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Abstract
The focus of the current work is to predict and validate residual stresses developed during LaserMetal
Deposition (LMD) ofGammaTitaniumAluminide (γ-TiAl) alloy by using a combination of
numericalmodeling and experimentalmethods. Laser EngineeredNet Shaping (LENS), which is one
of the commercially available LMD techniques, was used to fabricate γ-TiAl alloy thinwall structures
at various processing conditions. These deposits are expected to develop residual stresses due to the
rapid heating and cooling cycles involved in the LMDprocess. 3D transient thermomechanical finite
element analysis was used to simulate the LMDprocess. Thermal gradients and residual stresses were
predicted from the thermomechanicalmodels. It was found that themagnitude of thermal gradients
increases with the addition of each deposited layer. Tensile residual stresses were observed at the edges
of the thin-wall, while compressive residual stresses were observed at the center of thewall as well as in
regions away from the edges. Residual stresses in the deposited samples were alsomeasured using the
x-ray diffraction technique. Reasonable agreementwas observed between the predicted andmeasured
values of residual stresses.

1. Introduction

Gamma-titanium aluminides (γ-TiAl) are gaining attention in recent years because of their attractive properties
such as low density, high strength, good corrosion and oxidation resistance. They are under consideration for
applications in aerospace, automotive, and powerplant sectors [1, 2]. γ-TiAl is an intermetallic and hence
possesses lowductility and fracture toughness. Therefore, it is difficult to process γ-TiAl at room temperature.
Also, a number of post-processing operations are required to achieve uniformmicrostructure and desired
properties which increases the cost of fabrication [3]. Therefore, researchers are trying tofind new routes for
processing γ-TiAl alloys.Metal additivemanufacturing techniques such as powder bed fusion processes and
directed energy deposition processes are currently under consideration for fabrication of γ-TiAl components.
Zhang et al [4] optimized the Laser EngineeredNet Shaping (LENS) process parameters to yield quality γ-TiAl
samples. The rapid heating and cooling rates associatedwith the LMDprocess leads to the development of
residual stresses which could result in cracking of samples during deposition. Balla et al [5] deposited γ-TiAl
samples at different laser energy density conditions and reported that defect free γ-TiAl components were
produced onlywhen the laser energy density was between 40 to 50 J mm−2. At all other laser energy densities
(<40 J mm−2 and>50 J mm−2) deposition of defective samples due to thermal stresses and poormeltingwas
reported. The high thermal stresses developed during deposition affectmicrostructure, fatigue life, corrosion
resistance and dimensional stability of components [6, 7]. Hence, an understanding of the origin and
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development of residual stresses is necessary for producing defect-free γ-TiAl components using LMD
techniques.

Several researchers used a combination of numericalmodelling and experimentalmethods to optimize
process conditions, and investigated the evolution of residual stresses during LMDof variousmaterials [8–14].
Rangaswamy et al [8] reported themeasurement of residual stresses in laser-deposited SS 316 and IN718
rectangular and square samples using neutron diffraction and contourmethods. They reported tensile stresses at
the edges and compressive stresses at the center of the samples.Moat et al [9] builtWaspaloy samples using laser
deposition technique, andmeasured residual stresses using neutron diffraction technique. Their study reports
tensile stresses at the top surface and compressive stresses closer to the substrate. Sheng et al [11] carried out a
three-dimensional transient thermomechanical analysis of LMDprocess during deposition ofNi60A using
ANSYS software.Melt pool temperatures and stresses were predicted. It was reported that the predictedmelt
pool temperatures showed good agreement with experimentally (CCDcolorimeter)measured temperatures.
Wang et al [14] studied the effect of process parameters on residual stress build-up in LENS deposited AISI 410
stainless steel samples. Theymeasured residual stresses using the neutron diffractionmethod and also carried
out a thermomechanical analysis of thin-wall geometries to predict residual stresses. A good agreement between
FEMand neutron diffraction results of residual stresses was reported. Pratt et al [10] studied the residual stress
development in LENS deposited AISI 410 thin plates, both numerically and experimentally. They reported a
strong influence of laser power on the development of residual stresses while the effect of laser velocity is
minimal.Moat et al [12] used the laser deposition technique to fabricateWaspaloy bulky 3D geometries. They
measured the residual stresses in these components using neutron diffraction and contourmethods. The effect
of thermal gradients on residual stress is relatively lower in bulky 3D geometries when compared to thin-wall
specimens. Vogel et al [13] reported that residual stresses decrease with an increase in the height of SS 316L thin-
walls fabricated using lasermetal deposition process. It was also reported that stresses and strains are induced in
the deposited components due to large thermal gradients. From the literature review, it can be seen that
development of residual stresses during lasermetal deposition of fewmaterials such as AISI 410, SS316, Ti-6Al-
4V, IN718, Ni60A, etc, have been studied by researchers, either using numericalmodeling or experimental
techniques or both.However, at this time of reporting, there exists nowork in the literature on the development
of residual stresses in lasermetal deposited γ-TiAl.

To this end, the focus of the present work is to understand the influence of process parameters on the state
andmagnitude of residual stress distribution using a combination of both numericalmodeling and
experimental approaches. 3D transient thermomechanical finite element analysis was used to simulate LENS
deposition of γ-TiAl alloy samples using the commercially available finite element software ANSYS. The
developed thermomechanicalmodels were used to understand the influence of process parameters which
include laser power and travel speed onmelt pool geometry, thermal gradients and residual stresses developed
during the LENS process. Samples were then deposited using the LENS process at the same process parameters
used in numericalmodeling. X-ray diffraction techniquewas then used tomeasure the residual stresses at several
points along both longitudinal and build directions of the thinwall structures fabricated using the LENS process.
Finally, thermomechanicalmodel predictions of residual stresses were comparedwith residual stresses
measured using the x-ray diffractionmethod.

2. 3D transient thermomechanical finite element analysis

A three-dimensional transient thermomechanical finite element analysis was performed using the commercial
software package ANSYS.Melt pool contours, temperature distribution, and residual stresses were predicted
from the developed FEmodels. Temperature dependentmaterial properties such as density, specific heat,
thermal conductivity, coefficient of thermal expansion, Young’smodulus, Poisson’s ratio, and yield strength
were given as input to thesemodels, and these property data have been taken from the literature [15–17]. The
governing equations used for thermomechanical analysis were also referred to from the existing literature
[18–20].

Thefinite element (FE)models consist of 10 layers representing a total build height of 2.5mm, as shown in
figure 1. Each layer is subdivided into two rows along the height. In each layer, a block of dimensions
0.5×0.5×0.25mm3 consisting of 32 elements is activated based on the time interval andmovement of laser
heat source. The laser beam is approximated as a heat sourcewith aGaussian distribution, and heat fluxwas
applied on the top surface of the elements. The entire FEmodel consists of 19,440 elements and 23,635 nodes.
After the completion of the numerical simulation,magnitude and distribution of stresses were extracted from
the numericalmodels.
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3. Experimentalmethodology

3.1. Fabrication of samples by the LENSprocess
Thematerial used in this studywas γ-TiAl alloy powder (ArcamAB, Sweden)with a particle size ranging
between 45–150μm.This γ-TiAl alloy is an intermetallic alloy consisting of Ti, Al, Cr,Nb elements with a
composition (at%) of 48, 48, 2, 2, respectively.

Thinwall samples were deposited using LENSmachine equippedwith a 500Wcontinuouswave ytterbium-
dopedfiber laser. The dimensions of the thin-walls are: length: 15mm, height: 20mmand thickness: 1.5mm.
These thinwalls were built on a γ-TiAl substrate (length: 20mm,width: 20mmwide and thickness: 4mm) using
unidirectional scan strategy. Process parameters used for depositing thin-wall samples are presented in table 1. A
representative γ-TiAl thin-wall sample fabricated using the LENS process is shown infigure 2(a).

3.2. Experimentalmeasurement of residual stresses
X-ray diffraction (XRD) technique (PROTO iXRD equippedwithCu-Kα radiation,λ=1.5418A°)was used
for residual stressmeasurement. Themeasurement conditions include 3mmcollimator (Aperture), 25 kV
voltage, 4mA target current, 14 min exposure time, and a scan angle of 142° (2θ). The strainwasmeasured using
XRD technique. Finally, stress was determined by substituting slope of the plot 2θ versus sin2ψ based on
equation (1) [21].

Figure 1. Finite elementmodel of thinwall structure built on a substrate.

Table 1.Process parameters used for depositing thin-wall samples using LENS
process.

Sample

number Power (W)

Travel

speed

(mm s−1)

Layer

height

(mm)

Powder

feed rate

(g min−1)

1 200 8 2.9–3.3

2 200 10 0.25 3.3–3.66

3 200 12 4.0–4.40

4 250 8 2.9–3.3

5 250 10 0.25 3.3–3.66

6 250 12 4.0–4.40

7 300 8 2.9–3.3

8 300 10 0.25 3.3–3.66

9 300 12 4.0–4.40
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Whereσ is the stress, E is Young’smodulus (260GPa),μ is Poisson’s ratio (0.22), θ0 andψ are the diffraction
angle corresponding to the stress-free lattice spacing (d0) and the angle between the diffraction vector to the
normal of the surface.

The state andmagnitude of residual stress distributionwere investigated for all the test samples. A total of six
points were considered along the longitudinal and build directions. Figures 1(b) and (c) show the residual stress
measurement locations.

4. Results and discussion

LENS deposition ofmaterials involves several reheating and cooling cycles during layer-by-layer deposition. The
process results in rapid cooling rates and high thermal gradients which often result in significant thermal stresses
leading towarpage. Further, under some conditions, the parts can develop cracks during or immediately after
deposition [5]. Therefore, understanding the effect of process parameters on themagnitude and distribution of
residual stresses is critical both formanufacturing defect free parts as well as tominimize stress inducedwarpage.
This understanding is evenmore important for an intermetallic such as γ-TiAl, which is thematerial under
consideration in this study.

4.1. 3D transient thermomechanicalfinite element analysis results
4.1.1.Melt pool size at different locations
In this section, temperatures andmelt pool dimensions were extracted from the finite elementmodels, during
deposition of the last layer, both at the centre and also at the free edge of thewall. Temperatures andmelt pool
contours predicted for P=200W,V=8 mm s−1 are shown infigure 3. As illustrated infigure 1, for a single
layer the scan path of the laser beam starts at left edge and ends at the right free edge of thewall. An increase in
bothmelt pool dimensions and temperatures were observed as the laser beam approaches the free edges of the
wall due to the decreased area available for the conduction of heat. An observation offigures 3(a) and (b) reveals
that themaximum temperature at the free edge temperature (3104 °C) is higher compared to that at the center of
thewall (2643 °C). Themelt pool depth at the center (MPDc)was 0.3125mm (figure (c))whereas it was 0.7625
mmat the free edge (MPDe) (figure (d)). The thermal gradients at the free edge are higher inmagnitudewhen
compared to that at the centre of thewall. This is due to the higher temperatures at the free edge. Further, the
temperatures within themelt pool increase as the laser power is increased.

4.1.2. Thermal gradients
The influence of laser power and travel speed on thermal gradients is shown infigures 4(a) and (b). Here, the
gradients were extracted along the build direction at the centre of each layer of the thin-wall. Figure 4(a) shows
the gradients at different laser powers and at constant travel speed (V=10 mm s−1). Themagnitude of thermal
gradient increases from thefirst layer to the last layer. Lower thermal gradients in the bottom layers can be
attributed to rapid heat extraction by the substrate, which acts as a heat sink and conducts the heat away from the
melt pool. However, as the number of layers increase the effect of substrate diminishes and therefore thermal
gradients increase. Sammons et al [22] reported a similar trend of thermal gradients along the build direction.

Further, thermal gradients were found to increase as the laser power increases from200W to 300W.
Thermal gradients are the lowest for P=200W,V=10 mm s−1 and the highest for the P=300W,

Figure 2. (a)Typical γ-TiAl thinwall deposited on a substrate (b) location of residual stressmeasurements along longitudinal and
(c) build directions.
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V=10 mm s−1 conditions, respectively. Figure 4(b) depicts the gradients for various travel speeds at constant
power (P=200W). The trends in variation of thermal gradients with travel speed are analogous to that
reported for variation in laser power. Table 2 presents the thermal gradients in the first and last layer of
deposition for all the simulated cases.

4.1.3. Influence of laser power and travel speed onmagnitude and distribution of residual stresses
Figures 5(a)–(f) show the stress distribution contours in the thin-wall after cooling to room temperature.
Figures 5(a)–(c)were plotted for different laser powers (P=200, 250, and 300Watts) at a constant travel speed
V=10 mm s−1. In all cases, tensile stresses were present both at the edges aswell as at the top surface of thewall.
This is due to expansion and contraction.Whereas, compressive stresses were present in the inner regions of the
thin-wall. Further, themagnitude of residual stress increasesmarginally with an increase in the laser power from
200 to 300Wat a constant travel speed. This is due to the increase in thermal gradients with increase in power
(figure 4(a)). Although stress distributionmay appear symmetric in the contour plots, a close observation shows
peak tensile stresses at the right edge of thewall. This can be attributed to the scanning pathwhere the laser
traverses from the left to the right edge. Ifmagnitude of tensile stress in the thinwall exceeds the yield strength of
the γ-TiAl then cracking or delamination can occur.

Figure 3.Temperature contours (a), (b) andmelt pool size (c), (d) as a function of laser beam location on the thinwall during
deposition of the last layer with P=200W,V=8 mm s−1.

Figure 4.Variation of thermal gradients in different layers during thinwall deposition (a) influence of laser power (b) influence of
travel speed.
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Contours shown infigures 5(d)–(f)were plotted for different travel speeds (V=8 mm s−1, 10 mm s−1, and
12 mm s−1) at a constant power of 200W. It can be seen that the trends of stress distribution are analogous to
that observed for variation of power at constant travel speed.However, the stress contours for varying travel
speed did not show any substantial difference inmagnitude. This can be attributed to the fact that the difference
in travel speeds considered in this study is only 2mm s−1.

Table 2.Thermal gradients in thefirst and last layer of deposition.

Sample

number

Thermal gradient (°C/
mm) in 1st layer (near

to substrate)

Thermal gradient (°C/
mm) in 10th layer (top-

most layer)

1 6614 11 284

2 6484 10 878

3 6360 10 284

4 7939 13 913

5 7767 13 425

6 7614 12 721

7 9301 16 443

8 9109 15 714

9 8921 14 914

Figure 5.Contour plots showing the influence of laser power and travel speed on the distribution of residual stresses in γ-TiAl thin
wall structures build using LENS process.
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During cooling, thermal contraction takes place at the edges as they are free to contract, which is not the case
with thematerial at the centre of thewall. As discussed earlier, thematerial at the free-edges of the thin-wall is at
higher temperatures compared to thematerial at the centre of thewall. As a result, the hotter free edges start
shrinking owing to the reduction in temperature leading to the strainmismatch between the edges and center
of the thinwall. Plastic deformation occurs at the free edges as the developed thermal stress exceeds the yield
strength of thematerial. This plastic deformation results in relieving the initially induced compressive stresses
at the edges. After completion of cooling, shrinkage at the edges is higher due to solidification and plastic
deformation. Thus, tensile stresses are generated at the edges and compressive stresses are generated at the centre
region of the thinwall. These results are in agreement with that reported in literature by Rangaswamy et al [8]
andWang et al [14].

4.2.Measurement of residual stresses by x-ray diffraction technique
The stress distributionmeasured using x-ray diffraction along longitudinal and build directions for different
samples is shown in (figure 6–8). The stresses weremeasured along the longitudinal direction at a height h=
10mm (figure 2(b)). In the build direction, the stresses weremeasured at the centre of the sample (figure 2(c)).
In each of the nine thinwall samples, a total of six stressmeasurements weremade (at three points along the
horizontal direction and at three points along the vertical direction). Figures 6(a), (c) and (e) show themagnitude
of stresses developed along the longitudinal direction for different travel speeds ((V=8 mm s−1, 10 mm s−1,
and 12 mm s−1) at constant power P=200W. Similarly,figures 7(a), (c), (e) and 8(a), (c), (e) show the
magnitude of stresses developed along the longitudinal direction for different travel speeds at P=250Wand
300Wrespectively. An observation of the abovefigures reveals that compressive stresses are present in the
longitudinal direction in all the samples.

In samples 1–6, (figures 6(a) (c), (e) and 7(a), (c), (e))measurements indicate thatmaximumcompressive
stress is developed at the center (point L2 offigure 2(b)) of the sample. Themagnitude of compressive stress
decreases with distance from the centre of the sample (points L1 and L3 infigure 2(b)). However, a reverse trend

Figure 6. Stress as a function of location along the longitudinal and build directions (a) (b) sample 1, (c) (d) sample 2, (e) (f) sample 3.
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to the one observed in samples 1–6 is observed in samples 7 and 8 (figures 8(a) and (c)). That is,maximum
compressive stresses were observed at either edge andminimumcompressive stress was observed at the centre of
the sample. These results highlight the variations in the stresses generatedwithin the thinwall samples. These
variationsmay possibly be attributed to the high surface roughness andmaterial irregularities such as pores/
inclusions present at the respective locationswhere the deviation in trend has been observed in the samples [10].

Figures 6(b), (d) and (f) show themagnitude of stresses developed along the build direction for different
travel speeds ((V=8 mm s−1, 10 mm s−1, and 12 mm s−1) at constant power P=200W. Similarly,
figures 7(b), (d), (f) and 8(b), (d), (f) show themagnitude of stresses developed along the build direction for
different travel speeds at P=250Wand 300Wrespectively. Here again, compressive stresses are present in the
build direction in all the samples. In samples 1–6, (figures 6(b) (d), (f) and 7(b), (d), (f))measurements indicate
thatmagnitude of compressive stresses decreases with increase in the number of layers deposited [8, 22]. On the
contrary, samples 7 and 8 (figures 8(b) and (d)) exhibit an opposite trend to that shownby samples 1–6 and 9,
along the build direction. As explained earlier, these variationsmay be attributed to high surface roughness and
material irregularities in the samples [10].

In order, to understand thematerial irregularities, a sample was coldmounted and polished according to
metallurgical standards. The opticalmicroscope images of an unetched sample (figures 9(a) and (b)) reveal
defects such as pores and inclusions. The pores observed in these opticalmicrographs are different in size and
shape. The presence of defects in the deposited samples could be a possible reason formeasurement errors in
stresses and also deviations in the plotted trends of stresses.

Figures 10(a) and (b) show the effect of laser power on residual stresses in longitudinal and build directions
respectively. From thesefigures, it is evident that as laser power increases from200 to 300W, themagnitude of
compressive stress decreases. (Figures 11(a) and (b)) show the effect of travel speed on residual stresses in
longitudinal and build directions. The results offigure 11(a) show that compressive stresses increase as the travel
speed increases from8 to 12 mm s−1.

Themeasured residual stresses in both directions for samples 1–9 are presented in table 3. It can be seen from
table 3 that themaximumcompressive stresses in the samples are about 49%–79%of yield strength of γ-TiAl

Figure 7. Stress as a function of location along the longitudinal and build directions (a) (b) sample 4, (c) (d) sample 5, (e) (f) sample 6.
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alloy [23]. However, trends in experimentallymeasured stresses reported in this work in both longitudinal and
build directions showed good agreementwith the existing literature [8, 10]. Further the reliability obtained
during the residual stressmeasurements is in the range of±40MPa, which is considered acceptable with respect
to the stressmeasurementsmade.

4.3. Comparison ofmodeling and experimental results
Figures 12(a) and (b) present the qualitative comparison between predicted and experimentallymeasured
stresses. Plots show stress distribution in samples 2, 5, and 8 along the longitudinal (figure 12(a)) and build
directions (figure 12(b)). Stress values extracted from the finite elementmodels are represented as data points.
These points are then curve-fitted using a polynomial function and are denoted by continuous lines. From

Figure 8. Stress as a function of location along the longitudinal and build directions (a) (b) sample 7, (c) (d) sample 8, (e) (f) sample 9.

Figure 9.Opticalmicrographs showing porosity in the γ-TiAl thinwall sample at differentmagnifications.
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figures 12(a) and (b), it can be seen that the predicted residual stress distribution follows a similar trend as the
experimentallymeasured ones. Figure 12(a) shows the stress distribution along the longitudinal direction of the
thinwall. Results show tensile stresses at the edges and compressive stresses in the core. This is due to imposed
thermal gradients and plastic deformation. Further, a comparison of the trends in stresses obtained from
numericalmodels and experimentallymeasured ones showed a good agreement.

Figure 12(b) shows the predicted andmeasured residual stresses along the build direction of samples.
Numericalmodelling predictions of stress distribution in the build direction reveal tensile stresses in the
topmost layer of thewall, and compressive stresses in the rest of the thin-wall. It was found that there is a good
agreement between the predicted and experimental results. The discrepancy between the predicted and
measured stress results can be attributed to the assumptions (neglection of convection, radiation andMarangoni
effect etc,) that weremade in the numericalmodels. Further, the predicted stress distribution trends are in good
agreementwith those reported in literature [1014, 24].

Figure 10. Influence of laser power on stresses in (a) longitudinal direction and (d) build direction.

Figure 11. Influence of travel speed on stresses in (a) longitudinal direction and (d) build direction.

Table 3.Measured residual stresses in all thinwall samples along longitudinal and build directions.

Measured Points L1 L2 L3 B1 B2 B3

Velocity (mm/s) V=8 V=10 V=12 V=8 V=10 V=12

200W −291.4±37.5 −286.1±35.3 −333.7±28.2 −263.9±28.6 −301.2±35.3 −249.5±27.5
−301.2±31.3 −338.9±27.5 −344.3±33.8 −274.1±20.7 −333.5±27.5 −285.6±24.6
−281±35.1 −298.1±32.3 −310±24.6 −309±33.8 −338.9±22.8 −303.4±33.5

250W −289.5±34.7 −288.1±31.8 −274.8±31.7 −244.9±39 −307.2±27.2 −274.7±28.1
−333.3±31.2 −319.7±30.7 −285.1±31.9 −289.5±34.7 −309.9±30.7 −296.9±31.7
−317.3±22.6 −271.1±27.6 −277.5±28.7 −292.2±39.4 −319.7±37.7 −325.6±35.6

300W −312.3±32.8 −281.4±37 −248±40 −327.6±23.6 −257.2±31.4 −234.1±31.4
−273.9±34 −204.7±27 −331±38 −273.9±35.1 −204.7±37.3 −244.7±40
−301.6±23.6 −270.1±26.4 −279.7±36.7 −299±27.3 −290.4±34 −248±29.5
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5. Conclusions

The state andmagnitude of residual stress distribution in lasermetal deposited γ-TiAl thinwall structures were
predicted using 3D transient thermomechanical analysis and alsomeasured experimentally using x-ray
diffraction technique. The following are the conclusions of the present work:

• Thermal gradients increase with the addition of each deposited layer, i.e., from the first to the last layer.

• The state andmagnitude of residual stress distribution in the thinwalls can be attributed to the transient
thermal gradients encountered during deposition.

• In the build direction, compressive stress decreases with increase in the number of deposited layers.

• Under the present experimental conditions, changes in laser power and travel speed did not show any
substantial effect on the stress distribution.

• The trends in predicted andmeasured residual stresses are in good agreement with each other in both
longitudinal and build directions.
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