benefits for the LS industry.  

 

5.6 Conclusion 

In this study, using a 70:30 refresh ratio, PA-12 powder was re-used for a total of 7 

build cycles, with a cumulative build and cooling time of over 200 hours. The 

relationship between PA-12 powder properties, and the mechanical behaviour of the 

resulting LS parts, was quantified.  

Differential scanning calorimetry (DSC) showed that, with increased build number, 

there was a rise in the peak melting temperature (Tm) and endpoint of melting (Tme) 

of used PA-12 powder. These changes in thermal behaviour were attributed to 

polycondensation and secondary crystallisation. Refreshed powder, with 30% virgin 

powder added after each build, displayed an initial shift in Tm to higher temperatures 

over the first two build cycles, before a plateau. This plateau emphasises how an 

efficient refresh ratio can help control the thermal properties of feedstock powder. It 

could be argued that, in order to fully combat polycondensation and prevent 

increases in Tm, a higher refresh ratio should be applied for the first powder recycle, 

before reducing the amount of virgin powder added in subsequent builds. However, 

further work would be required to test this concept of flexible refresh ratios before 
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implementing this strategy within industry. Particle flowability of refreshed PA-12 

powder was analysed using a revolution particle analyser (RPA). With increased re-

use there was an increase in avalanche angle, energy, and time, which are all 

markers of decreased powder flow. The reduction in particle flowability may be 

explained by a larger number of irregularly shaped particles, the increased presence 

of fine, satellite particles, and a significant increase in particle cracking within used 

powder samples.  

These observed changes in powder properties affected the property profile of LS 

parts. Thermal characterisation indicated the presence of un-molten particle cores in 

parts fabricated from re-used powder, providing evidence of secondary crystallisation 

occurring within un-sintered powder as a function of powder re-use. Similarly, with 

increased build number, X-Ray computed topography (XCT) images showed 

increases in part porosity; this could be related to higher Tm, incomplete particle 

melting, and reduced flowability of supplied PA-12 powder. Finally, as a function of 

powder re-use, there was a reduction in ultimate tensile strength (UTS), yield 

strength, and Young’s modulus of LS parts; but part embrittlement was not as 

significant as expected. A Pearson correlation test quantified that the reduction in 

powder flow was the most significant cause for the decreased UTS of final parts. 

However, within certain industrial applications part aesthetics and surface finish may 

be particularly important, so future work should include an investigation into the effect 

of extended powder re-use on the aesthetics of the part.   

This study provides understanding of the interplay between the quality of feedstock 

powder and the properties of sintered parts, indicating the benefits of using a 70:30 

refresh ratio for the re-use of PA-12 powder in the LS industry. Results imply that the 
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RPA is a useful tool that could be utilised alongside other characterisation techniques 

to determine powder quality. Overall, data from this study could be utilised to inform 

improved classification of recycled powder, in order to determine the suitability of 

powder for re-use in future builds. 

 

5.7 Additional un-published material 

Although not included in the publication, further work has since been conducted that 

is complimentary to the findings of this paper. Therefore, a short summary of the 

additional results has been included here as they are directly relevant to the work 

discussed in this chapter.  

5.7.1 Laser sintering surface roughness measurements  

To the best of the authors knowledge, no previous papers have quantified the effect 

of extended powder re-use, across multiple build cycles, on the surface quality of 

PBF parts. Therefore, the surface roughness of laser sintered parts, as a function of 

build number, was analysed using an Alicona G4.   

In the XY build orientation, LS parts fabricated from virgin powder showed an 

average surface roughness (Sa) of 12.29 μm, which is comparable to values reported 

by Petzold et al. [191]. With increased build number there is an increase in both 

parameters of surface roughness, Sa and Sq (Figure 5.16); across a total of 7 build 

cycles Sa rises by 5.49 μm. However, Petzold et al., observed an 8.8 μm increase in 

Sa, when comparing parts made from “virgin” powder and components fabricated 

from “recycled” powder; in this case, the aging state of the recycled powder is 

relatively unknown because the number of re-use cycles has not been specified 
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[191]. Nevertheless, within the current study, although a change in surface 

roughness was observed as a function of build number, it would appear that the 

increase is relatively modest compared to previous work, which supports the change 

in mechanical properties of parts presented in section 5.5.2.2.  

 

Figure 5.16 – Effect of build number on the surface roughness of LS parts built in the 
XY orientation. Sa is the arithmetic mean height, referring to the mean average height 
away from the surface. Sq is known as the root mean square height so corresponds 
to the standard deviation of the distance away from the surface plane [223].  

 

Figure 5.17 emphasises that, for all build orientations, the surface roughness of LS 

parts deteriorates with increased build number. However, Sa is also heavily 

dependent on build orientation. Similarly to the change in mechanical properties 

displayed in Figure 5.12, the XY build orientation demonstrates more desirable 

surface roughness values, further highlighting that parts fabricated horizontally within 

the build chamber have the most robust property profile. However, LS parts oriented 

in the ZX (vertical) and, more significantly, the YX (45° angular) have a substantially 

rougher surface finish. It is generally reported that parts printed in the vertical 

direction have the worst physical and mechanical properties [41, 152-157]. 
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Nonetheless, the results of this study indicate that the roughness of LS parts is 

considerably worse within components oriented at a 45° angle to the build platform. 

As such, this is another factor that LS operators need to consider when formulating a 

balanced build design.  

 

Figure 5.17 – Effect of build number and build orientation on the surface roughness 
of LS parts.  

 

5.7.2 Re-use of PA-12 within multi-jet fusion (MJF) 

To compare powder aging across different types of PBF machine, HP 3D High 

Reusability PA-12 powder was recycled across four multi-jet fusion (MJF) cycles, 

using the manufacturer recommended 80:20 refresh ratio. Due to time and funding 

constraints, the extent of the MJF study was substantially more limited than the LS 

scheme of work. As a result, within the MJF system, it was only possible to determine 

the effect of powder re-use on the thermal properties of PA-12 powder.   

Table 5.5 indicates that re-using PA-12 powder across four MJF build cycles, with a 

cumulative build time of nearly 45 hours, has no significant effect on the thermal 
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properties of the material. Similarly, no discolouration of the powder samples was 

observed, despite MJF builds occurring within an oxygenated environment. These 

results suggest that an 80:20 refresh ratio is appropriate for restoring the thermal 

properties of PA-12 within MJF. Similarly, Table 5.5 demonstrates that the thermal 

properties of PA-12 powder were not dependent on their location within the build 

chamber (Figure 5.18), suggesting that thermal gradients across the powder bed 

may not have a significant effect on powder aging. Nonetheless, in-situ 

measurements of the variation in temperature across the build chamber would be 

required to validate these results.  

Furthermore, Figure 5.19 compares the change in thermal properties when re-using 

PA-12 powder across 4 cycles within a LS and a MJF machine. However, it is worth 

noting that the cumulative build time within MJF is considerably shorter than the 

amassed time that un-sintered PA-12 powder was held in the LS build chamber. 

Across 4 build cycles, the Tm of PA-12 re-used within LS increases by 3.5 °C, whilst a 

modest 1.4 °C rise is observed following re-use in the MJF system (Figure 5.19a). 

Similarly, the crystallisation temperature of MJF grade PA-12 is lower than LS grade 

PA-12 (Figure 5.19b); this is advantageous because it expands the processing 

window of the material. One of the main differences between these two PBF 

technologies is that the MJF printing process involves the use of a fusing agent and a 

detailing agent; these printing inks may explain the improved recyclability of the 

feedstock powder. The detailing agent, which is added around the edge of the 

consolidated part, absorbs energy, preventing transmission of heat into the 

surrounding un-sintered powder. Moreover, the fusing agent contains carbon black 

which increases energy absorption and fusion of particles within the consolidated 
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part; as a result, the bed temperature and infrared thermal energy intensity can be 

minimised. Therefore, the un-sintered feedstock powder is exposed to less harsh 

thermal conditions during MJF, relative to LS. Nevertheless, it would be beneficial to 

investigate the aging behaviour of PA-12, across an extended number of MJF build 

cycles, using a wider range of characterisation techniques. 

 

 

Figure 5.18 -  Locations 1, 2, and 3 illustrate the regions of the bed chamber that 
powder was sampled from at the end of each build. However, these fixed locations 
are somewhat arbitrary because variations in temperature within the build chamber 
will likely depend on the position of the printed parts, among other processing 
parameters. As such, further work is required to determine whether thermal gradients 
exist within MJF.  
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Table 5.5 - The effect of cumulative build time, and location within the MJF build chamber, on the thermal properties of PA-12 
powder when re-using HP 3D high reusability PA-12 across multiple build cycles with an 80:20 refresh ratio. Whereby build 
location is described in Figure 5.18. 

Build 
Number 

Cumulative 
Build time 

(hours)  

Cumulative build 
time including cool-

down (hours) 
Build 

location 
Peak melting 
temperature 

(°C) 
Crystallinity 

(%) 
Peak crystallisation 

temperature (°C) 

Virgin powder 0 0 - 185.7 (±0.09) 51 (±1.5) 142.0 (±0.19) 

1 13.01 26.02 

Pre-build 186.8 (±0.10) 50 (±0.8) 142.0 (±0.33) 
1 186.6 (±0.54) 49 (±2.6) 142.0 (±0.33) 
2 186.4 (±0.10) 51 (±1.9) 142.2 (±0.19) 
3 186.8 (±0.17) 50 (±1.4) 142.0 (±0.00) 

2 21.46 42.92 

Pre-build 186.8 (±0.00) 50 (±0.8) 142.0 (±0.33) 
1 186.9 (±0.42) 48 (±1.3) 142.0 (±0.00) 
2 186.6 (±0.10) 52 (±0.4) 142.3 (±0.00) 
3 186.8 (±0.17) 50 (±1.1) 142.0 (±0.00) 

3 37.11 74.22 

Pre-build 187.1 (±0.40) 49 (±2.4) 142.4 (±0.20) 
1 186.8 (±0.34) 49 (±2.1) 142.1 (±0.20) 
2 187.2 (±0.17) 48 (±1.9) 142.2 (±0.19) 
3 186.8 (±0.20) 49 (±1.6) 142.4 (±0.20) 

4 43.41 86.82 

Pre-build 187.1 (±0.10) 50 (±1.1) 142.1 (±0.10) 
1 187.0 (±0.17) 49 (±1.3) 141.9 (±0.19) 
2 187.3 (±0.77) 50 (±2.6) 141.6 (±1.1) 
3 186.5 (±0.00) 51 (±0.3) 142.1 (±0.20) 
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Figure 5.19 - Comparing the a) melting behaviour and b) crystallisation behaviour of 
HP 3D High Reusability PA-12 powder, and EOS PA2200 PA-12 powder, re-used 
across multiple MJF and LS build cycles, respectively.  
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5.7.3 Porosity Pearson correlation test 

Figure 5.20 further demonstrates the relationship between powder and part 

properties, as a function of powder re-use; increases in both avalanche angle and Tm 

tend to cause an increase in part porosity. The Pearson correlation table indicates 

that, with repeated powder re-use, the increase in aa has a more significant effect on 

part porosity (significant to the 0.01 level), whereas the increase in Tm does not have 

a statistically significant effect on part porosity. This relationship between powder and 

part properties supports the results shown in Figure 5.15 in section 5.5.3.  

 

 

Figure 5.20 - Displays the positive correlation between porosity and a) increased 
avalanche angle (aa), and b) increased melting temperature (Tm) as a function of 
build number.  
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6.1 Abstract  

Polymer powder bed fusion (PBF) is becoming increasingly popular for the 

fabrication of lightweight, high-performance parts, particularly for medical and 

aerospace applications. This study investigates the effect of powder re-use and 

material aging on the coalescence behaviour, melt flowability, and isothermal 

crystallisation kinetics of polyamide-12 (PA-12) powder. With increased powder re-

use, a progressive reduction in melt flowability and material coalescence is observed; 

at 200 °C, the particle consolidation time increases from 15 s in virgin powder to 180 

s in powder recovered from build 6. The observed changes in the behaviour of PA-12 

were attributed to polycondensation and cross-linking; these aging phenomena also 

create structural defects, which hinder the rate and extent of primary crystallisation. 

At an isothermal crystallisation temperature of 165 °C, the crystallisation half-time 

increased from 12.78 min in virgin powder to 23.95 min in powder re-used across six 

build cycles. As a result, the commonly used Avrami model was found to be 

unsuitable for modelling the crystallisation behaviour of aged PA-12 powder, with the 

co-efficient of determination (R2) reducing from >0.995 for virgin powder to as low as 

0.795 for re-used powder. On the other hand, an alternative method, the Hay model, 

is able to successfully track full phase transformation within re-used powder (R2 > 

0.99). These results highlight the importance of selecting the most appropriate model 

for analysing the crystallisation kinetics of PA-12 powder re-used across multiple 

build cycles. This understanding is crucial for obtaining the strong mechanical 

properties and dimensional precision required for the fabrication of functional, end-

use parts within PBF.  
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6.2 Graphical Abstract  
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6.3 Introduction  

Laser sintering (LS) is a subset of additive manufacturing (AM), whereby parts are 

fabricated layer by layer, from a powdered polymeric material, using a three-

dimensional computer-aided design (3D-CAD) geometry file [13-15]. LS of semi-

crystalline, thermoplastic materials, most commonly polyamide-12 (PA-12) [15, 21, 

23, 28, 38, 53], has become increasingly popular for low-volume production of end-

use parts. Application areas include medical (e.g., customised prothesis), aerospace 

(e.g., complex impellers), and retail (e.g., innovative insoles for trainers). 

LS can offer complex, customised parts with high dimensional precision. Another key 

advantage is lightweighting and the fabrication of parts with a high strength-to-weight 

ratio [13, 14, 16-18]. Given the climate crisis, it is becoming increasingly necessary 

for the manufacturing industry to transition toward more sustainable processing 

methods. The ability to produce lightweight parts, with sufficient mechanical 

properties, could be crucial in reducing fuel consumption and CO2 emissions, 

especially within aerospace applications. However, the mechanical and physical 

properties of thermoplastic polymers are heavily influenced by the crystallisation 

process and crystalline morphology [224]. This is of particular importance for critical 

end-use parts, such as aerospace components, where dimensional precision and 

mechanical performance are vital. During LS, crystallisation is associated with a 

volume reduction, which can affect the geometrical accuracy of the final part; non-

uniform crystallisation within parts can result in warpage, rendering the component 

unserviceable [127].  
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Polyamide-12 (PA-12) is the most common commercial polymer within laser 

sintering, and a key characteristic of this material is a large processing window [15, 

21, 38, 51]. This ensures that there is a substantial difference between the 

crystallisation temperature (Tc) and the melting temperature (Tm), preventing 

crystallisation occurring during the build and reducing the shrinkage process. 

However, the crystallisation kinetics of PA-12 are also heavily dependent on multiple 

processing parameters, such as temperature, time, cooling rate, pressure, and melt 

orientation [28, 112]. Furthermore, PA-12 is metastable and polymorphic, which can 

result in a multi-phase crystallisation process whereby, depending on temperature, 

PA-12 may transform into various different crystal phases [28]. From an industrial 

standpoint, understanding this behaviour is crucial because changes in the extent of 

crystallinity development, and type of crystalline morphology, can significantly affect 

the thermal and mechanical properties of a fabricated part [112]. 

Polymer crystallisation involves primary and secondary processes, which are often 

treated in isolation. Primary crystallisation is initiated when the polymer melt is cooled 

below Tm, via a process known as nucleation. Homogenous nucleation is where 

disordered molecules, within entangled amorphous polymer chains, are able to 

rotate, allowing small nuclei to form spontaneously throughout the polymer melt [87]. 

However, nucleation can also occur heterogeneously, whereby impurities present in 

the polymer system act as artificial primary nuclei [87]. Following the formation of 

stable nuclei, free rotation of flexible polymer chains allows chain folding and 

alignment into a lamellar structure, whereby adjacent crystalline blocks are separated 

by a mobile, inter-lamellar amorphous phase [89]. This results in the formation of 

spherulites, which grow radially from the nuclei until spherulite impingement, 
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indicating completion of the primary process. The rate of primary crystallisation is 

related to the degree of supercooling from the melt. At temperatures near the Tm, 

crystal growth is thermodynamically favoured so nucleation is limited, resulting in a 

relatively smaller number of nuclei that grow into large spherulites. The presence of 

large spherulites increases the strength of the polymer but also renders the material 

brittle, emphasising how an understanding of crystallisation kinetics can allow close 

control of material morphology and, subsequently, the mechanical properties of LS 

parts. 

Traditionally, it was considered that secondary crystallisation describes any further 

developments of crystallinity, which occur following impingement of spherulites, per-

mitting previously “non-crystallisable units”, which were unable to contribute to 

primary crystallisation, to integrate into the growing lamellae structure [97]. This can 

refer to lateral thickening of the crystalline lamella formed during primary 

crystallisation [96, 105, 146] and the growth of new, smaller crystal structures within 

the amorphous fraction through “infilling” [96, 105, 112] (Figure S1). During primary 

crystallisation, radial growth of lamellae generally occurs linearly with time until 

spherulite impingement [95]; however, an alternative kinetic mechanism is required to 

define the secondary process. Conventionally, a logarithmic increase in secondary 

crystallisation with time was reported [225-227], but more recently, it has been 

suggested that secondary crystallisation adheres to a root time dependence, which 

relates to a diffusion-controlled process [95-97, 146]. This theory was proposed by 

Hay, who also presented evidence for primary and secondary crystallisation 

occurring simultaneously, contradicting previous suggestions that the secondary 

process can only initiate following termination of primary crystallisation through 
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spherulite impingement [91]. Lamellae produced in the early stages of crystallisation, 

at the centre of the spherulite, were observed to be thicker than at the outer 

boundary, indicating that secondary crystallisation must occur within the spherulite as 

soon as lamellae are formed [95, 98].  

Another important consideration of LS is the requirement for significant amounts of 

support material, resulting in 80–90% of feedstock powder remaining un-sintered 

during each build. Therefore, to ensure the economic and environmental 

sustainability of the process, un-sintered powder remaining in the build chamber 

must be re-used in future builds [16, 26]. However, during each build, PA-12 is 

exposed to temperatures close to the material melting point for prolonged time 

periods, leading to aging and degradation, which affect the quality and re-usability of 

the material. At the powder bed temperature of ~170 °C, multiple aging processes, 

namely, polycondensation, secondary crystallisation, cross-linking, and chain 

scission, often occur concurrently [24, 162, 209]. To counteract the effect of these 

aging phenomena, it is common for the un-sintered (“used”) powder to be “refreshed” 

with virgin material before re-use in subsequent builds. As such, a refresh ratio is 

commonly used, which refers to the proportion of recycled to virgin powder, and 

typically ranges from 30–50% virgin powder [66, 209]. Nonetheless, within the LS 

industry, there is currently a limited understanding regarding the effect of re-using 

PA-12 powder across multiple build cycles on the crystallisation kinetics of PA-12 

powder. 

Previous studies have shown that aging and degradation have the potential to alter 

the crystallisation behaviour, melt flowability, and particle coalescence of PA-12 

powder. When polyamides are exposed to elevated temperatures, increased mobility 
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of amorphous regions can result in increased crystallinity via secondary 

crystallisation [24, 26, 168]. Multiple papers have reported that successive powder 

re-use, or simulated oven conditioning, causes a reduction in melt flow rate; this can 

be attributed to an increased cross-link density [23, 24, 168], or a rise in molecular 

weight (Mw), as a result of polycondensation [16, 23, 28, 38, 51]. In the context of LS, 

reductions in melt flowability can limit full coalescence of PA-12 particles. As LS 

occurs under atmospheric pressure, coalescence is particularly important because 

particle viscosity and surface tension become the driving force for complete 

consolidation and compaction of the powder layer [228]. Therefore, reductions in 

material coalescence can hinder the surface finish of LS parts [228] and cause 

increased part porosity, which often results in embrittlement of fabricated 

components [66, 150, 169]. However, there have been no previous investigations 

into the effect of powder re-use, aging, and virgin refresh rates on the isothermal 

crystallisation kinetics of PA-12 powder. As crystallisation is so crucial to fabricating 

LS parts with sufficient mechanical and structural properties, this research is 

necessary to help reveal more information about the behaviour of un-sintered powder 

and its suitability for re-use in future builds. 

There are multiple models that aim to best illustrate the isothermal crystallisation 

kinetics of polymers. The Avrami model undoubtedly remains the most popular iso-

thermal crystallisation model and has been used frequently to explain the 

crystallisation kinetics of various polyamides [229-231], including LS grade PA-12 

powder [28, 127, 129, 162]. However, despite widespread use, the Avrami model has 

been criticised due to a number of limitations [131]. In practice, the Avrami model is 

only suitable for modelling primary crystallisation and is unable to accurately describe 
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the latter stages of crystallisation that follow spherulite impingement. As such, Avrami 

often returns non-integer values for the Avrami exponent, which provides limited 

information regarding the mechanism for nucleation and growth [91, 95, 232]. The 

Avrami model also fails to account for an induction time, and differential scanning 

calorimetry (DSC) often returns incomplete exotherms, leading to integration errors 

and inaccurate data [131]. These limitations have led various authors to propose 

alternative models that aim to resolve these problems by modifying the existing 

Avrami equation. These include, but are not limited to, the simplified Hillier [136], 

Tobin [138], Malkin [143], and Hay models [93, 96, 128, 146].  

Previous work has begun to explore the isothermal crystallisation kinetics of PA-12 

powder in the context of laser sintering [127, 129, 233]. A study from Neugebauer et 

al. explored both the isothermal and non-isothermal crystallisation kinetics of 

polyamide-12 used within LS [127]. This study intended to emulate the laser 

exposure found within the LS procedure. However, they used a cooling rate of only 

40 °C/min to reach the target isothermal temperature, which is likely slower than the 

rate of cool-down that the powder experiences after laser scanning. Similarly, this 

rate may not be quick enough to prevent crystallisation initiating during cooling prior 

to the isothermal step. Zhao, Wudy, and Drummer explored the isothermal 

crystallisation kinetics of PA-12 between 160 °C to 168 °C, using a faster cooling rate 

of 60 °C/min. They observed that the Avrami model can only accurately fit 70% of the 

full crystallisation process; beyond this point, the experimental data deviate away 

from the modelled curve. However, their work was limited to the Avrami model alone, 

and the various alternative models were not considered [129].  Furthermore, these 
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papers do not explore the effect of powder re-use, and subsequent material aging, on 

the isothermal crystallisation kinetics of PA-12. 

Paolucci et al. investigated the influence of aging on the crystallisation kinetics of PA-

12 powder [28]. Virgin PA-12 powder was stored at a range of temperatures for 

extended time periods, in a nitrogen flushed oven, to replicate the conditions of a LS 

build chamber. Thermal treatment resulted in polycondensation, indicated by 

increases in Mw and melt viscosity. Fast scanning calorimetry experiments on the 

“annealed” PA-12 samples suggested that powder aging does not affect crystal 

nucleation but causes a reduction in the crystal growth rate of PA-12. Nevertheless, it 

was reported that this reduction in crystallisation kinetics only occurred in a specific 

temperature range between 100 °C to 150 °C, which is below the expected powder 

bed temperature during LS. Also, oven storage cannot directly replicate complex 

powder re-use procedures, such as the use of refresh ratios, which restricts the 

industrial relevance of their work. 

This paper investigates the coalescence behaviour, melt flowability, and sintering 

kinetics of PA-12 powder in order to identify the key aging processes occurring when 

feedstock material is re-used across multiple LS build cycles with a 70:30 refresh 

ratio. Via differential scanning calorimetry experiments, the effect of powder re-use, 

and subsequent aging processes, on the isothermal crystallisation kinetics of PA-12 

is quantified and modelled using the traditional Avrami model. Furthermore, to the 

best of the authors knowledge, the applicability of alternative models, namely, 

simplified Hillier, Tobin, Malkin, and Hay, to describe the crystallisation behaviour of 

LS grade PA-12 powder is yet to be determined. As such, this work also uses non-

linear regression analysis to determine the suitability of each of these models for 
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describing the isothermal crystallisation behaviour of virgin and re-used (aged) PA-12 

powder. Finally, the most appropriate model for analysing the crystallisation kinetics 

of virgin PA-12 powders, and PA-12 feedstock re-used in up to six LS build cycles, is 

proposed. 

 

6.4 Experimental Method 

Prototal UK Ltd. (Newbury, UK) provided industrial grade virgin PA-12 (PA2200) 

powder (EOS GmbH, Krailling, Germany) and refreshed PA-12 powder samples that 

had been re-used in up to 7 laser sintering builds, using a refresh ratio of 70:30 

(used: virgin) for each build cycle. In this study, virgin powder and powder re-used in 

2, 4, and 6 build cycles were analysed. These are referred to as used 2, used 4, and 

used 6, respectively. 

6.4.1  Powder Characterisation 

6.4.1.1 Hot-Stage Microscopy (HSM) 

The effect of powder re-use on the melting and coalescence behaviour of PA-12 

powder was visualised using a Keyence 4K digital microscope (Keyence UK Ltd., 

Milton Keynes, UK), equipped with a Linkam THMS600 heating stage and a Linkam 

TMS 94 temperature controller (Linkam Scientific Instruments Ltd., Redhill, UK). To 

investigate the coalescence behaviour, virgin and re-used powders were heated from 

25 °C to 220 °C at 10 °C/min, and samples were viewed using a microscope 

magnification of 300X. Alternatively, for the isothermal particle “sintering” experiment, 

samples were heated from 25 °C to the sintering temperature (195 °C, 200 °C, 205 
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°C) at 150 °C/min and held at that temperature for 5 min. In this case, to focus on two 

individual powder particles, the magnification was 1000X. 

6.4.1.2 Differential Scanning Calorimetry (DSC) – Isothermal 

Crystallisation 

A Mettler Toledo differential scanning calorimeter, DSC 1 (Mettler Toledo, 

Schwerzenbach, Switzerland) calibrated with zinc (Tm 419.5 °C, ΔHf 107.5 Jg-1) and 

indium (Tm 156.6 °C, ΔHf 28.45 Jg-1), was used to determine the isothermal 

crystallisation kinetics of the PA-12 powder. Powder samples (6 ± 0.5 mg), were 

placed into Mettler Toledo 40 μL aluminium DSC pans, capped with aluminium lids, 

and sealed with a press. All experiments were conducted under a nitrogen flow rate 

of 100 cm3/min, and a pinhole was placed in the top of each DSC pan. A Huber 

TC100 immersion cooler (Huber Kaltemaschinenbau AG, Offenburg, Germany) 

provided temperature control for extended isothermal segments. 

The DSC protocol involved isothermal experiments from the molten state, also known 

as melt-crystallisation. In each DSC experiment, samples were heated at 30 °C/min 

to 220 °C and held for 3 min to eliminate any residual crystals. They were then 

cooled at 70 °C/min to the designated isothermal Tc (162 °C to 169 °C) and held for 

up to 420 min. The cooling rate of 70 °C/min is the maximum capability of the DSC-1 

system and was selected to try and prevent any crystallisation initiating on the cool-

down. Following the isothermal hold, samples were immediately re-heated to 220 °C 

at 10 °C/min to analyse the effect of isothermal temperature on the polymers melt 

behaviour. The heat of fusion (ΔHf) was determined from the melting peak and used 
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to calculate percentage crystallinity (Xc) using Equation 6.1, whereby ΔHf
0 = 209.3  

Jg-1 (100% crystalline PA-12) [15].  

 Xc (%) =  
∆Hf

∆Hf
0  × 100 (Equation 6.1) 

To investigate the isothermal crystallisation kinetics of virgin powder and material re-

used in 2, 4, and 6 LS build cycles, raw data from the isothermal DSC segment was 

extracted and the change in heat flow, as a function of time, measured. This raw 

data, after being subjected to baseline and induction time corrections, was used to 

analyse and compare the Avrami [133], simplified Hillier [136, 137] , Tobin [138], and 

Malkin [143] models (section 2.4.1 - Table 2.1). To enable visual comparison with the 

Hay model [95, 144], cumulative crystallinity data were converted to true fractional 

crystallinity using Equation 6.2.  

𝑭𝒓𝒂𝒄𝒕𝒊𝒐𝒏𝒂𝒍 𝒄𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒊𝒕𝒚 =   
𝑪𝒖𝒎𝒖𝒍𝒂𝒕𝒊𝒗𝒆 𝒂𝒓𝒆𝒂 𝒖𝒏𝒅𝒆𝒓 𝒕𝒉𝒆 𝒆𝒙𝒐𝒕𝒉𝒆𝒓𝒎 (𝑾𝒔𝒈−𝟏)

𝑯𝒆𝒂𝒕 𝒐𝒇 𝒇𝒖𝒔𝒊𝒐𝒏 (𝑱𝒈−𝟏)
 

(Equation 6.2) 

Following the isothermal crystallisation experiments, the crystallisation kinetic 

parameters were estimated from traditional double log plots for the Avrami, simplified 

Hillier, Tobin, and Hay models, whilst the Malkin parameters were established from 

the Avrami results. Using SPSS software (IBM, Portsmouth, UK), the calculated 

parameters were then employed with each model to produce fractional crystallinity 

versus time plots. The fit of these plots was compared with experimental data and 

analysed using visual evaluation, as well as values for the coefficient of 

determination (R2) and standard error of regression, s (Equation 6.3).  
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 𝒔 =  √∑(𝑿𝒕− 𝑿′
𝒕)𝟐

𝒏−𝟐
 (Equation 6.3) 

Where s is the standard error of regression, Xt is experimental fractional crystallinity, 

X′t is the modelled fractional crystallinity, and n is the number of data points. 

Additionally, SPSS was utilised to generate curve fittings for each model using non-

linear regression. This produced multivariable kinetic parameters, which were also 

used to produce fractional crystallinity curves and analysed via the same methods. 

These various statistical analysis techniques were applied to understand the 

applicability of each model as a function of aging state; as such, the most suitable 

model for both virgin and re-used PA-12 powder was determined. 

 

6.5 Results and Discussion 

6.5.1 The Effect of Powder Re-Use on Sintering and Coalescence 

Behaviour of PA-12 

The melt flowability and coalescence behaviour of PA-12 powder is a useful indicator 

of powder quality because it can have a significant effect on the structural and 

mechanical properties of final LS parts. Nonetheless, the use of hot-stage 

microscopy for characterising recycled polymeric powder is less common than other 

techniques such as DSC or melt-flow index. In this study, HSM showed a reduction in 

melt flowability and material coalescence as a function of powder re-use (Figure 6.1). 

Upon heating, virgin powder particles remain solid until at least 180 °C; however, by 

190 °C, melting has already begun, and at 195 °C, the material is in an entirely 

molten state. Therefore, melting of virgin material occurs sharply with a moderate 
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melting point range. The molten polymer can flow easily without restriction; by 210 

°C, there is minimal free volume remaining within the sample, which represents an 

increased coalescence rate and good melt flowability. However, with increased 

powder re-use, melting initiates at progressively higher temperatures (indicated by 

the theoretical yellow arrow in Figure 6.1) and over a notably broader temperature 

range. This is further shown by DSC experiments, where an increased peak Tm and 

Tm range is observed as a function of build number (Figure S2). In used powder 

samples, consolidation of the molten material is limited, even at temperatures as high 

as 210 °C, suggesting a significant decrease in powder coalescence and melt 

flowability. Similarly, in used 4 and 6 powder samples, un-molten particle cores are 

present at 200 °C and 210 °C, respectively, indicating that increased powder re-use 

could lead to incomplete melting during the sintering process. 

Successive re-use of PA-12 powder in LS builds could result in polycondensation, an 

aging process that causes macromolecular chain growth via reactions of free-chain 

end groups (Figure S3). Ultimately, this often results in a significant increase in Mw 

[15, 21, 26, 53, 65] and melt viscosity, which hinders the flowability of the molten 

phase [17, 24, 28, 38, 41]. For example, Sillani et al. calculated that the molecular 

weight of recycled PA-12 powder (50:50 refresh ratio) was 163% greater than virgin 

powder after only one build cycle [15]. Similarly, Wudy and Drummer used gel-

permeation chromatography to show that the Mw of PA-12 powder almost doubles 

after re-use for five build cycles [26]. In both cases, the increase in Mw was attributed 

to the polycondensation process. Furthermore, storage of PA-12 powder at elevated 

temperatures during LS can cause intermolecular cross-linking, leading to the 

formation of “tie-chains” within the polymer structure (Figure S1). A tie chain 



Chapter 6  – Isothermal crystallisation kinetics of re-used PA-12 powder 

  

 
179 

represents a portion of a disordered molecule, which is able to traverse the free 

space between adjacent crystalline lamellae unobstructed [74]. This forms a 

connection between lamellae structures, restricting the mobility of the inter-lamellae 

amorphous chains, leading to increases in melt viscosity [23, 66, 168]. As a result, 

cross-linking may also contribute to the observed reduction in melt flow and particle 

coalescence. 

 

 

Figure 6.1 - Powder melting and coalescence behaviour of virgin and used powder, 
observed using hot stage microscopy by heating samples at a constant heating rate 
of 10 °C/min. The theoretical yellow arrow indicates the change from particle 
softening to melting and coalescence during heating; yellow circles provide examples 
of incomplete melting and the presence of un-molten particle cores. 
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The change in coalescence behaviour of PA-12 powder is also evident in Figure 6.2. 

In virgin material, at a constant ‘sintering’ temperature of 200 °C, two separate 

particles can combine to form one ‘fused’ particle within 10 s, exhibiting fast 

coalescence. However, in used powder, at the same temperature of 200 °C, particle 

coalescence is much slower. With increased powder re-use, a progressively higher 

thermal exposure time is required to ensure consolidation of the two particles, 

emphasising a reduction in the flowability and coalescence of the molten material. 

This experiment was also repeated at temperatures of 195 °C and 205 °C (Figure 

S4). The coalescence rate of PA-12 powders, as a function of powder re-use and 

isothermal temperature, was quantified using relative roundness, which describes the 

time it takes for two separate particles to merge into one “combined” particle (Figure 

6.3). Relative roundness (Equation 6.4) is measured using ImageJ and provides a 

qualitative, dimensionless value, whereby 0.0 relates to two separate particles and 

1.0 correlates to a fully consolidated, single, ‘round’ particle. 

 4 × 
[Area]

π × [Major axis]2 (Equation 6.4)  

The data presented in Figure 6.3 demonstrate that the coalescence behaviour is 

heavily dependent on temperature. Independent of powder type, with increased hold 

temperature, the rate of particle coalescence increases. For example, at 205 °C, 

powder recovered from build 6 reaches a relative roundness of 1.0 after only 120 s, 

significantly faster than the 250 s required at a temperature of 195 °C for the same 

powder type. However, relative roundness is also affected by powder re-use. At all 

temperatures, the coalescence time for virgin powder is less than 15 s, but with 
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increased build number, the time required for full particle coalescence progressively 

rises.  

 

Figure 6.2 - The coalescence behaviour, at 200 °C, of two virgin powder particles, 
and powder recovered from different LS build cycles. 
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Figure 6.3 - The relative roundness of two powder particles coalescing into one 
consolidated, melted ‘particle’ as a function of time when holding at coalescence 
temperatures of (a) 195 °C, (b) 200 °C, and (c) 205 °C. 
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If the results shown in Figure 6.1, Figure 6.2, and Figure 6.3 are contextualised to the 

scale of a laser sintering build chamber, then the impact of reduced melt flowability 

and restricted coalescence become increasingly relevant. Assuming that build 

processing parameters remain constant, the higher melting points of used powder 

(Figure 6.1) may cause incomplete melting during the sintering process, resulting in 

the presence of un-molten particle cores [38, 168]. In addition, the influence of 

temperature on the coalescence behaviour of virgin and re-used powder is significant 

when considering the layer-by-layer nature of the LS process. To ensure sufficient 

coalescence of particles within each layer, and vertically between layers, a high melt 

flowability is required. However, as the number of layers for a particular component 

progressively increases, the bottom layers of that part become further away from the 

heat-source, causing a decrease in the localised temperature. Similarly, it is possible 

for large temperature gradients to form within a LS build chamber [61, 168]. Figure 

6.3 demonstrated that reductions in temperature, and increased powder re-use, 

hinder the rate of particle coalescence. As such, there may be limited thermal 

energy, or insufficient time, for complete coalescence in the lower layers of the build 

chamber, which prevents full interlayer bonding and increases pore density within 

vertically orientated parts. This could contribute to the anisotropic behaviour often 

observed in LS parts, whereby vertically orientated samples have the weakest tensile 

strength and are the most brittle [53,57]. Overall, un-molten particles and reduced 

melt flow rate cause reduced material coalescence, resulting in surface defects 

(orange peel) [228] and increased porosity [66, 169, 234] within parts fabricated from 

re-used powder. Increased porosity reduces part strength and induces embrittlement 
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[66, 150], which could render LS parts un-fit for purpose, particularly in critical end-

use applications.  

 

6.5.2 The Effect of Powder Re-Use on Crystallisation Behaviour of 

PA-12 

The mechanical and physical properties of LS parts are also heavily dependent on 

the crystallisation process and the crystalline morphology that develops. Therefore, 

isothermal crystallisation experiments were conducted using DSC to understand the 

effect of powder re-use and subsequent aging processes on the crystallisation 

behaviour of PA-12. During these experiments, values for absolute crystallinity, 

measured from the isothermal crystallisation exotherm, and peak melting 

temperature, recorded on the immediate re-heat after the isothermal hold, were 

obtained (Figure 6.4). Independent of powder aging state, with increased isothermal 

Tc, there is an increase in peak melting temperature because diffusion and growth 

dominate nucleation, so thicker and more perfect lamellae can develop [84, 129]. 

More importantly, at each isothermal crystallisation temperature, used powder 

samples display a higher Tm than the respective virgin sample, indicating that powder 

re-use increases melting temperature. Previous literature suggests that an increase 

in the Tm of polyamides can be caused by polycondensation [16, 24, 41], secondary 

crystallisation [23, 26, 159], and cross-linking [24, 160]. However, the increases in Tm 

observed in this experiment cannot be explained by secondary crystallisation 

because all traces of crystallinity are removed on the heating segment prior to the 

isothermal hold. On the other hand, although polycondensation is typically a 
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reversible reaction, an LS build chamber combines high temperatures with an inert 

atmosphere, which forces the reaction towards continuous water removal. As such, 

under the conditions present during LS, un-sintered PA-12 powder is effectively 

exposed to a non-reversible polycondensation reaction. Cross-linking is also 

irreversible, so both of these processes cause permanent structural changes to PA-

12. As such, polycondensation and cross-linking appear to be the dominant cause for 

the observed increase in Tm with successive powder re-use, and this may have 

significant consequences for the quality of final LS parts, as explained in section 

6.5.1.  

 

Figure 6.4 - The change in absolute crystallinity (columns), measured from the 
exothermal crystallisation peak, and peak melting temperature (lines), measured on 
the subsequent re-heat, as a function of isothermal crystallisation temperature for 
virgin and used powder samples. 
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Additionally, for isothermal Tc’s between 162 °C to 167 °C, crystallinity development 

is higher within virgin powder samples than re-used material, which provides further 

evidence for the occurrence of polycondensation and cross-linking during LS (Figure 

6.4). These aging processes result in structural defects, which reduce chain mobility 

and prevent amorphous fractions from re-ordering. This hinders the crystallisation 

process, resulting in reduced crystallinity development within used powder samples 

during isothermal crystallisation. The reported values for crystallinity were calculated 

using the enthalpy of crystallisation (ΔHc) from the isothermal crystallisation 

exotherm. To ensure that no reorganisation processes were occurring during re-

heating, enthalpy of fusion (ΔHf) was also measured from the melting endotherm, 

and, within the limits of experimental variability, the change in ΔHf is equal to the 

change in ΔHc (Figure S5). This confirms that the observed changes in thermal 

properties and crystallisation behaviour, as a function of powder re-use, were a result 

of aging rather than crystal reorganisation during re-heating. Furthermore, the most 

significant increase in Tm, and the largest reduction in crystallinity, occurs over the 

first two build cycles (Figure 6.4). For example, at an isothermal Tc of 162 °C, there is 

a 3.45% reduction in absolute crystallinity between virgin powder and material 

recovered from build 2; similarly, Tm increases by 0.9 °C. However, these changes 

are followed by a plateau, whereby the difference across the next four build cycles is 

minimal. It has been suggested previously that polycondensation occurs more rapidly 

in thermally unstressed material, i.e., virgin PA-12 powder; in used, aged powder, 

further chain growth is hindered by a reduced availability of end groups [18, 21, 24, 

234]. 
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It is generally agreed that the glass transition temperature (Tg) of linear polymers is 

dependent upon the average Mw of the system; polymers with a greater Mw usually 

have a higher Tg [235-238]. This relationship is related to the free-volume present in 

the system, whereby a reduction in free volume limits the mobility of amorphous 

chains, therefore causing an increase in Tg [161, 235]. Polycondensation [15, 21, 26, 

53, 65] and cross-linking [23, 24, 66] are both thought to increase the Mw of PA-12. 

These aging processes also cause an increase in cross-link density, which 

decreases the free-volume present in the inter-lamellae amorphous phase. With 

increased powder re-use, there is an increase in the onset and midpoint of Tg, thus 

suggesting an increase in Mw (Figure 6.5). This provides further evidence of 

polycondensation and cross-linking occurring with successive re-use of PA-12 within 

LS. 

 

Figure 6.5 - a) With increased powder re-use, there is a shift in Tg to higher 
temperatures (represented by arrow), as recorded by DSC; b) shows the increase in 
Tg onset (blue datapoints) and Tg midpoint (gray datapoints), whereby Tg is 
measured using the Richardson approach, and the plotted values are taken as an 
average from 10 repeats. 
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6.5.3 Avrami Analysis of Isothermal Crystallisation 

Section 6.5.1 and section 6.5.2 have provided evidence that shows polycondensation 

and cross-linking are the key aging processes occurring when PA-12 is recycled 

across multiple LS builds. In addition to hindering material coalescence, reducing 

melt flowability, and decreasing the extent of crystallinity development, these 

processes also influence the rate of isothermal crystallisation of PA-12. Avrami is the 

most commonly used kinetic model for describing the crystallisation behaviour of 

polymeric materials. However, the effect of powder re-use, and related aging 

processes, on the applicability of the Avrami model is yet to be determined. 

Therefore, isothermal crystallisation experiments were conducted, for each powder 

type, in the temperature range of 162 °C to 169 °C, and the raw data are presented in 

Figure S6. In both virgin and used powder, as the Tc increases, there is a reduction in 

the rate of crystallisation, as reported previously [127, 129, 233]. Using the Avrami 

model, the raw DSC data were converted into double log plots, whereby the 

experimental data are limited to primary crystallisation alone (Figure S7). Data are 

restricted to the linear region so that the Avrami crystallisation kinetic parameters, n 

and k, can be accurately estimated from the gradient and y-intercept, respectively. 

The estimated kinetic parameters are displayed in Table S1. This data was used to 

create the plots presented in Figure 6.6, highlighting that with increased powder re-

use, there is a reduction in the crystallisation kinetics of PA-12. Used powder was 

found to have a greater crystallisation half-life (t ½) than virgin material (Figure 6.6a), 

indicating a reduction in the rate of crystallisation due to morphological changes 

caused by polycondensation and cross-linking. Chain entanglements, knots, and 

permanent, non-reversible tie-chains create disorder and steric hindrance, reducing 
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the number of stable nuclei, which can form within the polymer system. These 

structural changes also restrict chain mobility and prevent chains from re-ordering 

into a crystalline structure. As such, the rate of both nucleation and growth 

decreases, reducing the crystallisation kinetics and overall extent of crystallinity 

development. The reduction in crystallisation rate is further shown in Figure 6.6b, 

which, particularly for lower isothermal Tc’s, displays a reduction in the Avrami rate 

constant, ka. 

 

Figure 6.6 - The change in (a) crystallisation half-life and (b) Avrami rate constant (ka) 

as a function of isothermal crystallisation temperature for each powder type. 

 

To better understand the effect of powder re-use on the crystallisation behaviour of 

PA-12 powder at every isothermal crystallisation temperature, the kinetic parameters 

(na and ka) presented in Table S1 were applied to create multiple relative cumulative 

crystallinity curves using the Avrami equation (Figure.6.7). These plots track the 

progression of phase transformation as a function of time for each powder type, 

providing information about the crystallisation process and the fit of the Avrami 

model. In virgin powder, at every crystallisation temperature, the experimental data 
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form a typical sigmoidal curve. Initially, there is a crystallisation induction time, 

followed by accelerated primary crystallisation at a constant rate before retardation of 

the crystallisation process. In the latter stages of crystallisation, the rate of change in 

relative crystallinity with time is very small, and a pseudo-equilibrium level of 

crystallinity is obtained, which represents completion of the process [74]. In virgin 

material, the Avrami model almost parallels the experimental data (Figure.6.7a), and 

the constant, linear increase in crystallinity, as a function of time, continues until an 

almost complete phase transformation. This illustrates that the crystallisation 

behaviour of virgin PA-12 powder adheres to the Avrami model, and termination 

proceeds via spherulite impingement. This is further supported by co-efficient of 

determination (R2) values of >0.995 for the virgin samples (Table S2).  
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Figure.6.7 - Relative crystallinity vs. time curves, created from both experimental data 
and the Avrami model within SPSS for (a) virgin powder and used powder collected 
from build (b) 2, (c) 4, and (d) 6. 

 

However, the used powder experimental data deviate away from the Avrami model at 

significantly lower levels of phase transformation. This is most clearly visualised in 

Figure.6.7b, whereby, at multiple isothermal Tc’s, used powder recovered from build 

2 only conforms to the Avrami theory for up to ~60–70% of transformation. Beyond 

this point, there are considerable deviations, and the crystallisation rate reduces 

significantly. A similar trend is observed in used powder recovered from builds 4 and 

6; however, the difference between the experimental data and the Avrami model is 
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most significant with used 2 powder. This is also reflected by the R2 values for used 

material (Table S2), which are substantially lower than virgin samples, indicating that 

the Avrami theory can only accurately model a portion of the crystallisation process 

within aged powder. 

Previous work from Mandelkern et al. suggests that deviations from the Avrami 

expression occur as Mw increases [161, 239]. The influence of Mw may explain why, 

within re-used powder, the Avrami expression can accurately explain the early stages 

of crystallisation but fails as phase transformation progresses. The observation that 

Avrami is unable to fit the experimental data at higher levels of phase transformation 

indicates that the crystallisation process is no longer obliging to the Avrami theory of 

termination via spherulite impingement [161]. Instead, other factors, such as 

microstructural defects, must become involved as crystallisation progresses. This 

paper has provided significant evidence to suggest that polycondensation and cross-

linking occur when PA-12 powder is re-used across multiple LS build cycles. Both 

processes cause an increase in Mw, which alters the morphology and microstructure 

of the polymer; therefore, they are the most likely cause for the observed deviation 

from the Avrami model in used powder samples. Polycondensation and the 

lengthening of non-crystalline amorphous polymer chains causes an increase in the 

concentration of permanent structural defects, such as chain entanglements and 

knots, which are unable to participate in the crystallisation process. Similarly, 

intermolecular cross-linking results in tie-chains, and these structures cannot be 

reversed or dissipated during melting or crystallisation. Therefore, there are fewer 

crystallisable units available within the polymer system, and the rate of nucleation 

and growth cannot continue at the assumed constant rate. Therefore, at this stage, 
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there is no longer a linear increase in relative crystallinity as a function of time, so the 

progression of primary crystallisation is impeded [161], causing the experimental data 

to deviate away from the Avrami model at earlier stages of phase transformation. 

Furthermore, the level of deviation is most significant in powder recovered from build 

2, which can be explained by the suggestion that polycondensation occurs more 

readily within thermally unstressed material. This supports the crystallisation 

behaviour displayed in Figure 6.4, whereby the largest change in crystallinity 

development and Tm occurred over the first two build cycles, before a plateau was 

observed. 

6.5.4 Modelling the Crystallisation Kinetics of Re-Used PA-12 

Powder 

Although the most commonly used model for analysing the isothermal crystallisation 

kinetics of polymers, the Avrami theory can only accurately model a portion of the 

crystallisation process within aged material. Consequently, Avrami is unsuitable for 

modelling the overall crystallisation behaviour of re-used PA-12 powder, and a more 

appropriate model is required for used, aged powder. As explained in section 6.4.1.2, 

the Avrami, simplified Hillier, Tobin, and Hay crystallisation kinetic parameters were 

obtained from traditional double log plots, whilst the Malkin parameters were 

calculated from Avrami data (Table S3, Table S4, and Table S5). To investigate the 

suitability of each kinetic model as a function of powder re-use, SPSS software 

determined the fit of these kinetic parameters to the experimental data for each 

powder type at a constant crystallisation temperature of 165 °C (Figure 6.8). In this 

case, all cumulative data were converted to actual fractional crystallinity using 

Equation 6.2. A temperature of 165 °C was selected because it is in the middle of the 
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crystallisation temperature range studied, so there is a compromise in terms of 

crystallisation rate. This ensures that crystallisation does not occur too rapidly, yet 

fast enough that the small changes in heat flow, with time, can still be consistently 

measured accurately. Nonetheless, similar behaviour was observed at every 

isothermal crystallisation temperature. 

In virgin powder, the Avrami model sufficiently describes the full crystallisation 

process, emphasised by an R2 value of 0.999, whilst the simplified Hillier and Malkin 

models also produce high R2 values. Since virgin powder has not been exposed to 

aging processes, the experimental data do not deviate away from the constant 

primary crystallisation rate assumed within the Avrami model. Conversely, the Hay 

and Tobin models have lower R2
 values and are unable to accurately track the whole 

crystallisation process. Therefore, the traditional Avrami theory is the most suitable 

model for describing the crystallisation behaviour of virgin LS-grade PA-12 powder. 

On the other hand, Figure 6.8 emphasises that Avrami is unable to precisely model 

the full phase transformation for re-used PA-12 powder, supporting the results shown 

in Figure.6.7. The Avrami equation sufficiently defines primary crystallisation; 

however, it cannot accurately track the region where the rate of change in fractional 

crystallinity significantly reduces. As such, relative to virgin PA-12 powder, the Avrami 

model has substantially lower R2 values for re-used powder. 

As mentioned in section 6.5.3, deviations away from the Avrami model, within used 

powder, occur when primary crystallisation becomes limited due to restricted mobility 

of long, entangled, and knotted polymer chains. As such, re-used powder contains 

more “non-crystallisable units” that are unable to contribute to the primary process, 

so the rate and extent of primary crystallisation reduces. Therefore, for full phase 
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transformation to occur, a greater contribution from secondary crystallisation is 

required. It is thought that secondary crystallisation is a thickening process that 

adheres to either a log [225-227] or a root time [97, 128] dependence, so it occurs 

relatively slowly compared to primary crystallisation. For the secondary process to 

occur, rearrangement of relatively immobile, highly entangled inter-lamellar 

amorphous regions is required. Additionally, polycondensdation and cross-linking 

also reduce the rate of secondary crystallisation as lamellar thickening becomes 

restricted by diffusion of structural defects away from the lamellar growth front [146]; 

this further increases the time required for full phase transformation within re-used 

powder samples. Hay suggested that the overlap of primary and secondary 

crystallisation explains the non-integer n values commonly observed when using the 

Avrami equation in polymer crystallisation [95, 144]. Hay also presented evidence to 

demonstrate that primary and secondary processes occur simultaneously [95, 98, 

144], so the Hay model is designed to include contributions from both primary and 

secondary crystallisation throughout the entire curve. As a result, Hay’s model is the 

most effective for describing the full crystallisation behaviour of used powder 

because it can accurately estimate the latter stages of crystallisation when the 

contribution from the secondary process is more significant. This is emphasised by 

the high R2 values reported when modelling the isothermal crystallisation of used 2, 

used 4, and used 6 datasets with the Hay theory (Figure 6.8). Using SPSS software, 

the experimental data were also curve-fitted to each respective model via nonlinear, 

multivariable regression analysis (Figure 6.9). These curves revealed almost identical 

results and similar R2 values for both virgin and re-used powder. This further 

demonstrates that although the Avrami model is suitable for modelling the behaviour 
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of virgin PA-12 powder, the Hay model is most appropriate for describing the full 

crystallisation process within re-used, aged material. 

 

 

Figure 6.8 - Comparison of the Avrami, simplified Hillier, Tobin, Malkin, and Hay 
models with experimental data obtained for PA-12 at 165 °C for each powder type. 
Fractional crystallinity curves were fabricated by inputting the crystallisation kinetic 
parameters (Table S3, Table S4, and Table S5) into the corresponding models. 
Superimposed on each plot is a key and the respective co-efficient of determination 
(R2) value for each model, * represents the model with the highest R2 in each plot.  
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Figure 6.9 - Nonlinear multivariable curve fitting of the Avrami, simplified Hillier, 
Tobin, Malkin, and Hay kinetic models to the isothermal crystallisation of PA-12 at 
165 °C for each powder type. Superimposed on each plot is a key and the respective 
co-efficient of determination (R2) value for each model,* represents the model with 
the highest R2 in each plot.  

 

 

A more comprehensive approach for comparing different models is to consider the 

standard error of regression, s, (Equation 6.3) for four individual areas of the 

cumulative fractional crystallinity curve, whereby the lower the s value, the better the 

fit between the model and experimental data. These four regions resemble the initial 

stages of crystallisation, the region dominated by primary crystallisation, a transition 

segment, and the secondary crystallisation region. Other than the initial stage (0 < Xt 

< 0.1), the exact Xt values for each region varies depending on powder type. This 

method of analysis allows the suitability of each model to be compared at different 
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stages of the crystallisation process. The data presented in Table 6.1 show that 

within virgin powder, all models have low s values for the initial and primary regions 

of crystallisation, suggesting that each model can accurately describe the 

crystallisation induction period and primary crystallisation process. However, only the 

Avrami and Malkin models could successfully model the transition and secondary 

crystallisation regions. This is because in virgin powder, primary crystallisation 

dominates, and there is limited involvement of the secondary crystallisation process. 

The Hay model, for example, expects a rise in fractional crystallinity due to secondary 

crystallisation; in reality, as the primary process is not limited by hindered chain 

mobility, almost full phase transformation occurs without much input from the 

secondary process. As such, the s values shown in Table 6.1 emphasise that the 

Avrami (and Malkin) models provide the closest fit to the experimental data for each 

stage of the crystallisation process in virgin powder. 
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Table 6.1 - Standard error of regression for each isothermal crystallisation kinetic model over four selected regions of the 
cumulative fractional crystallinity curve. S values < 0.005 are highlighted green to emphasise the models that best fit the 
experimental data for each region and powder type – note that in used powder samples the Hay model displays the lowest S 
values, particularly for the secondary region.  

Powder 

Type 
Region 

Xt 

Range 

Avrami Simplified Hillier Tobin Malkin Hay  

DLP CF DLP CF DLP CF DLP CF DLP CF 

Virgin 

Initial 0.0–0.1 0.0003 0.0011 0.0003 0.0003 0.0004 0.0052 0.0044 0.0034 0.0009 0.0058 

Primary 0.1–0.8 0.001 0.002 0.0016 0.0004 0.0286 0.0064 0.0018 0.0017 0.002 0.0109 

Transition 0.8–0.95 0.0053 0.002 0.0013 0.0008 0.0527 0.0049 0.0007 0.0012 0.0101 0.0173 

Secondary 0.95–1.0 0.0024 0.0019 0.0077 0.0077 0.0232 0.0032 0.0006 0.0005 0.0212 0.0135 

Used 2 

Initial 0.0–0.1 0.002 0.01 0.003 0.002 0.003 0.005 0.002 0.008 0.002 0.006 

Primary 0.1–0.7 0.037 0.012 0.029 0.002 0.032 0.01 0.037 0.007 0.011 0.011 

Transition 0.7–0.9 0.026 0.013 0.009 0.002 0.02 0.01 0.023 0.009 0.009 0.007 

Secondary 0.9–1.0  0.013 0.013 0.022 0.022 0.01 0.008 0.013 0.008 0.002 0.003 

Used 4 

Initial 0.0–0.1 0.0012 0.0149 0.0008 0.0016 0.0004 0.0201 0.0058 0.0123 0.0076 0.0019 

Primary 0.1–0.7 0.0121 0.0186 0.0257 0.0018 0.0041 0.024 0.0045 0.0113 0.0225 0.0023 

Transition 0.7–0.9 0.0293 0.0226 0.014 0.0058 0.0254 0.0213 0.0317 0.0173 0.0108 0.0014 

Secondary 0.9–1.0  0.0172 0.0169 0.0309 0.0309 0.0253 0.0136 0.0172 0.0107 0.0163 0.0006 

Used 6 

Initial 0.0–0.1 0.0008 0.0035 0.0005 0.0004 0.0048 0.0054 0.0055 0.001 0.0018 0.0015 

Primary 0.1–0.8 0.0061 0.0051 0.0193 0.0012 0.0062 0.0038 0.0324 0.0035 0.0023 0.0012 

Transition 0.8–0.95 0.0125 0.0073 0.0157 0.0081 0.0075 0.0055 0.0083 0.0047 0.0012 0.0004 

Secondary 0.95–1.0 0.005 0.0036 0.0258 0.0258 0.0046 0.0033 0.0031 0.0021 0.0014 0.0005 
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On the other hand, in re-used PA-12 powder, the Hay model generally has the 

lowest s values, especially in the transition and secondary crystallisation regions of 

the fractional crystallinity curve. Compared to virgin material, all models are less 

successful at tracking primary crystallisation. In virgin powder, the standard error of 

regression for the primary region was commonly calculated to be less than 0.002, 

whilst in re-used powder samples, s values are usually greater than 0.01. The higher 

s values are particularly noticeable in powder recovered from builds 2 and 4. In used 

powder, polycondensation and cross-linking reduce the rate of primary 

crystallisation, resulting in an inconsistent growth rate. Therefore, predicting and 

describing the change in fractional crystallinity as a function of time becomes more 

difficult. These aging processes also limit the extent of the primary crystallisation 

process, causing the experimental data to deviate away from the Avrami model. As 

such, the s values in the transition and secondary regions are also generally greater 

within used powder than the respective values in virgin samples (Table 6.1). 

The Avrami model is unable to accurately describe the latter stages of phase 

transformation in re-used powder because Avrami assumes that the rate of crystal 

growth is linear and constant. However, structural defects caused by 

polycondensation and cross-linking reduce the availability of crystallisable polymer 

units; therefore, the rate of nucleation and growth are no longer constant, with 

respect to the extent of phase transformation [161]. The simplified Hillier, Tobin, and 

Malkin models are derived from, and closely related to, Avrami and therefore display 

similar results. Hay is the only model that accounts for primary and secondary 

crystallisation simultaneously. Similarly, Hay does not presume a constant nucleation 

and growth rate, so it is better suited to describe the behaviour of aged PA-12 

powder, whereby structural defects hinder the crystallisation rate in the latter stages 
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of phase transformation. As such, within re-used powder samples, Hay is 

considerably more successful at modelling the transition and secondary 

crystallisation portion of the curves, and s values are typically 0.005 or less. 

These results, calculated for an isothermal crystallisation temperature of 165 °C, are 

highlighted by the data presented in Table S6 and Table S7, which show that 

comparable results were obtained at every isothermal Tc. In this data, there is a 

focus on the Avrami and Hay models because they were the two most successful 

models for describing the crystallisation behaviour of virgin and used powder, 

respectively. Table S6 illustrates that for virgin powder, the Avrami model has the 

highest R2 values, whilst the Hay model has higher R2 values for every batch of re-

used powder. This is further shown by Table S7, which compares the s values of 

virgin and re-used powder at each isothermal Tc for the Avrami and Hay models. At 

168 °C and 169 °C, datapoints are missing for the Hay model. This theory is 

unsuitable at higher temperatures because the crystallisation rate becomes so slow 

that extended isothermal times of > 8 hours are required to fully model the whole 

crystallisation process. It was observed that the DSC is unable to precisely maintain 

temperature over this extended time period or accurately monitor the small changes 

in heat-flow. Nonetheless, 162 °C to 167 °C is a sufficient temperature range to 

demonstrate the advantages of using the Hay model to investigate the isothermal 

crystallisation of aged PA-12 powder. 

To fully understand the suitability of the Hay model for describing the crystallisation 

behaviour of used powder, it is necessary to explore the relationship between 

powder type and Hay’s kinetic parameters. Crystallisation half-time (t ½) can also be 

estimated using the Hay model, whereby half-time is taken to be the time at which 
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𝑋𝑡 =
𝑋𝑝,𝑖𝑛𝑓

2
 [144], whereby Xp,inf describes the final fractional crystallinity upon 

completion of the Avrami primary process. Figure 6.10 demonstrates that with an 

increased isothermal Tc, and increased powder re-use, there is generally a reduction 

in Hay’s primary rate constant (kp) and Hay’s t ½. These same trends were observed 

when using the Avrami model to calculate ka and t½ (Figure 6.6), and the similarity 

between the Hay and Avrami estimations is shown in Figure 6.11. Therefore, 

independent of the kinetic model employed, it is clear that there is a reduction in the 

primary crystallisation rate as a function of powder re-use. The Hay model offers 

additional, unique parameters that can reveal more information about the full 

crystallisation process following the primary region. Although there does not appear 

to be a significant change in the secondary rate constant (ks), as a function of 

powder re-use (Table S8), a reduction in Xp,inf is observed (Figure 6.10a). This shows 

that primary crystallisation terminates at lower levels of phase transformation within 

re-used powder, further supporting the relative crystallinity curves presented in 

Figure.6.7. Values of Xp,inf are also important when considering the estimations of 

crystallisation half-time using the Hay method. The extent of the increase in t ½, as a 

function of powder re-use, is modest when calculated using Hay compared to Avrami 

(Figure 6.11b). In virgin material, the values for t ½ are almost identical; however, in 

used powder, Hay calculates t ½ to be lower. This occurs because Hay’s estimation 

of t ½ only includes the primary crystallisation process, and with increased powder 

re-use, the extent of the primary process is reduced, leading to lower values for t ½. 

Overall, the similarity between the values of the kinetic parameters for Avrami and 

Hay emphasises that both models can successfully model the primary region of 

crystallisation for all powder types. However, Hay has the unique advantage of being 

able to estimate the point at which the primary process terminates and can 
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successfully model the secondary crystallisation region. Further comparisons of the 

Hay and Avrami kinetic parameters, at every isothermal Tc, are provided in Table S8. 

The results outlined in this section have emphasised that although the traditional 

Avrami model is the most suitable for describing the crystallisation behaviour of 

virgin LS grade PA-12 powder, it is unsuitable and inaccurate for powder that has 

been re-used in multiple LS builds. However, the Hay model can sufficiently describe 

the complete crystallisation process for re-used PA-12 powder. To the best of the 

author’s knowledge, this is the first study to establish the most appropriate kinetic 

model for describing the crystallisation behaviour of re-used and aged PA-12. 
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Figure 6.10 - The change in (a) the primary crystallisation rate constant, kp 
(datapoints) and Xpinf (columns) and (b) the crystallisation half-time, whereby the 
trendline is extrapolated to include isothermal Tc’s: 168 °C and 169 °C, calculated 
using the Hay model, as a function of isothermal Tc and powder type. 
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Figure 6.11 - Comparison of the values of (a) kp and (b) t ½ using both the Hay and 
Avrami models, for each powder type, at an isothermal Tc of 165 °C. 

 

 

6.6 Conclusions 

In this study, PA-12 powder was re-used for a total of seven laser sintering (LS) build 

cycles, using a 70:30 refresh ratio. Hot-stage microscopy indicated that as a function 

of powder re-use, there is an increase in melting temperature, a reduction in melt 

flowability, and restricted particle coalescence. These changes in the thermal 

behaviour of PA-12, attributed to polycondensation and cross-linking, can cause 

increased porosity and reduced mechanical properties within LS parts fabricated 

from re-used powder. The mechanical and structural properties of final parts are also 

heavily dependent on the crystallisation behaviour of the polymer. In this work, the 

isothermal crystallisation of PA-12 was studied using a range of models, namely, 

Avrami, simplified Hillier, Tobin, Malkin, and Hay. For virgin material, the Avrami 

model was found to be the most successful at modelling the entire crystallisation 

process. However, in re-used powder, polycondensation and cross-linking cause 
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structural defects that reduce the rate and extent of primary crystallisation, limiting 

the applicability of the Avrami model. Nonetheless, as a result of accounting for both 

primary and secondary crystallisation, the Hay model accurately describes the whole 

crystallisation process and is therefore the optimum method for defining the 

crystallisation behaviour of aged polymeric material. From an industry perspective, 

applying the Hay model to better understand the crystallisation behaviour of re-used 

PA-12 powder could help ensure the fabrication of LS parts with sufficient 

mechanical properties and a high dimensional precision. 
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6.7 Supplementary Information 

Figure S1 - Schematic diagram displaying different mechanisms of secondary crystallisation and cross-linking: a) lamellar 
thickening, b) lamellar infilling, and c) tie-chain formation as a result of cross-linking.  
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Figure S2 - The change in a) peak Tm and b) Tm range with increased build number, 
whereby each datapoint is taken as an average of 3 repeats. 

  

 

Figure S3 - Schematic diagram representing the polycondensation process, 
emphasising the entangled, knotted chain structures present in re-used powder. 
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Figure S4 - The coalescence behaviour of two virgin powder particles, and powder 
recovered from different LS build cycles at a) 195 °C and b) 205 °C.  

 

 

 

 

a 

b 
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Figure S5 - The change in enthalpy of crystallisation, measured from the exothermic 
peak during the isothermal segment (column) and enthalpy of fusion, measured from 
the endothermic melting peak, when re-heating at 10 °C min-1 (dotted line), as a 
function of isothermal crystallisation temperature, and powder re-use. 
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Figure S6 - Raw data from the DSC displaying the change in the shape and position 
of the exothermic crystallisation peak, as a function of isothermal crystallisation 
temperature for a) virgin, b) used 2, c) used 4, and d) used 6 powder types.  
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Figure S7 - Avrami double log plots for each powder type, in each case the Xt data 
range was restricted to the linear region to ensure an R2 > 0.99.  
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Table S1 - Avrami crystallisation kinetic parameters and coefficients of determination 
(R2) derived from double log plots over iso crystallisation range of 162 – 169 °C. Xt 
range restricted to ensure a R2 value of > 0.99. 

Iso Tc 

Virgin Used 2 

t ½ 
(min) na 

kax10
-3

 

(min
-n

) R
2 

Xt 

range 
t ½ 

(min) na 
kax10

-3
  

(min
-n

) R
2 

Xt 

range 

162 3.57 3.18 12.061 0.9997 0.03-
0.95 6.35 2.93 3.085 0.99

97 
0.03-
0.80 

163 6.45 3.15 1.982 0.9999 0.03-
0.95 10.18 3.52 0.196 0.99

59 
0.03-
0.80 

164 8.80 3.15 0.738 0.9999 0.03-
0.95 13.60 3.71 0.043 0.99

97 
0.03-
0.80 

165 12.78 3.12 0.242 0.9999 0.03-
0.95 21.18 3.24 0.035 0.99

91 
0.03-
0.80 

166 21.23 3.26 0.033 0.9998 0.03-
0.95 25.43 2.97 0.046 0.99

35 
0.03-
0.65 

167 36.25 3.38 0.004 0.9995 0.03-
0.95 46.56 2.54 0.040 0.99

01 
0.03-
0.65 

168 51.15 2.83 0.006 0.9992 0.03-
0.95 63.57 2.57 0.016 0.99

00 
0.03-
0.70 

169 61.10 2.26 0.046 0.9997 0.03-
0.95 71.25 2.37 0.041 0.99

98 
0.03-
0.80 

Iso Tc 

Used 4 Used 6 

t ½ 
(min) 

na 
kax10

-3
 

(min
-n

) 
R

2
 

Xt 

range 

t ½ 
(min) 

na 
kax10

-3
  

(min
-n

) 
R

2
 

Xt 

range 

162 7.10 3.55 0.652 0.9992 
0.03-
0.80 

8.33 3.01 0.231 
0.99
12 

0.07-
0.55 

163 11.10 3.81 0.072 0.9988 
0.03-
0.80 

10.17 2.66 0.317 
0.99
92 

0.03-
0.90 

164 14.10 3.25 0.123 0.9970 
0.03-
0.80 

14.57 3.62 0.0511 
0.99
73 

0.03-
0.90 

165 22.50 3.24 0.032 0.9965 
0.03-
0.80 

23.95 3.28 0.0485 
0.99
51 

0.03-
0.90 

166 28.25 3.09 0.023 0.9979 
0.03-
0.80 

28.38 3.28 0.0112 
0.99
70 

0.03-
0.80 

167 34.80 3.04 0.014 0.9996 
0.03-
0.80 

36.38 3.17 0.0074 
0.99
77 

0.03-
0.80 

168 64.40 3.12 0.002 0.9976 
0.03-
0.80 

58.00 2.37 0.0432 
0.99
08 

0.05-
0.70 

169 86.52 3.33 0.0002 0.9986 
0.03-
0.80 

76.38 2.00 0.0153 
0.99
75 

0.1-0.80 
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Table S2 - Co-efficient of determination (R2) values, calculated using SPSS 
software, for each isothermal crystallisation temperature and powder type.  

Isothermal Tc (°C) 

SPSS Avrami R2 values 

Virgin Used 2 Used 4 Used 6 

162 0.999 0.997 0.999 0.234 

163 0.997 0.976 0.894 0.953 

164 0.998 0.999 0.979 0.997 

165 0.999 0.954 0.951 0.959 

166 0.999 0.912 0.795 0.875 

167 0.995 0.817 0.899 0.897 

168 1.000 0.818 0.988 0.887 

169 0.999 0.985 0.903 0.993 

 

Table S3 - Crystallisation kinetic parameters derived from double log plots (n and k) 
and from non-linear multi-variable regression analysis in SPSS (n* and k*). 

Powder type  Model n n* 
Difference in 

n k (x10
-3

)  k* (x10
-3

) R
2

 

Virgin 

Avrami 3.12 2.99 0.13 0.24 0.33 1 

SH  3.11 3.16 -0.05 0.257 0.23 0.997 

Tobin 3.77 4.62 -0.85 0.073 0.0085 0.998 

Used 2 

Avrami 3.24 2.19 1.05 0.035 1.133 0.975 

SH  3.56 3.01 0.55 0.018 0.13 0.941 

Tobin 4.03 3.06 1.03 0.0051 0.14 0.990 

Used 4 

Avrami 3.24 2.10 1.14 0.032 0.98 0.964 

SH  3.08 3.26 -0.12 0.047 0.37 0.831 

Tobin 3.88 2.26 1.62 0.0064 0.87 0.970 

Used 6 

Avrami 3.28 3.03 0.25 0.0485 0.0108 0.969 

SH  3.42 3.56 0.14 0.0422 0.0273 0.938 

Tobin 4.19 4.10 0.09 0.00573 0.00584 0.990 
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Table S4 - A comparison of the kinetic parameters derived from double log plots (n 
and k) with the kinetic parameters derived from non-linear multi-variable regression 
analysis in SPSS (n* and k*) for the Hay model.  

Powder 
type n n* 

Difference 
in n  

k
p 

(x10
-3

) 

(min
-n

) 

k
p
* (x10

-3

) 

(min
-n

) 

k
s    

 

(min
-n

)
 

k
s
* 

(min
-n

) 
R

2

 

Virgin 3.00 2.62 0.38 0.33 1.28 0.0283 0.1393 0.986 

Used 2 3.00 2.75 0.25 0.16 0.31 0.0221 0.1381 0.998 

Used 4 3.00 3.19 -0.19 0.11 0.047 0.0348 0.0250 1.000 

Used 6 3.00 3.23 -0.23 0.15 0.0654 0.0525 0.0110 0.999 

 

 

Table S5 - A comparison of the Malkin kinetic parameters C0 and C1 with the Malkin 
kinetic parameters derived from non-linear multi-variable regression analysis in 
SPSS (C0

* and C1
*) 

Powder 
Type 

C
0
 C

0
* 

Difference 
in C

0
 

C
1
 C

1
* 

Difference 
in C

1
 R

2

 

Virgin 71.80 83.23 -11.43 0.336 0.346 -0.01 1.000 

Used 2 84.73 39.39 45.34 0.210 0.204 0.006 0.989 

Used 4 84.93 32.84 52.09 0.204 0.159 0.045 0.975 

Used 6 90.35 87.53 2.82 0.245 0.248 0.003 0.997 
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Table S6 - Co-efficient of determination (R2) values for the Avrami and Hay models at every isothermal crystallisation temperature. 
DLP curve is produced from parameters calculated through double log plots, CF curve is produced via curve fitting in SPSS. 

 Virgin Used 2 Used 4 Used 6 

Iso 

Tc 

Avrami Hay  Avrami Hay  Avrami Hay  Avrami Hay  

DLP CF DLP CF DLP CF DLP CF DLP CF DLP CF DLP CF DLP CF 

162 0.999 1.000 1.000 1.000 0.997 0.998 0.986 0.999 0.999 0.999 1.000 0.999 0.953 0.996 1.000 0.999 

163 0.997 0.998 1.000 1.000 0.976 0.980 0.996 1.000 0.894 0.949 0.989 1.000 0.234 0.894 0.974 0.996 

164 0.998 0.999 0.812 0.997 0.999 1.000 0.961 0.996 0.979 0.984 1.000 1.000 0.997 0.999 0.993 1.000 

165 0.999 1.000 0.977 0.986 0.954 0.975 0.991 0.998 0.951 0.964 0.973 1.000 0.959 0.969 0.999 0.999 

166 0.999 0.999 0.992 1.000 0.912 0.947 0.979 0.997 0.795 0.856 0.901 0.922 0.875 0.931 0.999 0.999 

167 0.995 0.999 1.000 0.999 0.817 0.971 0.882 0.999 0.899 0.954 0.990 0.997 0.897 0.917 0.970 0.975 

168 1.000 1.000 - - 0.818 0.963 - - 0.988 0.998 - - 0.887 0.979 - - 

169 0.999 1.000 - - 0.985 0.992 - - 0.903 0.993 - - 0.993 0.988 - - 
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Table S7 - Standard error of regression, s, values for the Avrami and Hay models, at every isothermal crystallisation temperature. 
DLP curve is produced from parameters calculated through double log plots, CF curve is produced via curve fitting in SPSS. 

Iso Tc Region 

Virgin Used 2 Used 4 Used 6 

Avrami Hay  Avrami Hay  Avrami Hay  Avrami Hay  

DLP CF DLP CF DLP CF DLP CF DLP CF DLP CF DLP CF DLP CF 

162 

Initial 0.0004 0.0014 0.0010 0.0010 0.0003 0.0022 0.0003 0.0009 0.0002 0.0056 0.0006 0.0007 0.0190 0.0022 0.0016 0.0068 

Primary 0.0022 0.0015 0.0015 0.0010 0.0019 0.0034 0.0061 0.0013 0.0026 0.0952 0.0011 0.0014 0.0469 0.0032 0.0025 0.0104 

Transition 0.0034 0.0009 0.0018 0.0009 0.0093 0.0038 0.0093 0.0008 0.0083 0.1567 0.0044 0.0017 0.0198 0.0036 0.0034 0.0029 

Secondary 0.0027 0.0015 0.0002 0.0004 0.0043 0.0038 0.0080 0.0004 0.0031 0.1027 0.0010 0.0007 0.0031 0.0020 0.0007 0.0060 

163 

Initial 0.0006 0.0020 0.0009 0.0020 0.0007 0.0082 0.0046 0.0104 0.0003 0.0029 0.0023 0.0023 0.0016 0.0436 0.0131 0.0044 

Primary 0.0047 0.0035 0.0017 0.0043 0.0063 0.0113 0.0139 0.1445 0.0061 0.0572 0.0064 0.0018 0.0946 0.0291 0.0347 0.0045 

Transition 0.0116 0.0041 0.0011 0.0010 0.0216 0.0180 0.0054 0.2592 0.0125 0.1609 0.0009 0.0009 0.0528 0.0152 0.0092 0.0010 

Secondary 0.0046 0.0043 0.0000 0.0012 0.0760 0.0760 0.0004 0.2750 0.0043 0.0875 0.0006 0.0004 0.0115 0.0362 0.0007 0.0010 

164 

Initial 0.0005 0.0014 0.0088 0.0047 0.0006 0.0015 0.0001 0.0001 0.0007 0.0168 0.0008 0.0013 0.0006 0.0031 0.0085 0.0016 

Primary 0.0039 0.0026 0.0890 0.0088 0.0020 0.0025 0.0026 0.0006 0.0061 0.0572 0.0011 0.0014 0.0051 0.0044 0.0212 0.0022 

Transition 0.0091 0.0027 0.0545 0.0066 0.0076 0.0026 0.0049 0.0031 0.0206 0.0579 0.0002 0.0006 0.0113 0.0058 0.0034 0.0015 

Secondary 0.0037 0.0032 0.0002 0.0029 0.0033 0.0022 0.0192 0.0038 0.0061 0.1111 0.0002 0.0001 0.0040 0.0029 0.0001 0.0006 

165 

Initial 0.0003 0.0011 0.0009 0.0058 0.0020 0.0100 0.0035 0.0057 0.0012 0.0149 0.0076 0.0019 0.0008 0.0035 0.0018 0.0015 

Primary 0.0010 0.0020 0.0020 0.0109 0.0370 0.0120 0.0114 0.0106 0.0121 0.0186 0.0213 0.0021 0.0061 0.0051 0.0023 0.0012 

Transition 0.0053 0.0020 0.0100 0.0173 0.0260 0.0130 0.0090 0.0070 0.0293 0.0226 0.0093 0.0015 0.0125 0.0073 0.0012 0.0004 

Secondary 0.0024 0.0019 0.0212 0.0135 0.0130 0.0130 0.0024 0.0026 0.0172 0.0169 0.0163 0.0006 0.0050 0.0036 0.0014 0.0005 

166 

Initial 0.0006 0.0022 0.0038 0.0011 0.0037 0.0256 0.0005 0.0005 0.0041 0.0421 0.0025 0.0003 0.0015 0.0062 0.0031 0.0048 

Primary 0.0033 0.0038 0.0228 0.0011 0.0318 0.0281 0.0085 0.0005 0.0699 0.0282 0.0145 0.0233 0.0068 0.0097 0.0044 0.0076 

Transition 0.0115 0.0044 0.0047 0.0008 0.0313 0.0207 0.0220 0.0006 0.0189 0.0094 0.0850 0.0987 0.0263 0.0130 0.0016 0.0018 
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Secondary 0.0044 0.0040 0.0002 0.0002 0.0910 0.0910 0.0314 0.0002 0.0040 0.0026 0.0112 0.0022 0.0080 0.0069 0.0021 0.0023 

167 

Initial 0.0013 0.0026 0.0020 0.0059 0.0020 0.0359 0.0083 0.0040 0.0001 0.0017 0.0004 0.0011 0.0004 0.0035 0.0146 0.0022 

Primary 0.0094 0.0040 0.0028 0.0094 0.0649 0.0241 0.0421 0.0008 0.0021 0.0023 0.0011 0.0020 0.0049 0.0042 0.0098 0.0010 

Transition 0.0161 0.0043 0.0005 0.0010 0.0534 0.0139 0.0524 0.0002 0.0063 0.0022 0.0015 0.0007 0.0086 0.0047 0.0657 0.0761 

Secondary 0.0049 0.0039 0.0006 0.0010 0.0116 0.0040 0.0565 0.0003 0.0300 0.0300 0.0025 0.0007 0.0170 0.0063 0.0023 0.0004 

168 

Initial 0.0005 0.0002 - - 0.0023 0.0433 - - 0.0031 0.0047 - - 0.0025 0.0216 - - 

Primary 0.0010 0.0004 - - 0.0638 0.0291 - - 0.0180 0.0057 - - 0.0383 0.0181 - - 

Transition 0.0014 0.0005 - - 0.0529 0.0144 - - 0.0227 0.0067 - - 0.0477 0.0136 - - 

Secondary 0.0006 0.0007 - - 0.0121 0.0055 - - 0.0041 0.0033 - - 0.0113 0.0170 - - 

169 

Initial 0.0002 0.0003 - - 0.0030 0.0022 - - 0.0017 0.0007 - - 0.0014 0.0033 - - 

Primary 0.0014 0.0006 - - 0.0210 0.0312 - - 0.0176 0.0032 - - 0.0026 0.0031 - - 

Transition 0.0027 0.0007 - - 0.0370 0.0298 - - 0.0088 0.0051 - - 0.0100 0.0031 - - 

Secondary 0.0009 0.0003 - - 0.100 0.0981 - - 0.0020 0.0019 - - 0.0052 0.0029 - - 
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Table S8 - The change in kinetic parameters, as a function of powder re-use, 
calculated using the Hay and Avrami models. 

Powder 

Type 

Isothermal 

Tc (°C) 

Hay Avrami 

Xp
inf 

k
s
 kp 

t ½ 

(min) 
kp 

t ½ 

(min) 

Virgin 

162 0.279 0.0784 0.013801 3.50 0.012061 3.57 

163 0.264 0.0489 0.002760 6.05 0.001983 6.43 

164 0.265 0.0298 0.000530 10.75 0.000738 8.80 

165 0.275 0.0283 0.0005420 12.44 0.000242 12.76 

166 0.264 0.0242 0.0001150 18.20 0.000033 21.17 

167 0.258 0.0433 0.000070 32.15 0.000004 36.13 

168 - - - - 0.000006 51.13 

169 - - - - 0.000046 60.52 

Used 2 

162 0.240 0.0254 0.002661 5.48 0.003085 6.32 

163 0.248 0.0178 0.002650 6.22 0.000197 9.98 

164 0.254 0.0036 0.000516 11.31 0.000043 13.55 

165 0.235 0.0221 0.000162 13.68 0.000035 20.50 

166 0.250 0.0084 0.000109 19.76 0.000047 24.47 

167 0.211 0.0608 0.000056 33.2 0.000040 46.63 

168 - - - - 0.000016 61.23 

169 - - - - 0.000041 71.18 

Used 4 

162 0.251 0.0120 0.002670 6.25 0.000652 7.05 

163 0.226 0.0874 0.000597 9.40 0.000072 11.00 

164 0.225 0.0895 0.000320 12.52 0.000123 14.10 

165 0.241 0.0348 0.000042 15.53 0.000032 21.80 

166 0.262 0.0191 0.000046 23.58 0.000023 27.75 

167 0.251 0.0245 0.000012 36.10 0.000014 34.70 

168 - - - - 0.000002 63.00 

169 - - - - 0.0000003 85.48 

Used 6 

162 0.230 0.0326 0.001657 6.14 0.001231 8.33 

163 0.257 0.0393 0.000402 8.33 0.003166 10.17 

164 0.243 0.0456 0.000292 10.93 0.000051 17.00 

165 0.237 0.0525 0.000046 17.42 0.000049 25.90 

166 0.247 0.0400 0.000038 24.42 0.000011 30.38 

167 0.248 0.0411 0.000009 37.50 0.000007 46.38 

168 - - - - 0.000043 68.00 

169 - - - - 0.000153 86.38 
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7 CHAPTER 7 – INVESTIGATING SECONDARY 

CRYSTALLISATION OF PA-12 USING FAST 

SCANNING CALORIMETRY 

 

7.1 Introduction 

Polyamide-12 (PA-12) is a semi-crystalline thermoplastic with a repeat unit containing 

an aliphatic chain of 11 methylene sequences, separated by an amide group [54, 56, 

57, 240, 241]. Within PA-12, polymeric chains are organised to try and maximise 

hydrogen bonding between N-H and C=O groups across adjacent chain segments 

[54, 59]. This allows highly crystalline structures to develop, providing PA-12 with 

excellent physical properties such as high strength, stiffness, and toughness [162, 

242]. In addition, due to its relatively long methylene sequence, PA-12 is more 

resistant to water absorption than other polyamides [55, 56, 209]. Owing to these 

superior material properties, PA-12 is commonly used within advanced processing 

methods, such as powder bed fusion (PBF) [15, 24, 38, 234], for the fabrication of 

functional, end-use components [61, 119]. Nonetheless, the strong property profile of 

PA-12 is related to its inherent semi-crystalline microstructure, including degree of 

crystallinity, as well as the morphology, size, shape, and stability of crystals [117, 

243]. Therefore, the final properties of manufactured parts will depend on 

crystallisation conditions during processing, particularly the level of supercooling of 

the melt and developments in crystallinity via secondary crystallisation [56, 117, 162, 
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243]. As such, investigating the isothermal crystallisation behaviour of PA-12 is vital 

to understanding the effect of temperature and time on crystalline morphology and, 

subsequently, how this influences the processability of the material. 

Traditionally the crystallisation behaviour of polymers was investigated using various 

characterisation techniques such as wide-angle X-ray diffraction (WAXD) [117, 242], 

small-angle X-ray scattering (SAXS) [100, 117], and differential scanning calorimetry 

(DSC) [119, 129, 131, 231]. However, DSC is only able to analyse the isothermal 

crystallisation kinetics of PA-12 at very low supercooling and is unable to model the 

processing conditions of modern manufacturing methods, where heating and cooling 

rates can be as high as 5,000 °C/s to 10,000 °C/s [56, 163, 244]. Therefore, more 

recent studies have started to utilise a modern, state-of-the-art thermal 

characterisation technique known as fast scanning calorimetry (FSC) [56, 123, 162, 

243, 245, 246]. This method operates with extremely fast heating and cooling rates of 

up to 30,000 °C/s and 4,000 °C/s, respectively [244, 247]. Operating with such high 

scanning rates can prevent reorganisation on heating, which ensures the original 

material behaviour, prior to processing, can be determined. Similarly, melt 

crystallisation during cooling can be supressed, resulting in what is often assumed to 

be a fully amorphous sample, so that the isolated effects of isothermal crystallisation 

can be established [244].  

Nonetheless, the most beneficial aspect of FSC for the purpose of this study, is that it 

permits analysis of the isothermal crystallisation kinetics of PA-12 across the full 

temperature range between the glass transition temperature (Tg) and the melting 

temperature (Tm) [56, 243-245]. This is a significant advantage over conventional 

DSC, where any investigations into isothermal crystallisation kinetics are limited to 
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high crystallisation temperatures (Tc), close to Tm. Traditional crystallisation theories, 

such as the Turbull-Fischer equation [87, 248], suggest that crystallisation rate shows 

a parabolic curve, whereby the maximum crystallisation rate occurs in-between Tg 

and Tm. According to nucleation theory, the free energy barrier for crystal nucleation 

is dominant at low supercooling of the melt, whilst the activation barrier for short 

range diffusion controls the nucleation rate at lower crystallisation temperatures, 

tending to Tg [91, 124, 229]. However, within PA-12, a bimodal temperature 

dependence to isothermal crystallisation kinetics is expected, whereby there is a 

change in nucleation mechanism from homogeneous nucleation at high supercooling 

to heterogeneous nucleation at low supercooling [56, 115, 162, 229, 245, 249]. 

Similar behaviour has also been reported within various other polyamides [121, 123, 

124, 229, 243, 250].  

The complex crystallisation behaviour of PA-12 is heightened by its metastability and 

polymorphic nature, whereby different crystal types can form at various levels of 

supercooling and, during heating, these crystalline regions can go through 

transformations into different crystal structures [244]. Polymorphism occurs due to 

the varying temperature dependence of Van der Waals forces and hydrogen 

bonding, which alters the extent of thermal expansion, causing a change in the 

crystal structure [117, 162]. Utilising a combination of WAXD, SAXS, and FSC, 

previous studies have reported that, within PA-12, the gamma (γ) phase is the 

dominant crystalline state [58, 115, 162, 242, 245, 251, 252]. However, depending on 

the crystallisation or processing conditions, PA-12 can also crystallise into the γ’, α, 

or α’ phase [115, 117, 162, 242]. In the γ phase, chains are aligned parallel into an 

orthorhombic lattice, whereby hydrogen bonds can swing out of the plane, resulting 
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in a relatively mobile hexagonal structure (Figure 7.1) [115, 117, 242]. The γ’ phase, 

commonly referred to as the mesophase or mesomorphic phase, is a defected 

version of the γ phase, thus displays a similar, albeit less stable, pseudohexagonal 

crystal structure [117, 121, 162, 242, 243]. On the other hand, alpha-prime (α’) 

crystals have a monoclinic formation, whereby the molecular chains are arranged 

anti-parallel to each other, so hydrogen bonding between extended chains can be 

attained more easily (Figure 7.1) [117, 162, 242]. Previous studies have shown that, 

within polyamides, the mesomorphic phase commonly forms at high levels of 

supercooling [117, 122, 162, 242, 245]. As crystallisation temperature increases 

beyond 100 °C, it is expected that γ crystals begin to grow and become the dominant 

crystal population [115, 124, 162, 245, 250]. At even higher crystallisation 

temperatures (low levels of supercooling) a transition from the γ to α’ phase has been 

reported [56, 162]. Therefore, the bimodal rate dependence of PA-12 could also be 

related to polymorphism; at low temperatures, a high nucleation rate causes 

crystallisation to be dominated by the mesophase whilst the high temperature 

maxima is dominated by γ or α’ formation [124, 245, 250].  
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Figure 7.1 - Schematic diagram depicting the difference in the a) alpha-prime (α’) and 
b) gamma (γ) crystal structures, whereby hydrogen bonds are illustrated by the 
dashed line. 

 

In the context of polymer processing, polymorphism is crucial because different 

crystal structures affect molecular chain packing, the extent of hydrogen bonding, 

chain mobility, and lamellar thickness of the polymer [117, 243]. As a result, previous 

studies have thoroughly investigated the formation of the mesophase, within 

polyamides, using a wide range of characterisation techniques. Under quiescent 

conditions, crystallisation of polyamides results in the formation of a three-

dimensional spherulitic superstructure and, given sufficient time, lamellar growth will 

continue until spherulite impingement [253]. However, at low crystallisation 
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temperatures, there is an absence of lamellae. The mesophase instead displays a 

fine, non-spherulitic, nodular structure [121, 124, 162, 245, 250, 254], where 

hydrogen bonds are randomly oriented, which results in a highly metastable material 

[123, 124, 245]. The absence of spherulites is due to a combination of the distinctly 

higher nucleation density at high supercooling, and reduced chain mobility, which 

both hinder extended lateral growth of stable nuclei into lamella structures [115, 123, 

124, 245, 250]. Previous studies have used atomic force microscopy and optical 

microscopy to prove the existence of a nodular mesophase, whereby numerous 

domains as small as 10 nm exist [121, 124]. The presence of non-spherulitic nodular 

structures alters material properties, particularly its mechanical behaviour. For 

example, the tensile strength, Young’s modulus, and elongation at break of the 

mesophase is significantly lower than the γ phase, due to the presence of defects 

which prevents close packing of molecular chains, resulting in a weaker, less stable 

crystalline structure [115, 242].  

Evidently, previous studies have begun to analyse the isothermal crystallisation 

behaviour of PA-12 across the full temperature range between Tg and Tm, with a 

particular focus on the formation of the mesomorphic phase. These works have 

provided an improved understanding of the effects of nucleation mechanisms and 

polymorphism on primary crystallisation rate and the resulting crystal structure. 

Nonetheless, a further complexity of semi-crystalline polymers, such as PA-12, is that 

following spherulite impingement, developments in crystallinity can continue via 

secondary crystallisation [100, 114]. It is generally considered that secondary 

crystallisation can occur via lamellar thickening [99-103], lamellar insertion (infill) 

[113, 114] or, indeed, a combination of both mechanisms. Improved understanding of 
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the secondary process is of immense industrial importance because, under the 

correct conditions, developments in crystallinity due to secondary crystallisation could 

have a drastic effect on the physical properties of polymeric materials [100, 164, 

255]. Previous studies have indicated that the mechanical behaviour, thermal 

conductivity, and insulating ability of semi-crystalline polymers can be enhanced by 

thickened lamellae [99]. For example, doubling the lamellar thickness from 20 nm to 

40 nm, caused the yield stress of polyethylene to increase from 15 MPa to 30 MPa 

[164]. Similarly, increases in crystallinity heightens intermolecular hydrogen bonding, 

which increases the strength and stiffness of the material [35, 51, 160, 193, 196], but 

also leads to embrittlement [35, 43, 50]. On the other hand, lamellar insertion results 

in the development of new, thin lamellae structures that are thought to reduce the 

thermal stability and physical behaviour of polymeric materials [113].  

Overall, there is current uncertainty regarding the exact mechanism of secondary 

crystallisation within PA-12. As such, to the best of the authors knowledge, this paper 

presents the first study to investigate the secondary crystallisation of PBF-grade PA-

12 powder (Hewlett-Packard 3D High Reusability PA-12) using FSC. The complex 

crystallisation behaviour of PA-12 is analysed over a wide temperature range, whilst 

the change in the rate and mechanism of secondary crystallisation, at different 

degrees of supercooling, is quantified.  
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7.2 Experimental methodology  

7.2.1 Material 

The material studied in this work is a commercial, industry grade PA-12 powder (HP 

3D High Reusability PA-12), which was provided as virgin powder from Hewlett-

Packard (Reading, UK). This material has an average particle size of 60 μm, bulk 

density of 0.425 g/cm3, a melting point of 187 °C, and a glass-transition temperature 

of ~45 °C [256].  

7.2.2 Fast scanning chip calorimetry  

The isothermal crystallisation kinetics at low and high supercooling was studied by 

means of the differential fast scanning chip (FSC) calorimeter FLASH DSC 1 from 

Mettler Toledo (Schwerzenbach, Switzerland), combined with a Huber TC100 

immersion cooler (Huber Kaltemaschinenbau AG, Offenburg, Germany). To limit the 

extent of thermo-oxidation, nitrogen was used as a purge gas, with a flow rate of 30 

mL/min. Nanogram samples of PA-12 powder, with an estimated mass of between 

25 ng and 50 ng, were transferred to the centre of a MultiSTAR UFS 1 sensor 

(Mettler Toledo, Schwerzenbach, Switzerland). The chip sensors were received pre-

calibrated using an electrical method described by Iervolino et al. [257], and, for 

quality control purposes, each chip is conditioned and corrected prior to loading a 

sample [244]. More details of the FSC technique can be found in previous works 

[122, 244, 247, 258]. 

7.2.3 Isothermal crystallisation kinetics 

The applied thermal protocol for investigating the isothermal crystallisation kinetics of 

PA-12 powder is outlined in Figure 7.2. Samples were heated to and held briefly at 
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250 °C, substantially beyond the Tm of PA-12, to ensure that no residual crystals 

remained in the melt that could act as seeds for self-nucleation. Samples were then 

cooled at 4,000 °C/s, the maximum attainable cooling rate within the Mettler Toledo 

FDSC-1 system [259], to the selected isothermal Tc. The sample was held 

isothermally at this temperature for a range of timescales between 0.01 seconds and 

10,000 seconds, before being cooled again at 4,000 °C/s to 0 °C. Finally, samples 

were re-heated to 250 °C at 1,000 °C/s. This thermal profile was repeated for every 

isothermal Tc and tc. Before each separate isothermal Tc experiment, a simple heat-

cool cycle. If the “baseline” thermal transitions moved, then a new sample was made 

for the next experiment. This ensured that the sample was not degrading between 

experiments. Due to the very small sample size, and rapid crystallisation rates in the 

temperature region between Tg and Tm, it is not possible to measure crystallinity 

development during the isothermal segment. Therefore, the subsequent re-heat (bold 

red in Figure 7.2) was used to evaluate the isothermal crystallisation behaviour of 

PA-12. As cooling rates are sufficient to prevent crystal growth on cooling, measuring 

the melting enthalpy of the endothermic peaks on heating represents the crystals that 

formed during isothermal crystallisation; therefore, the development of crystallinity 

with increased isothermal time can be calculated. Nonetheless, due to unavoidable 

crystal nucleation on cooling and melt-recrystallisation on heating, it is necessary to 

isolate the endotherms formed by the melting of isothermally grown crystals from 

endotherms that develop as a result of reorganisation on heating. This is explained in 

more detail in section 7.3.1. 
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Figure 7.2 - Temperature-time protocol for analysing the isothermal crystallisation 
kinetics of PA-12. Isothermal crystallisation was studied at 10 °C intervals between 
40 °C and 150 °C, whilst isothermal crystallisation time (tc) varied from 0.01 seconds 
to 10,000 seconds. 

 

7.3 Results and discussion  

7.3.1 Rationale for FSC scanning rates 

A heating rate of 1,000 °C/s and a cooling rate of 4,000 °C/s were used for each 

experiment within this study, following a similar protocol to previous works on 

polyamides [115, 162, 243, 245]. The rationale for selecting these exact scanning 

rates is outlined below.  

Figure 7.3 displays the thermal behaviour of PA-12 when it is re-heated at 1000 °C/s 

after cooling at various rates. The absence of a cold crystallisation (CC) peak for 

cooling rates less than 100 °C/s suggests that full crystallisation is occurring during 
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cooling, because there is no further crystal growth on heating. After cooling at > 100 

°C/s, the re-heat displays a notable CC peak at approximately 75 °C which 

progressively grows in size with increased cooling rate; this indicates that, due to 

restricted time, the extent of crystal growth on cooling is reducing. For cooling rates > 

2000 °C/s, the CC enthalpy becomes constant, because no crystal growth has 

occurred on cooling, resulting in the formation of the stable γ phase during heating. 

This supports previous studies that reported a cooling rate > 2000 °C/s is adequate 

to prevent crystallisation during cooling [56, 162, 229, 243]. Therefore, at sufficiently 

high cooling rates, the sample should be fully amorphous and, in theory, 

developments in crystallinity via isothermal crystallisation alone, can be investigated 

[244]. Nevertheless, fast cooling cannot supress crystal nucleation, unless cooling at 

rates greater than 50,000 °C/s, which is significantly beyond the capabilities of the 

Flash DSC [56, 229, 243]. Consequently, in the current study, the maximum possible 

cooling rate of 4,000 °C/s was selected to try and minimise the extent of crystal 

nucleation on cooling. Although the sample appears amorphous at a cooling rate of 

4,000 °C, it can be assumed that there will be some unavoidable nuclei formation 

during cooling; however, it has been suggested that these nuclei will not influence 

crystallisation halftime during the isothermal process [56, 229]. Therefore, providing 

the cooling rate is kept constant, the change in crystallisation behaviour of PA-12, as 

a function of isothermal crystallisation temperature and time, can be analysed 

accurately.   
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Figure 7.3 - Thermal behaviour of PA-12 upon heating at 1,000 °C/s following non-
isothermal cooling at a range of cooling rates between 1 °C/s and 4000 °C/s, 
emphasising that a cooling rate of 2,000 °C is sufficient to prevent crystal growth on 
cooling. 

 

The presence of CC exotherms in Figure 7.3 also demonstrates that a heating rate of 

1000 °C/s cannot prevent material reorganisation on heating. Unavoidable crystal 

nuclei that form at a cooling rate of 4,000 °C/s can then undergo crystal growth 

during the subsequent re-heat at 1000 °C/s, resulting in the appearance of CC 

peaks. Furthermore, variations in cooling rate alter the size, stability, and subsequent 

melting behaviour of the crystals that form during non-isothermal cooling. For 

example, cooling at < 100 °C/s provides more time for crystal growth, which allows 

the formation of larger, more stable crystals that require no further reorganisation on 

heating. However, for cooling rates > 100 °C/s, the endothermic melting peak is 

constant at ~152 °C, establishing that, on heating the crystalline structure is able to 
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reorganise and increase in stability via melt-recrystallisation because the crystal 

structure that formed during faster cooling remains metastable. Previous studies 

have shown that reorganisation can only be supressed when heating at greater than 

30,000 °C/s, because the driving force for melt-recrystallisation is very high, 

particularly at high supercooling [56, 229, 243, 245]. Unfortunately, at such high 

heating rates there is severe distortion in the recorded heat flow, which limits 

accurate analysis [229]. Therefore, preventing reorganisation of PA-12 was not 

possible using the Mettler Toledo Flash DSC 1 system. 

As such, a heating rate of 1,000 °C/s has been selected for this study because it 

provides the most accurate heat flow curves with minimal thermal lag. This is 

demonstrated within Figure 7.4 whereby the thermal behaviour of PA-12, following 

isothermal crystallisation at 100 °C, is compared at a range of heating rates. The 

melting behaviour at a heating rate of 15,000 °C/s is indicative of reorganisation 

because it is predicted that the very broad, asymmetric melting endotherm is actually 

composed of multiple melt-recrystallisation events [56]. However, at such high 

heating rates, the Flash DSC is only able to detect the overall, net change in heat 

flow, so it appears as a singular melting peak. Therefore, within this melting peak it is 

difficult to isolate the crystals which developed during isothermal crystallisation, from 

the crystal population that formed as a result of CC or melt-recrystallisation on 

heating. As heating rate is reduced, melting peaks become less broad and more 

symmetrical; at a lower heating rate of 1000 °C/s dual melting is observed for an 

isothermal time of 10 seconds. In this case, only the first endothermic peak 

represents the melting of the thin, unstable crystals formed during isothermal 

crystallisation, which then immediately recrystallise before melting again at a higher 
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temperature (second endothermic peak), i.e., melt – recrystallisation – remelting. In 

comparison, an isothermal hold time of only 0.1 seconds is insufficient to allow 

crystallisation, so a CC exotherm is observed on the subsequent re-heat, followed by 

an endothermic melting peak. On this occasion it is easy to decipher that the 

endothermic peak represents the melting of crystals which formed via reorganisation 

on heating, because the CC and melting enthalpies are almost identical, suggesting 

that no crystals formed via isothermal crystallisation. As a result, a heating rate of 

1000 °C/s has been selected for this study because the change in crystalline 

structure, as a result of isothermal crystallisation alone, can be identified; this 

provides more accurate understanding of the crystallisation behaviour of PA-12.   

 

Figure 7.4 - Compares the effect of heating rate on the melting behaviour of PA-12, 
following isothermal crystallisation at 100 °C, for either 0.1 seconds (dashed line) or 
10 seconds (solid line). Only a heating rate of 1,000 °C/s is capable of separating the 
crystal population formed during isothermal crystallisation, from the crystals formed 
during cold-crystallisation or melt-recrystallisation on heating, indicated by the dual 
melting peaks at 1000 °C/s. 
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7.3.2 Isothermal crystallisation kinetics  

Previous studies have demonstrated that the isothermal crystallisation kinetics of PA-

12 follows a bimodal dependence on crystallisation temperature, which is caused by 

alterations in the crystal nucleation mechanism [56, 115, 162, 229, 245, 249], and the 

polymorphic nature of polyamides [124, 245, 250]. Similar behaviour was observed in 

this study; therefore, the analysis of the isothermal crystallisation kinetics of PA-12 

has been divided into two sections.  

7.3.2.1 High supercooling region – 40 °C to 90 °C 

On the heating run after isothermal crystallisation at 70 °C, two distinct endotherms 

are observed (Figure 7.5). It is generally agreed that at high levels of supercooling, 

i.e., crystallisation temperatures < 100 °C, PA-12 crystallises into the mesomorphic 

phase [117, 122, 162, 242, 245]. Therefore, the first, low temperature endothermic 

peak most likely represents the melting of mesophase crystals that formed during the 

isothermal step. Due to reorganisation on heating, PA-12 immediately recrystallises 

into the more stable γ phase before melting at a higher temperature, signified by the 

second endotherm. Independent of crystallisation time (tc), the second endotherm is 

observed at a constant temperature of ~150 °C and the melting enthalpy remains 

unchanged, verifying that it represents the melting of reorganised γ phase material. 

In contrast, with increased crystallisation time, the first endothermic peak shifts to 

higher temperatures, which suggests an increase in the size and stability of the 

isothermally grown mesomorphic phase.  
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Figure 7.5 - FSC heating scans, at 1,000 °C/s,  after isothermal crystallisation at 70 
°C for up to 10,000 seconds; the arrow indicates the growth of the mesophase with 
increased tc, whilst endothermic peak 2 remains constant for all crystallisation times 
as it represents the melting of the γ crystals that formed via recrystallisation on 
heating. This provides an example of the crystallisation behaviour of PA-12 in the 
isothermal temperature range of 40 °C to 90 °C, where the mesophase is expected to 
form. 

 

Figure 7.6 demonstrates that similar crystallisation behaviour is observed at all 

isothermal temperatures in the high supercooling region of 40 °C to 90 °C. With 

increased isothermal Tc there is an upward shift in the melting temperature of the first 

endothermic peak (Figure 7.6a). This implies that the stability of mesomorphic 

material is also dependent on temperature; at crystallisation temperatures further 

away from the Tg, the size and stability of the mesophase increases.  

Under quiescent conditions, crystallisation of PA-12 is expected to result in the 

formation of three-dimensional spherulitic superstructures whereby polymer fibrils 
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expand radially from the nucleation site, resulting in a multi-layered structure 

containing crystalline lamellae separated by inter-lamellae amorphous regions [88-

90]. The growth of spherulites, as a function of crystallisation time, usually shows a 

sigmoidal relationship [74, 119]; however, Figure 7.6b displays a relatively linear 

increase in melting enthalpy. This implies that at high supercooling the formation of 

spherulites does not occur, in agreement with numerous studies that suggest the 

mesophase forms non-spherulitic, nodular structures [121, 124, 162, 245, 250, 254]. 

Furthermore, with increased Tc there is a reduction in the extent of mesophase 

formation (Figure 7.6b), emphasising that the growth of mesomorphic material is 

most significant at temperatures just above Tg, where the rate of homogenous 

nucleation is at a maximum. Similarly, as the crystallisation temperature increases, 

and nucleation rate reduces, the isothermal growth of spherulitic structures will start 

to dominate [162, 245]. This may explain the decrease in mesophase melting 

enthalpy for crystallisation times > 1000 seconds following isothermal crystallisation 

at 80 °C and 90 °C. The initiation of isothermal γ crystal growth can be observed 

more clearly within Figure 7.6a. At 80 °C and 90 °C, three melting peaks appear, 

which are related to the melting of mesomorphic material, relatively weak and 

unstable γ crystals that begin to grow during the isothermal hold, and more stable y 

crystals which formed through reorganisation of both the γ’ and the weaker γ phase 

on heating. Therefore, isothermal crystallisation at these temperatures represents a 

transition region whereby the mesophase and γ crystal growth can occur 

simultaneously, as observed previously [56, 162, 245].  

Overall, the results presented in this section are complimentary to previous studies 

that suggested PA-12 crystallises into the mesomorphic phase at low crystallisation 
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temperatures. Details surrounding the formation of an unstable mesophase, and the 

effect it has on the properties of PA-12, has been analysed in more detail elsewhere 

[115, 117, 162, 245]. In contrast, the complete crystallisation behaviour of PA-12 at 

moderate and low degrees of supercooling, particularly the development of 

secondary crystallisation, is less well understood. Therefore, the remainder of this 

study will focus on isothermal crystallisation temperatures between 100 °C and 150 

°C.  
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Figure 7.6 - a) FSC heating scans, at 1,000 °C/s, after isothermal crystallisation at 
temperatures between 40 °C and 90 °C, for three selected crystallisation times of 
0.01 seconds, 100 seconds, and 1000 seconds. The arrow indicates the progressive 
increase in the size and stability of the mesophase with increased Tc, whilst the solid 
line at 150 °C emphasises that this melting peak represents the melting of crystals 
that formed via reorganisation, or melt-recrystallisation, on heating. b) The variation 
in melting enthalpy of the mesophase (i.e., “endothermic peak 1”), as a function of 
isothermal time, for isothermal crystallisation temperatures between 40 °C and 90 °C. 
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7.3.2.2 Moderate and low supercooling region – 100 °C to 150 °C 

At crystallisation temperatures greater than ~100 °C, crystallisation is dominated by γ 

or α’ formation [115, 117, 124, 162, 245, 250]. However, in the literature, there is 

some disagreement regarding the transition between the different crystal phases. 

Figure 7.6 demonstrated that for isothermal temperatures of 80 °C and 90 °C, there 

is a transition region, whereby both the γ’ and γ phase can develop simultaneously. 

Some studies have suggested that, beyond 100 °C, growth of the mesophase ceases 

and that in the temperature region of 100 °C to 130 °C, only γ crystals form [56, 117, 

162]. However, the current work provides evidence to suggest that the mesophase 

can continue to grow up until isothermal crystallisation temperatures of 130 °C. As 

shown in Figure 7.7, at a Tc of 100 °C, dual melting peaks can be observed, 

signifying the presence of γ’ and γ crystal populations. As Tc increases, the first 

endotherm begins to combine with the main melting peak, now existing as a low 

temperature shoulder peak, which likely represents the melting of progressively more 

stable mesomorphic material. This supports the findings of Verkinderen et al., who 

suggested that at crystallisation temperatures > 100 °C, the mesomorphic material 

becomes connected to the γ crystals that begin to form, which they defined as 

“mesomorphic patching” [245]. Furthermore, with increased crystallisation 

temperature, there is a shift in the main melting peak to higher temperatures (Figure 

7.7), indicating that larger and more stable γ crystals are able to develop with 

increased Tc. This relates to traditional crystallisation theory, whereby as Tc 

increases, the crystallisation process becomes nucleation limited and crystal growth 

is thermodynamically favoured [120, 121], so larger crystalline structures are 

expected to form. This crystallisation behaviour, whereby mesomorphic patches form 
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alongside the growth of the dominant γ crystal population, continues until an 

isothermal crystallisation temperature of 130 °C.  

However, for crystallisation temperatures of 140 °C and 150 °C, there is a change in 

the crystallisation behaviour whereby, for sufficiently long isothermal times, there is a 

sudden increase in the melting temperature of the main endotherm, which is distinctly 

different to the gradual increase observed at lower isothermal temperatures (Figure 

7.7). The new, high temperature melting peak can be explained by the growth of α’ 

crystals. This supports previous work from Paolucci et al., who used WAXD to 

identify that, at crystallisation temperatures > 135 °C, two diffraction peaks are 

observed, characteristic of the α’ phase [162]. Therefore, Figure 7.7 demonstrates 

that, in the temperature region of 100 °C to 130 °C, γ crystals are the dominant 

crystal population; whilst, for isothermal crystallisation temperatures > 130 °C α’ 

crystals are able to grow. Nonetheless, it is also evident that crystallisation behaviour 

is highly dependent on crystallisation time, so it is necessary to analyse the 

respective time-temperature dependencies of the γ and α’ phase in more detail.  
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Figure 7.7 - FSC heating scans, at 1,000 °C/s, after isothermal crystallisation at 
temperatures between 100 °C and 150 °C, for three selected crystallisation times of 
0.01 seconds, 100 seconds, and 1000 seconds, indicating the influence of isothermal 
Tc and tc on the crystallisation behaviour of PA-12. For crystallisation temperatures > 
130 °C there is a transition from the γ to the α’ phase. 

  

7.3.2.2.1 Formation of γ crystals – 100 °C to 130 °C  

Isothermal crystallisation in the temperature range of 100 °C to 130 °C leads to the 

formation of γ crystals, as reported previously [115, 117, 162, 245]. Figure 7.8a 

displays the change in heat flow of FSC curves, as a function of crystallisation time, 

at an example Tc of 120 °C; Figure 7.8b shows a sigmoidal relationship between 

crystal growth and isothermal time, indicating that γ crystals form spherulitic 

superstructures [74, 119]. For crystallisation times < 2 seconds, the CC enthalpy on 

heating is equal to the melting enthalpy; low crystallisation times are insufficient to 

allow any crystal growth to occur via isothermal crystallisation. As crystal nucleation 
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cannot be prevented on cooling (section 7.3.1), these nuclei grow into crystal 

structures on heating, resulting in a CC peak, followed by an identical endothermic 

peak that represents the melting of the crystals formed during CC. Isothermal 

crystallisation for > 2 seconds results in an exponential increase in the total change in 

enthalpy, caused by a combination of reduced CC enthalpy and increased melting 

enthalpy, signifying rapid crystal growth via primary crystallisation. For crystallisation 

times beyond 10 seconds, CC ceases and there is a notable reduction in the rate of 

total enthalpy change, representing spherulite impingement and completion of the 

primary crystallisation process (Figure 7.8b). However, the total enthalpy change 

continues to slowly increase, indicating that the crystallinity of PA-12 can continue to 

develop for extended periods of time, albeit at a reduced rate.  

Further developments in crystallinity following spherulite impingement occur via 

secondary crystallisation, in the form of lamellar thickening [99-103] or lamellar 

insertion [113, 114]. However, to the best of the authors knowledge, the exact 

mechanism of the secondary process within PA-12 has not been investigated 

previously. Figure 7.8a demonstrates that at extended isothermal crystallisation 

times, there is a gradual upward shift in the temperature and enthalpy of the melting 

endotherm, which is indicative of a thickening of the pre-existing γ crystals. According 

to the Gibbs-Thomson equation, a rise in the Tm of polymer crystals is due to an 

increased lamella thickness, which increases crystal size and stability [99, 253, 260]. 

Although Figure 7.8 only provides an example Tc of 120 °C, similar crystallisation 

behaviour was observed at all temperatures between 100 °C and 130 °C and further 

analysis of secondary crystallisation is provided in section 7.3.3.     
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Figure 7.8 - a) FSC heating scans, at 1,000 °C/s,  after isothermal crystallisation at 
120 °C for crystallisation up to 10,000 seconds; this provides an example of the 
crystallisation behaviour of PA-12 in the isothermal temperature range of 100 °C to 
130 °C, where the γ phase is expected to form. b) The change in cold crystallisation 
enthalpy and total enthalpy change, whereby total enthalpy = melting enthalpy – cold 
crystallisation enthalpy, as a function of isothermal crystallisation time at 120 °C. For 
extended crystallisation times, the gradual, progressive increase in total enthalpy is 
indicative of secondary crystallisation, via lamellar thickening. 
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7.3.2.2.2 α’ crystal region – 140 °C to 150 °C  

The FSC scans displayed in Figure 7.7 suggest that, at crystallisation temperatures ≥ 

140 °C, PA-12 crystallises into the α’ crystal phase, which confirms the findings of 

previous studies on the polymorphism of PA-12 [117, 162]. Figure 7.9a provides 

more evidence to support this. Following isothermal crystallisation for < 10 seconds, 

the subsequent re-heat displays a CC exotherm at ~75°C, followed by an identical 

melting endotherm at ~150 °C which represents the melting of γ crystals that formed 

during CC. Aforementioned, this suggests that no isothermal crystallisation has 

occurred. Therefore, the induction time for α’ crystal growth is significantly longer 

than γ crystal formation between 100 °C and 130 °C, whereby primary crystallisation 

initiated within 2 seconds. With increased isothermal time, a secondary endothermic 

peak appears, which represents the growth of the α’ phase; simultaneously, there is 

a decrease in the CC peak, coinciding with an equal reduction in the melting enthalpy 

of the first endotherm. As shown by the total enthalpy change in Figure 7.9b, initial α’ 

crystal growth is slow, but for isothermal crystallisation times between 30 and 100 

seconds there is a rapid reduction in CC enthalpy and an exponential increase in the 

total melting enthalpy, which is indicative of primary crystallisation. Beyond 200 

seconds, the cold crystallisation exotherm and the reorganisation endotherm (1st 

melting peak) disappear so a single high temperature melting enthalpy is observed 

(Figure 7.9a). Furthermore, analogous to the behaviour of the γ crystal population in 

Figure 7.8, for extended isothermal crystallisation times, there is a continued 

increase in the enthalpy and melting temperature of the α’ crystals, indicative of the 

slow lamellar thickening process [94, 105, 116]. 
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Figure 7.9 - a) FSC heating scans, at 1,000 °C/s,  after isothermal crystallisation at 
140 °C for up to 10,000 seconds; this provides an example of the crystallisation 
behaviour of PA-12 at isothermal temperatures > 140 °C, where the high temperature 
endotherm represents the formation of the α’ phase. b) The change in cold 
crystallisation enthalpy and total enthalpy change, whereby total enthalpy change = 
total melting enthalpy – cold crystallisation enthalpy, as a function of isothermal 
crystallisation time at 140 °C. 



Chapter 7  – Secondary crystallisation using fast scanning calorimetry 
 

 
  

 
246 

7.3.3 Secondary crystallisation  

The results presented in section 7.3.2 provide significant evidence to suggest that, 

over a wide temperature range between 100 °C and 150 °C, PA-12 tends to undergo 

secondary crystallisation via lamellar thickening. During primary crystallisation, 

relatively thin crystalline lamellae form, whereby sufficiently mobile polymer chains 

are able to pass through the thin dimensions of the crystal by repeatedly folding back 

on itself at each lamella surface [99]. The resulting primary lamellae have a high 

surface to volume ratio and are thermodynamically metastable, so there is a 

tendency for lamellae to thicken in the chain axis direction in order to minimise the 

crystal to liquid interfacial free energy and achieve greater thermodynamic stability. 

Thus, lamellar thickening does not affect the total number of crystalline stems but 

causes existing crystals to thicken and become closer to thermodynamic equilibrium 

[99-103, 105]. This secondary process causes further developments in crystallinity 

that could significantly alter the materials properties and the subsequent performance 

of polymer products [99, 100, 255]; therefore, a greater understanding of the 

mechanisms causing lamellar thickening, and the rate at which thickening occurs, is 

required.  

Figure 7.10 indicates that at all isothermal temperatures > 100 °C, developments in 

crystallinity, as a function of time, follow a sigmoidal relationship. An induction period, 

where no isothermal crystallisation occurs, proceeds an exponential increase in the 

melting enthalpy, representing the melting of the crystals that formed during primary 

crystallisation. The end of the exponential component signifies spherulite 

impingement and termination of primary crystallisation. However, rather than an 

abrupt plateau, spherulite growth is followed by a transition to the secondary 



Chapter 7  – Secondary crystallisation using fast scanning calorimetry 
 

 
  

 
247 

crystallisation region, whereby total enthalpy continues to gradually increase, albeit at 

a reduced rate. In addition, with increased crystallisation temperature, there is a 

reduction in the rate of primary crystallisation, evidenced by the sigmoidal curve 

shifting to extended crystallisation times as Tc increases. This reduction in primary 

crystallisation rate is to be expected because, as Tc tends towards Tm, an increase in 

thermal energy restricts the formation of stable nuclei, so nucleation rate reduces. 

Primary crystallisation rate also appears to be affected by polymorphism because 

more significant rate reductions occur at  temperatures > 130 °C, which represents 

the transition from γ crystal growth to the formation of an α’ phase. Nonetheless, 

independent of whether the γ or α’ phase forms during primary crystallisation, there is 

clear evidence of secondary crystallisation occurring. With extended crystallisation 

times, total enthalpy continues to gradually increase, which signifies the slow, yet 

continuous thickening of the pre-existing lamella.  
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Figure 7.10 -- The change in cold crystallisation enthalpy and total enthalpy change, 
whereby total enthalpy change = total melting enthalpy – cold crystallisation enthalpy, 
as a function of isothermal crystallisation time for all crystallisation temperatures 
between 100 °C and 150 °C. The dotted line indicates the approximate transition 
from primary to secondary crystallisation, whilst the arrow represents a reduction in 
the primary crystallisation rate with increased isothermal Tc.  

 

Furthermore, the rate of lamellar thickening also appears to be slower within α’ 

crystals than γ crystals, signified by a reduction in the gradient of the 140 °C and 150 

°C curves in the “secondary crystallisation” region of Figure 7.10. This is displayed 

more clearly in Figure 7.11, whereby the total enthalpy change, as a function of 

crystallisation time, is limited to the secondary crystallisation region. It has previously 

been reported that the rate of lamellar thickening within polymeric materials is greater 

at higher crystallisation temperatures [99, 100, 102]. These studies suggested that 

lamellar thickening is controlled by segmental mobility; therefore, increases in Tc 

provides additional thermal energy that enhances chain mobility, causing the rate of 
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thickening to increase [102]. That theory does not appear to be accurate within PA-

12, as shown by the gradients presented in Figure 7.11, which allow comparisons 

between the rate of lamellar thickening at each crystallisation temperature. Between 

100 °C to 130 °C, where γ crystals are dominant, the thickening rate remains 

relatively constant; at higher crystallisation temperatures of 140 °C and 150 °C, the 

gradient significantly reduces, indicating that the rate of lamellar thickening within α’ 

crystals is lower. 

 

 

Figure 7.11 - The total change in enthalpy, as a function of isothermal crystallisation 
time for all crystallisation temperatures between 100 °C and 150 °C, whereby the 
curves are limited to the secondary crystallisation region alone. Superimposed is a 
table which compares the gradient of the secondary region at each isothermal Tc; the 
gradient is representative of the relative rate of lamellar thickening. 
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The change in the secondary crystallisation behaviour of PA-12 at higher 

crystallisation temperatures implies that polymorphism affects the rate of lamellar 

thickening; therefore, the exact mechanism of thickening may be different within the γ 

and α’ phase. Previous studies have proposed several theories that may explain the 

lamellar thickening process within PA-12. Firstly, the results displayed in section 

7.3.2.1 suggested that the mesophase is able to continuously melt and recrystallise 

as it is heated to higher temperatures, resulting in a progressively larger nodular 

mesophase [245]. It is envisaged that, upon heating, the γ phase could undergo a 

similar melt-recrystallisation mechanism. Premature melting of thin, weak lamellae 

within lamella stacks, or surface melting of larger crystals, followed by an 

instantaneous re-crystallisation, could result in thicker, more stable structures [103, 

105, 117]. This theory differs from other lamellar thickening mechanisms because it 

can occur during heating. Therefore, it is a reversible process because, by definition, 

the lamellae that form are capable of constantly melting and reforming as 

temperature continues to increase [105]. Melt-recrystallisation of PA-12 is supported 

by Figure 7.7 and Figure 7.8a, where there is evidence of shoulder melting peaks. It 

was suggested in section 7.3.2.1 that this represents mesomorphic patching, 

however shoulder peaks could also represent the premature melting of thin, 

isothermally formed γ crystals that immediately recrystalise into thicker lamellae 

before melting at a higher temperature. In this case, FSC may be incapable of 

resolving separate melting and recrystallisation events because they occur rapidly, 

and at similar temperatures to the main melting peak. Likewise, changes in heat flow 

during melt-recrystallisation would be small, and possibly below the detection 

threshold of the FSC system. Consequently, the melt-recrystallisation process cannot 
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be ruled out; however, continuously occurring melting and recrystallisation would be 

expected to result in more significant fluctuations in melting behaviour with increased 

crystallisation time [105]. A gradual, progressive increase in quantifiable rate 

parameters (e.g., melting enthalpy in Figure 7.11), as a function of tc, implies that 

melt-recrystallisation is not the dominant cause of lamellar thickening, and an 

alternative thickening mechanism must be active during the isothermal crystallisation 

of PA-12.  

For all crystallisation temperatures between 100 °C and 150 °C the enthalpy change 

of the secondary region increases linearly as a function of the logarithm of isothermal 

crystallisation time (Figure 7.12a). It has previously been reported that a logarithmic 

(log) time dependence provides evidence of a solid-state diffusion mechanism for 

lamellar thickening [99, 100, 102, 103, 113]. Following primary crystallisation, 

polymer chains are organised in a layered, chain-folded superstructure. Some have 

hypothesised that the folded chains present within primary lamella are able to 

rearrange into a more thermodynamically stable configuration. This can occur via 

solid-state diffusion, whereby folded chains reconfigure their arrangements via sliding 

or refolding such that the lamellae increase in thickness; these processes have 

subsequently been referred to as chain-sliding diffusion [99, 101-106] and chain 

refolding [79, 105, 107, 108], respectively. In these models, “diffusion” refers to a 

translational movement, whereby sufficiently mobile chains exhibit cooperative 

motion, allowing them to merge along the longitudinal chain axis of the primary 

lamella structure. Thus, the relative mobility of the monomer units present within the 

existing lamella is crucial to both chain sliding and chain refolding [99, 101, 102].  
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Although Figure 7.12a displays a linear increase in melting enthalpy, as a function of 

log time at all crystallisation temperatures between 100 °C and 150 °C, a notable 

decrease in the co-efficient of determination (R2) is observed at 140 °C and 150 °C. 

This is further supported within Figure 7.12b, which plots peak melting temperature 

against log time, and displays an identical trend. Between 100 °C to 130 °C, R2 is > 

0.96; emphasising that, because the change in Tm displays a log time dependence,  

the dominant lamellar thickening mechanism within the γ phase is likely solid-state 

diffusion. Nonetheless, reduced gradients in Figure 7.11 and decreased R2 values in 

Figure 7.12, demonstrates that the thickening behaviour of PA-12 is different within 

the α’ phase. At low levels of supercooling, there is a reduction in the nucleation rate, 

so crystallisation is growth dominated [91, 120, 121]. Therefore, relative to the γ 

phase, α’ crystals are expected to form larger spherulites, with a greater degree of 

hydrogen bonding and an increased thermodynamic stability [117, 162, 242]. The 

increased stability of primary α’ crystals will reduce the driving force for melt-

recrystallisation. Furthermore, the α’ phase has a higher Tm than the γ phase, which 

is verified in Figure 7.9a and Figure 7.12b. Thus, it can be assumed that α’ crystals 

formed during isothermal crystallisation will not undergo melt-recrystallisation on 

heating because the primary lamellae are expected to be thick enough to prevent 

premature melting. This is demonstrated in Figure 7.9a, whereby the high 

temperature melting peak related to the α’ phase displays a smooth, sharp, singular 

endotherm; the absence of shoulder melting peaks implies that melt-recrystallisation 

of the isothermally grown α’ crystals does not occur.  

Furthermore, the hexagonal γ phase has a loosely packed formation which permits 

considerable longitudinal movement of the chains [99]; therefore folded chains in the 
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lamellae of γ crystals have the necessary mobility to thicken via chain sliding or 

further refolding. In contrast, the greater hydrogen bond density within the α’ phase 

results in a more rigid crystal structure, which limits the capacity for chains to 

rearrange via chain sliding and refolding. As a result, within α’ crystals, the rate of 

solid-state diffusion likely decreases, or stops entirely, and further developments in 

crystallinity can be explained by a different lamellar thickening mechanism.  

 

Figure 7.12 - The change in a) total enthalpy and b) peak melting temperature, 
against the natural logarithm of isothermal crystallisation time, whereby data is limited 
to the secondary crystallisation region. The co-efficient of determination (R2) values 
indicate how well the data fits a logarithmic time dependence at each isothermal Tc.  
* Signifies the reduction in R2 at 140 °C and 150 °C, so at these crystallisation 
temperatures, lamellar thickening likely occurs via an alternative mechanism. 
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The Hay model proposes an additional mechanism of lamellar thickening, whereby 

the process is strictly diffusion based [91, 144, 145]. The key differential of this theory 

is that diffusion refers to the movement of chains across the crystal boundary, so 

fractions of amorphous chains, within the polymer melt, merge into the pre-existing 

crystalline lamellae. It is envisaged that within the amorphous polymer melt, 

individual chains exist within virtual entangled tubes, where their size and shape is 

determined by other chains in the surrounding region of the polymer [91, 261-263]. 

The length of the chain segments that define the thickness of the lamellae are also 

constrained by chain entanglements, so for thickening to occur, some 

disentanglement is necessary. This occurs via reptation, whereby segments of 

individual chains rotate about the sequences of bonds, allowing chains to move 

backwards and forwards within the virtual tube [145]. Therefore, with increased 

crystallisation time, regions of chains such as loops, cilia, and loose sections present 

within the rigid amorphous fraction (RAF) (Figure 7.13a) are able to “diffuse” across 

the crystal-melt interface and become incorporated into the crystalline lamella. As 

regions of amorphous chains untangle and reorganise, the movement of the lamellae 

fold surface is less than the diameter of the virtual tube, which allows lamella to 

thicken via chain diffusion [91]. It has previously been observed that the diffusion of 

amorphous chains over a distance smaller than the diameter of the virtual tube 

follows a square root time dependence [91, 95, 109, 146]. Total melting enthalpy 

(Figure 7.13b) and peak melting temperature (Figure 7.13c) are displayed as a 

function of the square root of isothermal crystallisation time for crystallisation 

temperatures ≥ 140 °C. In this case, the R2 values for 140 °C and 150 °C are 

significantly greater than in Figure 7.12 indicating that, at these crystallisation 
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temperatures, lamellar thickening becomes dependent on the square root of time, 

rather than the logarithmic time dependence observed within γ crystals. Therefore, 

within the α’ phase, it is likely that diffusion plays a role in the lamellar thickening 

process, and this may occur via the Hay reptation-diffusion theory. Overall, the 

mechanism of lamellar thickening, and the rate at which thickening occurs, is not only 

dependent on isothermal crystallisation temperature and time, but also the 

polymorphic nature of PA-12. 

 

Figure 7.13 - Schematic illustration of lamellar thickening within semi-crystalline 
polymers via Hay’s reptation-diffusion theory; the change in b) total enthalpy and c) 
peak melting temperature, against the square root of isothermal crystallisation time, 
whereby data is limited to the secondary crystallisation region. The co-efficient of 
determination (R2) values displayed in b) and c) demonstrate that lamellar thickening 
follows a square root time dependence at isothermal crystallisation temperatures of 
140 °C and 150 °C. 
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7.4 Conclusions 

The property profile of polyamide 12 (PA-12) is dependent upon its ability to form 

highly crystalline structures, as well as the morphology, size, shape, and stability of 

the resulting crystals. Similarly, the crystallisation process, which causes concurrent 

volume shrinkage effects, is crucial to the performance and dimensional precision of 

powder bed fusion (PBF) parts. Secondary crystallisation, a process rarely studied in 

previous PA-12 literature, causes further developments in crystallinity that can alter 

the property profile of the material. As such, this study investigated the mechanism 

and rate of secondary crystallisation, across a wide isothermal crystallisation 

temperature (Tc) range, using fast scanning calorimetry (FSC). At crystallisation 

temperatures between 100 °C and 130 °C, PA-12 crystallises into the hexagonal γ 

phase and displays significant secondary crystallisation. For extended crystallisation 

times (tc), the melting endotherm related to the crystal population formed during 

isothermal crystallisation, progressively shifts to higher temperatures; this is 

indicative of a slow, yet continuous lamella thickening process. The melting enthalpy, 

and melting temperature, increase linearly as a function of the logarithm of tc, 

suggesting that solid-state diffusion processes such as chain-sliding and chain 

refolding are the dominant cause of lamellar thickening. However, when Tc > 130 °C, 

PA-12 crystallises into the α’ phase, whereby hydrogen bonding can be more easily 

attained and larger, more thermodynamically stable crystal structures develop. The 

rigid α’ phase reduces chain mobility, which limits the possibility of lamellar thickening 

via chain sliding or refolding. Consequently, thickening can only continue via a 

diffusion-based mechanism whereby chains are instead incorporated from the inter-

lamellae rigid amorphous fraction. Diffusion-controlled thickening is a slower process, 
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so the rate of thickening within the α’ phase reduces, and  lamella thickening is now 

dependent on the square root of time, which is indicative of Hay’s reptation-diffusion 

model. Evidently, the crystalline structure of PA-12, the rate and extent of secondary 

crystallisation, and the mechanism of lamellar thickening are all closely related to tc 

and Tc. This insight into the secondary crystallisation behaviour of PA-12 could be 

useful to help predict the properties and performance of final PBF parts. 
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8 CHAPTER 8 – INTEGRATED DISCUSSION 

 

8.1 Background  

Given the climate crisis, government regulations have forced the manufacturing 

industry to explore more sustainable processing methods. Additive manufacturing 

(AM) is widely considered an essential aspect of advanced material processing 

because it can assist the transition from a linear economy manufacturing model, 

towards a more sustainable circular economy, whereby waste is minimised [1]. 

Powder bed fusion (PBF) of thermoplastic materials, such as polyamide-12 (PA-12), 

is an AM technique capable of providing complex, individualised components with a 

high strength-to-weight ratio [5, 7, 13, 17, 18, 20]. PBF poses significant advantages 

within many applications across a wide range of industries, including aerospace, 

automotive, medical, and sporting goods [45]. However, as consolidated parts are 

contained within an un-fused powder bed, 80-90% of powder remains un-sintered 

during each build [16, 18, 21]. The remaining powder is recoverable, and can be re-

used, but it has been exposed to elevated temperatures, for extended periods of 

time. This results in physical aging and degradation processes, which hinder the 

recyclability of the material [21, 27, 28]. Therefore, in an attempt to counteract the 

effects of aging, un-sintered (“used”) powder remaining in the build chamber is 

typically blended with virgin powder before re-use. 

However, within industry, there is a general lack of understanding regarding the 

complex aging behaviour of PA-12 during PBF. Similarly, the effect of aging on the 
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property profile of feedstock powder, and subsequent part properties, is relatively 

unknown. Accordingly, there is currently no standard procedure for evaluating the 

quality of recycled PA-12 powder, leading to uncertainty as to whether or not used 

feedstock material can be re-used in future builds. As a result, current powder 

recycling methods involve rigid, arbitrary refresh rates of 50% or 70% used powder, 

which are inefficient because they do not account for any variation in the properties 

of the recovered powder. PBF operators are constantly working with refreshed 

powder mixtures of an unknown, inconsistent quality, so the property profile of final 

parts is difficult to predict. Consequently, material waste, such as that generated by  

throwing away relatively un-aged powder unnecessarily, or having to discard 

unserviceable final parts made from severely aged powder, remains a significant 

industry challenge.  

This research aims to improve the cost effectiveness and environmental sustainability 

of the PBF process by unravelling the complex aging mechanisms occurring during a 

build cycle, identifying the influence that each individual aging phenomena has on 

both powder and part properties. Furthermore, the most appropriate characterisation 

techniques for managing the lifecycle of recycled powder are established, offering 

guidance to PBF operators on best practices for incorporating used PA-12 powder 

into future build cycles.  
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8.2 Material characterisation studies  

In order to improve the current PBF powder re-use strategy, it is first necessary to 

gain an understanding of the interplay between the aging and degradation 

phenomena that can occur within PA-12, and how these processes influence the 

property profile of the material. Commercial grade virgin, 3D high reusability PA-12 

powder (Hewlett-Packard) was conditioned for up to 336 hours, within an oxygenated 

oven, at the understood powder bed temperature of 170 °C. This exposes PA-12 

powder to a harsh combination of elevated temperatures, long storage times, and an 

oxygenated atmosphere, which represents a “worst case scenario” with respect to 

material degradation. Such conditions were selected to enable a holistic examination 

of the capabilities of PA-12 in the context of PBF, because exposing the material to 

this environment presents the opportunity for a wide range of aging and degradation 

processes to occur. 

Characterisation of the conditioned powder samples revealed that the aging 

behaviour of PA-12 is very complex, whereby multiple processes can occur 

simultaneously and interact with each other. As a function of storage time, variations 

in the thermal, chemical, and physical properties of PA-12 powder demonstrated two 

separate, time-dependent trends. Over the first 100 hours, differential scanning 

calorimetry (DSC) displayed an increase in melting temperature (Tm) and 

developments in crystallinity (Xc). The majority of previous PBF studies attribute 

increases in Tm to a rise in molecular weight due to polycondensation [15, 25, 28, 38, 

41, 160]. Nonetheless, polycondensation causes increased chain entanglements 

which restricts the mobility of amorphous chains, preventing them from contributing to 

further developments in crystallinity. As a result, an upward shift in both Tm and Xc 
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indicates that an alternative aging process, namely secondary crystallisation, occurs 

when PA-12 is stored at elevated temperatures. Polycondensation may still be active, 

but this aging process cannot explain the observed increase in crystallinity, providing 

substantial evidence that secondary crystallisation is also affecting the structure and 

properties of PA-12.  

Investigating the isothermal crystallisation kinetics of PA-12 using fast scanning 

calorimetry (FSC), provided further evidence that secondary crystallisation occurs 

when PA-12 is stored at temperatures ≥ 100 °C. For extended crystallisation times, 

there is progressive shift in Tm and Xc, which is indicative of a slow, yet continuous 

lamellar thickening process. PA-12 is polymorphic so can crystallise into a range of 

different structures. It has been reported that the γ phase is the most common 

crystalline structure within PA-12 [58, 115, 162, 245]. However, the relatively high Tm 

of PBF modified PA-12 powder [34, 58] may indicate that the α’ phase is the 

dominant crystal structure within un-sintered PA-12 powder located in a PBF build 

chamber. The results presented in Chapter 7 suggest that the rate of lamellar 

thickening is slower within the α’ phase of PA-12, and that thickening becomes 

dependent on the square root of time, which is indicative of Hay’s reptation-diffusion 

model. The change in Tm observed during the first 100 hours of oven conditioning 

was plotted against the square root of oven conditioning time; a linear increase in Tm 

was observed, with a co-efficient of determination of 0.999. This indicates that, when 

stored at 170 °C, primary crystalline lamellae within PA-12 powder can undergo 

further developments in crystallinity via a diffusion controlled lamellar thickening 

process.  
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Nonetheless, for extended storage times beyond 100 hours, alterations in Tm and Xc 

initially plateau, followed by a rapid and substantial reduction. Additionally, Fourier 

transform infrared spectroscopy (FTIR) showed a higher concentration of imide 

bonds, a common by-product of oxidative degradation of PA-12. Reductions in 

tensile strength, severe embrittlement, and significant sample discolouration provided 

further evidence that thermo-oxidative chain scission becomes the dominant aging 

process following prolonged storage at 170 °C. Pre-drying PA-12 powder, prior to 

oven conditioning, causes a reduction in all markers of degradation, including imide 

growth and sample discolouration. This indicates that, due to the hygroscopic nature 

of PA-12, moisture within the material or the surrounding atmosphere causes 

hydrolysis, which accelerates thermo-oxidation. Therefore, in the context of PBF, it is 

essential that powder handling between build cycles occurs within a closely 

controlled atmosphere to restrict any further degradation; additionally, feedstock 

powder could be preconditioned, prior to printing, in order to remove any residual 

moisture.  

This oven conditioning experiment simulates the thermal conditions that un-sintered 

powder is exposed to within a multi-jet fusion (MJF) build chamber, providing an 

understanding of the aging processes that may occur when PA-12 is repeatedly re-

used across multiple MJF processing cycles. However, the results displayed in 

section 5.7.2 suggest that oven conditioning cannot offer a direct replication of the 

MJF build process. The same material, HP 3D High Reusability PA-12 powder, was 

also recycled across four MJF build cycles, using the manufacturer recommended 

80:20 refresh ratio. After 4 build cycles, the cumulative build time is only 43 hours, or 

86 hours if the cool-down is included, so the conditioning time is significantly lower 
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than the prior oven conditioning study. Nevertheless, this is a sufficient period of time 

for aging to influence material behaviour. With increased build number, there was no 

significant change in the thermal properties of the material, contrary to the substantial 

increase in Tm and Xc that was witnessed after 48 hours of oven conditioning.  

Therefore, upon reflection, some of the conclusions made in Chapter 4 may not be 

as industrially relevant as it was initially perceived. It appears that the changes in the 

properties of aged PA-12 powder, following oven conditioning, are not an entirely 

accurate representation of how the polymer behaves during successive re-use within 

MJF. During the MJF process, multiple other factors, such as build parameters, the 

use of fusing and detailing agents, part packing density, and refresh ratios (section 

3.1.2) can also affect the quality of PA-12 feedstock. Similarly, the mass of powder 

used in oven conditioning studies is often considerably less than the volume of 

powder present within a MJF build chamber; due to the low thermal conductivity of 

PA-12, this may also influence the extent of the various different aging phenomena. 

As a result, it is important that industry operators are aware that isolated oven 

conditioning studies may not be comprehensive enough to accurately quantify the re-

usability and processability of PA-12 within PBF, which is undoubtedly a complex 

problem. When formulating a suitable powder recycling strategy, it is crucial that 

various processing parameters are considered as well. Nonetheless, the oven 

conditioning experiments conducted in this project provide valuable insight into the 

aging and degradation behaviour of PA-12, which was a necessary pre-cursor for the 

conceptualisation of subsequent schemes of work.  

 



Chapter 8  – Discussion 

 
 

  

 
264 

8.3 Laser sintering studies 

Following the material characterisation studies, improved understanding of aging and 

degradation was utilised to investigate how aging affects the processability and 

reusability of PA-12 within laser PBF.  This work outlines optimal strategies for 

quantifying the effect of aging on PA-12 powder recycled across multiple build cycles, 

using a 70:30 refresh ratio. Commercial grade PA-12 (EOS PA2200) powder, 

refreshed with 30% virgin powder, was re-used across seven laser sintering (LS) 

build cycles. With increased build number there was a close relationship between the 

deterioration of powder quality, and subsequent changes in the properties of laser 

sintered parts. 

DSC demonstrated that, as a function of powder re-use, there is an increase in the 

melting temperature of PA-12 powder. An increase in avalanche angle is also 

observed, which represents a reduction in particle flowability and cohesion. 

Avalanche angle was measured using the revolution powder analyser, proving it to 

be a useful characterisation technique, despite being rarely used within previous PBF 

studies. It was expected that reductions in particle flowability would have been 

caused by changes in the particle size distribution of PA-12 [38, 62, 154]; particles < 

20 μm induce stickiness, whilst particles > 80 μm restrict powder flow across the 

build platform. Nonetheless, measurements taken on a Malvern mastersizer imply 

there is no change in particle size distribution. Upon further characterisation of the re-

used powder using scanning electron microscopy (SEM), it became clear that with 

increased powder re-use, there was an increase in the number of irregularly shaped 

particles, increased appearance of fragmented, ‘satellite’ particles, and significant 
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particle cracking. Hence, these changes in particle morphology likely explain the 

observed reduction in particle flowability.   

Evidently, the satellite particles present within re-used powder samples were not 

detected using particle size analysis, which has previously been regarded as a key 

powder characterisation technique within PBF [35, 38, 168, 264, 265]. Furthermore, 

although a liquid dispersion unit is the most common method of sample dispersion for 

particle size measurements, it may result in the removal of particle agglomerates 

[266]. Therefore, the Malvern mastersizer experiments conducted in this study may 

have been unable to adequately quantify the size and extent of particle 

agglomeration as a result of powder re-use. This reveals a limitation of using particle 

size distribution for determining the suitability of recycled powder for re-use in future 

builds. For example, if PBF operators were given the particle size analysis as an 

isolated dataset, it would appear that PA-12 powder morphology is highly resistant to 

laser sintering processing cycles. SEM images indicated that this is not the case, as 

the shape, stability, and surface quality of particles were susceptible to deterioration. 

This could have significant consequences for the processability of the material 

because satellite particles can affect the flowability of the polymer. Satellite 

fragments attach themselves to larger particles and induce stickiness, preventing the 

re-coater blade from moving freely throughout the material deposited on the build 

platform. This could result in a non-homogeneous powder layer, whereby particles 

are not uniformly distributed, which ultimately leads to layer delamination and 

enhanced porosity within final parts, as well as surface defects that could render the 

component unserviceable.  
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Similarly, in the context of powder re-use, increases in melting temperature are 

significant. Assuming that build processing parameters remain constant, increased 

Tm may result in incomplete particle melting, whereby unmolten spherulite cores 

remain, which prevents full material coalescence. As such, the melt flowability and 

coalescence behaviour of virgin and re-used PA-12 powder samples was 

investigated using hot-stage microscopy (HSM). As a function of powder re-use, 

there was a progressive increase in the onset of melting, and with further upward 

shifts in temperature, re-used samples displayed restricted melt flowability and limited 

coalescence compared to virgin samples. This provides evidence of 

polycondensation and cross-linking, both of which cause increases in molecular 

weight and melt viscosity, resulting in restricted melt flow.  

Furthermore, even at temperatures higher than the endpoint of melting recorded 

within the DSC, there is evidence of spherulite cores remaining in powder recovered 

from build 4 and build 6. Incomplete particle melting is also observed through thermal 

characterisation of LS parts. DSC of parts fabricated from re-used powder show the 

formation of an upper-temperature shoulder melting peak, representing the presence 

of higher melting point particles that did not fully melt during the build process. 

Confirmation of un-molten spherulite cores remaining within used powder samples 

suggests that some particles contain thicker crystalline lamellae. This behaviour is 

evident of secondary crystallisation, via lamellar thickening, occurring with repeated 

powder re-use. This is a crucial observation because, prior to this study, previous 

research into the aging of PA-12 within PBF has focused almost exclusively on 

polycondensation [15, 25, 28, 38, 41, 160], and secondary crystallisation has often 

been overlooked. As discussed in Chapter 7, FSC experiments provided substantial 
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evidence that primary crystalline lamellae tend to thicken when PA-12 is held at 

isothermal crystallisation temperatures between 100 °C and 150 °C. Nonetheless, 

identifying that lamellar thickening also occurs during the build process is pivotal 

because it could have significant industrial implications. Continuation of the 

crystallisation process during secondary crystallisation may cause further volume 

shrinkage effects, leading to poor dimensional precision. This may also help explain 

why LS parts often display inconsistent mechanical properties [61], which has 

prevented the widespread use of this technology for the fabrication of functional, end-

use components. Similarly, as shown within this study, lamellar thickening also 

reduces the suitability of un-sintered powder for re-use in future build cycles. During 

the sintering process, the thermal energy provided by the laser cannot fully melt 

thicker, more stable crystalline lamellae present within re-used powder, resulting in 

residual crystal fragments. These un-molten particle cores hinder material 

coalescence, material fusion, and complete part consolidation.  

Variations in powder properties emphasises the complexity of PA-12 powder aging 

during LS, because there is evidence to suggest that polycondensation, cross-linking, 

and secondary crystallisation all occur simultaneously. From an industry perspective, 

it is imperative to understand how the observed changes in powder properties 

influence the subsequent behaviour of LS components. A combination of SEM and 

X-ray computed topography (XCT) confirmed an increase in the porosity of parts 

fabricated from re-used powder. In addition, with increased build number, there was 

a reduction in the ultimate tensile strength, and a rise in the average surface 

roughness, of LS components. ANOVA statistical analysis summarised that the loss 

of mechanical performance was caused by increases in the melting temperature and 



Chapter 8  – Discussion 

 
 

  

 
268 

avalanche angle of PA-12 powder. Moreover, a Pearson correlation test indicated 

that reductions in particle flowability have a more significant effect on part strength 

then changes in the thermal properties of PA-12 powder. The strong relationship 

between particle flowability and the performance of final PBF components is further 

demonstrated by Figure 5.20 in section 5.7.3. With repeated powder re-use, 

increased avalanche angle also has a statistically significant effect on the total 

porosity of manufactured parts. As a result, this suggests that the Revolution powder 

analyser, a cheap, quick, and non-destructive testing method, can successfully 

optimise and manage the lifecycle of PA-12 powders.  

Although these results indicate how a reduction in powder quality can alter the 

performance and functionality of final components, an 11% decrease in strength 

across seven build cycles is relatively modest. Previous work that re-used 100% 

used powder, without refreshing with any virgin material, observed a more substantial 

loss of mechanical performance, emphasising the benefits of refreshing with virgin 

material. This suggests that a 70:30 refresh ratio offers a good compromise between 

maximising powder re-use without detriment to final part quality. Whilst many 

operators continue to exclusively use a 50:50 refresh ratio, these results indicate that 

refreshing with only 30% fresh powder is generally sufficient, particularly for non-

critical applications. As for more critical end-use parts, the supply chain could be 

better organised to redistribute more severely aged powder to other application 

areas. This demonstrates that operating with more flexible refresh ratios, whereby 

the required volume of virgin material is adjusted based on experimentally defined 

powder quality data, would help reduce waste and increase the sustainability of the 

LS process.  
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The performance of LS parts is also dependent on the materials crystallisation 

behaviour. Therefore, the isothermal crystallisation kinetics of PA-12 was analysed 

over a crystallisation temperature (Tc) range of 162 °C to 169 °C. Although, this 

crystallisation temperature range is slightly below the common powder bed 

temperature of 170 °C, some PBF machines operate with a slightly lower 

temperature of 168 °C [26, 62]; similarly, there have been reports of non-uniform 

heating and temperature variations within the part chamber [61]. Therefore, it is 

conceivable that, following interaction with the laser, molten polymeric material could 

be exposed to temperatures lower than 170 °C. Isothermal crystallisation 

experiments indicated that, with decreased Tc, the rate of isothermal crystallisation 

significantly increases, which is caused by a reduction in the free energy barrier for 

crystal nucleation, as reported previously [127, 129, 233].  At an isothermal Tc of 168 

°C the crystallisation half-time (t ½) is 51 minutes, but t ½ reduces to 13 minutes at a 

Tc of 165 °C; at 162 °C, t ½ is only 3.5 minutes. This suggests that within a LS build 

chamber, some components could easily crystallise during the building process prior 

to the cool-down step. Parts in the lower layers of the build chamber may be 

particularly susceptible because they are further away from the laser heat source, so 

reductions in temperature become increasingly likely. Previous studies have 

assumed that because PA-12 has a large processing window, crystallisation should 

be prevented until the cool-down phase [21, 22, 24, 62], at which point the 

crystallisation process can be controlled by the cooling rate. However, the results of 

this study suggest that crystallisation could be instigated during the build cycle; this is 

problematic because premature crystallisation results in volume shrinkage of PA-12 

and significant distortion or warpage of final parts.     
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Isothermal crystallisation behaviour of PA-12 is also affected by powder re-use. 

Previous powder characterisation indicated that polycondensation and cross-linking 

occur within PA-12 with increased powder re-use. These aging processes cause 

increased molecular weight and reduced chain mobility, due to structural changes 

such as increased chain entanglements, tie-chains, and knots. This increases the 

concentration of less crystallisable units within the polymer, leading to a reduction in 

the rate of primary crystallisation. As a result, the commonly used Avrami model 

becomes unsuitable for modelling the crystallisation behaviour of re-used PA-12 

powder. Nonetheless, the Hay model, not previously used for defining the 

crystallisation behaviour of PA-12, is able to successfully track full phase 

transformation within re-used powder.  

The Hay model differentiates from previous crystallisation models, most of which are 

variations of the traditional Avrami method, because it accounts for both primary and 

secondary crystallisation. Within used material, the rate and extent of primary 

crystallisation is limited by aging; as such, the resulting primary lamellae are less 

thermodynamically stable, and a greater contribution from the secondary process is 

required for full phase transformation. Therefore, following spherulite impingement 

the fractional crystallinity of used powder continued to increase, and the 

developments in crystallinity followed a square root time dependence, representative 

of the Hay model. This work supports the conclusions presented in Chapter 7, 

whereby it was observed that the α’ crystal phase, formed at crystallisation 

temperatures > 140 °C, tends to thicken via Hay’s reptation-diffusion theory. As such, 

these results provide further evidence to suggest that lamellar thickening could occur 

within PA-12 during LS. Such elevated temperatures found within a build chamber 
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increase the mobility of amorphous chains, allowing them to transport into adjacent 

crystalline lamellae via diffusion. These findings could help predict the crystallisation 

behaviour of PA-12 during the build process, which is vital for obtaining the 

mechanical properties and dimensional precision required for the fabrication of 

functional, high-performance components.  

The aim of this work was to provide industry operators with solutions for how to 

characterise used powder quality at the end of each build cycle, and how to 

maximise its re-use across future build cycles without detriment to the quality and 

performance of final parts. Figure 8.1 highlights the most important steps that should 

be considered when formulating a powder re-use strategy. These factors are critical 

to maintaining powder quality between each build, and ensuring that the recovered 

powder is suitable for re-use in future build cycles. With an understanding of the 

degradation processes that effect powder quality, Figure 8.2 suggests a potential 

strategy for determining the condition of a batch of un-sintered powder recovered 

from a PBF build cycle. Furthermore, the results of this project have helped develop 

an ASTM (ASTM WK75265), which provides additional information and further 

recommendations to industrialists. The ASTM work item proposes a standardised set 

of guidelines that PBF operators can use to determine the most suitable 

characterisation techniques for quantifying the properties of used powder, and its 

potential for re-use within PBF. If adopted appropriately, this ASTM could have 

substantial impact within AM in terms of minimising material waste and enhancing 

cost effectiveness in various industrial applications.  
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Figure 8.1  -  Demonstrates the steps involved in a PBF processing cycle and recommendations that can be implemented in 
order to improve powder re-use. Further information can be found within Figure 8.2 and ASTM WK75265. 
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Figure 8.2 - An example flow chart that outlines strategies for characterising 
the quality of recovered powder. 1 Before disposal, check whether the powder 
could be re-purposed for use in a different manufacturing technique that has 
less stringent specifications. 2 Operate with flexible refresh/blending rates that 
are adjusted based on specific powder quality and intended part application.     
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8.4 Conclusions 

Collectively, the key findings of this thesis have highlighted the importance of 

quantifying the quality of used, un-sintered powder before re-use in future build 

cycles. Upon reflection of the results presented in Chapter 5, in order to maximise 

powder re-use, and reduce material waste, operators of PBF technology are now 

encouraged to utilise flexible refresh ratios, whereby the virgin refresh rate is 

adjusted based on the properties of used powder. This thesis has also established 

the strengths and weakness of various testing methods for defining powder quality, 

and its suitability for re-use in subsequent builds. As a function of powder re-use, a 

decrease in particle flowability and an increased melting temperature, were directly 

correlated to a reduction in the density and ultimate tensile strength of final parts. 

Therefore, these are vital powder properties that must be monitored and regulated, 

throughout the lifecycle of the powder, in order to maintain part performance. 

Additionally, secondary crystallisation is a crucial aging process often overlooked in 

previous studies. Fast scanning calorimetry demonstrated that when PA-12 is stored 

at elevated temperatures, it is likely to undergo further developments in crystallinity 

via lamellar thickening. Not only does this affect the properties of un-sintered PA-12 

powder, and its potential for re-use in future builds, but also the performance of 

fabricated parts. As such, lamellar thickening must be considered when formulating 

future powder recycling strategies. An investigation into the isothermal crystallisation 

kinetics of PA-12, identified that consolidated parts may begin to crystallise during an 

ongoing build cycle. The crystallisation process is associated with a volume 

shrinkage that causes part warpage. Consequently, uncontrolled crystallisation may 

contribute to the production of unserviceable final parts with inconsistent mechanical 
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properties and poor dimensional precision, which is currently a major challenge 

hindering the advancement of polymer additive manufacturing. Overall, the findings 

of this work can improve the environmental sustainability and economic proficiency of 

PBF, helping the manufacturing industry move toward a more circular economy. 

 

8.5 Further research   

The results discussed in Chapter 5 and Chapter 6 indicate that a 70:30 refresh rate is 

more efficient than the industry recommended 50:50 refresh ratio, without too big a 

detriment to final part quality. However, it would be useful to repeat this study at 

various other refresh ratios, such as 50:50, 60:40, 80:20, and 100:0. Understanding 

the specific effect of different virgin refresh rates, on powder and part properties, may 

allow the development of a standardised system, whereby PBF operators can select 

the refresh ratio required to fabricate a part with sufficient properties for its intended 

application, based on the quality of each specific batch of used powder.   

Furthermore, expanding on the data presented in section 5.7.2 would be beneficial in 

order to fully investigate the capabilities of the MJF system. The data collected so far 

suggests that MJF is a more material efficient process than LS, permitting enhanced 

powder re-use. However, to confirm these results, further work is required to extend 

the study across a larger number of build cycles, with an increased cumulative build 

time. In addition, more extensive characterisation is necessary because, at present, 

only the thermal properties of the powder have been analysed. Investigating the 

effect of powder re-use, across multiple (>10) MJF build cycles, on the behaviour of 
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powder and part properties, would allow a full comparison of the recyclability of PA-

12 within LS and MJF.  

In PBF, powder recovered from the same build chamber is often varying in quality 

and this could be related to temperature variations across the build chamber. It has 

been reported previously that thermal gradients and heat affected zones can exist in 

MJF and LS, respectively [44, 61, 168, 206]. Similarly, in this thesis, the work 

presented in section 5.7.2 began to consider potential temperature variations within a 

MJF build chamber. However, to the best of the authors knowledge, no previous 

studies have revealed specific temperature profiles. Therefore, in-situ measurements 

of the exact temperature at different regions across the powder bed, via the use of 

thermocouples or thermal imaging cameras, would be valuable. This would reveal 

whether it is necessary to separate un-sintered powder based on the thermal 

conditions that it was exposed to during the build cycle, which may help create a 

more homogenous feedstock and more consistent final part properties.  

Finally, as the additive manufacturing industry continues to evolve, new high-

performance materials are constantly being developed that are capable of fabricating 

structural components to be used within more demanding environments. For 

example, HP high-reusability PA12 glass bead powder is reported to have 

significantly greater mechanical properties and load bearing capacity than neat PA-

12 feedstock. However, the interaction between the polymer matrix and the glass 

beads will also affect the thermal, optical, and crystallisation behaviour of the 

material. A study characterising the processability and reusability of the various new 

materials would allow the continued development of the PBF process, allowing the 

adoption of this technology within a wider range of applications.  
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