IT City Research Online
UNIVEREIST%( ]OggLfNDON

City, University of London Institutional Repository

Citation: Tamanna, N., Kabir, |. R. & Naher, S (2022). Thermo-mechanical modelling to
evaluate residual stress and material compatibility of laser cladding process depositing
similar and dissimilar material on Ti6AI4V alloy. Thermal Science and Engineering Progress,
31, 101283. doi: 10.1016/j.tsep.2022.101283

This is the published version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/28066/

Link to published version: https://doi.org/10.1016/j.tsep.2022.101283

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.



City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

New Journal and we have not received input yet 31 (2022) 101283

ELSEVIER

Contents lists available at ScienceDirect
Thermal Science and Engineering Progress

journal homepage: www.sciencedirect.com/journal/thermal-science-and-engineering-progress

THERMAL SCIENCE
AND ENGINEERING
PROGRESS

Check for

Thermo-mechanical modelling to evaluate residual stress and material e
compatibility of laser cladding process depositing similar and dissimilar

material on Ti6Al4V alloy

N. Tamanna , LR. Kabir, S. Naher

School of Mathematics, Computer Science and Engineering, City, University of London, United Kingdom

ARTICLE INFO ABSTRACT

Keywords:

Laser Cladding

Residual stress
Thermo-mechanical model
Ti6Al4V alloy

Ceramic clad materials
Finite element model

The formation of residual stresses due to thermo-mechanical effect and microstructural transformation in the
Laser Cladding process predominantly affects the final product integrity and service life. A 3D finite element
transient thermo-mechanical model has been developed to predict thermal profile and residual stress distribution
for repair application of Ti6Al4V alloy using a moving heat source. Then the developed model was applied for the
deposition of ceramic materials Al;O3 and TiC on Ti6Al4V alloy substrate. The outcome of this model is to predict
temperature distribution, cooling rate, melt pool depth, heat affected zone and residual stress. This study mainly

highlights the thermal effect on the residual stresses for similar and dissimilar clad/substrate materials and
suggests the suitable cladding material with minimum residual stress.

Introduction

The Laser Cladding (LC) process directs a high-intensity laser heat
source to deposit a thin layer (from pm to mm) of metal/ceramic ma-
terials on a solid substrate to repair or enhance the substrate surface
properties [1]. In the late 1970s, the Rockwell International Corporation
successfully used the LC process to deposit ceramic powders on the
metallic substrate, which significantly changed the future repair and
coating industries. Since then, this process has become invaluably
popular to coat numerous metallic and ceramic powders [2]. The com-
mon clad/coating materials are stainless steel, Ti6Al4V, H13 tool steel,
stellite 6, Al;03, TiC, WC, cobalt-based alloy, aluminium based alloy and
Inconel 718 [3-12]. The substrate materials mainly comprise stainless
steel, Ti6Al4V, low carbon steel, mild steel, medium carbon steel, and
Inconel 718. The selection of clad materials for a specific substrate
material is crucial to determining the compatibility between clad and
substrate material for specific applications and required properties [13-
15]. The mismatch of thermal properties and large thermal gradient
between the clad and substrate introduces residual stresses in the
deposited layer and heat-affected zone (HAZ), which causes dimensional
inaccuracy, cracking, distortion, and immature failure of the compo-
nents [16-18].

Simulation and modelling have become an efficient tool in research
to understand the nature and reason of formation residual stresses
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during the LC process. Researchers developed several thermo-
mechanical models of laser melting processes to predict induced resid-
ual stresses using ANSYS, ANSYS-CFD, ABAQUS, and FLUENT multi-
physics platforms. Thermo-mechanical models usually have two parts:
thermal and structural. The outcome of the thermal model is to predict
temperature distribution, peak temperature, heating and cooling rates,
HAZ, optimisation of laser power and the effect of process parameters
during operation. For example, Guo et al. proposed a 3D thermal model
of preplaced powder process to observe the effect of laser power on the
melting of cladding and substrate materials [10]. In this model, a laser
heat source scanned over a preplaced powder bed of cladding material
on the substrate. This model provided a range of laser power (240
W-530 W) for proper melting of clad material and claimed that there
would be a lack of fusion below 240 W and material will be vaporised
above 530 W laser power leading to poor clad quality. Another model
showed that the increment of laser power from 2500 W to 3000 W could
increase the dilution from 6.25% to 33.75% [13].

The development of a thermal model of the coaxial powder system
was relatively complicated as powder flows along the same axis of the
laser heat source during the process. Therefore, the birth and kill tech-
nique uses to deposit clad materials on the substrate. In this technique,
initially, all elements were killed in the clad area before applying heat
source and then deactivated elements remained in the process with near-
zero conductivity. Then the killed elements were activated specifically
where the heat source was applied. Hao et al. developed a 3D thermal
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Nomenclature

LC Laser Cladding
HAZ Heat-affected Zone
SLM Selective Laser Melting

Cp The specific heat (J/kg.K)

Cs Specific heat capacity of solid

CL Specific heat capacity of liquid

Cc* Modified specific heat

T Time dependent temperature

Ts The solidus temperature

TL The liquidus temperature

oT The particle temperature variation in the time ot (K)
Tp The beta transus temperature

k Thermal conductivity (W/m«K)

L The latent heat of fusion (J/kg)

P Laser power

Q The heat flux from laser heat source (W/m2)

R Radius of the laser beam (m)

r Distribution of heat source (m)

X, Yand Z The three dimensions of a Cartesian coordinate system
t Time (s)

ot Small variation of time (s)

SX, SY, SZ The residual stress distribution in X, Y and Z directions

SEQV The equivalent / von-Mises stress
d,, da Simulated and actual melt pool depth, respectively
el ¢Pl ¢ Elastic, plastic, thermal strains, respectively

n Absorption coefficient of material
p Density (kg/m3)

model of the coaxial powder system to deposit a single clad layer [11].
This model was applied to predict temperature distribution with varying
laser power, laser scanning speed and powder feed rate. Another study
of the coaxial powder system showed that with increasing laser power
500 W, the peak temperature increased by 249 °C [19]. The 3D model
developed by Farahmand et al. calculated the cooling rates at various
preheating temperatures of the substrate [20]. The cooling rates in the
clad decreased from 1800 °C/s to 960 °C/s with increasing the pre-
heating temperature from room temperature to 300 °C. Then several
thermal models were published to predict temperature distribution for
double-track [21], multi-track [5,8,16] and overlapped clad [22]. A
comprehensive 3D multi-physics finite element thermal model of coaxial
powder-fed laser cladding investigated the heat transfer, fluid flow,
shielding gas pressure, powder temperature-rise, surface tension, and
free surface movement [23]. The results showed that the temperature
gradient and undercooling at the solidification interface were signifi-
cantly responsible for the crystal characteristic, while the solidification
rate mainly governed the grain size. A similar numerical model inves-
tigated the internal convection morphology of the molten pool, which
has an important influence on the solidification morphology of the
deposited layer [24].

The thermal model is coupled with the structural model to predict
residual stress distribution through modelling. Chew et al. developed a
3D model of the deposition AISI 4340 steel powder on a similar substrate
material to predict residual stresses. The tensile residual stress was
found in the clad, and the value was 953 MPa for single track deposition.
The residual stress pattern in multi-track was similar to single-track
deposition. However, the magnitude of residual stress reduced to 650
MPa due to post-heating during the cladding of the adjacent tracks [16].
Another model predicted residual stress for single and multi-track
cladding of AISI H13 alloy on ASTM A36 substrate [8]. Both single
and multi-track cladding layers showed a similar trend in residual stress
generation. Maximum tensile residual stress was found in clad surface
and the interface between clad and substrate, which reached 847 MPa
for single track deposition and reduced for multi-track deposition. The
internal compressive stress within the substrate complemented this
tensile stress. In case of deposition of overlapped clad, maximum tensile
residual stress was predicted at the interface of the substrate and clad,
while it reduced with increasing the substrate temperature [25]. Addi-
tionally, the deposition of overlapped clad reduced the formation of
cracks because the surface of previously formed clad got melted and
reduced tensile residual stresses [26].

The high corrosion resistance, low density, and effective biological
activity with heat resistance of Ti6Al4V alloys have made them the most
outstanding choice in various industrial applications. However, their
poor tribological properties inhibit utilising them in applications
requiring abrasive and adhesive wear resistance [27]. Laser cladding

(LC) enhances the capabilities of such alloys by allowing the deposition
of different hard coating with similar and dissimilar materials. Wang
applied pure Ti coating on Ti-6Al-4 V alloys to improve the surface wear
resistance. The hardness test showed that the coating has 433.82 HV,
30.4% harder than the Ti-6Al-4 V substrate. Besides, a lower wear vol-
ume in the coating than the substrate indicated improved wear resis-
tance. In-depth analyses suggested that the improved surface
performance could be mainly attributed to grain refinement strength-
ening in the clad zone [28]. However, the corrosion properties and
strength of the similar metallic coating degrade in high-temperature
applications. Oxide ceramics are particularly interested in such cases
because of their low specific weight, low thermal conductivity, and good
tribological properties [29]. Ceramic hard coatings like Al;O3, SiO, TiO2
and ZrO2 and other carbon-based ceramic (TiC) boost the high-
temperature corrosion and wear properties, thermal insulation,
improved surface finish. These are strongly recommended for engine
and turbomachinery parts, including exhaust manifold and turbo
housing [30]. In a previous analytical study, authors found that among
four ceramic coatings (TiO2, TiC, ZrO2 and Al,03), Al,O3 exhibits lower
thermal strain when cladded on H13 tool steel sample [31]. Other
experimental studies also evidenced the enhanced tribological corrosion
properties of Al203 coating on Titanium [32], Magnesium [33] and
others [34,35] alloys leading to high-temperature and biological appli-
cations. This article emphasises the Ti6Al4V alloys’ wide acceptance in
aerospace and biomedical applications. However, the brittleness of
Al203 coating restricts any load-bearing applications. This area is still
under-researched, although some researchers addressed this issue by
alloying Al203 with other ceramic or metallic materials or composite
coating. For example, Yao [36] and Chen [29] optimised the composi-
tions of Al203 and TiO2 clad materials on Ti6Al4V substrate. Mthisi
studied an admix of Ti and Al203 powder to clad Ti6Al4V alloy sub-
strate [32]. A recent study developed a 3D numerical model of coaxial
LC of Ti6Al4V titanium alloy deposited with tungsten carbide and
nickel-based materials to study the thermal, microstructure, and clad
layer geometry evolution [27].

Selecting appropriate hard ceramic coatings or optimising the
composition of the ceramic coatings require extensive experimental ef-
forts. This research addressed this issue by leveraging the competency of
the modelling and simulation of LC that can be the best predictive tool in
designating suitable coating materials for Ti6Al4V alloys in high tem-
perature or biomedical applications. The authors notice that the past
studies suggested alloyed or composite Al;O3 or TiC coatings for Ti64
alloys to improve the strength of the coating. However, the accurate
prediction of the composition of the alloyed or composite coating ma-
terials requires appropriate materials properties. The existing material
database or literature do not contain the material properties for those
mixtures of the ceramic coating materials. Therefore, this study initiated
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Fig. 1. The geometry of 3D model. All dimensions are in mm.
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Fig. 2. The meshing of the 3D symmetry model.

a 3D thermomechanical model of LC for Ti6Al4V alloy with single-
component ceramic coating. The research first developed a 3D finite-
element LC model for Ti6Al4V alloy with similar materials, verified it
with an existing experimental study and extended it for Al,O3 and TiC
separately, two different ceramic coatings. The results predict the
thermal interaction of the materials with the substrate and residual
stresses, giving insight into the reliability of applying hard ceramic
coating on Ti6Al4V alloys in service. Additionally, this primitive model
will provide information in developing an alloyed or composite ceramic
coating model for the LC of Ti6Al4V alloys.

This research focuses on developing a 3D thermo-mechanical model
of LC of Ti6Al4V alloy with similar material used in repair applications.
This model predicts clad and substrate’s thermal profile and residual
stress distribution. Furthermore, the extension of the developed model
follows for deposition of two ceramic materials, Al;O3 and TiC, on
Ti6Al4V alloy substrate. The optimised laser power and laser beam
diameter for the deposition of Al;03 and TiC achieve complete melting
in the clad and at the interface. The models predicted residual stresses
and compared them for both materials. Comparing the predicted re-
sidual stresses of two ceramic materials systems can provide insight into
selecting compatible clad/substrate materials with minimised residual
stress in industrial applications. This study is an incremental attempt to
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develop predictive analyses of the LC process for Ti6Al4V alloy depos-
ited with dissimilar materials, which uses two ceramic materials, Al,O3
and TiC, as starting materials.

Methodology: Thermomechanical modelling
3D geometry and meshing

In this study, ANSYS’19 Multiphysics software was used to develop
the 3D thermo-mechanical model to predict thermal profile and residual
stress distribution. The dimensions of the substrate were 110 mm length,
110 mm width and 13 mm height. The clad height and width were 0.5
mm and 1.2 mm respectively. The geometry was adopted from the
experimental study of LC by Y. Sun et al. [37]. However, to reduce the
computational cost, the dimensions of the substrate geometry was
adjusted to 16 mm length, 5 mm width, and 3 mm height [11]. Fig. 1
shows the model consisting of the substrate and the clad.

The next step was 3D meshing, where half of the geometry was taken
by considering the symmetry along the laser scanning direction (Z-di-
rection) as shown in Fig. 2. For thermal analysis, the 3D Solid 70
hexahedron element was used which has 8 nodes with a single degree of
freedom (temperature) at each node. Solid 70 element has a mechanical
counterpart called Solid 185 element, which has three degrees of
freedom at each node (translations in the nodal X, Y, and Z directions).
For thermo-mechanical modelling, the thermal analysis was coupled
with structural analysis and the Solid 70 element was switched to the
Solid 185 during the modelling. The element birth and kill technique
was used to replicate the deposition of clad material on the substrate. In
this process, a heat source, which was a moving laser beam, was applied
to melt the depositing powder material on the substrate. In case of
applying heat source in the model, the elements of clad was killed and
deactivated. As the laser progressed along the scanned region, the
deactivated elements of the clad were activated gradually along with the
moving heat source. The heat / temperature distribution of the heating
source is mostly restricted in the clad region and a part of the substrate
closer to the interface. Therefore, this area was meshed with finer ele-
ments compared to other parts. The rest of the substrate area was
gradually meshed with coarser elements, as shown in Fig. 2. This is
called the transitional mapped mesh technique [38,39], where a ratio
between fine and coarse element size is followed for non-uniform mesh
distribution. The non-uniform mesh distribution helps to minimise the
number of elements and increases the computation speed, calculation
accuracy of the temperature and residual stresses distributions. In the
meshed model the total number of elements and nodes were counted
121,497 and 100900, respectively. The LC process is transient in nature;
therefore, a transient coupled thermal and structure analysis was con-
ducted in the model. The length of the time step was selected 1 x 10 s
with a total time of 2.781 s to run the model.

Material properties

At first, Ti6Al4V material was used as both substrate and clad ma-
terial. The chemical composition of Ti6Al4V material is given in Table 1.

The solidus and liquidus temperatures of Ti6Al4V material are
respectively around 1843 K and 1941 K. Therefore, there is a mushy
zone of Ti6Al4V alloy. In order to calculate the temperature in this zone,
latent heat of fusion was added in specific heat as a modified specific
heat C* given in Equation (1)[11].

Table 1

The chemical composition of Ti6Al4V material [11].
Composition Ti (o] Al \% Fe C N H Other
Wt% ~89.438 0.09 6 4 0.04 0.02 0.01 0.002 <0.4
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Fig. 3. Temperature dependent thermal properties (a) thermal conductivity
and (b) specific heat capacity of Ti6Al4V alloy used in this model.
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where, Cs and C;, were specific heat capacity for the corresponding solid
and liquid states of Ti6Al4V alloy, Ts and T were the solidus and the
liquidus temperature, respectively. L was the latent heat of fusion which
was 292 kJ/kg [11]. After reaching the melting point, the specific heat
remained constant 1126 J/kg.K. The boiling temperature was about
3808 K. The constant density and Poisson’s ratio were used as 4440 kg/
m® and 0.32 respectively [11]. The temperature dependent thermal and
mechanical properties of Ti6Al4V alloy are given in Fig. 3 and Fig. 4
[11,40].

Al,03 and TiC were deposited on the surface of Ti6Al4V substrate
material. In this work, samples were named as Alp03/Ti6A14V and TiC/
Ti6Al4V. Temperature independent material properties of Al,03 and TiC
are given in Table 2.

Laser Parameter, governing equation, and boundary condition

The influence of Laser parameters and heat flux distribution of the
source is significant to develop a robust model. Laser parameters
including beam radius, input Laser power and scanning speed were

Thermal Science and Engineering Progress 31 (2022) 101283

-
S
o

24

—--Young Modulus
- —.- Thermal expansion coefficient 122

420

- -
o N
o o
T

418
416
114

©
o
T

H
o
T

{12

8

3
(M/1) , 01+ Jua1o14209
uoisuedxa |eway L

o
T
1

=]

Young's modulus (GPa)
(=2
o

500 1000 1500 2000 2500 3000

0
Temperature (K)
(a)
8
1200 | -.-Yield stress

1100 | -.- Tangent Modulus 17 ;'
© 1000 @
o [ 16 [0}
= 900} =

- 415
n 800 3
a o
@ 700} la 8§
- c
® 600t =
K] 13 7
@ 500 —_
> 00} 12 9
Q
300 =

400 600 800 1000 1200
Temperature (K)

(b)
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Ti6Al4V alloy used in this model.

Table 2
Thermo-mechanical properties of Al,O3 [41] and TiC [42] materials.
Property Units Al,O;3  TiC
Density kg/m® 3980 4940
Thermal material Specific Heat J/kg- 955 781.66
properties K
Thermal conductivity W/m- 38.5 30.93
K
Thermal expansion K! 10.9 7.7 x
coefficient 107°
Melting temperature K 2369 3338
Mechanical material Young’s modulus GPa 413 451
properties Poisson’s ratio - 0.33 0.19

taken from the experimental results. It is reported that the beam radius
varied throughout the experiment along the scanning direction [11].
The beam radius was used as a tuning parameter in this simulation.
Therefore, a parametric study was conducted with variable beam radius
to optimise the Laser power. The optimised ranges of beam radius and
Laser power were found respectively 0.7 to 0.8 mm and 550 to 650 W.
The scanning speed was kept constant at 700 mm/min. This work used a
3D volumetric spherical Gaussian heat distribution expressed in Equa-
tion (2) to predict the temperature distribution [1].
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onP (~312/R2)
L 3 9
Q(X,Y,z) n ﬁRgeXP 2

where, P was the power of laser beam, R was the laser beam radius, nwas

the absorption coefficient of material andr = v/X? + Y2 + Z2 was the
distribution of heat source. X, Y and Z were the three dimensions of a
Cartesian coordinate system.

In thermal model, the classical heat conduction theory was applied to
predict temperature distributions. The material properties of the clad
and the substrate were assumed isotropic. The interaction of liquid
metal was ignored as solidification happened within a fraction of a
second. The phenomena of chemical reaction and stir convection in the
melt pool was also ignored. The Governing equations of the 3D transient
heat conduction model is expressed in Equation (3) [1],

pI(CeT) _ 0 (KT) N 0% (KT) N 0% (KT)

a x oy oz T2 &)

where, p(kgm’?’) was the density, Cp (Jkg'lK’l) was the specific heat, t
(s) was the time, T was the time dependent temperature and k (Wm’
1X—1) was the thermal conductivity. X, Y and Z were the dimensions of
the global coordinate system. Q was the Laser heat input. The initial
temperature was set to room temperature, 293 K at the beginning of the
process. The combined heat loss due to convection and radiation of the
Laser beam was applied on the surface of the model according to the ref.
[11]. A volumetric Gaussian heat flux (Q) was applied to deposit the clad
material on the substrate. The absorption coefficient of Ti6Al4V was
0.25 [11].

For structural analysis, the transient nodal temperatures from the
previous thermal analysis were transferred as static temperature load in
every corresponding node. The same mesh was used for the structural
analysis. The governing equation of predicting strain in the process is
shown in Equation (4) [1],

e=¢e 4l 4P, (&)

where, e ¢! e were elastic, plastic, thermal strain, respectively. The
substrate was assumed as stress free condition before starting the process
as expressed in Equations (5) and (6). The bottom surface was con-
strained to zero displacement in all directions. The indirect coupling of
thermo-structural analysis was assigned.

Att=0,
6(X,Y,Z) =0 %)
e(X,Y,Z) =0 (6)

Modelling of laser cladding process/direct energy process has been
developed in three different sections such as powder flow dynamics,
heat transfer in melt pool and clad properties. Therefore, the current
work was focused on only hear transfer in melt pool section and applied
laser process parameters which are required to develop this thermo-
mechanical model.

Results and discussion

The thermo-mechanical simulation of laser cladding process has
been performed to predict the temperature distribution and the residual
stress distribution for deposition of similar and ceramic powder depo-
sition on the titanium alloy. In Section “3D temperature and residual
stress distribution”, 3D temperature and residual stress distribution of
Ti6Al4V alloy on Ti6Al4V alloy substrate has been explained. The
verification of the current model has been done comparing with an
established model in the literature which was validated by experiment.
Finally, the verified model has been used to deposit ceramic materials on
Ti6Al4V alloy to predict temperature and residual stress distribution.

Thermal Science and Engineering Progress 31 (2022) 101283
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3D temperature and residual stress distribution

Temperature distribution
Fig. 5 shows the isothermal distribution in a single track of the LC
model for the laser power of 600 W, scanning speed of 700 mm/s and
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laser beam radius of 0.7 mm after 1.339 s. From the temperature profile,
we can observe the shape and distribution of the heat-affected area such
as the clad zone, melt pool and HAZ. Ti6Al4V alloy has a mushy zone
where the solidus temperature is ~1843 K, and the liquidus temperature
is ~1941 K [11]. In this figure, the range of temperature scale bar is kept
up to solidus temperature 1843 K as the melting starts at this

Thermal Science and Engineering Progress 31 (2022) 101283

temperature. The deposited material over the substrate was considered
as the clad region. The total melt pool area consisted of the clad and a
part of the substrate area, where the material temperature was higher
than the solidus temperature [25]. Similarly, the HAZ zone was desig-
nated where the temperature remained higher than the f§ transus tem-
perature (1287 K) of Ti6Al4V alloy [43].

The heating cycles and cooling cycles at points a, b, ¢, d and e are
given in Fig. 6(b). The heating rate (2.45 x 10* K/s) at location c (at the
interface) was maximum as the heat source was applied at the interface
of the clad and the substrate. The cooling rate at a, b and c locations were
similar while at location d, the cooling rate was comparatively low [44].
The cooling rate at location ¢ was 1.1 x 10* K/s. During solidification,
liquid materials from point a to ¢ pass the solidus temperature (1843 K),
p transus temperature (1288 K) and martensitic transformation tem-
perature (~1073 K) and finally, produce the acicular o’ martensite [45-
47]. The material in HAZ reaches above the p transus temperature
(1267 K) and results in fine Widmanstatten structure [43]. Finally, the
location which is below martensitic transformation temperature
(~1073 K) will have the same microstructure of primary substrate phase
before heat treatment.

Residual stress distribution for 3D Ti6Al4V model

One of the important applications of Ti6Al4V material is high tem-
perature applications such as blades for aircraft turbines and steam
turbine which goes through thermal stresses, local loading and cyclic
loading. So, the stress state in these components is very crucial especially
when the surface of these component is treated by laser heat source.
Fig. 7 shows the residual stress distribution in X (SX), Y (SY) and Z (SZ)
directions at the path MN for understanding of the nature of stresses in
the clad and near surface of the substrate. The tensile residual stresses
were found in X and Z directions for all samples. Tensile stress in X di-
rection was increased from the clad surface to substrate and turned to
compressive after 1.54 mm. In Z direction, maximum stress was gener-
ated at the top of the clad, then decreased inside the substrate. However,
stress in Y direction was compressive as displacement constrain was
applied in this direction.

Fig. 8 shows the residual stress distribution in X (SX), Y (SY) and Z
(SZ) directions at the path OP. It shows that tensile residual stress
formed in X and Z direction. Tensile stresses in both directions were
increased from the symmetry plane to the end of the clad. Maximum
stresses in all direction were in the substrate at 0.6 mm away from the
symmetry plane. The equivalent stresses (SEQV) in path MN and OP
were predicted to observe that the stress concentration in the clad did
not exceed the yield strength of Ti6Al4V material. The maximum tensile
residual stress (51.4 MPa) formed at the end of the clad which is much
below than the yield strength (1100 MPa) of Ti6Al4V material. There-
fore, there will be no crack formation or growth of cracks in this sample
after cladding.

273

Temperature (K)

(b)

Fig. 9. The melt pool depth of (a) modelling and experimental results by Hao et al. and (b) current work by author.
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Table 3
Comparison of predicted results between the model of Hao et al. and the current
model.

Condition Predicted results Predicted results %
by Hao et al. [11] from the current difference
model
Peak temperature 3200 K 3168 K 1.9
Melt pool depth at 0.41 mm 0.406 mm 0.97

the centre of clad

Table 4
Laser parameters for deposition of Al,O3/Ti6Al4V and TiC/Ti6Al4V samples
[48].

Laser Parameters Units Laser type Al,O3 TiC

Absorption coefficient - Fiber 0.03 0.82
CO, 0.96 0.46

Laser travel speed mm/s - 700 700

Optimised process parameters in current work

Beam diameter mm - 0.7 0.7
laser power w Fiber 8000 380
CO, 250 675

Verification of the model

The verification of the model has been done based on the previously
established model, which was validated by experimental works. The
simulated work by Hao et al. was taken to perform the benchmark [11]
where laser beam radius was modified iteratively according to the dif-
ference between the melt pool depth from experimental samples and
predicted melt pool boundary. The dimension of heat source does not
remain constant during experiments. Therefore, there is no physical
relation between the actual heat source radius and implemented radius
in their model. In this work, the model has been developed using same
process parameters and given dimensions in their published work. The
laser beam radius was optimised iteratively based on the melt pool
depth. As the spherical volumetric heat source could not produce exact
shape of the melt pool, the distribution of the heat source was optimised
to obtain the required shape of the melt pool.

The predicted peak temperature by the author is 62 K lower than the
developed model by Hao et al. which results in 1.9% deviation. The
difference of temperature could be the reason of differences in materials
properties, number of sub steps, iteration number, the iterative value of
laser heat source diameter, the distribution of heat source and the po-
sition of heat source. Additionally, Hao et al. validated the predicted
results with experimental results, shown in Fig. 9.

The simulated melt pool depth (0.41 mm) and the actual melt pool
depth (from experiments) (da = 0.41 mm) are same. In this work, the
depth of melt pool was found 0.406 mm which is very near the results
reported by Hao et al. The predicted results of this current work and the
developed model of Hao et al. are summarised in Table 3. From this
analysis, it can be understood that the technique of mesh and boundary
conditions are used to develop the model is good enough to use for
further analysis.

Case studies with dissimilar material systems

Two ceramic materials, Al;03 and TiC, were chosen to understand
the thermal and residual stresses during the deposition on Ti6Al4V
substrate. To deposit ceramic materials using laser heat source, it is
essential to understand their response/absorptivity to different laser
sources as the material absorptivity depends on the wavelength of laser.
For examples, the absorptivity of Ti6Al4V, AlyO3 and TiC are 0.25, 0.03
and 0.82 respectively for fiber laser which has wavelength around 1.06
um [48]. On the other hand, the absorptivity of these materials for CO5
laser (10.6 um) are different. For CO;, laser, the absorptivity of Al,O3 and
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Fig. 10. The transient temperature distribution of Al,03/Ti6Al4V and TiC/
Ti6Al4V samples.

TiC are 0.96 and 0.46, respectively [48]. Hence, the required power to
achieve the same heat density to melt the desired materials can vary. In
this work, it was found that to get a perfectly molten clad of Al,O3 on the
Ti6Al4V substrate, fiber laser (1.06 um) required 8000 W. For CO4, laser
(10.6 pm), it was 250 W due to the different absorptivity of the two laser
heat sources. Similarly, TiC cladding material required 380 W for fiber
laser and 675 W for CO> laser. All these models were developed using
1.4 mm beam diameter which can alter the required laser power. All
observation for Al,O3 and TiC deposited samples for different wave-
length lasers are given in Table 4.

Fig. 10 shows the temperature evolution at the interface of the clad
and the substrate during the LC process for Al;O3/Ti6Al4V and TiC/
Ti6Al4V samples. The predicted temperature profile offers the formation
time of the melt pool and peak temperature at the clad and the substrate
interface. The peak temperature at the interface was 3170 K and 4082 K
for Al;03/Ti6Al4V and TiC/Ti6Al4V samples, respectively. In both
cases, the peak temperatures were above the melting temperature,
which ensured the melting of the clad materials. However, the peak
temperature of TiC/Ti6Al4V is 4082 K goes above the vaporisation
temperature of Ti6Al4V alloy (3808 K), which evaporates a few micro-
meters (2-3 pm) from the substrate surface. The current model
assumed that 2-3 pm substrate material loss will be insignificant
compared to 450-500 pm clad. During multi-pass cladding, the loss of
substrate material at the corner of the clad will be covered by next clad
deposition with 20-30% overlapping.

80
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Fig. 11. The residual stresses distribution of Al,O3/Ti6Al4V along the
path MN.
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Fig. 12. Schematic diagram to explain the generation of compressive stress in the clad of Al,03/Ti6Al4V sample along the path MN.

Z. Fan et al. predicted cooling rate of AloO3 deposition during se-
lective laser melting was 7.038 x 10° K/s resulted in columnar and
equiaxial dendrites microstructure [49]. The predicted cooling rate of
Al,03/Ti6Al4V sample was 6.6 x 10° K/s which was near to the cooling
rate proposed by Z. Fan et al. [49]. Therefore, we can assume the
microstructure in this system will be columnar and equiaxial dendrites
in the Al;03 clad [29]. In the Ti6Al4V substrate, the cooling rate was 6.6
x 10 K/s which can form o’ martensite in the melt pool. HAZ material
reaches above the p transus temperature (1267 K) and results in fine
Widmanstatten structure [43]. Finally, the location which is below
martensitic transformation temperature (~1073 K) will have the same
microstructure of the primary substrate phase. S. Liu et al. reported that
the dendritic structure was formed for deposition of TiC during selective
laser melting when the predictive cooling rate was 10* K/s [50]. In the
current work, the cooling rate of TiC/Ti6Al4V sample was 1.1 x 10% K/s
which is almost same as the reported cooling rate by S. Liu et al. This
ensures the formation of dendritic structure in the clad. In substrate
material, the microstructure will be as same as the sample in Al;03/
Ti6Al4V.

Fig. 11 shows the residual stresses distribution of the Al;03/Ti6A14V
sample at the path MN. In the clad, the predicted residual stresses in X, Y
and Z directions along the path MN were mainly compressive in nature
except stress at the top surface of the clad in the X direction. The
compressive nature of the clad can be explained based on the concept of
the mismatch of thermal strain [31]. Thermal strain is the multiplication
of thermal expansion coefficient and temperature difference between
room temperature and raised temperature. The mismatch of thermal
strain is one of the key reasons of the generation of the residual stress
mentioned in the author’s previous analytical model [31]. During the LC
process, the temperature of the near surface of the substrate goes up to
the same temperature of the clad material. So, the temperature differ-
ence between the room temperature and raised temperature of the clad
and the near surface of the substrate is almost similar. Therefore, the
mismatch of thermal strain at the interface is highly dependent on the
thermal expansion coefficient of the clad and the substrate material.
During deposition, Al;O3 spreads over the surface of Ti6Al4V substrate
and forms metallurgical bonding. Al,O3 has a higher thermal expansion
coefficient than Ti6Al4V. Therefore, during cooling Ti6Al4V substrate
material shrinks more than Al,03. As Ti6Al4V substrate material shrinks
more than AlyO3 clad and creates metallurgical bonding with the clad, it
applies compressive stresses in the clad shown in Fig. 12 (b). Finally, the
expanded clad remains as compressed by the substrate material. So, the
clad experiences the compressive stress after cooling down to room
temperature.

The reason for the formation of tensile stress in the X direction at the
top surface of the clad can be explained based on strain and Poisson’s
ratio concept. The material at the top surface of the clad has no material
constrain. As the clad material is in compression by the substrate ma-
terial at the interface, it allows some relaxation by expanding on the top,
which causes positive strain, shown in Fig. 12 (c). This positive strain
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Fig. 13. The residual stresses distribution of Al,03/Ti6Al4V along the path OP.
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Fig. 14. The residual stresses distribution of TiC/Ti6Al4V along the path MN.

results in tensile stress on the top clad surface.

The predicted residual stress in path OP of Al,03/Ti6Al4V sample are
compressive in X, Y and Z directions shown in Fig. 13. This phenomenon
can be similarly explained based on the concept described above. The
predicted von-Mises stress (SEQV) (72.7 MPa) is lower than the yield
stress of Ti6A14V and the tensile strength of Al;03 ensures no yielding in
the Aly03/Ti6Al14V sample.

Fig. 14 shows the residual stresses distribution of TiC/Ti6Al4V
sample at the path MN. In the clad, the predicted residual stresses in X, Y
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Fig. 16. The residual stresses distribution of TiC/Ti6Al4V along the path OP.

and Z directions along the path MN are mainly tensile in nature except
stress at the top surface of the clad in X direction. The material at the top
surface of the clad in X direction experiences compressive stress.

During deposition TiC spreads over the surface of Ti6Al4V and de-
velops metallurgical bonding. As, TiC has lower thermal expansion co-
efficient than Ti6Al4V, it starts shrinking more than Ti6Al4V. However,
due to metallurgical bonding / substrate material constrain, TiC cannot
shrink and comes back to original position at the room temperature. It
stays expanded by the force / material constrain from substrate material
which causes tensile stresses in the TiC clad, shown in Fig. 15.

The material at the top surface of the clad has no material constrain.
As the clad material is in tensile stress, it allows some relaxation by
contracting on the top which causes negative strain, shown in Fig. 16.
This negative strain results in the compressive stress on the top clad
surface. The predicted residual stress of TiC/Ti6Al4V sample in path OP
were tensile in X, Y and Z directions shown in Fig. 16. The predicted
maximum equivalent stress (SEQV, 41.03 MPa) is lower than the yield
stress of Ti6Al4V and the tensile strength of TiC. However, the nature of
residual stresses is tensile. Therefore, it is important to consider that the
actual yield/tensile stress under stressed condition may not be same as
the theoretical value. The displacement constrain was applied in Y di-
rection. So, material in Y direction was always restricted to expand
which generated mainly compressive stress in Y direction for all
samples.

Conclusions

A 3D finite element transient thermomechanical model of the Laser
Cladding process was successfully developed using the ANSYS

multiphysics software. Ti6Al4V alloy was used for both the clad and the
substrate materials. This thermomechanical model is verified with an
established finite element model of LC that was validated experimen-
tally. Upon verification, the deviation in the predicted results of the
developed model and the existing model was found 1.9%. Additionally,
two ceramic clad materials, Al;03 and TiC, with Ti6Al4V substrate were
used in this model to study the effect of the different clad materials on
the residual stress in the system that implied the compatibility between
the clad materials and substrate for the process. These models can be
used to predict the three-dimensional temperature and residual stress
distribution. The predicted heating and cooling rates can be utilised to
estimate possible microstructure in the clad and the substrate. The
deposition of Ti6Al4V alloy introduced 51.4 MPa tensile stress in the
clad below the yield strength of (1100 MPa) of Ti6Al4V material, hence,
confirms no crack formation or growth of cracks during operation. By
utilising different ceramic clad materials, the model showed that Al,O3
induced compressive stress whereas TiC stored tensile stress both in the
clad and interface. Hence, the use of AlyO3 instead of TiC as cladding
material on Ti6Al4V substrate reduced crack formation tendency.
Therefore, Al;03 is more compatible than TiC to deposit on the Ti6Al4V
substrate by LC.
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