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Abstract
The objective of present work is to study the evolution of thermal stresses during laser surfacemelting
(LSM) of γ-TiAl alloy using experimental and numericalmodeling approaches. LSMof γ-TiAl alloy
samples were carried out at different processing conditions in a controlled atmosphere.Material
characterization of themelted regionwas investigated using scanning electronmicroscope. It was
found that fully lamellarmicrostructure was transformed into predominantly γ-TiAl with little
amount ofα2-Ti3Al. Amaximum improvement in hardness of over 72%was noticed in themelted
region compared to that of the substrate. Three-dimensional thermomechanical finite element
analysis of LSMof γ-TiAl alloywas carried out.Melt pool dimensions, temperature history, and
residual stresses were predicted from the finite elementmodels.Measured and predicted values of
melt pool depthwere in good agreementwith amaximumerror of 13.6% at P=400Wand
V=10mm s−1. Predicted residual stress in themelted region exceeded the yield strength of γ-TiAl
alloy and resulted in cracking of themelted region at all process conditions.

1. Introduction

GammaTiAl (γ-TiAl) is an intermetallic alloy, exhibiting attractive properties such as lowdensity, high
corrosion and oxidation resistance at elevated temperatures. These unique attributes enable γ-TiAl alloys as a
potentialmaterial for aerospace, biomedical, automotive, and power plant applications [1–3]. To produce
efficient bonding and improvement in the surface properties of TiAl alloys, afine-grain structure is required. In
this regard, Laser SurfaceMelting (LSM) is one of thewidely used surfacemodification techniques for tailoring
surface properties such asfinemicrostructures, crystallographic texture, compositional homogenization, high
corrosion andwear resistance. LSM is generally carried out in a controlled atmosphere to avoid oxidation of
metals being processed [4–6]. In LSMprocess, a high-power laser beammoves along the surface of themetal
substrate,meltingmetal without the addition of anyfillermaterial. Zielinski et al [7] carried out surfacemelting
under cryogenic conditions. They concluded that at higher laser power, the depth ofmelting and hardness of the
surface increased. In another study on LSMbyRobinson et al [8] residual stresses weremeasured using x-ray
diffraction technique in themelted region of samples. They reported that the remelted single tracks do not have
cracks. However, cracks have been found in themultitrack overlapped samples due to the high tensile stresses in
themelted region.

Several researchers used a combination of experimental and numericalmodelling approaches to optimize
LSMprocess parameters and have also studied the evolution of residual stresses during LSMof different alloys. It
was reported that high temperatures and rapid cooling rates associatedwith LSMgenerate residual stresses
which exceed the yield strength of thematerial leading to cracking [9–12]. Yilbas et al [13] carried out 3D
thermomechanical finite elementmodelling of LSMof alumina and observed that high thermal gradients and
cooling rates in the remelted region cause highVonMises stress. They reported that cracks form in the remelted
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region once the stress exceeds the yield strength of alumina. Further, it was reported [14] that the generation of
high temperature in the vicinity of the surface leads to the high residual stress accumulation. In another study,
Yilbas et al [15] investigated both the evolution of temperature and stresses during LSMof an aluminium
composite using both experimental and numericalmodeling approaches. LSM samples reveal crack-free surface
due to self-annealing effect. The predicted temperatures using Finite Element Analysis (FEA)were validatedwith
thermocouplemeasurements. In a recent study on laser surface treatment of IN718, it was reported that the
higher hardness in the remelted region, is due to alteredmicrostructure and high cooling rates. It was further
reported that predictedVonMises stress is highest at the location, where the highest temperature was recorded
during irradiation [16].

Limited literature exists in the area of laser processing of TiAl alloys [17–23].Wu et al [17] investigated the
laser surfacemelting of TiAl alloy. They reported that LSMproduces smaller grains which lead to the low-
temperature bonding of TiAl components. In another study,Wu et al [18] examined the laser surface remelted
and post heat-treated γ-TiAl alloy samples. They have reported ultrafine grain structure due to the structural
transformation of the γ-TiAl alloy. Carcel et al [22] studied cladding of TiAl powder onTi6Al4V substrate, and it
was reported that preheating of substrate reduced the chances of crack formation in the samples. In a recent
study, Balla et al [23] reported that cracking of TiAl samples occurs duringmulti-layer deposition atmost
processing conditions due to high cooling rates and thermal gradients leading to the development of residual
stresses. It can be concluded from a review of literature, that rapid solidification and high thermal gradients
during laser processing lead to the generation of residual stresses which are in particular detrimental to
successful processing of inherently brittle TiAl alloys. Hence there is a need to thoroughly understand the
thermal behaviour during laser processing of TiAl alloys which is the focus of this work. At this time of reporting
no literature has been found on numericalmodeling of LSMof TiAl alloys for prediction of residual stress.

In the present study, an experimental and numerical investigation on LSMof γ-TiAl alloywere carried out.
The surfacemelting of γ-TiAl samples were carried out using the Laser EngineeredNet Shaping (LENS)
machine. The samples were processed at powers of 200, 300 and 400Watts at a constant velocity of 10 mm s−1.
Themelted samples were characterized formelt pool dimensions,microstructure, andmicrohardness. A three-
dimensional (3D) thermomechanical finite element analysis was performed to understand the thermal
behaviour and residual stress evolution during LSMof a γ-TiAl alloy. Themelt pool dimensions predicted from
FEAwere comparedwith experimental data. Further, the predicted stress distributions from the numerical
models were used to understand the formation of cracks.

2.Materials and experimental approach

In the present work, LSMwas carried out on a γ-TiAl plate that was fabricated using the Electron BeamMelting
(EBM)process. The composition of the powder (at.%) of Al is 47.54–49.93, Cr is 1.64–2.00 andNb is 1.88–2.11
and rest is Ti. LSM is carried out using the laser (500Wcontinuouswave ytterbium-doped fiber) systemof the
Laser EngineeredNet Shaping (LENS), in a controlled atmosphere, different processing conditions were used to
melt the samples and are presented in table 3. Laser energy density is calculated as [23]

= ( )E
P

Vd
1

WhereE is the laser energy density in J/mm2,P is the laser power inWatts,V is the velocity inmm/s and d is the
laser spot diameter inmm.Once the LSMwas done, phase analysis was carried out using x-ray diffraction on the
substrate andmelted region. Then the samples were prepared formicrostructural characterization and
microhardnessmeasurement. The etching of polished samples was carried out usingKroll’s reagentwhich
comprises 300 mlH2O, 100 mlHF, and 100 mlHNO3. Samples were then examined using a scanning electron
microscope (JEOL JSM6380LAoperating at 20 kV) tomeasure themelt pool depth and analysemicrostructural
features of both themelted region and substrate. Finally, Vickersmicrohardnessmeasurements were performed
on themelted region using a load of 200 g applied for 15 s and an average of 10measurements was reported.

3.Numericalmodeling approach

The transient thermal analysis was first performed followed bymechanical analysis. The temperatures from the
transient thermal analysis were exported to themechanical analysis i.e., the temperature history is applied as a
load duringmechanical analysis.
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3.1. Geometry andmesh attributes
The commercially available Finite Element Analysis (FEA) package ANSYSwas used to simulate the LSM
process. In the FEmodel, the dimensions of the plate consideredwere 50 mm (length)×8.6 mm
(width)×2 mm (thickness). In themeshedmodel, solid 70 and solid 185 elements were used for thermal and
mechanical analysis respectively. Themodel consists of 56 000 elements and 64 119 nodes. Highly refinedmesh
with an element size of 250 μm length×50 μmwidth×83 μmthickness (enlarged view offigure 1(a))was
used along the laser travel direction (i.e. alongwith the x-axis). The temperature of the bottom surface of the
substrate isfixed at 25 °C,while all other faces are insulated (q=0).

Assumptionsmade in numericalmodelling include:

• Convection and radiation are neglected as the predominantmode of heat transfer in LSM is conduction [24].

• Marangoni effect in themelt pool was not considered.

• The laser ismodelled as a heat sourcewith aGaussian distribution of power.

3.2.Material properties
The thermophysical properties of γ-TiAl alloy such as density, conductivity, specific heat were inputs to the
model as a function of temperature. The thermophysical properties are presented in table 1. Also, the latent heat
of fusion duringmeltingwas taken into consideration bymodifying the specific heat at themelting temperature
using the following equation [25].

* = +
-

( )C C
L

T T
2P P

m 0

where *CP is themodified specific heat atmelting temperature,CP is the actual specific heat atmelting
temperature, L is the latent heat of fusion,Tm is the liquidus temperature of the γ-TiAl alloy andT0 is the initial
temperature of the substrate which is 25 °C.Mechanical properties with linear isotropic hardeningmodel were
used in structural analysis the values of which are provided in table 2.

3.3.Heat sourcemodel
Thefinite elementmodel simulates the LSMprocess asmovement of heat source from the left to the right end of
themodel. The laser beam ismodelled as a heat sourcewithGaussian distribution as given by [28].

Figure 1. Finite elementmodel (a) showsmeshedmodel alongwith boundary condition (b) applied heatflux on the surface of
elements. Reproducedwith permission from [29]. [©2019COEP. All Rights Reserved].

Table 1.Thermophysical properties [26].

Temperature °C 25 127 327 527 727 927 1460 1534

Density Kg/m3 3900 — 3879 — 3853 3840 — 3800

Specific heat J/KgK 610 635 — 695 — — 1060.4a —

Thermal conductivityW/mK 10.5 — 21 — 28

a Modified specific heat at themelting temperature to include effect of latent heat.
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Where I is the heatflux in J/mm2,α is the laser absorption coefficient,Q is the laser power inWatts, r is the
radius of the laser beam inmmand (x, y) are the variables which specify the distance from the center of the laser
beam. The laser beam completes a single pass by traversing from the left to right end of themodel with a velocity
V. Themovement of the laser beamwas taken into account using amoving coordinate system.Heatfluxwas
applied using equation (3) over a 0.5×0.5 mm2 surface area of the elements as shown infigure 1(b).

4. Results and discussion

4.1.Microstructural andmelt pool analysis of LSM samples
Figure 2 shows themicrostructures of the substrate andmelted region of γ-TiAl alloy samples processed at
different laser powers. The substrate exhibited fully lamellarmicrostructure consisting of alternating γ-TiAl and
α2-Ti3Al plates stacking up into lamellas. It was studied that this kind of similar lamellar structure was found to
bemore ductile than the equiaxedmicrostructure. Themicrostructure of themelted region showed single phase
and appears to bemassive γ phase. The formation of single phase in this region is attributed to the rapid cooling
rates experienced by thematerial during LSM. The LSM regions of the sample also showed cracks under all
processing conditions. Further, the cracks appear to have propagated from the surface of themelt pool into the
substrate.Maximumcrack length along themelt pool cross sectionwasmeasured to be 600 μm in the samples
processedwith 400Wand 10mm s−1. The results indicate that the crack depth increases with increasing power
at constant velocity. This is attributed to the deepermelt pools and stressfields present in themelted regions
formed during LSMat high laser power. Further, the cracking indicates that the developed residual stresses are
tensile in nature and are exceeding the yield strength of thematerial. Themelt pool dimensions such as depth
and length have increased as the laser power increases from200W to 400W.

Table 2.Properties used in structural analysis [27].

Temperature °C 25 150 300 450 600 900

Young’smodulusGPa 172 — 162 — 153

Yield strengthN/m2 359×106 — 358×106 — — 259×106

Thermal expansion 10−6K−1 11 11.7 12.3 — — 15

Poisons ratio 0.22 0.22 0.22 — — —

TangentmodulusMPa 377×106 — 376×106 — — —

Figure 2. SEMmicrostructures showing the substrate andmelted regions of γ-TiAl alloy (a) 200 W (b) 300 W (c) 400 W.Reproduced
with permission from [29]. [©2019COEP. All Rights Reserved].
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The variation in the hardness of themelted regions are presented in table 3. The hardness of the substrate was
measured to be 300±15 HV.However, the hardness of the alloy increases significantly after LSM.The hardness
of LSM region ranged between 493 to 515 HV and laser powerwas found to have little influence. This
improvement of hardness can be attributed to themicrostructural changes such as phase transformations and
refinedmicrostructural features as a result of rapid cooling rates. Themicrostructure changes from lamellar
(substrate) tomassive γ- formation in themelt pool during LSM.However, processing conditionswhichwere
used for LSM samples have no significant effect on hardness primarily due to similarmicrostructural features
exhibited in themelt pool of the samples processed at different laser processing parameters.

4.2. Thermomechanical analysis of LSMprocess
4.2.1.Melt pool dimensions
Figure 3 presents the temperature contours in themelted region. The red colored region in these contours
indicates themelt pool region i.e., regionwhere the temperature is greater than the liquidus temperature of γ-
TiAl alloy. Themelt pool depth and lengthweremeasured from these contours andwere comparedwith
experimentally determined dimensions. Fromfigure 4(a) it is evident thatmeasured and predicted values ofmelt
pool depth are in good agreementwith amaximumerror of 13.6% at P=400WandV=10 mm s−1. Further,
it can be seen that as the laser power is increased from200 to 400W, themelt pool depth increases from65 to
259 μm. Figure 4(b) presents the experimental and numerical predictions ofmelt pool length as a function of
laser power. From the plot, it is evident that themodelling results agreewith the trend of experimental data.
However, themeasuredmelt pool lengthswere higher than the predicted values. The reasons for this
discrepancy can be attributed to the assumptions that weremade in thermomechanical analysis.

4.2.2. Temperature fields
The temperature distribution in themelt pool along thewidth direction is presented infigure 5(a). These
temperatures were extracted at the center of themelt pool. For all laser powers, it can be observed that
temperature decreases with increase in thewidth. Themaximum temperature occur at the location ofmaximum
applied heatflux in accordance with the heat sourcemodel represented by equation (3). Applied heatflux on the
surface of the solid sample is shown infigure 1(b). As the laser power is increased from200 to 400W, the peak

Table 3.Process conditions,melt pool dimensions andmicrohardness values of themelted region. Reproducedwith permission from [29].
[©2019COEP. All Rights Reserved].

Power (W) Velocity (mm s−1) Laser energy density (J mm−2) Melt pool length (μm) Melt pool depth (μm) Hardness (HV)

200 10 40 476±42 65±14 515±9
300 10 60 850±8 180±4 508±15
400 10 80 1120±11 259±7 493±11

Figure 3.Estimatedmelt pool contours during LSMat (a) 200 W (b) 300 W (c) 400 W.Reproducedwith permission from [29]. [©
2019COEP. All Rights Reserved].
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intensity of heatfluxwas found to increase from89 061Wm−2, to 180 272Wm−2. It is observed that as the laser
power increases, heatflux increased at the center of the laser beam. This heat flux diminishes by 1/e2 as it radially
moves outward from the center of the laser beam. Therefore, peak temperature and their profile changed in
accordancewith the irradiance intensity on the surface of the solid samples alongwidth and longitudinal
directions.

The distribution of temperature along the longitudinal direction is shown infigure 5(b). A steep temperature
change is noticed in this direction as compared to the other two directions. The temperature becomes steeper as
the laser power is increased from200W to 400Wat the surface. This gradient in temperature distribution is
mainly the higher energy density found on the surface rather than the subsurface. The temperature distributions
along the depth direction are presented infigure 5(c). Temperatures were extracted at the center of themelt pool
starting from the surface through a depth of 1000 μm.This depth of 1000 μmencompasses themolten pool as
well as theHAZ. It is clearly evident from these plots that for all laser powers, temperatures decreased rapidly
from themelt pool surface to the substrate. Further, increasing laser power at constant velocity results in higher

Figure 4. Influence of laser power on (a)melt pool depth (b)melt pool length.

Figure 5.Temperature inmelt pool (a)width direction (b) laser travel direction (c) depth direction.
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temperature gradients. It is evident from thefigure 5(c) that themaximum temperature at themelt pool surface
along the depth direction is 1464 °C, 2000 °C and 2500 °C for 200W, 300W, and 400W respectively.

4.2.3. Cooling rate
The cooling rates experienced by thematerial during LSMwere extracted from the transient thermal analysis on
themelt pool surface. The liquidus and solidus temperatures of the TiAl alloy are 1460 °C and 1440 °C
respectively. In this narrow temperature range, the variation of temperature with time is assumed to be linear.
The cooling rate at the onset of solidification is given by the equation (4) [24].

¶
¶

=
-
-

( )T

t

T T

t t
4s L

s l

where TL andTs are the liquidus and solidus temperatures attained at times tl and ts respectively. To extract the
cooling rates, time versus temperature data was used on the surface of themelt pool. Themaximumcooling rate
was observed at surface andminimumat the bottomof themelt pool. Cooling rates thus estimated for the three
powers are presented in table 4. The cooling rates decreased from6.0×105 °C/s to 1.25×105 °C/s with
increase in power from200W to 400W.This shows that at laser power 400W increases the thermal energy in
the irradiated region. This resulted into, large thermal gradients and low cooling rates in irradiated regionwhich
is processed at 400W. These high cooling rates are found to have a direct influence on themicrostructures,
hardness, and cracks observed in these samples. For example, high cooling rates results in refined
microstructures leading to increase in the hardness. At the same time, the rapid cooling rates could generate
excessive residual stresses [22] in themelted region and can develop cracks in themelt pool, as shown infigure 2.
Therefore, prediction of cooling rates duringmelting enables better control ofmicrostructures and cracking
propensity.

4.2.4. VonMises stresses
The rapid cooling rates can generate large amount of stresses during solidification, which can lead to cracking.
The schematic representation of regions and stress extraction path is shown infigure 6(a). VonMises stress
contour for 200W is shown infigure 6(b). Themaximum stress was found in themid-top surface of the
substrate andminimum stress was found at either end of the substrate. The stress distribution at room
temperature along the x-axis is shown infigure 6(c). The stress plot is divided into three regions i.e., RegionA is
left end of the substrate; Region B is themiddle or core of the substrate andRegionC is the right end of the
substrate. It can be seen that the stress gradually reduced at regions A andC,while uniform stress distribution
was exhibited in region B due to the anisotropic thermal gradients in these regions. Similar stress distribution has
been reported byYilbas et al [13] in laser surfacemelted alumina. Thermal gradients at the surface of themelt
pool in the three regions are summarized in table 4, which shows that thermal stress is relieved in regions A and
C, due to large thermal gradients. Highest VonMises stresses at region B is due to the steep thermal gradients
along the x-axis at the surface vicinity. It is understandable that the developed residual stress should not exceed
the yield strength of thematerial to prevent cracking.However, themaximum stress in themelted regionwas
found to be 596MPa (for 200W) exceeding the yield strength of thematerial (400MPa) and therefore resulted
in cracking. Further, similar stress behavior was observed in the samples processed at 300Wand 400Wpower.
However, with increasing laser power from200W to 400W, themagnitude of stress also increased from
596MPa to 835MPa. Since the induced stresses exceeded the yield strength of the presentmaterial all samples
showedmicrocracks, as shown infigure 2.

TheVonMises stress for 200Wat room temperature along the transverse direction is shown infigure 6(d).
The stress decreasedwhilemoving away from the laser irradiation spotwhich is evident from figure 5(a). The
stress variation followedGaussian heatflux distribution, i.e., bell shape at the laser irradiation regionwhile a
constant value of stress in the rest of the region. Also, themagnitude of stress developed in the transverse
direction exceeded yield strength of γ-TiAl alloys. Hence,microcracks is also found along the transverse
direction as well.

Table 4.Cooling rates, temperature and thermal gradients atmelt pool surface.

Velocity 10 mm s−1 Cooling rates °C/s
Temperature (°C) Thermal gradients (°C/m)

Power (W) (Melt pool surface) Middle (Region B) Right end (RegionC) Middle (Region B) Right end (RegionC)

200 6.0×105 1774 1993 2.60×106 2.67×106

300 3.12×105 2645 3061 3.82×106 4.08×106

400 1.25×105 3436 3999 5.09×106 5.45×106
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5. Conclusions

The current work focuses on experimental and numericalmodelling study of laser surfacemelting of γ-TiAl
alloy. Following conclusions were drawn from the present study:

• Microstructure of the substrate was fully lamellar and transformed to predominantly γ-TiAlwith little traces
ofα2-Ti3Al phases after LSM.

• Hardness improved in themelted region from300±15 HV to 515±9 HVdue to phase transformation and
higher cooling rates.

• As the laser power increased from200 to 400Wmelt pool dimensions also increased. Themeasured and
predicted values ofmelt pool depthwere in good agreement with amaximum error of 13.6%.

• Microcracks were observed in allmelted regions due to the high tensile stress in these regionswhich exceeds
the yield strength of thematerial.

• MaximumVonMises stress was predicted along the laser travel direction due to high thermal gradients.

• PredictedVonMises stress of 596MPa exceeded the yield strength of γ-TiAl alloys, justifying the formation of
cracks in themelt pool region.
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