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Abstract 

The toughness of ferritic steels is influenced by the grain size distribution, second phase, 

precipitates and coarse inclusions. In this work an examination of the effect of coarse TiN particles 

(> 0.5 µm) and ferrite grain size on the Charpy impact transition temperature in high strength low 

alloyed steels has been carried out. Steels with high (up to 0.045 wt %) Ti content, have been heat-

treated and furnace cooled to obtain a ferrite-pearlite microstructure with different ferrite grain 

sizes. Coarse TiN particle size and ferrite grain size distributions have been measured and Charpy 

impact testing has been carried out. Scanning electron microscopy (SEM) analysis was used to 

measure the grain boundary carbide thickness and for fractographic analysis to determine if the 

coarse TiN particles are acting as cleavage initiation sites. The Charpy ductile-brittle transition 

temperatures (DBTT) have been predicted using standard literature equations, and compared to the 

measured values. It has been found that there was no significant effect of the coarse TiN particles 

on shifting the Charpy impact DBTT with the DBTT values being adequately predicted by 

literature equation across the ferrite grain size range from 5 – 27 µm. 
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Chapter 1 

Introduction 

 

Due to the ease of manufacture and low cost, structural steels are used in different environments 

with a wide range of working conditions. The two most important mechanical properties of these 

steels, strength and toughness, can be improved by a refinement in the grain size, whilst other 

strengthening mechanisms tend to reduce toughness. It is well known that due to the temperature 

sensitivity of their yield strength, metals with a body centred cubic (bcc) structure show a ductile-

brittle transition behaviour that results in brittle fracture at low temperatures.  

Alloying elements such as niobium, vanadium, and titanium are added to steels to improve strength 

and toughness by: pinning austenite grain boundaries during reheating (typically Ti(C,N) particles) 

to limit grain growth; controlling recrystallisation during hot deformation (typically Nb solute drag 

and Nb(C,N) particles); and forming a distribution of fine strengthening precipitates (typically VC 

particles) 
1
. However, at the same time large (> 0.5 µm) particles, that form during solidification, 

can cause crack initiation and propagation, for instance coarse TiN particles 
2,3

. 

It has been showed by many researchers 
2,4-7

 that coarse TiN particles, which can be defined as 

particles with a side length exceeding 0.5 μm 
8
, precipitate in the liquid steel and have a negative 

effect on the toughness in low alloy steels.  

The main section of research presented in this thesis concentrates on three steels with different 

compositions, particularly Ti content. The aim of the work has been to identify how the coarse TiN 

particles and ferrite grain size affect the Charpy impact toughness of low carbon steels.  
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The effect of Ti in steel and the characterization of TiN particles are reviewed in Chapter 2, as well 

as the general effect of grain size on mechanical properties of steels, inclusion initiated fracture 

mechanisms, the reason that bcc materials show a ductile-brittle transition and equations to predict 

the ductile-brittle transition temperatures. The metallographic methods, heat treatment procedures 

and details of mechanical property tests carried out are included in Chapter 3. 

The experimental results are presented in Chapter 4, including the microstructure characterization 

work, TiN particle quantification, comparison of predicted and experimental DBTT values and the 

fracture surfaces analysis by SEM. Further detailed fractographic analysis is presented in Chapter 5 

identifying the cleavage initiation features, followed by a discussion on the effect of TiN particles, 

grain sizs and test temperature on the toughness behaviour. 

The general conclusions that arise from this work are presented in Chapter 6 along with 

suggestions for further work. 
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Chapter 2 

Literature Review 

This section reviews the effect of titanium in steels, and the influence of microstructural features 

such as inclusions and grain size on the toughness of steels. The relevant literature on the effect of 

titanium in microalloyed low carbon steels has been investigated in section 2.1. In section 2.2, the 

effect of TiN particles on properties of steels is investigated. Section 2.3 reviews the effect of grain 

size on mechanical properties. Section 2.4 reviews the micromechanisms for cleavage fracture in 

steels contain disperse particles. Section 2.5 reviews the effect of microstructural features on 

fracture toughness and the mechanism of cleavage fracture related to coarse TiN particles. 

2.1  Titanium in Steels 

The earliest use of titanium in iron or steel was for the purpose of removing oxygen from molten 

metal, that is, as a deoxidizer; deoxidation by titanium is as effective as aluminium deoxidation 
1
. 

Besides, Ti in steels also have an effect on preventing susceptibility to strain-aging embrittlement 

as the same as Al 
1
. 

Titanium is a strong nitride and carbide forming element, and can form carbides and nitrides 

(sometimes also carbo-nitrides) usually with sodium chloride structure, which often have a high 

hardness and melting point 
9
. If these nitrides and carbides in steels are fine (usually defined as 

smaller than < 0.5 µm), then they can improve hardness, abrasive wear resistance and fatigue 

strength of steels, besides, and the presence of such fine particles can also refine the grain size 

during high temperature processing by restricting the growth of austenite grains 
1
.  

Titanium can also form intermetallic compounds such as Ni3Ti and Ni2AlTi to strengthen steels 

(especially in the refractory and high-alloy steels such as maraging steels 
1
). 
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Titanium can reduce the austenitic range in the Fe-Fe3C phase graph (Figure 2.1), both for the 

temperature and composition range, meaning that the addition of Ti can result in a contracted or 

even closed γ-phase field (also known as γ-loop 
10

), shown in Figure 2.2, by compressing the 

temperature range that austenite can be present (lowering the HN line, at the same time lifting GS 

and PS line), and shifting the S point and E point in Figure 2.1 toward the upper-left corner. 

Besides, as mentioned above, titanium is a strong carbide forming element, which means with the 

presence of Ti, the diffusion activation energy of C in austenite is increased significantly, from 

these two points, the addition of Ti in steels can delay the incubation period for the pearlite 

transformation and shorten the incubation time for bainite compared with pearlite, so that bainite 

can be obtained by air cooling after austenization, as shown in Figure 2.3. 

2.2  Titanium Nitride Particles 

Nitrogen in solution can be an undesirable element in steel as it can cause quench aging and strain 

aging, which increases the strength and decreases the plasticity and toughness significantly. These 

disadvantages can be reduced by the addition of titanium (or aluminium), which can “fix” nitrogen 

in steel through the formation of TiN, which also prevents the occurrence of porosity caused by 

nitrogen 
1
. Generally Ti is added to preferentially react with N to form TiN particles to give grain 

boundary pinning during high temperature processing. 

2.2.1  TiN Particle Characteristics 

Titanium nitride, which is known to be one of the most stable nitrides that form in steel, has a 

sodium chloride (fcc) structure with a lattice parameter of 0.423 nm and a cubic or rectangular-

prism morphology 
11

. Under an optical microscope, TiN has a golden colour for both etched and 

unetched samples. TiN often shows a so-called black-centre when it is combined with a Ti-oxide or 

alumina inclusion 
12

, shown in Figure 2.4. 
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Since titanium is a very strong nitride former and TiN is formed before TiC during solidification, 

TiN tends to have a low solubility even at high temperatures 
9
. It is reported that cubic or 

rectangular shaped precipitates exhibit higher efficiencies in pinning grain boundaries than other 

shaped precipitates 
13,14

 because the cubic particles usually exert a larger drag force on the 

boundary than spherical particles 
15

. For these reasons, TiN particles may have the ability to pin 

grain boundaries and inhibit the growth of austenite grains during melting and solidification 

processes. 

For TiN, there are two kinds of particles commonly seen in steels: fine particles are those which 

precipitate in the solid state and therefore have a fine size of 10-100 nm, these fine particles can pin 

austenite grain boundaries effectively; coarse particles are those that formed in liquid steel during 

the solidification process and have a size of 0.5-1 μm or even larger, which prove not only 

ineffective in pinning grain boundaries but also can act as a cleavage origin in some steels 
2
. 

2.2.2  Solubility and Composition of TiN 

a).  Solubility product of TiN 

The solubility product developed by Inoue and Dumitrescu 
16,17 

of TiN is:  

Log ([Ti][N])γ = 4.35 - 14890/T                         Eq.2.1 

where [Ti] and [N] are the Ti and N contents (wt%) dissolved in steel, T refers to temperature in K. 

From this equation, the solubility product of TiN in austenite (γ phase) under a certain temperature 

can be calculated. Besides, when using Eq.2.1 a premise can be made that all of the nitrogen 

dissolves in the austenite which implies that all of the titanium should also be dissolved in the 

austenite 
6
. Under this premise, assuming the total Ti and N contents are given by Titot and Ntot, 

then a critical temperature at which all of the titanium and nitrogen are dissolved in the steel 

(austenite) can be calculated as well. 
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Another equation given by Narita 
16

 is: 

Log ([Ti][N]) = 5.9 - 16586/T                         Eq.2.2 

which indicates the stability of TiN particles formed in the liquid. It is obvious that Eq.2.1 and 

Eq.2.2 both have the same form but just slightly different numerical values, this could simply be 

due to the that these two equations are developed by different research groups, and certainly there 

were some difference between the compositions of steels they used.  

This difference indicates that, different TiN particle stability could be given by using different 

experimental data as the presence of other alloy elements in steel. Therefore, the usage of 

thermodynamic software such as Thermal-Calc is necessary to provide the prediction of the 

stability of TiN particle for multi-component steels. 

b).  Influence of Ti/N ratio on the formation of TiN particles 

TiN formation and the size and distribution of particles that form are also influenced by the Ti/N 

ratio. As mentioned above, only fine TiN particles can pin grain boundaries effectively and coarse 

particles can initiate cleavage fracture, thus, it is important to control the TiN particle size in steels, 

which can be done by controlling the Ti/N ratio. 

It is reported by several researchers
6,17,18

, based on experimental work, that a Ti/N ratio of 1 (in 

at %) or 3.42 (in wt %) is beneficial in forming the desired finely dispersed TiN particles and the 

particle size will increase with a rise in Ti/N ratio. 

In summary, both the TiN particle solubility temperature and Ti/N ratio have a influence on the 

formation of TiN, and particles formed in the liquid state are much larger and cannot be refined by 

fast cooling rates in the liquid steel 
8
. 
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2.3  Effect of Grain Size on Mechanical Properties in Steels 

The effect of ferrite grain size on strength is well established by the Hall-Petch relationship:  

σy = σ0 + kyd
-1/2

                              Eq.2.3 

where σy is yield strength, σ0 is lattice friction force which is supposed to be a constant for a certain 

material, ky is a constant in connection with crystal structure, and depends on the steel, d refers to 

the average grain size 
19

, then it can be seen obviously that the yield strength of material increases 

with the decreasing of average grain size. 

The toughness of steels can be generally represented by the ductile-brittle transition temperature 

(DBTT) Tc and the impact energy αk, which is the energy absorbed during a impact test. A low Tc 

and a high αk often make a good toughness to steel. A relationship between Tc and grain size d 

indicated in the literature is:  

Tc = T0 - kTd
-1/2

                               Eq.2.4 

where T0 and kT are constants for a certain material, so that the smaller the grain size d, the lower 

the Tc, which can be inferred as a higher toughness material 
20

.  Further discussion on the 

equations available in the literature to predict the DBTT are presented later. 

2.4  Micromechanics for Cleavage Fracture 

According to Griffith’s cleavage fracture theory, cracks will become unstable only if the 

combination of stress level and crack size reaches the material fracture toughness 
21

. Therefore, 

once a microcrack appears in the specimen (i.e. initial crack length is fixed), cleavage fracture will 

be only stress controlled, and if the tensile stress exceeds the critical value, the microcrack will 

propagate. After a grain or part of it reaches its plasticity limitation, a grain-sized crack will be 
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produced and may cause catastrophic cleavage fracture by propagating unstably depending on the 

conditions such as the temperature and the driving force. 

After a grain-sized crack is produced, there are two different consequences for the crack. Firstly, in 

the ductile regime, the crack will be arrested at a grain boundary and its propagation stopped due to 

it being blunted under the deformation acting on it 
5
, then separate cleavage facets surrounded by 

ductile fracture will appear on the fracture surface. However, the crack can also propagate across 

the grain boundary without being arrested or blunted in the brittle regime. In the brittle regime, 

cleavage fracture, which almost contains no plastic deformation of the material, will happen and 

the fracture surface will be totally brittle, the fracture initiation sites can be traced by following the 

“river pattern” of the fracture surface. 

The reason that a grain-sized crack may develop in either the ductile regime or the brittle regime is 

the difference between the stresses that the crack may need to across a grain boundary, i.e. the 

strength of the matrix-matrix boundaries, which depending strongly on the interface energy. Due to 

the interface energy being a temperature-controlled factor, even for the same material with the 

same grain size, the fracture behaviour will be different depending on the temperature. At low 

temperature, due to the surface energy being very low, the strength of the matrix-matrix interface is 

poor, i.e. the critical fracture stress of the matrix is low, which can be easily reached to cause 

cleavage fracture to happen; but as the temperature increases, the surface energy will also 

significantly increase 
5,22

, which leads to a good matrix-matrix strength, and results in a 

requirement of high loading to reach the critical fracture stress for cleavage fracture, if the stress is 

not high enough, the crack will be arrested and blunted at the grain boundary, so that ductile 

fracture will happen instead of brittle fracture. 
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2.5  Micro-crack initiated from TiN particles 

The tessellated stresses, which arise from the difference between thermal-expansion coefficients of 

TiN particles (9.4×10
-6 

mm/°C) and the matrix (23.0×10
-6 

mm/°C for austenite and 12.3×10
-6 

mm/°C for ferrite), will provide radial compressive stresses around TiN particles and 

circumferential tension stresses near the particle-matrix interface (shown in Figure 2.5 a)) as the 

TiN particles will shrink less than the matrix during cooling, and this tessellated loading can be 

sufficient intense to plasticly deform the nearby matrix (suggesting that tessellated stresses at least 

have a magnitude of the yield strength) 
23

, and are considered to be a key factor on crack nucleation 

from a TiN particle. 

As shown in Figure 2.5 a), it can be seen that the matrix experiences radial compression and 

circumferential tension at the same time while the TiN particle only experiences a radial 

compression. Therefore, three main possible effects of tessellated stresses on TiN-initiated 

cleavage in steels 
23

 can be concluded as below: 

First, the bond at the inclusion-matrix interface is enhanced by the compression in the matrix. Thus, 

the particle will not separate from the matrix easily due to a strengthened bond, and furthermore, 

this enhancement also allows cracks to transfer continuously and more efficiently between the 

particle and matrix. 

Second, the crack propagation driving force is elevated. This is mainly because TiN particles often 

have different geometries (normally rectangular or triangle) and are distributed randomly in steels, 

for this reason the effect of tessellated stresses will be different according to the orientation of the 

particles, i.e. particles with a long side approximately perpendicular to the crack plane (or parallel 

to the loading direction) will experience a higher magnitude stress than those where the long side is 
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perpendicular to the loading direction, and moreover, this orientation of long side of the particle 

perpendicular to the crack plane will also provide the crack more opportunities to experience a 

tensile stress once it has nucleated in a TiN particle and will penetrate the matrix immediately due 

to the obvious circumferential tension along the long side of the particle-matrix interface. 

Third, the radial compression imposes on the TiN particles a hydrostatic compression, which can 

lead to a higher magnitude of driving force when fracture occurs. For comparison, we can assume a 

circumstance where there is no hydrostatic compression in TiN, and the matrix strength is higher 

than particle strength. Under these circumstances, it is obvious that for the particles without 

hydrostatic compression, once the loading stress reaches the particle critical fracture strength, the 

particle will break and a microcrack will initiate from the broken TiN particle, but may be arrested 

at the particle-matrix interface or grain boundaries when propagating. However, for the particles 

with the radial compression around them, still considering particle strength < matrix strength, the 

particles will experience and be “protected” by this compression stress, which means, the crack 

cannot form easily in the TiN particle (nor propagate through the particle) when the loading stress 

is insufficient to neutralize the compression stress, therefore the required driving forces to break 

TiN particles are elevated and the toughness of the whole material is therefore improved slightly 

(fracture driving force is improved slightly). However, this increased stress to break the TiN 

particles may result in a undesirable consequence: once the loading stress is sufficient to break the 

TiN particle, which means the magnitude of this driving force is much higher, the microcrack 

formed by the broken TiN particle cannot be arrested at the particle-matrix interface or grain 

boundaries easily, therefore catastrophic crack propagation under this stress magnitude will be 

more likely to happen. This means that hydrostatic compression will make the failure of TiN 

particles more dangerous and critical during the fracture process. 
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According to previous research work 
4,8,24

, it is believed that the pileup of dislocations formed in 

the matrix is one of the main factors to initiate microcracks around TiN particles (shown in Figure 

2.5 b)), due to the lattice microstructure (NaCl-type), which related to the dislocation slip systems 

and ductility of TiN particles, is different from the matrix, therefore the dislocations formed in 

matrix cannot transfer easily into the particles, then the dislocations will produce microcracks 

around the particle-matrix interface. The other factor that affects the initiation of microcracks is the 

stress concentration caused by TiN particles due to its rectangular shape. 

2.6  Critical processes in TiN particle initiated cleavage fracture 

According to previous research work 
5,8,23-25

, a model for TiN initiated cleavage fracture can be 

established. There are three critical steps involved in a TiN particle initiated cleavage fracture 

process: first, microcrack nucleation at a TiN particle; then the microcrack penetrates the matrix 

across the particle-matrix interface and grows into a grain-sized crack; thirdly, the grain-sized crack 

continues to propagate across the grain boundaries and becomes unstable, resulting in catastrophic 

cleavage fracture. 

Whether the fracture is crack nucleation dominated or propagation dominated is significant, if the 

fracture is nucleation dominated, it is almost impossible to prevent the crack propagation once it 

formed, then catastrophic cleavage fracture will happen; on the other hand, if the fracture is 

propagation dominated, then it will be easier to prevent the crack from growing too large and 

improve the material’s toughness. 

According to the fracture stress analysis theory 
23-25

, whether the fracture is nucleation or 

propagation dominated can be known by analyzing the stress states of the material. Figure 2.6 

shows the general trend of the variation of fracture strengths (ferrite grain strength, particle strength, 

yield strength and peak stress in the plastic zone around the crack tip) at different temperatures, and 
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the regions of nucleation control and propagation control can also be identified in the graph by 

comparing the strength values at a fixed temperature. 

As shown in the Figure 2.6, at the lower temperatures, particle cleavage strength and ferrite grain 

strength are both lower than the yield stress and peak stress in the plastic zone, therefore, once the 

stress exceeds the particle cleavage strength, the crack will appear in the broken particle and start to 

propagate, then resulting in the final failure of material; when the temperature is higher, the particle 

strength exceeds both the yield strength and ferrite grain strength but is still lower than the peak 

stress in the plastic zone, therefore the crack will still form in broken particles, but whether it will 

propagate into the matrix or not depends on the criterion for propagation across the particle-matrix 

interface; as the temperature increases, the ferrite grain strength will exceed both the particle 

cleavage strength and yield strength but be lower than the peak stress in the plastic zone, then the 

crack initiated from particles will not be able to across the first grain boundary unless the criterion 

for propagation across the matrix-matrix boundary is fulfilled; at the highest temperatures, as both 

ferrite grain strength and particle cleavage strength exceed the peak stress in the plastic zone, 

cracks cannot form in either the particles or matrix, and the failure of the material will be ductile 

fracture. 

2.7  Ductile-brittle transition temperature (DBTT) 

Body-centred cubic (bcc) metals show an obvious ductile to brittle transition as the temperature 

decreases while face-centred cubic (fcc) metals tend to maintain good ductility at all temperatures. 

The reason behind the transition show by bcc metals is based on the increase in yield strength and 

significant decrease in ductility at low temperature compared to fcc metals, therefore the critical 

resolved shear stress (τs) or yield strength (σy) of the material increases significantly and can 

exceed the critical cleavage stress (σf) or ultimate tensile stress (σUTS) easily as the temperature 
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decreases (shown in Figure 2.7), and the energy absorbed by the material is limited and cleavage 

fracture happens. 

The ductile-brittle transition is affected by several factors: a) low temperatures, which cause the 

increase in yield strength, b) high strain rates, which also increase yield stress, c) notches (or 

fatigue cracks), which cause local stress concentration and a triaxial stress state around the notch 

and d) particular crystal structures and microstructure. 

To determine the transition behaviour, a serious of impact tests such as Izod and Charpy tests is 

often used for material evaluation and quality control. In both cases a notched specimen is struck 

by a swinging pendulum released from a fixed height, with the absorbed energy being used to 

produce the toughness curve (shown in Figure 2.8). 

Figure 2.8 shows typical impact test curves (absorbed impact energy versus test temperature) for 

different materials. It can be seen that fcc metals show a high absorbed energy across the 

temperature range while high strength alloys and ceramics maintain low toughness at all 

temperatures, and the absorbed energy of bcc metals decreases as the test temperature decreases. 

For the bcc transition curve, the temperature where the absorbed energy reaches a level equal to the 

average of the upper and lower shelf values is commonly defined as the ductile-brittle transition 

temperature (DBTT). 

2.8  Predictions of DBTT 

The Gladman-Pickering equation 
26

 (presented as Eq.2.5) can be used to make predictions of the 

DBTT of ferrite steels: 

DBTT = -19 + 44 pct Si + 700Nf
0.5 

+ 2.2 pct pearlite - 11.5d
-0.5

        Eq.2.5 

where pct Si is the weight percentage of silicon in steel, Nf is free-nitrogen content (in wt pct), pct 

pearlite is pearlite area percentage in steel and d is ferrite grain size (in μm). 
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However, it has been found that this equation does not predict accurately when there are other alloy 

elements in steels and grain boundary carbides precipitate 
26

. Therefore, Mintz 
27,28

 developed 

another equation, which makes predictions of DBTT values successfully for ferrite-pearlite steels: 

DBTT = 112t
0.5 

- 13.7d
-0.5 

+ 15 pct pearlite
0.33 

+ 0.43ΔY + 20            Eq.2.6 

where t is the grain boundary carbide thickness (in μm), d is the average grain size of ferrite, pct 

pearlite is the amount of pearlite (area %) in the steel, ΔY is the precipitation-hardening component 

(Eq.2.7), which is calculated from the differences between the measured yield strength at room 

temperature (σYS) and the non-precipitation-hardened yield strength (σnp-YS, according to Eq.2.8): 

ΔY = σYS - σnp-YS                              Eq.2.7 

and σnp-YS can be determined from the following relationship: 

σnp-YS = 43.1 pct Mn + 83 pct Si + 15.4d
-0.5 

+ 1540 pct Nf + 105        Eq.2.8 

where Nf is the free-nitrogen content (in wt pct) which was taken as zero due to the high microalloy 

content in these steels in this work, according to previous research 
8
. 

However, it should be noted that the Mintz equation (Eq.2.6) has limitations in validity based on 

the composition of materials it was developed for, previous research work 
28

 suggested that this 

equation is best applied on steels containing (all in wt %): 0.11-0.20 C, 0.63-1.56 Mn, 0.02-0.49 Si, 

0.003-0.021 N, Nb up to 0.071, Ti up to 0.16, V up to 0.20 and Al up to 0.12. 

2.8  Overall summary of steel toughness affected by coarse TiN particles 

There is a lot of evidence showing that coarse TiN inclusions can act as fracture initiation sites in 

steels; Table 2.1 shows details where coarse TiN particles have been suggested to affect toughness, 

including the size of the TiN particle observed to act as the cleavage initiation site and the average 

grain size (in some cases prior austenite, PA, size) of the material. 
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Even though TiN particles have been observed to act as cleavage crack initiators, the toughness 

variation has not been linked with both grain size and particle size (or particle number density) 
7,8

. 

Therefore, the relationship between TiN particle size distribution and grain size is not clear and 

there is still no comprehensive study in this area reported. 

 

Table 2.1. Literature data on the role of TiN on fracture in steels 

Main 

composition 

Microstructure 

Grain 

size/μm 

Cleavage 

initiating TiN 

particle size/μm 

TiN acts as 

initiation 

site or not 

Test 

method 

DBTT/°C 

0.37%C, 

0.0162%N, 

0.015%Ti 2 

ferrite + pearlite 

5.5 

(ferrite) 

3.3 Yes 

CVN 

Impact test 

65 

0.23%C, 

0.0075%N, 

0.044%Ti 3 

ferrite + pearlite 

19.8 

(ferrite) 

3.2 Yes 4PB test N/A 

0.052%C, 

0.0062%N, 

0.026%Ti 6,24 

ferrite + bainite 50 (PA*) 5 Yes 

CVN 

Impact test 

>15 

0.093%C, 

0.0045%N, 

0.045%Ti 7 

upper bainite 100 (PA*) 4 Yes CTOD >RT 

0.089%C, 

0.0048%N, 

0.1%Ti 8 

ferrite + bainite 

110 (PA*) 6.5 Yes 

CTOD 

20 

32 (PA*) 5.5 Yes -50 

*PA: Prior Austenite grain 
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Figure 2.1-Fe-Fe3C phase diagram 
10

. 
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Figure.2.2-Effect of titanium on the γ-phase field 
10
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Figure 2.3-Effect of alloy elements on TTT curve of steel: a) Original TTT graph and b) effect of 

different alloy elements 
19

. 

 

 

 

 

Figure 2.4-Shape of large TiN inclusions under an optical microscope, note that Al2O3 particles 

(dark) can be observed in some TiN inclusions 
4
. 
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Figure 2.5-a) Tessellated stress distributions around a TiN particle and b) dislocation pile-up 

around a TiN particle to initiate microcrack 
23

. 

 

 

Figure 2.6-Variation of cleavage fracture strengths at different temperatures 
23

. 

 

a) b) 
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Figure 2.7-The effect of temperature on the critical cleavage fracture stress and critical resolved 

shear stress of single crystal pure iron 
21

. 

 

 

 

Figure 2.8-Impact transition curves for different materials 
21

. 
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Chapter 3 

Experimental Methods 

3.1  Materials 

Three steels were provided by Tata Steel plc, with compositions listed (supplied by the provider) in 

Table 3.1. Steel 1 is a TMCR (Thermo-Mechanically Control Rolled) high strength low alloy steel 

(30 mm thick) with a carbon content of 0.093 wt % and highest Ti content of the three steels 

examined; Steel 2, a thin plate (15 mm thick), was provided in the quenched then tempered 

condition after rolling and has a higher carbon content of 0.135 wt %, and contains higher levels of 

Al and V but with reduced Ti and Nb compared to Steel 1; Steel 3 is a TMCR steel (30 mm thick) 

and has the lowest Ti content but otherwise a similar composition and processing conditions to 

Steel 1 except for increased Ni. Both original heat treatments of Steel 1 and 3 are unknown. 

Table 3.1 Compositions of steels investigated (wt %) 

Steel 1 

C Si Mn P S Ni Mo Cr 

0.093 0.01 1.5 0.01 0.002 <0.02 <0.005 <0.02 

Cu Al Nb V Ti N B 
- 

<0.02 0.026 0.05 <0.005 0.045 0.0045 - 

Steel 2 

C Si Mn P S Ni Mo Cr 

0.135 0.35 1.33 0.012 0.001 0.02 <0.005 0.03 

Cu Al Nb V Ti N B 
- 

0.01 0.037 0.027 0.054 0.027 0.0046 0.002 

Steel 3 

C Si Mn P S Ni Mo Cr 

0.087 0.36 1.44 0.01 0.003 0.50 <0.004 0.011 

Cu Al Nb V Ti N B 
- 

0.004 0.041 0.023 0.004 0.006 0.0061 - 
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3.2  Heat Treatment Methods 

The steels were heat treated to obtain ferrite-pearlite structures, with different ferrite grain sizes, to 

provide the same matrix microstructure so that the influence of TiN particles and ferrite grain size 

on toughness could be assessed.  

The heat treatment processes are shown in Figure 3.1. The samples were placed in the centre of a 

hot furnace, and surface temperatures of samples were measured by a thermocouple equipped with 

a digital reader during heat treatment processes (including cooling processes). 

For Steel 1, samples were heat-treated at 900 °C, 1100 °C and 1200 °C (defined as S1-900, S1-

1100 and S1-1200), and then furnace cooled to room temperature. A similar procedure was used 

for Steel 3, heat treating to 1100 °C and 1200 °C (S3-1100 and S3-1200). A varied heat treatment 

method was used for Steel 2, due to the different as-received condition (thin plate), which was to 

spherodise at 680~690 °C for 12 hours to avoid banded structure after austenising, then 

austenitised at 900 °C or 1100 °C for 30 minutes followed by furnace cooling till around 500 °C 

then air cooled (S2-900 and S2-1100). During each heat treatment process, small samples 

(10×10×10 mm
3
) of the three steels were used to determine the correct heat treatment temperatures 

and investigate the microstructures, and then larger blocks were heat treated for subsequent Charpy 

sample machining.  

3.2  Metallography and image analysis 

After the heat treatments, characterization of the ferrite grain size, TiN particle size and distribution, 

and pearlite amount quantifications, were done on a Carl Zeiss optical microscope using ground, 

polished and etched (using 2% nital) samples; the grain size was measured by a mean linear 

intercept method from a total of 2000 grains for each sample and TiN particle size was measured as 

the maximum side length 
8
. 
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In addition, Thermo-Calc software was used to predict the liquid temperatures and the precipitation 

temperatures of TiN particle in three steels, for analysing whether coarse TiN particles would 

present or not. 

3.3  Scanning electron microscopy 

A Philips XL-30 scanning electron microscope equipped with Oxford INCA energy dispersive X-

ray spectroscopy (EDS) was used to investigate the grain boundary carbide thickness and broken 

Charpy sample fracture surfaces. 

Grain boundary carbide thickness, t, which was used to make the prediction of DBTT values in 

Eq.2.6, was measured using Mintz’s method 
10,27

, i.e. to measure the largest through thickness 

values of each carbide then calculate an average value, and the average values of around 80-100 

carbides were taken as the t values for each sample, according to the method used in previous 

research work 
27,28

. 

Fracture surfaces and samples sectioned through the fracture surface were also analyzed; the 

broken specimens were coated with a thin nickel layer, using a nickel plate in Watt Bath liquid for 

around 20 min at 46 to 70 °C, and then sectioned, mounted, polished and etched. The cleavage 

initiation sites were investigated by tracing the river patterns on the cleavage facets. For the 

samples with fracture surfaces that were 100% brittle, the overall cleavage fracture initiation sites 

(FISs), which can be defined to be initiation sites that cause final failure of the sample 
8
, and the 

local cleavage initiation sites (CISs), which can be defined to be initiation sites that cause local 

cleavage fracture within a small area without initiating final fracture 
8
, were examined in the SEM. 

After the investigation of FIS and CIS, it was found that there were typically several FISs close to 

the notch and many more CISs compared to FISs throughout the fracture area. 
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3.4  Hardness tests and yield strength values 

Vicker’s macrohardness tests were performed with a load of 20 kg on the heat treated samples at 

room temperature on polished samples. Due to the limited amount of material available, the yield 

strength of each steel, σys, which is required for predicting the DBTT values, was calculated 

according to the following relationship 
8,29,30

: 

σys = k × Hv                                  Eq.3.1 

where k is a constant between 2.9 to 3.5, and in this work, k = 3 has been used, which is the value 

determined experimentally in previous research on Steel 1 and 3 
8
. 

3.6  Charpy impact tests 

To establish the relationship between grain size, TiN particle distribution and impact transition 

temperature, standard Charpy V-notch (CVN) test bars (as shown in Figure 3.2) were machined 

and the Charpy impact tests performed at different temperatures with the data used to plot impact 

energy transition curves according to the ASTM standard 
31

. 

Experimental temperatures were from -115 °C to 90 °C, obtained using a controlled mix of ethanol 

and liquid nitrogen, and with the temperatures measured by a thermocouple and electronic 

thermometer. 

For bcc materials, the fracture mode changes from ductile to brittle when the test temperature 

decreases. The transition temperature can be defined as a ductile-brittle transition temperature 

(DBTT), which can be obtained according to the change in absorbed energy with the change of 

temperature. For impact tests, the DBTT value can be given as the temperature of the midpoint 

value between the upper shelf and lower shelf energies. Besides, the 50% FATT (Fracture 

Appearance Transition Temperature), which is defined as the temperature that 50% brittle fracture 

appears, can also be used to present the DBTT value 
21

.
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Figure 3.1-Heat treatment methods a) for Steel 1 and 3, b) for Steel 2 

 

 

 

 

Figure 3.2-Standard Charpy V-Notch Specimens 

 

a) b) 
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Chapter 4 

Results 

4.1  Optical microstructure 

Figure 4.1 shows the ferrite-pearlite microstructure of the three steels after heat treatments, it is 

obviously that the grain size increases with the increase of heat treatment temperature, shown in 

Figure 4.1. 

The average ferrite grain size and pearlite content after heat treatment of the three steels are given 

in Table 4.1. It can be seen that the increasing heat treatment temperature results in a larger ferrite 

grain size as expected. The grain size distributions were unimodal for all heat treatment 

temperatures (shown in Figure 4.2). 

Table 4.1. Grain size and pearlite amount for the different samples. 

Material Characterizations 
Heat Treated Temperature / °C 

900 1100 1200 

Steel 1 

Average Grain Size / 
μm 

5.0 ± 2.4 13.2 ± 1.9 27.3 ± 3.1 

Pearlite amount / 
area % 

3.2 5.4 6.8 

Steel 2 

Average Grain Size / 
μm 

9.5 ± 1.5 25.4 ± 2.2 -- 

Pearlite amount / 
area % 

6.8 10.2 -- 

Steel 3 

Average Grain Size / 
μm 

-- 16.2 ± 2.7 28.4 ± 3.4 

Pearlite amount / 
area % 

-- 2.2 3.0 
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4.2  TiN particle investigation 

For the steels investigated, according to Thermo-Calc, Steel 1, 2 and 3 have a TiN formation 

temperature of 1507 °C, 1484 °C and 1430 °C respectively, which, for both of Steel 1 and 2 is 

about 20 °C higher than the final solidification temperature and for Steel 3 it is 50 °C lower than 

the solidification temperature. In addition, Steel 1 and Steel 2 have a Ti/N ratio of 10 and 5.87 

respectively, while Steel 3 has a much lower Ti/N ratio of 1, all of which indicate that coarse TiN 

particles should only appear in Steel 1 and 2, which matches with the result from the TiN particle 

characterization work. 

TiN inclusions typically have a cubic or rectangular-prism morphology 
11

 and show a golden 

colour in an optical microscope; they are often found with a black-centre, which is considered to be 

a Ti-oxide or Al-oxide inclusion 
12

. Figure 4.3 shows a typical TiN particle, which has formed on 

an Al2O3 particle, along with the EDS compositions, in the steels investigated in this work. It can 

be seen that the particle contains Nb as well, this is expected to be primarily from Nb(C,N) 

precipitating on the TiN particle during cooling. Both Steel 1 and 2 were observed to contain 

coarse TiN particles, and around 30% of these TiN particles were observed to have aluminium 

oxide cores, also, around 80% of EDX traced TiN particles showed the presence of Nb. 

For each of Steel 1 and Steel 2, around 120 coarse TiN particles were examined using an optical 

microscope; the average size and number density are displayed in Table 4.2, no coarse TiN 

particles were found in Steel 3. According to previous work 
8
, there is no significant change in the 

coarse TiN particles when the steel is heat treated under 1350 °C, therefore the data from the as-

received plate was used when analyzing the heat treated samples. 
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Table 4.2. Coarse TiN particle size and number density in the investigated steels 

Materials Ti/N ratio 
Average 
size/μm 

Largest particle 
size/μm 

Number 
density/mm

-2
 

Steel 1 10.00 1.6 ± 0.9 4.2 88 

Steel 2 5.87 3.5 ± 1.1 6.5 14 

 

It can be seen from Table 4.2, Steel 1 has a much higher number density of TiN inclusions than 

Steel 2 due to its higher Ti/N ratio and high Ti content, and this will result in a high frequency of 

occurrence of coarse particles around the Charpy notch, in the region of high stress concentration 

and hence may contribute to the final failure of the material by acting as fracture initiation sites. 

However, as the TiN particles in Steel 1 are smaller in average size, and have a smaller maximum 

size, the stress required to initiate cleavage from a particle will be higher, which would reduce their 

effectiveness.   

4.3  Hardness and Strength 

At least 5 macro-hardness values were used to determine the average HV of each sample, and the 

yield strength of each heat treated sample was calculated using Eq.3.1. Results from hardness 

testing and the calculated yield strength are shown in Table 4.3 (with standard deviation). 
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Table 4.3. Macro-hardness (HV) Values and predicted yield strength of the Heat Treated Samples 

Materials 
Heat treated 

temperature/°C 
Hardness (HV) 

Yield Strength 

(σys)/MPa 

Steel 1 

900 143.3 ± 0.7 424 ± 2.1 

1100 130.5 ± 0.7 392 ± 2.1 

1200 155.6 ± 1.0 467 ± 3.0 

Steel 2 
900 158.9 ± 3.0 477 ± 9.0 

1100 163.3 ± 2.7 490 ± 8.1 

Steel 3 
1100 146.8 ± 2.6 440 ± 7.8 

1200 154.9 ± 1.4 465 ± 4.2 

 

4.4  Grain Boundary Carbide Thickness 

Figure 4.4 shows the typical grain boundary carbides found in this work. The average size of 

between 80 and 100 carbides was calculated from SEM measurements for each steel (shown in 

Table 4.4); these were used as the t values in Eq.2.6 to make predictions of the ductile-brittle 

transition temperatures. 

Table 4.4. Grain boundary carbide thickness (t) of the steels investigated (μm) 

 Steel 1 Steel 2 Steel 3 

Heat treatment temperature/°C 900 1100 1200 900 1100 1100 1200 

Grain boundary carbide thickness (t)/ μm 0.07 0.11 0.18 0.07 0.08 0.09 0.12 
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4.5  DBTT Values 

The Charpy impact data, as fracture energy and fracture appearance transition curves, are shown in 

Figure 4.5. Unfortunately, due to a limited number of samples from Steel 1 being available, the 

transition curve for S1-1200 specimens was incomplete; the Fracture Appearance Transition 

Temperature (FATT) curve has been extrapolated to obtain the 50% FATT. As the 50% FATT is 

very close to the DBTT in the same material 
21

, this value was also used as the DBTT value in the 

subsequent analysis. For Steel 2 and 3, DBTT values are acquired from the energy transition 

curves, in these cases it was found that the DBTT and the FATT were in close agreement (FATT is 

around 5-10 °C higher than the DBTT 
21

). 

As can be seen from the transition curves, the ductile-brittle transition temperature of each sample 

increases with the increase of heat treatment temperature, related strongly with the increase in 

ferrite grain size. 

The difference between the experimental and predicted DBTT values was calculated and presented 

as ΔDBTT, which, as the Mintz equation doesn’t take the effect of TiN into consideration, has 

been used to investigate whether the presence of coarse TiN particles has affected the DBTT. The 

experimental and predicted results are displayed in Table 4.5 (there would be a 10°C difference 

between predicted and experimental values due to the error of measurement). 

Table 4.5. Comparison of Experimental and Predicted DBTT Values 

 Steel 1 Steel 2 Steel 3 

HT Temperature/°C 900 1100 1200 900 1100 1100 1200 

Experimental DBTT/°C -105 -20 105 8 85 -15 40 

Predicted DBTT by Eq 2/°C -107 -35 100 -8 84 18 75 

ΔDBTT/°C +2 +15 +5 +16 +1 -33 -35 
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It can be seen that the DBTT for S1-900, S1-1200 and S2-1100 are well predicted, but for the S1-

1100, S2-900 samples and all the samples of Steel 3, there are some difference between the 

experimental values and predicted values. As mentioned before, Eq.2.6 is only valid within a 

certain range of compositions, in the present work, only Steel 2 has a composition in this range, 

with Steel 1 having a slightly lower C and Si content and Steel 3 having a lower C content. The 

differences are relatively small, however, this may lead to inaccurate predictions for Steel 1 and 3. 

However, the ΔDBTT values could also reflect inaccuracies in the measured values (due to the 

limited number of test specimens) or that TiN particles are having an influence on the toughness, 

which is discussed later. 

A consistent disagreement between the predicted and experimental DBTT values arose when using 

the equation for Steel 3. It can be seen from Table 4.5 that the predicted values are higher than the 

experimental ones. It is proposed that this difference is due to Steel 3 containing a higher nickel 

content (0.50 wt %) than the other two steels (both up to 0.02 wt %). Nickel, which is an austenite 

stabilizer, is a solid-solution strengthener, and often promotes high toughness of steels 
32

 and is not 

accounted for by the Mintz equation, as this was derived for steels that did not contain Ni. It should 

be noted that Steel 3 does not contain any coarse TiN particles and was used in this investigation to 

determine if the Mintz equation accounts for the DBTT shift due to grain size changes, which it 

clearly does. 

In order to investigate this behaviour the fracture surfaces were analysed. 

4.6  Fracture Surface Analysis 

The brittle fracture area is composed of fracture facets and there are often identifiable fracture 

initiation sites (FIS) that cause final failure of the specimen, as well as local cleavage initiation sites 

(CIS) that cause local cleavage facets. FIS and CIS are located by tracing the path of river lines on 
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the fracture surface. No TiN fracture initiation sites were observed in Steel 3 samples, as no coarse 

TiN particles form in this steel. For Steels 1 and 2 it was only for S1-900 that there were no clearly 

identifiable CIS or FIS initiated by TiN particles found, while in all the other samples CIS and FIS 

associated with TiN were observed. 

SEM photographs of FIS initiated from coarse TiN particles (chemical composition of the particle 

was determined by EDS) are shown in Figure 4.6. By following the “river patterns”, coarse TiN 

particles, which were located very close to the Charpy notches (30-400μm), were determined to 

cause the final failure of the whole specimen. However, there were around 4 FIS in each low 

temperature broken specimen of Steel 1 but only around 2 for Steel 2, which is considered mainly 

due to the large number density of coarse TiN particles in Steel 1. 

In S1-1100, S1-1200, S2-900 and S2-1100, most CIS were found to be related with cracked coarse 

TiN particles (therefore the crack was initiated from inside of the TiN particle, Figure 4.6 a)-f)), 

while there were still several (around 10% of the total CIS amount) cleavage fracture initiated at 

the edge of TiN particles, which was considered mainly due to the rectangular shape caused 

debonding initiation sites (Figure 4.6 g) and h)). 

However, CIS or FIS could not be found easily in S1-900 samples due to the small grain size, and 

no identifiable features observed even a FIS or CIS was found, Figure 4.7 shows the typical 

fracture surface of this material. 

In Steel 3, in which no coarse TiN particles are present, analysis of the fracture surfaces sometimes 

revealed a fracture initiation site, but no clear initiating features were observed (shown in Figure 

4.8). This suggests that cracks are initiated from grain boundary carbides as these are present in the 

microstructure and are the most likely source of cleavage initiation.  



Chapter 4 - Results 

33 

 

 

 

 

a) 



Chapter 4 - Results 

34 

 

 

 

 

b) 

c) 



Chapter 4 - Results 

35 

 

 

 

 

e) 

d) 



Chapter 4 - Results 

36 

 

 

 

 

f) 



Chapter 4 - Results 

37 

 

 

Figure 4.1-Optical micrograph showing the ferrite+pearlite microstructure with different grain 

sizes of investigated steels after austenitising at different temperatures for 30 minutes: a) S1-900, 

b) S1-1100, c) S1-1200, d) S2-900, e) S2-1100, f) S3-1100 and e) S3-1200. 

g) 
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Figure 4.2-Grain size distributions (in number frequency and area fraction) of the materials after 

heat treatments. 
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Figure 4.3-a) A typical TiN (grey) particle found in S1-1100 surrounding an Al2O3 (black) 

inclusion, b) EDS result of the black centre of particle and c) EDS result of the particle away from 

the black centre, the Nb peak is likely to be from Nb(C,N) that precipitated on the TiN inclusion. 

 

 

Figure 4.4-Grain boundary carbides found in the heat treated steels a) S1-1200 and b) S2-900. 
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c) 

 

d) 

Figure 4.5-a) Impact energy transition curve of Steel 1 and b) fracture appearance transition curve 

of Steel 1, c) impact transition curve for Steel 2, d) impact transition curve of Steel 3. 

 



Chapter 4 - Results 

42 

 

a) 

 

b) 

 



Chapter 4 - Results 

43 

 

c) 

 

d) 

 



Chapter 4 - Results 

44 

 

e) 

 

f) 

 

 



Chapter 4 - Results 

45 

 

 

g) 

 

 

 

 

 

 

 

 

 



Chapter 4 - Results 

46 

 

h) 

 

Figure 4.6- a), c), e) and g) SE images of coarse TiN particles found at initiation sites near notches 

in different heat treated specimens; b), d), f) and h) higher magnification image of the FIS of a), c), 

e) and g), respectively. 
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Figure 4.7-Fracture surface of S1-900, no identifiable features considered as crack initiation sites 

could be observed 
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Figure 4.8-A cleavage facet found in the S3-1100 specimen, no clear crack initiating feature was 

found, which suggests that the crack may have initiated from a grain boundary carbide. 
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Chapter 5 

Discussion 

5.1  Crack Nucleation 

Micro-cracks can develop from hard particles and propagate depending on the conditions such as 

the crack length and the stress field around the crack tips. According to SEM fractography analysis, 

is has been found that TiN particles and grain boundary carbides are key factors of micro-crack 

nucleation in steels investigated, as shown in the results section, Figure 4.6 and Figure 4.8, 

respectively. 

a).  Grain boundary carbides 

It is known that grain boundary carbides can play an important role in the fracture process as they 

can form a through thickness microcrack 
20,25,27,28

. In this work, grain boundary carbides are taken 

into consideration by using the DBTT prediction equation by Mintz 
26,27

 (i.e. Eq.2.6) since they 

were found to act as crack initiators in tested specimens in all of the 3 steels (Figure 4.7 & 4.8). 

b).  TiN particles 

In most low-carbon steels, TiN forms in the liquid state during solidification, and these particles 

can grow and coarsen very fast, especially in steels which have a high Ti content (where the Ti/N 

wt% ratio exceeds 3.42 
6
). 

As mentioned in section 2.8, TiN inclusions have often been found to act as a cleavage initiators in 

steels because they are brittle and can be present in statistically sufficient amounts. There is 

evidence in the literature indicating that debonding of a TiN inclusion from the matrix can act as 

the cleavage initiator 
33

, which has also been found in this work (Figure 4.6 g), h)). Nevertheless, as 
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stated in the results section, in this work, the majority of observations showed that cleavage 

fracture was initiated by a cracked TiN particle (Figure 4.6 a)–f), crack within TiN particles can be 

seen clearly), rather than debonding of the inclusion from the matrix. 

 

In some samples in the present research work, there are two other factors have been found that may 

influence microcrack initiation from a TiN particle, shown in Figure 5.1. One factor is the presence 

of a void former, such as MnS particles that have been observed connected with TiN particles; the 

other one is that a crack formed in the TiN particle itself. It can be seen in Figure 5.1 b) that the 

microcrack initiated inside the TiN particle may also be linked to the “black centre” of the TiN 

particle which has been assessed by EDS to be an Al2O3 inclusion. Alumina is harder and have 

larger coefficient of thermal expansion compared with TiN 
24

, and therefore its presence can be 

regarded as a large internal defect in the TiN particle. It can be seen from the arrow in Figure 5.1 b) 

that the microcrack may have formed inside the TiN particle from a sharp corner of the Al2O3 

inclusion. 

Therefore, microcracks can form not in the matrix from the TiN particles due to their 

characteristics of brittle and cubic in shape, but also inside the particles when an Al2O3 inclusion 

exists in the TiN particle. Thus, TiN particles can be a strong initiator of cracks in steels especially 

when the tessellated stresses are taken into consideration, as described in the literature review. 

However, even though a microcrack has formed in the TiN particle, whether it will penetrate the 

matrix or not depends on the level of the stress value (whether it exceeds the particle-matrix 

interface strength or not). The particle-matrix interface strength can be calculated by using the 

following equation: 
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                                   Eq.5.1 

where E is the Young’s modulus which can be generally taken as 220 GPa for steels, ν is Poisson 

ratio which is generally 0.3 for steels, γpm is the particle-matrix interface energy and a is the size of 

particle. According to the previous research 
5
, a value of 7 J/m

2
 as an upper limit of γpm has been 

defined, and this value does not change much as the temperature increases. This indicates that once 

the loading stress value exceeds the particle-matrix strength σpm, then the microcrack will penetrate 

the matrix immediately, which means the cleavage fracture will happen at this level of loading 

(shown in Figure 4.6 c), d)). 

Figure 5.2 shows a grain-sized crack arrested at a grain boundary due to insufficient stress found in 

S2-1100, which was also observed in specimens S1-1100, S1-1200 and S2-900, all of which have 

coarse TiN particles and large grain size (above 9.5μm), however, whether TiN particles initiated 

these cracks or not is unclear due to the 2D section view meaning that the probability of observing 

a TiN particle is small. It can be seen from Figure 5.2 that the angle (β) between the loading 

direction, which is parallel to the Charpy specimen length direction (shown on the figure), and the 

cleavage facet, i.e. the crack plane, is small, which means the actual fracture stress on the facet (σF-

act) is much less than the overall calculated value (σF-calc): 

σF-act = σF-calccosβ                                  Eq.5.2 

The possibility of propagation of a grain-sized crack depends on the matrix strength, which can be 

calculated from the equation below (an assumption that the fracture stress σmm is perpendicular to 

the first facet has been made in the calculation): 

                                 Eq.5.3 
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where γmm is the effective surface energy for fracture at the matrix-matrix interface, and D is the 

average grain size. According to the previous research, the surface energy γmm changes 

significantly with temperature 
22,25

, from 50 J/m
2
 at 77 K to 500 J/m

2
 at 223 K. 

5.2  Combination of the Effect of Particles and Grain Size 

For Steel 1 and Steel 2, since cracks will have already nucleated from coarse TiN particles 

(evidenced by the fracture surface analysis shown in Figure 4.6 b), d) and e)), which is the first step 

in the fracture process, the second step, crack propagation from particles into the matrix, and the 

third step, crack propagation across matrix grain boundaries, become very important in the 

cleavage fracture process. According to the discussion in section 2.6, whether crack propagation is 

particle controlled or grain size controlled can be determined by comparing the two critical stress 

values: σpm and σmm, (from equations 5.1 and 5.3) shown in Table.5.1, where D is average grain 

size, a is average particle size, Dcrit is the calculated critical grain size when the σmm equals to σpm. 

Table 5.1. Comparison of σpm and σmm values of three steels 

 
Heat treated 

temperature/°C 
D/μm σmm/MPa a/μm 

TiN No. 

density/mm
-1

 
σpm/MPa Dcrit/μm 

Steel 1 

900 4.6 2873 

1.62 88 1812 11.57 1100 13.2 1696 

1200 27.3 1179 

Steel 2 

900 9.5 1999 

3.47 14 1238 24.78 

1100 25.4 1223 

Steel 3 

1100 13.5 1677 

- - - - 

1200 28.4 1156 
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In order to investigate the cleavage fracture behaviour of each steel at low temperatures when 

calculating the σpm and σmm values, the surface energies γpm and γmm at 77 K were taken as 7 J/mm
2
 

and 50 J/mm
2
, respectively 

5
, it can be seen from Table 5.1 that σmm values always decrease with 

the increase of heat treatment temperature (associated with the increase in ferrite grain size), while 

σpm values stay the same due to the fact that the average particle (TiN) sizes do not change with the 

heat treatment temperature. 

For cracks initiated from grain boundary carbides, it is also necessary to take the fracture stress of 

the carbides into consideration. It has been reported that the surface energy of grain boundary 

carbides is around 9 J/m
2
 
27

 which is slightly higher than TiN, then the fracture stresses to crack 

carbides are calculated to be from 3923 MPa (t=0.18 μm) to 6290 MPa (t=0.07 μm) according to 

the relevant equation 
27

, which is higher than the fracture stress of TiN particles and this illustrates 

that TiN particles should fracture before grain boundary carbides. 

Therefore, by comparing the σpm and σmm values shown in Table 5.1, it can be seen that for Steel 1, 

only the σmm of S1-900 is higher than σpm, and for Steel 2 only S2-900 is higher than σpm, therefore, 

it is expected that the S1-900 and S2-900 are grain size controlled cleavage fracture while S1-1100, 

S1-1200 and S2-1100 are particle controlled fracture according to pure fracture stress analysis. 

However, when the temperature increases, the surface energy of ferrite (γmm) will increase 

accordingly, but this trend depends on chemical composition and there are few data available at 

present on the exact variation in surface energy; previous research has shown variable results 
5,22

. 

Therefore the critical grain size (Dcrit) value will vary as the surface energy increases significantly 

with temperature and therefore cannot be readily used to predict where fracture will be grain size or 

particle controlled at temperatures above approx -196 °C, i.e. corresponding to the DBTT seen in 

this work. For example, the surface energy of ferrite is reported to be around 500 J/m
2
 at -50 °C 

5
, 

and then the calculated Dcrit will be 116 μm for Steel 1 and 248 μm for Steel 2, which means that 



Chapter 5 - Discussion 

54 

for all the heat treated samples, as the actual grains are smaller than this value, the fracture should 

be grain size-controlled, i.e. the crack formed by a TiN particle should not propagate to failure. 

However, by investigating the fracture surfaces, the failures of S1-1100, S1-1200, S2-900 and S2-

1100 in the lower transition temperature range are suggested to be particle-controlled since overall 

fracture initiation sites from TiN particles were observed. 

5.3  Relationship between TiN particles, grain size and impact toughness 

For Steel 3, which contains no coarse TiN particles, there is a consistent difference (around 30 C) 

between the predicted and measured DBTT. This is likely to be due to inaccuracies in the DBTT 

prediction by the Mintz equation. It should be noted that Steel 3 contains a small amount, 0.5 wt%, 

of Ni, which is known to improve toughness 
32

, and Ni is not accounted for in the Mintz equation. 

Therefore, by including an effect of Ni on the DBTT prediction, which will be consistent for the 

two heat treatment conditions, the effect of grain size changes can be accounted for by the Mintz 

equation (grain size increase from 16 μm to 28 μm results in the increase of both actual and 

predicted DBTT of about 55 °C). 

The composition of Steel 2 is in the range for which the Mintz equation is valid and it can be seen 

from Table 7 that the DBTT of S2-1100 sample (grain size of 25.4 μm) is very well predicted, 

however, the predicted DBTT value of S2-900, which has a grain size of 9.5 μm, is 16 °C lower 

than the experimental value.  Some experimental variability and scatter is expected during Charpy 

impact testing, and the fact that TiN particles were seen as fracture initiation sites for both steels, 

suggests that the difference of ΔDBTT = 16 °C is due to experimental scatter. This suggests that 

the Mintz equation is predicting the DBTT values satisfactorily and that, whilst the TiN particles 

can initiate cleavage, the effect of coarse TiN particles being present in this steel on the DBTT is 
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small, which means the fracture is controlled by grain boundary carbides, as announced in the 

Mintz equation.  

Considering Steel 1 it can be seen that for the 5 µm and 27.4 µm grain size samples (S1-900 and 

S1-1200) the predicted and experimental DBTT values are very close (ΔDBTT of 2 and 5 °C 

respectively). For the S1-900 samples no TiN initiated fracture was observed, whilst for the S1-

1200 samples TiN initiated fracture was observed. This suggests that the Mintz equation is able to 

predict the DBTT satisfactorily and that the coarse TiN particles do not have a significant effect on 

the DBTT. There is a difference between the predicted and experimental DBTT values for the S1-

1100 samples (grain size of 13 μm, ΔDBTT of 22 °C), it is suggested that this discrepancy is due to 

experimental scatter as the experimental DBTT is lower, i.e. better toughness, that the predicted 

value, which indicates that TiN is not having a significant influence on the toughness properties. 

In summary, for Steels 1 and 2, there is acceptable agreement between the predicted and measured 

DBTT values for all samples, indicating that the effect of TiN inclusions on toughness is not 

significant and the Mintz equation can be used successfully. The reason for this is that the TiN 

particles may have an effect on crack initiation but at the Charpy impact test temperatures the 

matrix-matrix interface energy will be higher than that used to predict the critical grain sizes in 

Table 8, giving a much larger critical grain size, and therefore crack propagation is more strongly 

influenced by the ferrite grain size. 

Besides, the strength (or softness) of material, which may be affected by alloy elements, will also 

have an effect on crack propagation. It has been proved by previous research work 
34

 that a matrix 

with a lower strength indicates a better impact toughness due to the reduced matrix strength 

lessened transferred stress levels. 
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Moreover, the testing methods also have effects on the experimental results. In impact testing, 

energy are used in both crack nucleation and propagation, while in bending tests (or CTOD tests), 

the energy are mainly used in crack nucleation. 

Therefore, it may be speculated that the TiN particles may have an effect on the fracture stress, for 

example measured by blunt notch testing at low temperatures, around -196°C, where the critical 

grain size calculation is valid as the matrix-matrix interface energy is known. 
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Figure 5.1-MnS and Al2O3 inclusions in/on a TiN particle which initiated final failure of S1-1200. 

a) Fracture surface, it can be seen that a TiN particle is acting as the fracture initiation site by 

tracing the “river pattern”; b) A higher magnification image of the TiN particle; c) EDS result for 

point A in image b), showing that point A is a MnS inclusion; d) EDS result for point B in graph b), 

the “black centre” of the TiN particle shown to be a Al2O3 inclusion. 
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Figure 5.2-A grain-sized crack arrested at a grain boundary beneath the fracture surface of S2-

1100. 
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Chapter 6 

Conclusions and Future Work 

6.1  Conclusions 

The Charpy impact DBTT has been predicted and experimentally determined for three low carbon 

steels heat treated to give different ferrite grain sizes. The effect of the presence of coarse (> 0.5 

µm) TiN particles on the DBTT has been assessed.  

1.  In the absence of coarse TiN particles the effect of changes in ferrite grain size was predicted 

well by the Mintz equation, although there was a significant effect attributed to Ni (present as 0.50 

wt% in the steel not containing TiN particles) on the DBTT values.  

2.  When coarse TiN particles were present in the steels then they were observed to cause 

cleavage fracture initiation sites for the heat treated samples with average ferrite grain sizes in the 

range 9.5 – 27.3 µm, however for the sample with an average grain size of 5.0 µm no TiN initiated 

cleavage was observed.  

3.  Despite the observation of cleavage initiation from TiN particles it was found that there was no 

significant effect of the coarse TiN particles on the Charpy impact DBTT with the DBTT values 

being adequately predicted by the Mintz equation across the ferrite grain size range from 5 – 27.3 

µm. 

4.  Fracture stress analysis, for example to calculate a critical ferrite grain size above which 

fracture is predicted to be particle controlled, cannot be used readily to determine if TiN particles 

will affect the Charpy impact behaviour as the ferrite interface energy, γ, changes significantly with 

temperature and this relationship is not yet fully quantified. 
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6.2  Suggestions for future work 

1.  This research work focused on low carbon ferritic steels only, however, some other 

microstructures such as bainite and martensite could appear instead of ferrite and pearlite when 

using other heat treatment routes. It is known that for steels with the same grain size, matrix 

hardening or strengthening will decrease toughness 
1,9,19,21

. Therefore it could be useful to 

investigate the effect of TiN particles in bainitic and martensitic steels.  

2.  The effect of Ni on the toughness (in particular Charpy impact toughness) in steels also needed 

to be investigated in more detail to provide more quantitative data as many more modern steels 

contain small Ni additions. 

3.  The fracture stress analysis cannot be applied easily in this work due to the significant increase 

of ferrite matrix surface energy at higher temperature, but it is still relevant to study the fracture 

behaviour of steels containing TiN particles by doing bending tests at low temperatures (for 

example liquid nitrogen temperature) since the surface energies are already know or easy to 

estimate. 
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