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Abstract

Direct Laser Deposition (DLD) introduces steep thermal gradients into components due to
the localised, high temperature melt region created by the laser heat source. This causes
local thermal expansion and plastic deformation during heating and leads to a permanent
change in the geometry of the component, which may mean it is no longer fit for purpose.
There is also an effect on the microstructure and therefore mechanical properties.
Understanding the relationship between residual stresses, microstructural development and
thermal cycling during DLD will mean that distortion and microstructure can be predicted by
understanding the thermal profile of a DLD repair. The process can then be optimised to
attain the desired microstructure and to control or reduce distortion.

In this study, temperature measurements were taken across a substrate during DLD repair,
under varying controlled thermal conditions (heated substrate, cooled substrate, insulated
substrate, clamped and unclamped substrate). This data was used to calculate the cooling
rates at different locations, and these were correlated to the observed distortion of the
substrate and changes in microstructure. The porosity of the deposited material and the size
of the heat affected zone improved inversely to one another with regard to the thermal
conditions. This is not because a small heat affected zone causes low porosity or vice versa,
it is because in the case of Ti-6Al-4V the same processing conditions are needed to produce

both effects.

The cooling rates were calculated using thermocouple readings from across the substrate
over time after processing, and the corresponding microstructure was characterised using

metallurgical analysis. It was found that cooling rate varied significantly at the outer edges of



the substrate but hardly at all near the processing area, indicating that while the thermal
gradient across the plate will affect distortion, it has little effect on microstructure.

The distortion was measured by using 3D laser scanning to compare the geometry of each
substrate before and after processing. When the measured distortion was plotted against
the cooling rate in the same location, there was evidence of an inverse binomial form
relationship. Despite the relatively small size of the study this is an indicator of how the DLD

process can be developed further.



Contents

List of figures

List of tables
1 Introduction
1.1 Scope of project
1.2 Aims and Objectives
2 Literature review
2.1 Ti-6Al-4V
2.1.1 Physical metallurgy
2.1.2 Microstructure and phase transformations
2.1.3 Mechanical properties
2.2 Direct laser deposition
2.2.1 Comparison of DLD with alternative additive manufacturing
processes
2.2.2 Development of the process
2.2.3 Process variables
23 Thermal effects due to DLD

2.3.1 Measurement
2.3.1.1 Emissivity corrections
2.3.2 Thermal history
2.3.2.1 Development of thermal gradients in DLD

2.3.2.2 Analytical modelling of heat transfer

10

13

14

16

18

22

22

23

23

24

26



2.4

2.5

3.1

3.2

3.3

4.1

4.2

4.3

2.3.2 Microstructural evolution
2.3.2.1 Phase changes and grain growth in Ti-6Al-4V
2.3.2.2 Process maps for heating/cooling rates
and microstructure
Distortion and residual stress
2.4.1 Introduction of residual stress during DLD
2.4.2 Controlling distortion

Summary
Experimental methods

Design of experimental work

3.1.1 Initial work done using DLD

3.1.2 Investigating cooling rates and distortion
3.1.3 Materials preparation

DLD processing with instrumentation

3.2.1 Processing equipment

3.2.2 Measuring heating and cooling rates
Microstructure and distortion characterisation
3.3.1 Preparing samples for characterisation

3.3.2 Distortion measurements
Results and Discussion
Processing parameter optimisation

General observations

Microstructural characterisation

28

30

32

33

34

36

37

38

38

39

40

41

42

42

45

47

47

48

49

49

54

57



4.3.1 Defining an optimum microstructure
4.3.2 Examining failure mechanisms
4.3.3 Comparison of microstructures developed under

different thermal conditions

4.4 Distortion measurements

4.5 Thermal gradients

4.6 Summary of results

5 Conclusions

5.1 Influence of thermal conditions

5.2 Relationship between cooling rate and distortion
6 Further work

Appendix

References

57

59

64

67

71

77

78

78

79

81

84

93



List of Figures

9.

Effect of alloying elements on phase diagram of titanium alloys
(schematically)

Micrographs showing Ti-6Al-4V with typical (a) lamellar, (b) equiaxed
and (c) bimodal microstructure

Schematic continuous cooling diagram for Ti-6Al-4V treated at 1050°C

for 30 minutes

Schematic diagram of the DLD process

Schematic diagram of powder bed manufacturing process

Typical cross section of a laser weld bead

Micrograph showing the growth of columnar grains in Ti-6Al-4V during DLD

Micrograph showing layer bands caused by microsegregation in

titanium alloy

Schematic of the interaction of a laser beam with a metal substrate

10.An instantaneous point source model is used for assessment of laser

interaction in DLD

11.The growth of columnar grains in a Ti-6Al-4V component

12. (a) Tensile stress caused by thermal expansion of metal and

(b) resulting compressive stress from the plastically deformed region

13.Residual stress distribution for steel plates (a) transverse to weldline

(b) along the weldline and (c) through the plate thickness

13

15

17

19

21

24

28

30

34

36



14. A machined plate before DLD
15. Position of holes drilled to locate thermocouples
16.. Set up for processing a plate inside the environmental control bag

17. The (a) proposed and (b) actual position of the clamps used during DLD

processing
18. Set-up of recording equipment in DLD cell
19.Location of specimens cut from the sample plates

20. Plate 020910-1: Reducing the distance between overlapping layers of

deposited molten Ti-6Al-4V powder from 2mm to 1mm
21. Plate 021110-3: Effect of reducing the overlap of deposited layers

22. Plate 291110-1: Increasing the laser power through A) 200W, B) 250W

and C) 350W at a constant overlap distance of 0.6mm

23. Plate 131210-1: Decreasing the powder feed rate from 10% to 6%

at a constant laser power of 350W
24. Plate 161210-2: Increasing scanning speed from 5mm/s to 10mm/s
25. Plate 020211-2: Reducing the (z) distance to achieve a consistent finish
26.Plate 1 — DLD processed while heated at 200°C
27. Plate 4 — DLD processed while cooled to 10°C

28. Plate 3 — DLD processed while insulated from the work surface by a

ceramic tile
29. Plate 5 — DLD processed with no temperature control

30. Plate 2 — DLD processed without temperature control or clamping

40

41

43

43

44

47

50

51

51

52

52

53

54

55

55

56

57



31.Micrograph showing transition from parent to repair material in the
clamped plate (plate 5)

32.Micrographs comparing the changes in grain size and structure across

(a) material grown by DLD, (b) the parent material and (c) the interface
33.Fracture surface of the horizontal specimen after tensile testing
34. Fracture surface of the horizontal specimen after tensile testing
35. Fracture surface of the vertical specimen after tensile testing
36. Fracture surface of the vertical specimen after tensile testing

37. Cross section of thin-walled specimen cut in the (a) horizontal and

(b) vertical direction
38. Fracture surface of the rolled Ti-6Al-4V plate after tensile testing

39. Comparison of tensile testing data from specimens built at BAE
Systems, Exeter University, commercially manufactured rolled 4mm plate

and standard textbook values
40. Microstructures developed under different thermal conditions
41. Overlaid scanning images showing changes in geometry after processing

42. Distortion of Ti-6Al-4V plates processed at different thermal conditions

away from the horizontal centreline

43. Distortion of Ti-6Al-4V plates processed at different thermal conditions

away from the vertical centreline
44. Temperature change over time at thermocouple location 14

45. Temperature changes during processing at thermocouple location 0

58

59

60

60

61

61

61

62

63

64

69

69

72

74



46. Temperature changes during processing at thermocouple location 15 75

47. Trend of changing cooling rates with distance from the centreline of the 75

plate

48. Cooling rate and distortion of Ti-6Al-4V plates 76



List of Tables

1.

2.

Typical yield strength of common structural materials

Qualitative correlation between microstructure and mechanical

properties of Ti-6Al-4V
Tensile properties of the a+f titanium alloy IMI 834

Summary of experimental work carried out using direct laser

deposition

. Experimental conditions

Cooling rate at thermocouple locations across five experimental

plates

10

11

38

40

73



1. Introduction

1.1 Scope of project

The emphasis of this research project is to study issues associated with using direct laser
deposition to repair worn, damaged or poorly manufactured components and to
characterise the repair quality. Repair applications are of interest to many industries
because of the drive for greater sustainability in manufacturing.

A number of additive manufacturing processes have been developed in parallel at different
establishments, but they all involve the supply of metallic materials, either powder or wire,
into a laser- or electron beam-generated heat spot where the material is melted and forms a
melt pool which quickly solidifies into metal layers. Parts are built to completion layer by
layer from bottom to top. The research work in this thesis was carried out at the Advanced
Technology Centre, Filton, using a coaxial powder feed and a three axis Nd:YAG laser source.
This is commonly known as direct laser deposition or DLD.

DLD presents an opportunity to extend the lifetime of damaged components, reducing the
cost of replacements and potentially the time a component is out of action. The advantages
of DLD over conventional repair techniques include the relatively localised heat input
required which leads to less distortion and a smaller heat affected zone. It is also possible to
carry out in situ repairs and the precise deposition creates a near net shape that requires
minimal finishing processes.

DLD is an important process in the aerospace industry that has potential for making a far
reaching difference in manufacturing and through-life management of platforms. Its key

attributes are that it is a purely additive process and thus makes very efficient use of



material, and that the process is flexible with components made directly from CAD files with
little hard tooling [1].

One of the major applications for Ti-6Al-4V is in manufacturing aircraft structural parts
where it has advantages over competing metallic and composite materials such as higher
yield stress and fatigue strength, better corrosion resistance and high modulus of elasticity.
For example, forged Ti-6Al-4V with fully lamellar microstructure has been used for landing
gear on the Boeing 747 aircraft and the bulkhead for a twin engine military aircraft due to its
good fatigue crack growth resistance [2].

Broader investigation of using DLD technology for repairing Ti-6Al-4V, Ti-6242 and Ti-17
alloys, which are used in high pressure turbines and aeronautical engines, has been carried
out [3]. The aim of this was to create a chain of laser applications that prevent wastage of
damaged components that may be repairable. Successful process parameters were
presented as well as suggestions for future direct laser deposition of entire blades.

The key to the uptake of this technology, particularly in the aerospace industry, is the
mechanical and metallurgical properties of the fabricated components. These are largely
dependent on the thermal cycle that the component undergoes during processing. In order
to control and modify the microstructure and so make the DLD parts fit for purpose, a good
understanding of the temperature cycles and influence on the metallurgy of the parts is
required.

1.2 Aims and objectives

The aim of this project is to assess by experimentation the influence of thermal boundary
conditions on the thermal cycles, microstructure and distortion of Ti-6Al-4V repairs

performed by DLD.



The objectives are to understand the influence of thermal boundary conditions on the
thermal cycling, microstructure and distortion and to use analytical models to describe the
process parameters such as laser operating parameters and thermal material properties.
Thermocouple measurements taken experimentally will be used to calibrate images taken
using a thermal imaging camera and to validate assumptions about the thermal cycle that
the substrates will undergo during DLD.

The project also aims at developing an understanding of the relationship between cooling
rate and distortion, and to use the collected data to quantify this relationship. The
thermocouples can be used to identify locations where the temperature has been monitored
over the entire processing time so that maximum cooling rates can be found and compared
with the distortion which that part of the plate has undergone.

The influence of thermal boundary conditions on the resulting DLD repairs and the
relationship between cooling rate and distortion in Ti-6Al-4V plates is necessary information
in the development of the DLD process for industrial use. As the understanding of these

relationships improves, the process can be more easily optimised.



2 Literature review

Grade 5 Titanium alloy (Ti-6Al-4V) has been of interest to the aerospace industry for several
decades because of its material properties. Direct laser deposition now offers the chance to
produce components from this versatile alloy in a sustainable, cost-efficient way. DLD has
been used with a number of other materials, mainly 316L stainless steel and this has
developed an understanding of the process. However, some properties of Ti-6Al-4V make it
a more challenging alloy to work with than other common aerospace materials. The main
reason for this is its low thermal diffusivity, which means that steep thermal gradients can

develop in components being made by DLD.

2.1 Ti-6Al-4V

Titanium is one of the most commonly used aerospace alloys due to its high strength-to-
weight ratio and excellent corrosion resistance. It is also an expensive material as the
process used for extracting titanium, the Kroll process, is resource-intensive and its high
chemical reactivity places strict requirements on the manufacturing steps. Working with Ti-
6AIl-4V can be inefficient due to difficulties with traditional manufacturing processes, where
a machining error or other damage often leads to the component being abandoned as scrap
[4]. The relative scarcity and cost of titanium makes this approach cost-prohibitive and so
significant effort is therefore being given to developing new production routes and
manufacturing technologies to allow wider use of titanium.

Ti-6Al-4V is the most commonly used a+f titanium alloy. As well as aircraft components, it is
used at temperatures up to 400°C in chemical processing equipment, surgical implants,

marine hardware and automotive applications [5].



2.1.1 Physical metallurgy

Titanium is an allotropic element, meaning it can occur and is stable in more than one crystal
state. It has two primary crystallographic phases, an a-phase hexagonal close packed
structure (HCP) and a B-phase body centred cubic structure (BCC) [4]. The size, shape and
relative distribution of these two phases are key factors in determining the microstructure of
the titanium and its subsequent mechanical properties.

Titanium alloys can be classified into three major categories according to the predominant
phases present in the microstructure: a alloys, B alloys and a+B alloys. Fundamental to
controlling the formation of the a-phase and the B-phase is the B transus temperature,
which is the temperature at which the B-phase reverts to an a-phase [6]. This transus
temperature varies with alloy composition, but all titanium alloy processing must take the
transus temperature into account in order to produce the desired microstructure.

The a alloys have relatively high strengths, high oxidation resistance and the best weldability
of the titanium alloys, but they are more difficult to form than B alloys. B alloys have good
hardenability, good cold formability when they are solution treated and high strength when
they are aged. B alloys are slightly denser than other titanium alloys and the least creep
resistant, but they are weldable and can have high yield strengths of up to 1345 MPa [2].

This compares favourably with other common structural materials (see Table 1).



Material Yield Strength (MPa)

ASTM A36 steel 250
Aluminium alloy 400
Stainless steel 520

Table 1. Typical yield strength of common structural materials [5]

o+pB alloys are heat treatable and most of them are weldable. They have relatively high
strength but the high temperature creep strength is not as good as most a alloys. The cold
forming of a+p alloys is limited but hot forming qualities are quite good and many can be
superplastically formed [4]. Ti-6Al-4V is one of the most commonly used commercial

titanium alloys because of its high strength and high fatigue resistance.

2.1.2 Microstructure and phase transformations

The elements that are included in the manufacture of titanium alloys may encourage the
stabilisation of either the a or the B phase (see Figure 1). Ti-6Al-4V contains both an a
stabiliser and a B stabiliser so it can be strengthened by heat treatment or by thermo-
mechanical processing. Oxygen is also an important a stabiliser and so if it is introduced into

the alloy during processing it will strengthen the alloy but may also cause embrittlement.
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Figure 1. Effect of alloying elements on phase diagram of titanium alloys (schematically) [4]

The transus temperature of Ti-6Al-4V is influenced by both the a and the B stabilisers and is
980°C + 15°C [4].

The typical microstructure of Ti-6Al-4V can be classified into three different categories:
lamellar, equiaxed or bimodal (see Figure 2). The relationship between DLD processing
parameters and microstructures in as-deposited Ti-6Al-4V, and an understanding of
microstructure evolution is critical for both process control and process design because
microstructure plays an essential role in controlling mechanical properties [7]. The
microstructure of Ti-6Al-4V has been extensively studied and it has been observed by many
different groups that its development is highly dependent upon maximum temperature and

cooling rate [8,9,10].



Figure 2. Micrographs showing Ti-6Al-4V with typical (a) lamellar, (b) equiaxed and (c)

bimodal microstructure [11]

The lamellar structures can be controlled by heat treatment [12]. Furnace (slow) cooling
from above to below the B transus temperature leads to nucleation and growth of the a
phase in plates, starting from the B grain boundaries. The resulting lamellar microstructure is
fairly coarse and known as plate-like a. Air (fast) cooling results in a fine, needle-like a phase
known as acicular a (see Figure 3).

A Widmanstatten structure is developed by intermediate cooling rates. a-Widmanstatten
plate size increases when the cooling rate decreases and tensile strength is reduced by about
80 MPa. Water quenching from the B-phase field temperature followed by annealing in the
o+B phase region leads to a much finer lamellar structure, alpha prime (a’), also called

martensite [8].
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Figure 3. Schematic continuous cooling diagram for Ti-6Al-4V treated at 1050°C for 30

minutes [13]

Martensitic microstructures are rarely present in structural components as they only form at
very high cooling rates, but they can occur when using laser processing methods. The
martensitic microstructures can be transformed to a fine lamellar a+f structure by annealing
in the temperature range 700°C-850°C. The B phase is formed as a continuous layer between
the martensitic plates [4].

The equiaxed structures are obtained by extensive mechanical working on the material in
the a+PB region, where the lamellar structure is broken up into equiaxed a. Subsequent
annealing at about 700°C produces the mill-annealed structure. The bimodal structure

consists of isolated primary a grains in a transformed B matrix. This structure can be



obtained by annealing at 955°C for one hour followed by water quenching, or by air cooling

and aging at 600°C [4].

2.1.3 Mechanical properties

Variations in the microstructure of Ti-6Al-4V lead to different material properties and the
gualitative correlation between microstructural parameters and the mechanical properties
are summarised in Table 2. For example, it explains that microstructural features such as
secondary a particles in the B phase can increase the yield strength of the material but cause

a decrease in ultimate tensile strength.

Yield . .
uTsS High cycle | Micro-cracks Creep
stress .
€r fatigue AKip strength
Go.2
Small a colonies,
a + + + +/-
o lamellae +
Bi-modal structure® + + - + ;
Small a grain size® + + + + -
Aging (az), oxygen + - + - +
Secondary ain B + ; + " +

@ Compared to coarse lamellar structure
bCompared to fully lamellar structure with same cooling rate

“Compared to large a grain size of fully equiaxed structures

Table 2. Qualitative correlation between microstructure and mechanical

properties of Ti-6Al-4V [4]
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The difference in mechanical properties of water quenched, air cooled and furnace cooled
Ti-6Al-4V have been investigated and it has been found that in general the hardness
increases with the increase of annealing temperature, reaching saturation at 1050°C. For
material quenched from the same temperature, hardness decreases with the decrease of
the cooling rates. The tensile strength of Ti-6Al-4V behaves in the same manner as hardness,

increasing with the increase of cooling rates and annealing temperature (see Table 3).

Reduction in
Temperature 00.2 UTS O Elasticity
area

°C MPa MPa MPa % %

Lamellar Room temp 925 1015 | 1145 5 12
Bi-modal (20% vol a’) | Room temp 995 1100 | 1350 13 20
Bi-modal (30% vol a’) | Room temp 955 1060 | 1365 13 26
Lamellar 600 515 640 800 10 26
Bi-modal (10% vol a’) 600 570 695 885 10 30
Bi-modal (40% vol a’) 600 565 670 910 14 36

Table 3. Tensile properties of the a+p titanium alloy IMI 834 [20]

The size of a grains in a fully equiaxed microstructure corresponds with high cycle fatigue
strength. As the size of the a grains decreases the high cycle fatigue strength increases.
Tensile ductility is generally very high and increases as grain size decreases [4]. The feasibility
of obtaining a specific microstructure has to be considered for commercial applications. For

example, the high fatigue strength of a small grained microstructure is difficult to obtain in a

11



fully lamellar microstructure as the required cooling rate would be more than 1000°C/min,
which can only be obtained in thin sections. In bi-modal microstructures the temperature

region needed to obtain the small grain sizes is too high to be commercially viable.
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2.2 Direct laser deposition

In direct laser deposition (DLD), powder is fed continuously into a molten pool on the
surface of the substrate or previously deposited layer (see Figure 4). The molten pool is
generated and maintained through an interaction with the laser beam and the powder
injected into the pool forms another deposited layer after solidification. The substrate or
deposited layer is melted to obtain good metallurgical bonding between the substrate and
deposited layer or between successive deposited layers, in most cases to the depth of

approximately one millimetre [14].

3-beam

Figure 4. Schematic diagram of the DLD process
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Good powder consolidation is achieved by controlling the energy input at every location
during the build. Energy input is a function of laser power, laser scanning speed and powder
feed rate [15].

Direct laser deposition can be used for producing new components, adding features to
existing components, hybrid manufacturing or for repairing damage. It is possible to produce
geometries that would not be possible using a single manufacturing process otherwise and
therefore reduces the need for joins, which are often the weak point in a component. When
adding secondary features to an existing component, DLD has the advantage of causing only
a limited heat affected zone due to the small width of the laser melt pool.

In the last decade, much work has been done to characterise the microstructure of direct
laser fabricated Ti-6Al-4V and to understand the effect of the process variables on the
quality of builds. Initially each process variable was considered individually and extensive
parameter optimisation was undertaken by a number of groups, but more recently the focus
of research has been on how combinations of parameters influence the thermal profile and

history of each component.

2.2.1 Comparison of DLD with alternative additive manufacturing processes

Among additive manufacturing layer technologies, the processes can be largely divided into
laser metal deposition (LMD) processes and selective laser melting (SLM) processes. The
most important difference between these is the provision of the powder material. In laser
metal deposition processes, the powder is supplied by a powder feeding nozzle, while for
selective laser melting the part is fabricated in a “powder bed”. In both processes the

powder is completely melted by the laser beam, resulting in the fully dense layers [3].

14



Powder bed manufacturing involves the use of a high power laser to fuse small particles
of plastic, metal, ceramic, or glass powders into a solid three-dimensional shape. The laser
selectively melts powdered material by scanning cross-sections that are generated from
a CAD file on the surface of a powder bed. After each cross-section is scanned, the powder
bed is lowered by one layer thickness, a new layer of material is applied on top, and the
process is repeated until the part is completed (see figure 5).

Powder bed manufacturing typically uses a pulsed laser as the finished part density depends
on peak laser power, rather than laser duration The bulk powder material in the powder bed
is preheated to just below its melting point, to make it easier for the laser to raise the

temperature of the selected regions the rest of the way to the melting point

Figure 5. Schematic diagram of powder bed manufacturing process
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Unlike some other additive manufacturing processes, powder bed manufacturing does not
require support structures as the part being constructed is surrounded by unmelted powder
at all times, allowing for the construction of previously impossible geometries.

Compared with direct laser deposition, powder bed manufacturing can produce parts from a
relatively wide range of commercially available powder materials and the physical process
can be full melting, partial melting, or liquid-phase sintering. Depending on the material, up
to 100% density can be achieved with material properties comparable to those from
conventional manufacturing methods. In many cases large numbers of parts can be packed
within the powder bed, allowing very high productivity [12].

The precision and geometrical freedom of powder bed processing is higher than that of DLD,
however it does not provide the ability to build-up material layers directly on three
dimensional surfaces and to process of very large parts that are the main advantages of DLD

and enable the use of DLD for repair and wear/corrosion protection applications [3].

2.2.2 Development of the process

Lasers have provided industry with a controllable and highly directional heat source since
they were invented in the 1950s. Since then, laser beams have been widely used in many
manufacturing industries performing tasks such as cutting, welding, surface heating,
bending, melting, alloying, cladding, texturing, roughening, marking and cleaning.

A new application in the field of rapid prototyping emerged in the 1980s, using lasers to
produce functional and net shape or near net shape components with a desired geometry in

a single step. As well as significant advantages over conventional processes, there is also

16
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very little material waste since there is only a small amount of post-deposition machining
required and most of the unused powder can be recycled without contamination [16].

A typical development procedure for producing a component by DLD involves writing a
motion path for the laser beam during the build and the optimisation of processing
parameters to achieve a fully dense part with a desirable microstructure at the maximum
operating speed. A large number of operating parameters and physical phenomena
determine the quality of the fabricated part and several of these are concerned with the
resulting geometry. Figure 6 shows the typical cross section of a laser welding bead, where h
is the bead height, w is the bead width, 6 is the angle of wetting and b is the fusion depth
representing the thickness of substrate melted during the laser processing. The fusion depth

determines the depth of the dilution of one layer into another [17].

Figure 6. Typical cross section of a laser weld bead [16]

17



2.2.3 Process variables

As the parameters control the thermal cycles and therefore fusion between layers,
homogeneity of the layers, surface finish, porosity and cracking due to thermal stresses, it is
often necessary to perform several iterations in order to optimise the parameters.

It is currently possible to produce near fully dense components close to net shape and so the
next requirement is microstructural control. The effect of laser power on the microstructure
of grade 316 stainless steel has been examined in previous studies and it was found that cell
structures which formed at lower powers (115-275 W) were finer than those formed at
higher powers (345-410 W) [18]. The initial cooling rate of the molten pool formed at higher
powers is faster than those formed at lower powers and the composition difference is seen
to be more pronounced when the material is solidified slowly.

The detailed variation of morphology and grain size in DLD 316L stainless steel was
investigated and it was found that a predominantly columnar and highly refined
microstructure tended to form at the base of the component, near the substrate [19]. The
grains became coarser in subsequent layers and a predominantly equiaxed structure was
formed at the top of the component (see Figure 7). It was concluded that grain size and
microstructure were dominated by the combination of the laser power and laser scanning
speed but were largely independent of powder feed rate

In the study of titanium, a preliminary investigation examined varying process parameters
and the effect on the microstructure of a burn resistant alloy Ti-25V-15Cr-2AI-0.2C (wt. %)
[20]. It was found that this alloy generally formed equiaxed grains under most processing

conditions and a few elongated columnar grains tended to form at the bottom the sample.

18



Figure 7. Micrograph showing the growth of columnar grains in Ti-6Al-4V during DLD

Studies using Ti-6Al-4V investigated the effect of laser power, laser scanning speed and
powder feed rate on the variation in size of the columnar structure formed. It was found
that the grain size tends to increase with the increase of laser power and the decrease of
laser scanning speed, although the effect of each parameter was not linear [21,22,23].
Another study using Ti-6Al-4V samples also recognised that large columnar prior-B grains
and layer bands are the characteristic morphology for DLD components [24]. It showed that
columnar grains are able to grow through multiple deposited layers due to epitaxial growth
from previously solidified layers. When loading is perpendicular to the grain growth direction
this structure is undesirable as it has reduced tensile strength due to the increased presence

of grain boundaries along the load path. Ti-6Al-4V is susceptible to the formation of
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columnar grains during laser deposition because heat loss through the substrate initially
leads to more rapid cooling via the substrate [10]. This causes directional growth counter to
the cooling direction. As laser power increases, the columnar grains become shorter until
they are replaced with large equiaxed grains. However, it has been shown that as
temperature increases, the grain growth kinetics are faster and for a given temperature the
grain size will increase with time [8].

At lower powers there is a change towards a very porous structure which is caused by
incomplete melting of the powder [10]. At intermediate powers there is pin-hole porosity as
the result of shrinkage during cooling.

Advances in stereology and microscopy permit rapid characterisation of various features in
Ti alloys including Widmanstatten a-laths, grain sizes, grain shapes, colony structures and
volume fractions of different phases [25]. The aim is to minimise human subjectivity to

produce accurate and repeatable results.
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Figure 8: Diagram showing layer bands caused by microsegregation in titanium alloy [26]

The layer bands are a result of micro-segregation in the solidifying melt pool and the
complex thermal history that the part undergoes as each layer is built (see Figure 8). The
microstructure of the layer band consists of large colonies of acicular a outlined in
transformed B, whereas the adjacent material consists of smaller colonies with the same

type of structure [24].
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2.3 Thermal effects due to DLD

Thermal radiation is the electromagnetic radiation generated by the thermal motion of
charged particles in all matter with a temperature greater than absolute zero. The effect of
temperature changes that take place during direct laser deposition of components is key to

understanding and predicting the final microstructure.

2.3.1 Measurement

Infra red (IR) covers a portion of the electromagnetic spectrum from approximately 0.9-1000
micrometers and is not detectable by the human eye. The intensity of the emitted energy
from an object varies with temperature and radiation wavelength. In addition to emitting
energy from an object, an object reacts to incident radiation from its surroundings by
absorbing and reflecting a portion of it [27].

A thermal imaging camera can convert it to a digital image which shows thermal variation
across an object, allowing non-contact measurements of an object’s temperature. This is
useful in direct laser deposition due to the difficulty of locating thermocouples in a moving
melt pool. Other wavelengths could be used, for example those in the “visible” range, but
the IR range is less affected by background lighting. At temperatures below 500°C there is
much more infra-red emission than visible emission.

Thermocouples can be used for measuring the change in temperature across a substrate,
moving away from the applied heat source. The change in temperature over time and
distance is central to describing the thermal history of a component which has been made or

repaired using DLD.
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2.3.1.1 Emissivity corrections
The radiative properties of the objects are usually described in relation to a perfect
blackbody. If the emitted energy from a blackbody is denoted as Wy, and that of the object
at the same temperature as Wy, then the ratio between these two values describes the
emissivity € of the object;

€= Wopj/Whpp Equation 1
Emissivity is a number between 0 and 1. The better the radiative properties of the object,
the higher the emissivity value.
An infra-red camera calculates temperature based on radiance measurements and the
emissivity of the object. In most applications the emissivity is based on standard values from
a table but when it is unknown or uncertain, it can be calculated by reversing the process. If
the temperature is known then emissivity can be calculated.
The simplest method of establishing emissivity is the “adjacent spot” method [27]. The
temperature of an object is determined using an area of known emissivity. The object is then
adjusted so that the area with known emissivity is close enough to an area with unknown
emissivity that the two areas can reasonably be assumed to have the same temperature.

Using this temperature the unknown emissivity value can be calculated.

2.3.2 Thermal history

The correlation between microstructure and processing parameters is not straightforward
and it is not easy to isolate the effect of altering individual parameters on the final
microstructure of a DLD component. However, the microstructure is strongly influenced by

the thermal history which the component has undergone and thermal history can be
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measured, predicted and controlled in a much simpler way than attempting to directly
control the microstructure. A large amount of work has already been carried out to
understand and control the thermal cycles during DLD of components [19,28,29].

The thermal profile created by DLD differs depending on the processing parameters,
component geometry and thermal boundary conditions. In order to control the
microstructure and mechanical properties there must be an understanding of the
relationship between thermal profile and microstructural evolution, and how the thermal

profile can be managed.

2.3.2.1 Development of thermal gradients in DLD

The thermal gradientis the physical quantity that describes the direction and rate of
temperature change around a particular location. In the DLD process the energy source is
the laser, which hits the substrate at an angle a with respect to the surface normal (see

Figure 9).

Reflection

Absorption

Transmission

Figure 9. Schematic of the interaction of a laser beam with a metal substrate [29]

The beam will be partially reflected, partially transmitted and partially absorbed. In the case

of a metal, the bulk transmission is effectively zero. Here the absorptivity equals the
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emissivity and the reflectivity is equal to 1 — emissivity. The absorptivity of materials to laser
energy is affected by the wavelength of the laser used and the temperature and roughness
of the substrate material. As the temperature of the material rises there will typically be an
increase in absorptivity [30].
An Nd:YAG laser is a solid state laser which emits a beam of wavelength 1.06 microns [9]. A
fibre optic delivery system transports the laser beam from the source to the focusing lenses
so that the desired spot size can be focused on the target location. Although the energy
distribution in a cross section of the laser beam will differ from case to case, in practice it can
be approximated as a Gaussian distribution which is usually used to simulate the intensity
and energy distribution of mono-mode laser radiation [31].
It can be described as;

I(r)=loexp((-r*)/(Rs)’) Equation 2
where r is the radial distance from the centreline of the beam and R is the radius of the
beam.
The laser beam strikes the material and increases the temperature of the interaction area
until it melts and then vaporises. The material around the irradiated area is heated up
through conduction [30].
Heat is essentially related to the kinetic energy of molecules. The higher the temperature of
a material, the greater the thermal agitation of the constituent molecules [32]. Regions
which contain greater molecular kinetic energy transfer this energy to regions with less
kinetic energy by conduction, convection and radiation, which may occur separately or in
combination. Assuming that the material is homogeneous and isotropic, the temperature

distribution can be described by the heat conduction equation;
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pc z—: = kV2+¢el(x,y,z,t) Equation 3
where p is the density, c is the specific heat and k is the thermal conductivity of the material.
€ is the absorptivity and I(x,y,z,t) is the laser energy delivered per unit time and unit volume
of metal. In practice there are many other variables such as temperature-dependant
material properties, phase transformations, heat loss via radiation or convection and moving

heat sources, but this equation is the basic governing equation [16].

2.3.2.2 Analytical modelling of heat transfer

As laser material processing has been developed, mathematical modelling has been used as
a tool to help the understanding and control of the process. Classical heat transfer theory is
used to analyse the heating/cooling during laser processing [9].

Mathematical modelling can be a powerful tool in improving the quality and speed of
production if it is able to predict the outcome of altering key variables. Heat transfer can be
described mathematically if the thermal properties and boundary conditions are correctly
defined, allowing for the assumption that material properties are independent of
temperature.

Heating during DLD is a non-isothermal process, characterised by high peak temperatures,
high temperature gradients and rapid temperature fluctuations. An analytical approach
makes it possible to derive relatively simple equations to understand the temperature-time
pattern, but the complexity of heat flow phenomena demands validation of predictions

against numerical calculations and in situ thermocouple measurement [33].
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Heat loss by radiation and convection from free surfaces are usually negligible in DLD. The
fundamental uniaxial differential equation for heat conduction in solids can be derived from

Equation 3 to be;

dT d?T
—_— = q—
dt dx?

Equation 4
where T is temperature, t is time, a is thermal diffusivity and x is the heat flow direction.
Simple analytical solutions assume that material thermal properties are constant and
independent of temperature, but this is unrealistic as A, a and pc all vary significantly with
temperature and are also dependent on the thermal history of the base material.
Thermal diffusivity (a) is related to the thermal conductivity (A) and volume heat capacity
(pc) by the equation;

a = A/pc Equation 5
These limitations can be overcome and the accuracy of the solution improved by using
reasonable average values within a specific temperature range.
To model DLD it is assumed that the heat source moves at a constant rate along a straight
line and that the net power supply is constant. Observation has shown that zones of
temperature below the melting point remain at constant width, and the temperature field
around the source will not vary with time, considered as pseudo-steady state. This largely

simplifies mathematical modelling of heat flow, though it imposes restrictions on the model.

A simple model for a line heating model is shown in Figure 10.
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If It is assumed that heat is released instantly at time t=0 at an initial temperature Ty, in a

line, the following equation for a line source can be used;

T = _Qad 2 .
T—-T, = prT— exp (—r*/4at) Equation 6

where Q is the net heat input released at t=0.

Figure 10: An instantaneous line source model is used for assessment of laser interaction in
DLD.

In reality the cooling of the deposited material can be more closely likened to a feedback

path which includes the current deposit geometry contact with substrate, thermal history,

stress development and adherence to the substrate. These complexities reduce the accuracy

of simple models [34].

2.3.3 Microstructural evolution
In DLD the heat affected zone (HAZ) is small. The size of the molten pool has an effect on

final microstructure because a smaller melt pool will have a higher cooling rate [35]. A high
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cooling rate leads to finer grain size and suppresses the formation of secondary phases,
producing a more homogeneous microstructure and in some cases leading to the formation
of metastable phases [36]. Refined microstructures usually result in corresponding
improvements in mechanical properties.

The shape of the melt pool is influenced by the flow of heat and metal, with melting
occurring ahead of the heat source and solidification behind it [33]. The heat input
determines the volume of molten metal, as well as thermal conditions under which
solidification takes place. The crystal growth rate is related to the cooling rate, which
depends on laser travel speed and melt pool shape.

Initial solidification during DLD takes place epitaxially, where the partly melted base metal
grains at the fusion boundary act as seed crystals for the columnar grains (see Figure 11).
The solidification microstructure depends on the grain coarsening behaviour of the base
material, so when laser power is high the grain growth of the base metal can be considerable
and the size of the columnar grains at the fusion boundary will be correspondingly coarse.
During multiple passes the columnar grains can re-nucleate at the boundaries and

subsequently grow across the entire fusion zone [33].
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Figure 11: The growth of columnar grains in a Ti-6Al-4V component [37]

Growth of columnar grains is always close to the direction of the maximum thermal gradient
in the melt pool i.e. normal to the fusion boundary, implying that columnar grain
morphology depends on melt pool geometry pool. Melt pool geometry is a function of laser
scanning speed and the balance between heat input and cooling conditions. A tear shaped
melt pool is characteristic of fast-moving, high power sources, or of a material with low
thermal diffusivity, whereas an elliptical melt pool is characteristic of a low power, low speed

source.

2.3.3.1 Phase changes and grain growth in Ti-6Al-4V

A model has been created to evaluate the effect of the thermal profile of the melt pool on
the microstructure of a component made from 316 stainless steel using DLD. From this it
was found that the highest quench rate occurred when the lowest laser power was used.
The cooling rate at the highest power was lower so a coarser grain structure is expected

[26]. This means that the cooling rate of the molten pool determines the grain size at the
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nuclei but not the final microstructure of the material as it will be affected by the
temperature history of the process if a phase transformation occurs.

Characterisation of the forming mechanisms, microstructure and mechanical properties of
titanium alloys are a research area of significant interest for the future development of
industrial applications for DLD. It has shown that laser-deposited Ti-6Al-4V has a number of
differing mechanical properties when compared to otherwise similar wrought product.
These are higher strength, lower ductility and more distinct anisotropic properties [38]. A
similar study found that laser power, scan speed and powder feed rate have a large effect on
the structure of the deposited Ti-6Al-4V. It was also noted that predicting the size of these
large grains was difficult due to the variable nature of the substrate to act as a heat sink [39].
A detailed study revealed that tensile strength of direct laser fabricated Ti-6Al-4V
components at room temperature could be increased by using heat treatment to control the
microstructure [40]. The formation of defects in titanium alloys were also examined using
microscopic analysis, which revealed two types of defect — porosity and ill-bonding between
layers. Porosity was found to be spherical and randomly distributed as a result of powder
manufacturing methods and ill-bonding was irregular in shape and found to be directly
influenced by laser energy density, layer overlap and z axis retraction rate.

A microstructure-evolution map was developed to consider peak temperature and cooling
rate in order to qualitatively determine the transformations that may form during the DLD
processing of Ti-6Al-4V [36]. This map showed that a large region of mixed martensite and a
phase should be present, according to the input thermal history. However, experimental
observation showed little martensite and the microstructure was instead dominated by

Widmanstatten a. This difference may be due to the simplification of the heat source, as a
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constant peak temperature has been assumed, which will not be attained using an Nd:YAG
laser.

Managing the thermal history is crucial for determining the microstructure and ensuring that
the correct material properties are present for the application. Suggestions have been made
that forced cooling could be combined with thermal modelling in order to control
microstructural growth, but experimentally it has been shown, though not satisfactorily
explained, that induced heating of 200°C is more successful for creating a coherent

microstructure [41].

2.3.3.2 Process models for heating/cooling rates and microstructure

Numerical modelling methods can be used to study thermal evolution as an effective
method for understanding microstructural evolution and residual stress. There have been
many thermal models established but they are designed according to specific experimental
facilities or with particular assumptions. As yet there is no comprehensive model which can
be applied to DLD available in the public domain. There are however a number of useful
models that consider separate elements of the process.

The ability to accurately predict how Ti-6Al-4V components will develop under a wide variety
of manufacturing conditions is crucial for future large scale development. Early models for
predicting thermal history of laser formed Ti-6Al-4V help to predict the microstructure that
may form as the result of complex thermal histories that are developed during the layering
process [29].

Another microstructural model was developed to look at Ti-6Al-4V deposited using a TIG

weld build-up process [42]. This was able to consider a number of variables including the
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phase volume fraction of a, B, Widmanstatten a, grain boundary a, martensite a and the a
lath thickness. It was also able to consider the cyclical heating effect but was unable to
account for grain growth. A further model attempts to predict both the shape and thermal
loading of parts manufactured by direct laser deposition using a numerical-analytical
approach [43]. It involves an FEA software package and is able to describe the moving melt
pool. As a result it is possible to provide an accurate prediction of the temperatures near the
melt pool, the thermal cycles and melt pool dimensions when constructing a 25 layer high
wall from titanium alloy.

A great deal of useful work has been done in attempting to model the complex processes
that occur during DLD of metals in order to better understand the resulting microstructure
an therefore mechanical properties of the deposited materials. The next steps will include
expanding a model to encompass a complex DLD component made up of hundreds or even
thousands of layers. However, this is a great challenge as a research topic as the behaviour
of the base plate and newly formed component as a heat sink is currently not well
understood [22]. For large components fabricated by DLD, the heat sink effect would be very

pronounced.

24 Distortion and residual stress

Direct laser deposition causes distortion due to the localised heating which leads to thermal
expansion, in a very similar way to welding. When the laser heats the substrate, the heated
metal expands into the unheated metal. This stress is larger than the yield stress of the
material and the unheated substrate is deformed plastically [44]. When the heat source

moves along the substrate the heated material begins to cool and contract. As the plastic
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deformation is permanent, the substrate is forced to bend by the residual stresses

introduced upon cooling, as shown in Figure 12.

Figure 12: (a) Tensile stress caused by thermal expansion of metal and (b) resulting

compressive stress from the plastically deformed region

2.4.1 Introduction of residual stresses during DLD

Residual stresses are introduced into a material after the uneven heating and cooling that
takes place during laser processing. This can lead to surface or subsurface cracking of the
processed components [44,45,46] and distortion of the finished component [46]. Heat
treatment is required to relieve residual stresses, which might reduce the attraction of DLD
as it adds an extra processing step. For this reason the ability to predict and control residual
thermal stress fields is highly desirable.

The large concentrated heat flux rates that allow a laser to melt materials efficiently also
result in large localised thermal stresses in a small heat affected zone. These thermal
stresses can lead to micro-cracks, a decrease in mechanical strength and fatigue life and the
possibility of catastrophic failure of the component while in service. Studies have been
undertaken to assess the stresses which occur during laser processes, investigating selective

laser sintering [48,49] and shaped metal deposition [50]. Through finite element modelling
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and experimentation these studies determined that final distortion could be reduced by
substrate pre-heating, which reduces the thermal gradient, and by rigid bolting of the
substrate. Clamping the substrate firmly against the work surface means improves the ability
of the conduction of the heat across this boundary, creating a lower thermal gradient than if
the substrate were insulated by the surrounding atmosphere.

Another model examined thermal interactions of droplets deposited on top of one another.
Thermo-mechanical models of temperatures and stresses were considered, and convection
and radiation conditions imposed on the top surface and a constant temperature condition
imposed on the bottom surface were given as boundary conditions. The simulation used
temperature-dependant thermal properties of stainless steel and considered latent heat
released during solidification. The results from deposition in a discrete path demonstrated
the importance of process-induced preheating in reducing residual stress. Therefore,
process-induced pre-heating could be increased by using insulated base plates and by
choosing optimal deposition paths [51].

Although some work has been done on residual stress introduction during DLD and similar
processes, residual stress due to transformation plasticity is usually neglected due to both
the complexity involved and the inability to measure the contribution of each phase
constituent in this entire transient phenomenon. However, simulations carried out for
certain locations have shown that residual stresses due to phase transformation plasticity
are significant, especially at the substrate-deposit interface [51,52]. These could then lead to
crack formation and eventually to the de-bonding of the deposited material under
conditions that would otherwise be predicted to be safe if phase transformation effects are

discounted.
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As the DLD process has many similarities with welding, it is useful to look at data presented
on welding for suggestions on the shape and magnitude of residual stresses. Figure 13 shows

the stress distribution both across and along a weld line.
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Figure 13: Residual stress distribution for steel plates a) transverse to weldline, b) along the

weld line and c) through the plate thickness [53].

2.4.2 Controlling distortion

The most common method of predicting stresses introduced by DLD is by finite element
modelling, due to the limitations of experimental stress measurement during laser
processing [55,56,57]. Several studies have been carried out specifically to look at the

residual stresses and distortion caused by DLD.
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The deposition process involves temperature gradients and so thermal stresses develop.
Therefore the key to advancing the DLD process is improving understanding of how residual
stresses develop. Process changes such as substrate pre-heating and various deposition
paths have been proposed and compared to look at the effect on distortion and residual
stress. A combination of substrate preheating to reduce initial thermal gradients and
substrate insulation to exploit the preheating by the process itself has been shown to
significantly limit residual stress-induced distortion [58].The deposition pattern can also have
a significant effect on the part stresses and deflections [59].

Pre-heating has been studied further as it can be used to reduce residual stresses and also
create a more consistent microstructure. The effect of base preheating, temperature
dependent material properties and the influence of the time between layers have been
investigated and it was found that the best results are obtained when a short time delay
between layers was allowed to prevent steep changes in the temperature gradient [60].
Also, residual stresses from narrow laser beam processing with high stress gradients can be
decreased without additional equipment by defocusing the beam and applying it after

processing to regions a certain distance either side of the build line [61].

2.5 Summary

Thermal control has proven to be critical in DLD, both for obtaining consistent
microstructures and limiting the effect of residual stresses on component geometry and
strength [61]. This justifies the objective of this project that is to better understand the
influence of temperature on the DLD process and to study the relationship between cooling

rate and distortion.
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3 Experimental methods

The aim of the experimental work is to assess the effect of varying thermal conditions during
direct laser deposition on the microstructure and distortion of Ti-6Al-4V components.
Specifically it is intended to produce thermal data by measuring temperature changes during

laser processing over a range of conditions and to measure the distortion which occurs.

31 Design of experimental work
The experimental work measures the cooling rates and distortion so that a relationship
between the two can be accurately described. The initial work done is included to show the

techniques used to test some assertions from the literature review.

Trial Group Reasoning Section

Parameter optimisation for | Familiarisation with equipment and | appendix
primary structures process

Thin walls Walls built to allow specimens to be | chapter 3.1.1
cut for mechanical testing (to be
compared with others made using
similar manufacturing processes)

Parameter optimisation for | Investigating the definition of optimal | appendix
repair repair qualities and changes needed
in parameters to

Thermal management Controlling the temperature during | chapter 3.1.2
processing to assess the effect on
microstructure

Table 4. Summary of experimental work carried out using direct laser deposition

38




3.1.1 Initial work done using DLD

At the beginning of this project there was also an interest in primary structure building using
DLD. Work was carried out in support of a Technology Strategy Board (TSB) project, and the
work undertaken as part of this research project is detailed below.

Primary structures were built at BAE Systems which acted as a way of becoming familiar with
the laser deposition equipment and the general behaviour of deposited Ti-6Al-4V. Parameter
optimisation trials were carried out (see Appendix) with the aim of producing thin walls of
DLD Ti-6Al-4V with a fully dense microstructure. The thin walls were cut into sub-size
mechanical testing specimens as described in ASTM E8 [62].

Identically sized specimens were provided by Exeter University in order to examine the
difference in mechanical properties that could be attributed to the manufacturing method.
This batch of specimens was made using a four axis laser and, unlike the specimens made at
the ATC, the direction of the laser beam was not constant. The mechanical testing was done
as part of this research project because the resulting information on potential tensile
strength could be used to justify the use of DLD for Ti-6AL-4V builds and repairs. The current
literature suggests that tensile strength as high as that of rolled plate can be achieved using
DLD.

The failure mechanisms of the samples are also relevant as the literature asserts that DLD
components can be subject to directionally dependent mechanical properties [24]. This was
examined by cutting the tensile test specimens in different orientations from the DLD thin

wall parts.
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3.1.2 Investigating cooling rates and distortion

The 4mm thick Ti-6Al-4V rolled plates used to investigate cooling rate and distortion are
intended to represent small aerospace components which have suffered damage or wear
either in service or during manufacture. To simulate this, each plate has a groove machined
in its centre with dimensions 75x10x1mm depth (see Figure 14).

In order to produce valid results the experimental conditions need to be highly controlled
and fully instrumented. The thermal boundary conditions have been chosen to cover a wide
range of temperature values with the expectation that this will produce results which

indicate which conditions are optimal (see Table 3).

Name Conditions
Plate 1 Heated (200°C)
Plate 2 Unclamped
—_—— —_— P Plate 3 Insulated
SRR T e
Plate 4 Cooled (10°C)
Plate 5 Clamped

Figure 13 — A machined plate before DLD

Table 3 — Experimental conditions

When controlling the temperature of the substrate it is clamped down to ensure good
contact with the heating/cooling elements. To consider the potential effect of heat being
lost through contact with the work surface, one experiment was carried out with a sheet of

insulating material clamped between the plate and the work surface. In order to examine
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the effect of the clamping, the experiment was also carried out without forced temperature
control with the plate clamped directly to the work surface and again with the plate

unclamped.

3.1.3 Materials preparation

Each plate was prepared by drilling 0.51 mm holes, 2 mm deep, in which to locate twenty-
two 0.5mm K-type thermocouples. The thermocouples were placed in two circles around the
groove at distances of 2mm and 5mm from the processing area, and at each corner of the

plates (see Figure 15).

Figure 15 — Position of holes drilled to locate thermocouples
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Ideally the thermocouples need to be as close to the heat source as possible in order to get
the most accurate data, but it was unknown if they would be able to survive at the
temperatures produced by the laser. Also, by having an outer ring of data it is possible to
look at the heat transfer across the plate over time. The locations at the very edge of the
plate can be used for calibrating the initial temperature with the thermal imaging camera

and look at heat transfer over a larger area.

3.2 DLD processing with instrumentation

As the focus of this project has shifted towards repair applications of DLD, work has been
undertaken to look at the repair capability at the ATC and methods to improve repair
quality. Instrumentation of the process allows validation of assumptions and quantitative
comparison.

3.2.1 Processing equipment

Each plate was positioned inside the environmental control bag using locating screws (see
Figure 16). The thermocouples were arranged into the correct locations and labelled so that

the readings could be identified.
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Figure 16 — Set up for processing a plate inside the environmental control bag

The bag was secured around the bottom of the table using a rubber o-ring to seal it. This
created an environment which could be filled with protective argon, with a small tap to

allow oxygen to escape out of the top.

(a) (b)

Figure 17 — The (a) proposed and (b) actual position of the clamps used during DLD

proposing
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Figure 17 shows that the actual clamping arrangement used was symmetrical about the x
axis but not the y axis. The intention was that the arrangement shown in (a) should be used
but the position of the thermocouples (see Figure 15, locations 1 and 20) meant that this
was not possible. The change to the proposed clamping arrangement is expected to have an
effect on the distortion of the plates and this is discussed in the next chapter.

When the environmental control bag is sealed, there is a transparent window in the front
through which the digital camera can record the processing. The rest of the bag is
transparent to the thermal imaging camera, so that is positioned to the side of the cell to
record the processing at a slightly different angle. The nozzle inside the bag is controlled by

the overhead gantry and is able to move on three axes.

3.2.2 Measuring heating and cooling rates

Temperature measurements were taken using thermocouples and a thermal imaging camera
to determine the thermal history of the deposited material and substrate. The thermocouple
measurements were taken at a frequency of 60 Hz and the thermal imaging camera
operated at 30 Hz. These measurements have their limitations as a thermocouple is used to
measure a molten pool temperature but is very difficult to locate in the centre of the molten
pool. Also, thermal imaging cameras require known values of emissivity to calibrate them, so
while it is possible to measure the molten pool temperature it is difficult to obtain
temperature profiles away from the molten pool due to unknown and varying emissivity of

the rough surface of a DLD component.
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A set of equations for calculating cooling times after DLD have been proposed, based on
those used for arc welding [33]. These have been used on sample data in order to test the
validity of the equations and assumptions that have been made.

The data used below is for plate 3, thermocouple location 7 and the aim is to calculate the
cooling time from 500°C to 200°C. This time is known to be 95 seconds from thermocouple
readings during experimentation.

It is convenient to write the equation in dimensionless form;

Dimensionless temperature

g =_"D Equation 7
Te—T,
where T is the chosen reference temperature. In this case the melting temperature of

1650°Cis used and the ambient temperature Ty is taken to be 20°C.

500-20

Os00 = 5020 = 0.295 Equation 8
200-20 .
200 = Tezo—z0 = 0.110 Equation 9
Dimensionless time;
t .
Ty = — Equation 10

ti
where t; is the beam ignition time, arbitrarily given as 0.1s for this example.

Dimensionless operating parameter;

20Xm

3
pc(Tc—To)(4mat;)?

ny = Equation 11

where Q = beam power, n = beam efficiency factor, pc = volume heat capacity and a =

thermal diffusivity.
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(The beam efficiency factor is estimated to be 0.3 for the purpose of this calculation, and

thermal properties are assumed to be independent of temperature.)

ny = 2(400000) 03 ;= 8618.763 Equation 12

2502950(1650—20) (47X 2.637x1076%0.1)2

Rearranging the equation for dimensionless calculation gives;

2 2 8618.763.2 8618.763.2 .
Aty = (G5 - (&)3] = (25 — (22222)3] = 959.413 Equation 13

Therefore time to cool from 500°C to 200°C is given by;

At5/2 = t;At; = 0.1 X 14.570 s = 95.941 seconds Equation 14
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3.3 Microstructure and distortion characterisation

The microstructure of the repaired component is important because it indicates the final
material properties. The microstructure of the repaired component should be close to that
of the substrate so that the repair is not a weak point in the component. The important

microstructural features are the width of the a lamellae and the texture type and symmetry.

3.3.1 Preparing samples for characterisation

After processing, six specimens with dimensions 10mm x 15mm were cut from each plate (as
shown in Figure 19) and mounted in epoxy resin. These specimens were polished using
increasingly fine grades of Si-C paper and OPS polish, then finally a 1 micron diamond paste

to produce a mirror finish.

Figure 19: Location of specimens cut from the sample plates.
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The final stage in specimen preparation was to etch each one with Kroll’s reagent [4]. Each
sample was swabbed for around 20 seconds until the surface ceased to be reflective and
then washed in distilled water to reveal the grain boundaries and the a particles in the

microstructure.

3.3.2 Distortion measurements

It cannot be assumed that the plates used for the experiments are completely flat or
identical to one another as some distortion will have occurred when they were cut to size
and had the grooves machined into them.

Once the plates had been prepared for DLD processing they were each labelled and a three
dimensional laser scan was made. The laser scan collected information about the distance of
the plate surfaces from the point of recording and this data was then used to reconstruct a
digital image of the plates. After processing the plates were scanned again and the images
created were overlaid so that the changes in geometry due to processing could be
measured. In this way the distortion of each of the plates could be determined.

The distortion of each plate was expected to be related to the rate at which the plate cools
after processing. By plotting the distortion against the distance from the centreline and
comparing this to the graphs showing the cooling rate against the distance from the

centreline, the relationship between distortion and cooling rate could be inferred.
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4 Results and discussion

The initial parameter optimisation trials showed that all substrates undergoing DLD will
suffer some degree of distortion and that distortion differs depending on a number of
variables. In order to design experiments that are meaningful, these variables needed to be
as tightly controlled as is practical. For this reason each substrate used had the same
geometry and all were cut from a single rolled plate. The clamping arrangement was marked
out beforehand so clamps were always in the same place and the laser scanning path is pre-

programmed.

4.1 Process parameter optimisation

The parameters used for building primary structures were initially investigated for repair
work as a base from which to begin parameter optimisation. The parameters which were
varied included; laser power, focal distance, laser scanning speed, powder feed rate and the
amount of overlap of subsequent layers.

The first repair work carried out using these parameters produced quite poor quality results
with very high porosity and surface roughness. Systematic trials to vary the parameters and

find optimised values were carried out (see Appendix).
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100 mm

Figure 20: Plate 020910-1: Reducing the distance between overlapping layers of deposited

molten Ti-6Al-4V powder from 2 mm to 1 mm

Figure 20 shows a trial plate made for studying the effect of reducing the distance between

horizontal layers to produce a non-porous repair. The starting parameters were taken from

those found by optimising for building primary structures (see Appendix).
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| 100 mm l

Figure 21: Plate 021110-3: effect of reducing the overlap of deposited layers

As the distance between the layers was decreased the roughness improved only slightly as
the finish was very poor (see Figures 21 and 22). Even when the distance was decreased until
the layers overlapped, the resulting repair still had a very rough surface and appeared very

porous.

Figure 22: Plate 291110-1: Increasing the laser power through A) 200W, B) 250W and C)

350W at a constant overlap distance of 0.6mm
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Figure 23 — Plate 131210-1: Decreasing the powder feed rate from 10% to 6% at a constant
laser power of 350W
Neither increasing laser power nor decreasing powder feed rate (Figure 23) improved the
surface finish of the repairs. Previous work with Ti-6Al-4V has shown that overheating during
DLD can cause “balling” which gives a poor repair quality and surface finish. Balling occurs

when too much energy is transferred into the deposited material and it is re-melted.

Figure 24 —Plate 161210-2: Increasing scanning speed from 5mm/s to 10mm/s
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Figure 24 shows a plate where the scanning speed has been increased from 5mm/s to
10mm/s, reducing both the time in which heat can build up in the substrate and also the
overall power being put into the plate. Once an appropriate speed and powder feed rate had
been found, the horizontal distance (z) was decreased further to decrease porosity. The
optimum parameters for general repair were decided by balancing surface finish, low

porosity, good adhesion to the substrate and consistency, shown in Figure 25.
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Figure 25 — Plate 020211-2: Reducing the (z) distance to achieve a more consistent finish
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4.2 General Observations

Figure 26: Plate 1 — DLD processed while heated at 200°C

Thermal gradient can be controlled by applying either heating or cooling to the entire
substrate. This either heats the entire plate to reduce the gradient between melted and
unmelted substrate, or cools the entire plate to minimise the effect of the laser beam. In
Figure 26 there is some oxidation visible around the weld area. The oxygen level during
processing was monitored and kept below 25 parts per million during processing, but due to
the high temperatures achieved the substrate was still hot enough to react with oxygen after
200 seconds, the amount of time each plate was left to cool before turning off the argon
shielding.

In Figure 27 the cooling plate has reduced the amount of scorching on the underside of the
plate visibly, showing that the heat from processing has not been able to build up in the
substrate as much as with the heated plate shown in Figure 26 and the insulated plate

shown in Figure 28.
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Figure 27: Plate 4 — DLD processed while cooled to 10°C

Where insulation is placed under the substrate the heat introduced by the laser beam will
only be able to heat the substrate and not the work surface below, and so the overall
temperature of the substrate can be expected to be higher and the thermal gradient

therefore lower.

Figure 28: Plate 3 — DLD processed while insulated from the work surface by a ceramic tile

Clamping is important because of the effect of maintaining good and consistent contact

between the substrate and surface below. A clamped substrate with no insulation, heating
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or cooling applied is included as a control to look at the thermal history at room

temperature (see Figure 29).

Figure 29: Plate 5 — DLD processed with no temperature control
The unclamped substrate shown in Figure 30 will not have such good contact with the work
surface at the beginning of the experiment (no plate can have perfect contact as no surface
can be perfectly flat) and the amount of contact will decrease as the substrate distorts away
from the work surface upon heating. The argon atmosphere between the substrate and
work surface acts as an insulator, so the areas of the plate which have lost contact with the

work surface will retain more heat than those which are still in contact.
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Figure 30: Plate 2 — DLD processed without temperature control or clamping

4.3 Microstructural characterisation

The microstructure developed under the different thermal conditions will control the final
properties of the repair. The depth of the heat affected zone and the porosity have been
measured at marked locations in each plate so that the effect of changing thermal

conditions can be graded.

4.3.1 Defining an optimum microstructure

To some extent, the optimum microstructure of Ti-6Al-4V is dependent on the function
which is required from the final component. For the purposes of this project it is assumed
the ideal microstructure for a component produced using DLD is one that is at least as strong
as the parent material i.e. rolled Ti-6Al-4V plate. This is because the DLD material must not
make the repair a weak point in the component.

Rolled titanium plate has small equiaxed grains which gives it good tensile strength In all

directions. Figure 31 shows a DLD repair on a rolled plate substrate and the interface
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between parent and grown material is clear. Figure 31 (a) shows the grown material at 200x
maghnification and (b) shows the parent material. The grain size of the grown material is
smaller than that of that of the parent material and there is no directional growth except
towards the edges of the specimen. There is some porosity in the grown material but there
is good consolidation at the interface between parent and grown material. The parent

material shows bimodal a+f, showing a grains and transformed a+p.

interface porosity
repair
substrate material

Figure 31: Micrograph showing transition from parent to repair material in the clamped

plate (plate 5).
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(a) (b)

Figure 32: Micrographs comparing the changes in grain size and structure across (a) parent

material (b) deposited repair material and (c) the interface

4.3.2 Examining failure mechanisms

The failure mechanism of tensile specimens made as part of the TSB funded project that was
carried out at the start of this research has been examined to find the mechanical properties
which can be achieved (see Figures 32-35). This is of interest because it is know from the
literature review that the growth of columnar grains resulting from DLD can lead to the

introduction of directionally dependent properties [24]
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Mag= 50X Signal A = SE2 Date :7 Jul 2010 Signal A= SE2 Date :7 Jul 2010
WD= 13mm EHT = 5,00 kv Time 116:28:37 ! EHT = 5.00kV Time :16:31:58

Figure 33: Fracture surface of the Figure 34: Fracture surface of the
horizontal specimen after tensile horizontal specimen after tensile
testing testing

The horizontal specimen shows striations in the fracture surface consistent with ductile
failure, however it also shows micro-voids that suggest brittle failure. This is consistent with
the values obtained by mechanical testing, as the horizontal specimens had improved tensile
strength and elongation compared to the vertical specimens but lower properties than the
rolled plate (see Figure 30). This reduction in mechanical properties may be partly due to the

porosity of the specimen as seen in Figure 37.
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Vertical Specimens

Mag 50 X Signal A = SE2 Date :7 Jul 2010
WD= 12mm EHT = 18.92kV Time :15:39:22

Signal A = SE2 Date :7 Jul 2010
EHT =19.92kV Time :15:48:26
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Figure 35: Fracture surface of the Figure 36: Fracture surface of the
vertical specimen after tensile vertical specimen after tensile
testing testing

The vertical specimen shows less void coalescence than the horizontal specimen, which
suggests brittle failure. This specimen had the lowest tensile strength of those tested, which
may be due to the surface finish as shown in Figure 37 (b). Sharp cracks at the surface act as
stress concentrators and initiate brittle failure through the part, which would explain the low

tensile strength and ductility of these specimens.

(a) (b)

Figure 37: Cross section of specimen cut in the (a) horizontal and (b) vertical direction
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Figure 38 shows the cross section of a specimen machined out parts built in the x and z
directions respectively, as seen using an optical microscope. A small amount of porosity is
visible in both samples. In the vertical specimen the layers are clearly visible and sharp
cracks mark each layer. In tensile testing these sharp cracks will act as failure initiation sites

and reduce the tensile strength and ductility of the vertical specimens.

Rolled Ti-6Al-4V plate g

Signal A= SE2 Date :7 Jul 2010
EHT = 5.00 kv Time :16:22:43

Signal A= SE2 Date :7 Jul 2010
EHT = 5.00 kV Time :16:19:19

Figure 38: Fracture surface of the rolled Ti-6Al-4V plate after tensile testing

The rolled plate shows the elongation and the ‘cup and cone’ fracture surface typical of
ductile failure. The mechanical properties of the plate compared to the standard data show
that its performance is roughly within expected values, although only a small number of
plate specimens were tested. However, this validates the testing carried out as it shows that

it was possible to produce known values using this method.
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Figure 39: Comparison of tensile testing data from specimens built at BAE Systems, Exeter

University, commercially manufactured rolled 4mm plate and standard textbook values [4]

As well the samples built using the DLD processing equipment at BAE system, the TSB project
also involved the comparison of samples made at Exeter University and samples cut from
rolled plate. These specimens were all mechanically tested to destruction using the same
testing rig and all results were plotted as show in Figure 39, with standard textbook values
for Ti-6Al-4V plotted for comparison. The DLD process used at Exeter University does not
have directional bias and the results of mechanical testing show that the strength of parts
produced there is comparable to parts made at BAE systems when cut in the horizontal

direction with respect to build direction. The fact that the strength of the same specimens
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when cut in the vertical direction is shown to be much lower supports the assumption that

the sharp cracks that result from the layering will lead to brittle rather than ductile failure.

4.3.3 Comparison of microstructures developed under different thermal conditions

The general microstructure developed during each repair is seen in Figure 40, which shows

micrographs of a central section of each repair.

Plate 1 — heated (200°C) Plate 2 — unclamped

Plate 3 —insulated

“Plate 4 — cooled (°C) Plate 5 — clamped

Figure 40: Microstructures developed under different thermal conditions
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Smallest HAZ Largest HAZ
Plate 4 Plate 2 Plate 5 Plate 3 Plate 1
cooled unclamped clamped insulated heated

The heat affected zone (HAZ) is the area of parent material that has been altered by the heat
of processing. The HAZ is generally a weak point in a repair as the material properties are not
as good as that of the parent material or repair material. By controlling the depth of the HAZ
and keeping it small, the quality of the repair can be improved. The HAZ was measured from
the micrographs and it was seen that the size of the HAZ increased as the temperature of the

substrate was increased.

< >

Highest porosity Lowest porosity
Plate 4 Plate 5 Plate 2 Plate 3 Plate 1
cooled clamped unclamped insulated heated

The porosity of the repair is a good indicator of its strength. The plate which underwent
forced cooling to 10°C shows the highest porosity at all locations. This is because the surface
does not get hot enough to form a good bond with the newly deposited layer of powder, so
there is poor consolidation between layers. The adherence of the repaired material to the
substrate is also poor.

The clamped plate (plate 5) had one edge free to move and so the right hand side distorted
up and away from the work surface. The argon atmosphere essentially created an insulator

between the plate and the work surface and so the right side of the plate becomes hotter
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than the left. For this reason the size of the HAZ measured changes from cross sections
across the plate, with the left hand side of the repair showing a deeper HAZ and higher
porosity then the left hand side.

Plate 1 is preheated to 200°C so even the first layer of powder deposited is able to adhere
fully to the substrate. When the plate is insulated it is initially at room temperature, but its
temperature increases quickly as it is not able to dissipate into the work surface below. This
means that although it shows very little porosity generally, the initial adherence to the
substrate is not as good as that seen in the pre heated plate.

The unclamped plate distorted away from the work surface in both the longitudinal and
transverse directions. Overall the average HAZ depth was greater than that of the clamped
plate, although it was far more consistent across the plate.

The cooled plate consistently showed the poorest microstructure and the heated plate the
best, with the insulated plate also showing constantly good properties. The insulated plate
has the disadvantage of starting from room temperature, but otherwise the low thermal
diffusivity of Ti-6Al-4V keeps the thermal gradient from becoming too steep. It also cools

very slowly, leading to good consolidation between the layers.
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4.4 Distortion measurements

The laser scanning before and after DLD processing was used to create the distortion maps

shown in Figure 41.

| 0.80

e

0.00

Plate 4 — cooled (10°C) Plate 5 - clamped

Figure 41 — overlaid scanning images showing changes in geometry after processing

The original scan for plate 1 (heated) unfortunately failed and so a distortion scan could not
be produced. However, observation showed that the plate was distorted to approximately
the same shape and magnitude as plate 3 (insulated).

All the plates show distortion towards the right hand side, which was the side unclamped to

allow freedom. Only the completely unclamped plate shows significant distortion in the
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longitudinal direction but it shows generally less distortion than the other plates. This is in
agreement with the literature, which demonstrates that substrates which are clamped more
tightly tend to show more distortion after processing [58]. For this reason distortion has
been measured considering the centreline to be both horizontal (Figure 42) and vertical
(Figure 43).

The distortion curves were obtained by measuring the distance from both the horizontal and
vertical centreline of the plate to each thermcouple location. Distortion at each location was
recorded by overlaying the distortion scans as shown in Figure 41, with the thermocouple
holes giving precise refernece points. Thedistortion was plotted againts the distance from

thr plate centreline in order to create the distortion curves.
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Figure 42: Distortion of Ti-6Al-4V plates processed at different thermal conditions away from
the horizontal centreline

It is immediately clear that the distortion is not symmetrical about the centre of the plates.
The asymmetrical clamping arrangement which was necessitated by the thermocouple

positioning has had a significant effect on the distortion of the plates.

Figure 43: Distortion of Ti-6Al-4V plates processed at different thermal conditions away from
the vertical centreline
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The distortion is shown to be roughly symmetrical when measured against the horizontal
centreline, with the exception of the insulated plate. There is also a greater difference
between maximum and minimum distortion in this direction. In the horizontal direction the

distortion is shown to be greater on the right hand side of the plate which had freedom to

move.

< >

Highest maximum distortion Lowest maximum distortion
Plate 4 Plate 2 Plate 5 Plate 3
cooled unclamped clamped insulated

Again the insulated plate does not follow the trend of the other plates, suggesting it had not
been evenly clamped to the work surface and was therefore not receiving equal insulation
across the plate. Overall it shows the least distortion of all the plates, which corresponds
with the theory that keeping the entire plate at a constant temperature can be used to

reduce distortion.
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4.5 Thermal gradients

The highly focussed laser heating used in DLD induces steep thermal gradients across the
substrate. This effect is exacerbated by the low thermal diffusivity of Ti-6Al-4V, meaning that
heat introduced to the substrate by the laser does not easily diffuse through the plate
volume. The substrate area within the diameter of the laser beam becomes hot enough to
be molten but in an unheated environment the edges of the plate will simultaneously be at
room temperature. The difference in the temperature of the molten metal and cool edges is
the thermal gradient, and the greater this difference is, the steeper the thermal gradient
within the substrate.

Reducing the thermal gradient induced by DLD is expected to correspondingly reduce
distortion induced by the process. The thermal conditions have been manipulated in each of
the trials carried out.

Identifying the point at which the laser was switched on can be done using the readings from
both the thermocouples and the thermal imaging camera (see appendix v). This means that
the two data sets can be aligned and then the temperature reading given by each can be
compared over time in order to determine if the calibration relationship is independent from
temperature.

The thermocouples inserted into the plates took a temperature measurement sixty times a
second. These values were plotted so that the change in temperature at various locations
could be compared when processing took place under different thermal conditions (see

Figure 48).
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Figure 44: Temperature change over time at thermocouple location 14

In Figure 44 the temperatures recorded at location 14 (highlighted above) are compared.
The peaks indicate the highest temperature reached at 105 seconds and the curve from this
point shows the cooling rate from this peak temperature. It is this peak temperature and
cooling rate that have the greatest effect on the developed microstructure, which agrees
with the previous experience of other researchers as discussed in the literature review [4,
22,41].

Location 14 is typical of the data measured by the thermocouples with respect to which
plates display the highest peak temperatures and steepest cooling rate curves.

The cooling rate at each was taken to be the average for the first 100 seconds of cooling as
this covers more than 75% of temperature loss in all locations. The data for all locations is

included in the appendix.

72



Average cooling rate (°C/s) from peak temperature
. Distance from
Location DLD area (mm) T:::etj- Plate 2- .PIate 3- F:j:ei;— Plate 5-
(200°C) unclamped insulated (10°C) clamped
0 30 0.5536 0.5656 0.2108 0.2178 0.2828
1 30 0.5468 0.767 0.4563 0.2161 0.4208
2 30 0.5366 0.6038 0.3964 0.4154 0.4154
3 5 3.6565 4.8684 2.0915 2.5138 5.3183
4 5 2.3544 4.55753 2.2878 2.5775 2.6075
5 5 2.1659 2.8882 2.6483 2.9885 3.2964
6 2 3.3666 3.1775 3.4728 5.0215 3.2
7 2 3.863 3.14 3.4986 4.6072 2.7788
8 2 1.8642 1.9934 1.9154 3.2256 2.0113
9 5 1.6919 1.7862 1.4114 1.6306 2.0842
10 2 1.6919 2.2691 1.88 1.6306 2.8546
11 -2 2.8703 3.1021 2.9115 3.2069 2.622
12 -5 2.0098 2.9007 2.1395 2.0836 1.9014
13 -2 4.7666 4.7458 4.9661 3.6412 3.0818
14 -2 4.8597 4.3491 5.0437 3.765 1.1516
15 -2 4.3994 4.4644 4.9993 4.2248 3.8091
16 -5 3.5963 3.4335 3.051 2.4458 2.0826
17 -5 3.609 3.2409 3.2619 2.6054 2.3551
18 -5 3.2339 3.164 3.4523 2.9705 2.8005
19 -30 0.4893 0.5791 0.1668 0.2517 0.2123
20 -30 0.7599 0.7217 0.4367 0.4215 0.4145
21 -30 0.6372 0.5713 0.4112 0.4225 0.3789

Table 6: Cooling rate at thermocouple locations across five experimental plates during the

first 100 seconds after processing ended
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Figures 45 and 46 show the rate of temperature change in different location, compared by

plate.

Thermocouple Location 0

T T T

plate 1 heated
plate 2 unclamped
plate 3 insulated

- plate 4 cooled
plate 5 clamped
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Figure 45: Temperature change (°C/s) during processing at thermocouple location 0

At location 0 the thermocouple is a long way from the laser heat source and so the effect of
the applied thermal condition is greater than at location 15, which is very close to the
processing. At location 0 the temperature change at the end of processing is much greater
for the heated and unclamped plates and the gradient is the shallowest for the cooled plate.
This indicates that cooling rate is much faster for the heated and unclamped plates than for

the cooled plate at the edges of the substrate.
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Figure 46:

At location 15 there is far less difference in the temperatures and temperature change rate
shown on each plate because the applied thermal conditions are no longer driving the peak
temperature. Although the heated and unclamped plates reach higher peak temperatures,
the cooling rate experienced by each plate at this location close to the processing area will

be reasonably similar, with all plates returning to steady state very quickly after processing

ends.
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Figure 47: Trend of changing cooling rates with distance from the centreline of the plate
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When plotted against distance, the cooling experienced by each plate follows roughly the
same pattern, with every plate showing a decrease in cooling rate away from the centreline
and processing area (see Figure 47).

The steepest cooling rate changes across the plate are in the unclamped plate. This is
because it has distorted in both the longitudinal and transverse direction, making the
contact between the plate and work surface very poor and allowing a greater build-up of
thermal energy in the processed area that could not be conducted away.

Although the heated plate experienced the highest temperatures, the pre-heating was
evenly applied and so the thermal; gradient is actually reduced by achieving a higher
temperature at the outer edges of the plate. However the temperature is still increased in

the processing area due to the low thermal diffusivity of the material.
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Figure 76: Cooling rate and distortion of Ti-6Al-4V plates
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Plotting the cooling rate and distortion (see Figure 48) shows that the relationship between
the two will be in the form of an inverse binomial equation;

.y = —mx?+bx+c Equation 16

4.6 Summary of results

The results discussed in this chapter can be considered to relate to either parameter
optimisation, comparison of thin walled primary structures built using different equipment
or thermal management of the DLD process for repair. The objectives of the project were to
understand the influence of thermal boundary conditions, and to develop an understanding
of the relationship between cooling rate and distortion. The results gathered can be used to

advance knowledge of the DLD process for industrial use.
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5 Conclusions

The aim of this project was to assess the influence of thermal boundary conditions on
thermal cycles, microstructure and distortion of Ti-6Al-4V repairs performed by DLD. This
was in order to develop an understanding of the relationship between cooling rate and
distortion. The following conclusions have been reached based on the results gathered from

the experimental work combined with the literature survey.

5.1 Influence of thermal conditions

- The porosity of repair material and the size of the heat affected zone improve inversely
to one another with regard to the thermal conditions. This is not because a small heat
affected zone causes low porosity or vice versa, it is because in the case of Ti-6Al-4V the
same processing conditions are needed to produce both effects. Constant steady
heating and fast cooling lead to the good consolidation necessary for low porosity also
create a small heat affected zone after processing [10].

- The largest thermal gradient across the entire plate is in the cooled plate as it is having
heat applied in the centre and extracted everywhere else. This means that the rate of
change of temperature was the fastest in this plate and also that the distortion was very
pronounced. The only plate which showed greater distortion was the clamped plate,
which agrees with the theory that clamping during DLD introduces residual stresses
leading to increased distortion [59].

- Cooling rates vary greatly at outer edges but hardly at all near the processing area.
Therefore while the thermal gradient across the plate will affect distortion it will have

little effect on microstructure.
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- It had previously been assumed that the argon atmosphere in the processing chamber
would act like an insulator, but the higher cooling rate on the right hand side of the
plates (where they were free to distort away from the work surface) suggest that the gas
being blown into the environmental chamber is actually a more efficient means of
removing heat from the plate than conduction to the steel work surface below.

- The cooled plate has significant distortion, but the clamped plate has the highest
distortion and the insulated plate in general has the lowest distortion (although there
are some anomalies). This agrees with the theory that distortion is maximised by
creating steep thermal gradients and by clamping during processing [51,59], suggesting
that the next step for reducing distortion is to use insulation and/or preheating to try
and maintain a constant temperature during processing. It may also be possible to use

preheating to mitigate the effects of clamping on stress induction.

5.2 Relationship between cooling rate and distortion

- Plotting distortion against cooling rate shows there is an inverse relationship of the form
of an inverse binomial equation. There are many assumptions made here and only a
small amount of data has been used, so this should be taken more as a guide to the
form of the relationship rather than quantitative evidence. It does however validate the
experiments carried out as the results of the distortion and cooling rate measurements

are found to agree with well-established theories.
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5.3 Summary

The objectives of the project were to understand the influence of thermal boundary
conditions, and to develop an understanding of the relationship between cooling rate and
distortion. The conclusions that have been drawn from the results gathered provide more
information about the effect of controlling thermal conditions on the outcome of the DLD
process and also gives a guide to the form of relationship that is seen between cooling rate
and distortion. These are both useful conclusions which represent an increase in knowledge

in the subject area.
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6 Future work

There are many areas in this project that could benefit from further study. The number of
samples considered was very small and the conclusions reached would stronger if they were
successfully repeated. It would also have been very useful to conduct tensile testing and
hardness testing of the samples produced in order to get more information about the quality
of the repairs to compare with parent material. This is important because it is the in-service
performance or components repaired using DLD that will decide if it becomes a commonly
used technique.

The direction of further research in this area will always be driven by industrial
requirements and so the various extensions to the project have been grouped as for
practical applications.

- Improved microstructure

This project has shown that a better consolidated and even microstructure can be achieved
by applying or retaining heat, so that the rate of temperature change is reduced. Further
useful study could undertake to find the optimum peak temperature for a Ti-6Al-4V plate to
be maintained at and to investigate if microstructure could be further improved by further
slowing the cooling rate.

- Improved design capabilities

In order to extend this research for use in genuine aerospace manufacture and repair, it
would need to deal with geometries much larger and potentially asymmetric in shape.
Current studies are investigating the effect of using DLD technology on large scale
components, but it would also be useful to extend the knowledge of how heat is transferred

in a component undergoing DLD when it cannot be said to be equally heated or insulated.
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The failure of this project to keep plates clamped symmetrically has highlighted that this is
an avenue worthy of investigation.

- Improved mobility

For DLD to be considered as a truly useful repair technique it would need to be not just
reliable and adaptable to different geometries, but also portable. Now the understanding of
what the process itself must accomplish to achieve good results is better understood, the
equipment could start to be examined with regards to making it mobile. There are a number
of challenges this would present, not least the need for an inert atmosphere, but having the
ability to carry out DLD field repairs would significantly reduce the lead time needed to
repair damaged components.

- Reduced costs

A major step in reducing the cost of DLD will be producing numerical and analytical models
that will reduce the need for physical prototyping. A finite element model which described
the geometry of the substrate, the boundary conditions and the laser heat source could be
verified using experimental data and then use to predict the cooling rates and distortion
experienced by different parts.

Microstructural maps are a way of describing the changes in the microstructure of a
specimen as the distance from the point of heating increases. When studying the specimens
cut from the experimental plates in this project the depth of the HAZ in both x and vy
direction was measured as well as changes in the size of the grains and the distribution of
alpha and beta grains. Other features such as porosity have also been noted. Combining this
information with accurate modelling of the thermal cycle caused by DLD will help to produce

predictive microstructural maps. These maps can be compared to see how the

82



microstructural development has varied between plates and at different locations in the
same place. It may also be possible to use preheating to mitigate the effects of clamping on
stress induction

Some work has already been done in producing predictive model and microstructural maps
for similar processes as discussed in the literature review and the consideration of modelling
processes that accompanied this project is included in the appendix.

- Environmental concerns

At present, environmental and economic concerns are strong drivers in the development of
new technologies. DLD makes good and economical use of expensive materials such as
titanium but as yet there is no standard practice for recycling the waste powder that ensures
it is still of the same high standard. It is also worth further investigating if insulation could be
used in place of preheating to achieve constant temperatures as this would reduce the

energy burden of creating parts using direct laser deposition.
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