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Abstract

A two-dimensional thermomechanical finite element (FE) model of laser surface glazing (LSG) has been developed for H13
tool steel. The direct coupling technique of ANSYS 17.2 (APDL) has been utilised to solve the transient thermomechani-
cal process. A H13 tool steel cylindrical cross-section has been modelled for laser power 200 W and 300 W at constant
0.2 mm beam width and 0.15 ms residence time. The model can predict temperature distribution, stress—strain increments
in elastic and plastic region with time and space. The crack formation tendency also can be assumed by analysing the von
Mises stress in the heat-concentrated zone. Isotropic and kinematic hardening models have been applied separately to predict
the after-yield phenomena. At 200 W laser power, the peak surface temperature achieved is 1520 K which is below the melting
point (1727 K) of H13 tool steel. For laser power 300 W, the peak surface temperature is 2523 K. Tensile residual stresses on
surface have been found after cooling, which are in agreement with literature. Isotropic model shows higher residual stress
that increases with laser power. Conversely, kinematic model gives lower residual stress which decreases with laser power.

Therefore, both plasticity models could work in LSG for H13 tool steel.

1 Introduction

H13 tool steel is predominantly utilised in tooling indus-
tries especially forging tools, die casting moulds (Cu, Al
alloys casting), extrusion dies, moulds for glass industry,
etc. This material offers a good combination of hardness
and toughness at working temperature. However, because of
simultaneous thermal and mechanical effects caused by the
abrasion of high-velocity molten metals during casting, the
conventional H13 tool steel mould experiences softening,
erosion and thermal fatigue, etc. Thus, the tool life decreases
drastically [1]. It is reported that the service life of H13
tool steel mould for aluminium casting is maximised up to
180 thousands cycles through 21 times in-service repairing
the crack surfaces of the mould by welding [2]. Different
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surface modification techniques such as PVD, CVD, and
laser surface modifications have been adopted to overcome
the problem [3].

Nowadays, laser surface modification techniques are quite
popular because of its manifold advantages. Laser processes
are very fast and energy efficient. The high-energy den-
sity and localised heat from laser beam provide very high
cooling rates and heat sink resulting into self-quenching.
It enhances surface properties with higher hardness, wear
resistance, and fatigue strength over conventional process
(welding, PVD, CVD, etc.). However, it also induces resid-
ual or thermal stresses in surface and sub-surface regime,
which is not desirable [4]. Researchers are trying various
types of laser surface modification techniques such as laser
surface melting/glazing (LSM/LSG), laser transformation
hardening, laser cladding (LC), selective laser sintering
(SLS), and direct metal deposition (DMD) [5-8]. Among
those processes, SLS, LC or DMD can be used as both
forming and repairing processes where similar or different
materials are added externally on top of a substrate mostly
in powder form. On the other hand, surface is encountered
solely heat treatment in the LSM, LSG and laser transfor-
mation hardening processes which alter the structures and
improve properties of the surface from the bulk material. All
laser surface modification processes provide high cooling

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-018-1671-9&domain=pdf

260 Page2of9

I. R. Kabir et al.

rates and induce residual stress. For example, Telesang
et al. reported the 45% higher hardness and high compres-
sive stress achieved in clad surface after LC of H13 tool
steel on same substrate. He compared the surface hardness
and residual stress between continuous wave (CW) and
pulse mode of fibre-coupled diode laser in his experiment.
Pulse laser induced higher compressive stress and higher
hardness resulting into good wear and fatigue resistance on
the restored surface of H13 tool steel substrate [9]. On the
other hand, a minimal tensile residual stress on fused sur-
face was reported in SLS of H13 tool steel sample treated
with Nd:YAG (Neodymium-Yttrium Aluminium Garnet)
laser by Ibraheem et al. [S]. In another work, Telesang et al.
found the compressive residual stress induces on surface for
surface hardening of H13 tool steel using CW diode laser.
However, the stress turned into tensile residual stress when
surface melting occurred [3]. It is noted that the surface
properties and residual stress varied in magnitude and type
for different laser modification techniques. Moreover, they
differed with various laser parameters such as laser power,
scanning speed, beam diameter, pulse frequency, powder
flow rates, and wavelength depending on types and modes of
laser beam. Therefore, it is important to optimise the process
parameters to get best out of the laser processes according to
service requirements. Due to the complex nature of under-
pinned physics and many controlling parameters of laser
techniques, conducting experiments of those processes cost
a lot of time and efforts. Regarding the fact, simulation and
modelling of laser surface modification processes offer the
best way of optimising the process and predicting residual
stress [10-12].

For last few years, through modelling and simulation,
scientists have been trying to predict the residual stresses in
laser surface modification techniques of different materials
(metals and alloys) and correlating with process parameters
[13—15]. For instance, a 3D modelling of SLS of H13 tool
steel predicting residual stress was carried out by Ibraheem
et al. using ANSYS code. Small tensile residual stress was
predicted in his work on the surface of fused H13 tools steel
powder which agreed with the experimental strain measure-
ment [5]. Yilbas et al. modelled laser heating of aluminium
metal surface to predict residual stress using ANSYS FEA
software. The development of compression stress field below
the surface was reported here. A direct coupling method of
thermal and structural analysis was applied by ANSYS in
this work [13]. In direct coupling technique, single finite ele-
ment analysis is conducted for accomplishing both thermal
and structural process simultaneously using direct coupling
element. ANSYS has this special and efficient feature of ana-
lysing thermal stress [16]. Simulation of laser engineered net
shaping (LENS) deposition of H13 tool steel was conducted
to predict residual stress using FEM in SYSWELD by Taluk-
der et al. [17]. In laser modification treatments the surface
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hardness increases. Hardening is induced by the plastic flow
or strain hardening in materials. In metals and alloys, yield
strength is evolved due to plastic flow. It was reported that
the evolving yield strength in strain hardening can follow
three possible mechanisms: (1) linear isotropic hardening,
(2) kinematic hardening and (3) mixed hardening [18].
Therefore, it is important to know the material behaviour
in evolving yield phenomenon to correctly model residual
stress of laser modification treatments. In literature, use of
both isotropic and kinematic models has been observed.
Yilbas et al. modelled residual stress using ABAQUS FEM
code of laser surface melting with aluminium composite.
He considered the workpiece as an elastic body and used
isotropic hardening to model rate-independent plasticity
with temperature-dependent yield strength [19]. In another
work of laser cladding by Paul et al., ABAQUS FEA soft-
ware was used to model residual stress in H13 tool steel
clad and substrate. A kinematic hardening model with von
Mises yield criterion was used to calculate plastic strain in
this model. Although the prediction values gave rise to up
to 25% error with experimental data, but the trend in stress
distribution was in agreement [20]. Li et al. also followed
kinematic hardening rule in predicting stress distribution
of laser surface melting of 42CrMo4 steel in SYSWELD
commercial FEA code [14, 21]. Throughout the literature no
numerical modelling work has been found particularly for
LSG of H13 tool steel. In LSG, utilising high beam intensity
from laser heat source, the surface temperature is raised up
to melting point of the material followed by a sharp cooling.
This leads to a thin, hard, semi-crystalline modified surface
layer on top of the bulk material. The benefit of using LSG
is that no additional material needs to add externally. The
use of higher energy density (10°~10° Wm~2) and shorter
interaction or residence time (10™* s) differ LSG from other
laser melting processes, which results in very high cool-
ing rates (10*~10% Ks~!) [22]. This higher rate of cooling
causes amorphisation making surface very hard and resistant
to softening at elevated temperature, while simultaneously
developing residual stress in modified zone [4, 23-26].

In this study, a 2D FE thermomechanical model of LSG
for H13 tool steel has been developed in ANSYS APDL 17.2
software. The model predicts temperature history, tempera-
ture change rate/thermal cycle and residual stress for two
laser power 200 and 300 W with constant 0.2 mm beam
width and 0.15 ms residence time. Residence time is defined
by the period for what the laser beam irradiates the material
surface. It is calculated by dividing beam width with scan-
ning speed of laser beam. However, in this model, the laser
heat source has been considered as a stationary line heat
source, where the line is equal to the beam diameter 0.2 mm.
Direct coupling and transitional mapped meshing features
of ANSYS have been used for simulating the thermome-
chanical effect in LSG for better accuracy, see Sect. 2. The
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residual stress has been analysed based on temperature gra-
dient approach [27]. This residual stress developed in LSG
is the stress induced for thermal strain in the absence of any
external force. It is not only important to know the distribu-
tions of residual stresses in modified surface during LSG,
but also need to understand how material flow behaviours
affect the thermal stresses and surface hardening. Therefore,
two separate hardening or plasticity models, isotropic and
kinematic, have been utilised to calculate the plastic flow
induced by the thermal residual stress. The results will be
compared for laser power and between two plasticity models.

2 Models and methodology

The schematic representation on LSG process with circular
cross-section of a cylindrical sample is illustrated in Fig. 1.
In this figure, the stationary laser beam irradiates the surface
of the cylindrical sample, which is considered as a line heat
source for 2D model. The transient thermomechanical model
has been analysed for 200 W and 300 W laser power with
constant 0.2 mm beam width and 0.15 ms residence time.

2.1 Mathematical formulation
The governing equation of the thermal analysis of LSG is
defined by Ist law of thermodynamics and Fourier heat

conduction equation. Equation 1 expresses the underpinned
thermal phenomena in this process, where no heat generation

Yy

Laser Beam A
Melt pools
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N
+

Fig. 1 The schematic diagram of circular cross-section of a cylinder
having 10 mm diameter of the H13 tool steel undergoing LSG pro-
cess

inside the sample is assumed on the application of the sta-

tionary laser heat source. Therefore, the heat generation and

velocity terms are ignored in Eq. 1.
0T a2T>

p(T)cp(T)‘;—f = k(T)(— +

X2 | oy? M

where p(T), Cp(T) and k(T) represent temperature-dependent
density, specific heat and thermal conductivity, respectively.
O)aser 18 the heat flux from the laser beam applied on the
surface. The laser beam has been considered as a line heat
source of constant heat flux estimated from the Eq. 2.

AP,
Qlaser = % 2)

mry

In Eq. 2, Py, is the laser power, rj is the radius of laser
beam. A is the absorption coefficient of material for the laser
light which has been taken 0.3 for H13 tool steel [24]. The
laser beam is assumed as continuous wave (CW) mode. The
value of absorption coefficient is taken considering the laser
beam as CO, laser of 10.6 pm wavelength from the litera-
ture. Initially, the entire temperature of circular model has
been kept at 25 °C or 298 K when time t=0. The heat loss
due to convection and radiation has been ignored, as the
time duration is very short (0.15 ms) and a small melt pool
is created locally with 0.2 mm beam width.

The high heat flux of laser beam and short interaction or
residence time cause very high cooling rates in LSG process.
Therefore, it results into higher residual stress in the modi-
fied surface area. The residual stress is induced generally
due to thermal gradient between the heated zone and cold
bulk material, and that is why it is addressed as thermal
stress. Developing thermal stress in LSG is complex phe-
nomena. Many factors such as temperature gradient effects,
material constraints (stiffness, bonding) and phase transfor-
mation within fraction of seconds are involved in inducing
stress [14, 28]. The phase transformation effect on thermal
stress development is out of scope in this study. Therefore,
the nature of residual stresses can be explained by the tem-
perature gradient mechanism explained in [27, 29]. Figure 2
shows a brief demonstration of the stress—strain relationship
based on temperature gradient.

Due to the temperature gradient and material constraint
around the laser heated area, the total strain developed in the
system is expressed as Eq. 3.

gtotal — gth

+ &+ & 3)

In Eq. 3 the total strain £° consists of thermal (¢™),
elastic (¢*!) and plastic (¢P') strains. Thermal strain is
calculated utilising coefficient of thermal expansion and
temperature gradient. The elastic part follows the lin-
ear relationship of stress—strain (Hook’s law) and plas-

tic strain is calculated using bilinear rate-independent
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Fig.2 Schematic demonstration of thermal stress development due to
thermal strain in temperature gradient mechanism (a) during heating
and (b) during cooling [27]

Mises plasticity [14]. In this study, both isotropic and
kinematic hardening rule have been applied separately
for determining plastic strain and compare the effects
on thermal stress. In the theory of isotropic hardening
phenomenon, the yield surface in deviatoric stress space
evolves in size but the centre of the surface does not dis-
place. This means, in uniaxial tension—compression, the
material yields in same magnitudes for both tension and
compression loading. On the other hand, for kinematic
hardening phenomenon, material yields at less magnitude
during compression loading than being loaded in tension.
In this case, the yield surface remains in same size but
translates in the stress space which is called Bauschinger
effect. The von Misses yield criteria during isotropic and
kinematic hardening take the following forms, respec-
tively, written in Eqs. 4 and 5. For more to read about the
theory, see [30].
For isotropic hardening,

f[aii,x(gf;)] = Ue(O'ij) - q(si) =0 O

For kinematic hardening,

f[""f"“"f‘(’sg)] = o0 — ay(ey)] =0, =0 ®)

In Eqgs. 4 and 5, o, is initial yield strength, o, is von
Misses stress, oy is the new yield stress evolving due to
the plastic strain increment eljp, and ;i is called the back
stress which resulted in because of the translation of yield
surface in kinematic hardening. In practical cases, most
metals and alloys show combined behaviour in case of
plastic deformation [30].
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Fig.3 The finite element (FE) meshed model of the circular cross-
section of cylinder of 10 mm diameter for the thermomechanical
analysis of LSG of H13 tool steel with stationary beam

2.2 Numerical formulation

The circular cross-section of the cylindrical sample has been
taken as the geometry for the transient 2D FE thermomechan-
ical model. The diameter of the circular section is 10 mm.
ANSYS APDL 17.2, a commercial finite element package has
been utilised to calculate temperature profile, thermal history
and residual stress from this model. The direct coupling tech-
nique has been used to create the thermomechanical effect. In
coupling method, the output temperature distribution of ther-
mal analysis is used as input for structural analysis as thermal
loads. Plane223 element type is selected for the FE model.
This element type has direct coupling effect where the ther-
mal and structural both analyses are run simultaneously which
saves simulation time. Plane223 is a higher order element with
eight nodes and up to four degrees of freedom. Higher order
element means it has middle nodes which can calculate very
small deflection with better accuracy and useful for meshing
non-linear geometry such as circle or cylinder. It is compatible
for simulating elastic, plastic deformation and large deflection
of metals and alloys. The circular geometry has been meshed
using quadratic shaped of Plane223 element. Transitional
mapped mesh (TMM) technique has been used to refine the
outside area with gradual coarsening towards the centre. TMM
technique has twofold advantages: (1) it reduces the total num-
ber of elements in the model resulting into reduction of cost
and time for meshing (2) through refinement, TMM ensures
more accuracy to the average output of the laser irradiated
regions in the surface and sub-surface area. The total number
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Table 1 Thermo-physical
properties of H13 tool steel as a

function of temperature [31, 32]

Temperature, K 298 373 673 873 1073 1273 1473 1673 1873
Density, kgm™> 7650 7650 7580 7550 7200 7150 7100 7000 7000
Thermal Conductivity, Wm™'K~! 29.5 303 37 405 439 473 50.7 2198 24.06
Specific heat, Jkg™ 'K~ 447 453 502 537 573 606 642 677 708
Coefficient of thermal expansion x 107°K~! 10.3 11.2 121 127 129 13.6 141 142 142

1000 - —#— Young's modulus
—O— Poisson's ratio
—/— Yield strength
—w— Tangent modulus
& &
G &G 1004
dE= g
2832
S o563
? e s 3
EQEE 10
R ]
o
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T €
o >
> pd
14

T T T T 1
500 1000 1500 2000 2500

Temperature, K

Fig.4 Temperature dependent Young’s modulus, Poisson’s ratio,
yield strength and tangent modulus of H13 tools steels [32]

of elements in this model is 9444 and nodes are 29,173. The
finite element meshed model of circular geometry is shown
in Fig. 3. For this transient thermomechanical analysis, the
length of the time step has been kept 1 x 10~ s considering
the short residence time (0.15 ms). The thermal boundary load
has been applied as a constant heat flux as presented in Eq. 3.
The convection and radiation losses have been ignored as the
beam lasts for very brief period and irradiates locally over a
tiny small area. For structural boundary condition, the centre
of the circular model has been constrained to prevent elemental
motion. That means the displacement of central node in both
X and Y direction has been set to zero. This simply replicates
the clamping effect in practical case of LSG with a cylindrical
sample.

Temperature-dependent physical and mechanical properties
of H13 tool steel have been input prior to the analysis. The
values of density, thermal conductivity, specific heat, coef-
ficient of thermal expansion for H13 tool steel changing with
temperature are tabulated in Table 1.

For elastic and plastic phenomena Young’s modulus, Pois-
son’s ratio, yield strength and tangent modulus of H13 tool
steel are also considered. Figure 4 shows how those mechani-
cal properties change with temperature.

2500

2000

-

(5

[=3

o
1

Temperature, K
—
(=]
[=}
o
1

500

T T
0.1 0.2 0.3 0.4 0.5

Time, ms

Fig.5 Temperature distribution with time of the H13 tool steel model
for 200 W and 300 W laser power at constant 0.2 mm beam width
and 0.15 ms residence time

3 Results and discussion

3.1 Thermal distribution and temperature change
rate

The model creates temperature profile or isotherms due
to the conduction heat transfer from the high temperature
molten pool to the low temperature bulk. The peak sur-
face temperature can be predicted from these temperature
isotherms. The variations in surface temperatures against
time are plotted in Fig. 5 for 200 and 300 W laser power
with constant 0.2 mm beam width and 0.15 ms residence
time. The peak surface temperature at power 200 and
300 W are, respectively, 1603 K and 2459 K at 0.15 ms
time. It is observed that at 200 W power the peak tem-
perature remains below the melting point (1727 K) of H13
tool steel, whereas at 300 W it exceeds the melting point.
Therefore, to achieve melting point for LSG the laser
power should be above 200 W. These surface tempera-
tures at both power levels are same for different hardening
models (isotropic and kinematic).

The temperature change rate (d7/d¢) is calculated and
illustrated against time in Fig. 6. The rate of heating at
200 W power is almost linear over the heating period.
However, it slightly varies after 0.124 ms when the sur-
face temperature reaches the melting point (see Fig. 6) at

@ Springer
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Fig.6 Temperature change rate (dT/dt) vs. time plot of the H13 tool
steel model for 200 W and 300 W laser power at constant 0.2 mm
beam width and 0.15 ms residence time

power 300 W. This change might be due to the numerical
error, as in ANSYS thermal properties beyond the melt-
ing point (1727 K) were kept almost constant for H13 tool
steel. Sharp cooling is noticed just after the heat source
is removed at 0.15 ms. Temperature drops very quickly
almost within 0.003 ms. A large thermal gradient is obvi-
ous at that time. After that the rate of cooling gradually
decreases because of the reduction in temperature dif-
ference between heated area and bulk. From Fig. 6, it
is seen that the rates of heating are 1.05x 10’ Ks !and
2.18x 107 Ks~! for power 200 W and 300W, respec-
tively. The highest cooling rates have been calculated as
6.65x 107 Ks! and 1.51 x 10® Ks~! for corresponding
laser power 200 W and 300 W.

The high temperature gradient [(1603—298) K=1305 K,
for 200 W and (2459-298) K=2161 K, for 300 W] and
higher cooling rates (6.65x 107 Ks™' and 1.51x 108 Ks™ 1)
are the indicators of the presence of thermal residual stress
in the system.

3.2 Stress and strain

Residual stress has been developed in the surface and sub-
surface region due to the large temperature gradient and
high rates of heating and cooling. As it is stated earlier that
two most principal factors are responsible for the residual
stress, one, the strain developed due to thermal gradient and
two, the strain developed due to phase transformation [14].
In this study, strain developed due to thermal gradient has
been accounted which considers evolution of the volume of
material due to the coefficient of thermal expansion. This is

@ Springer
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Fig.7 Variation in normal stress distribution with time in (a) X and
(b) Y axes for the isotropic and kinematic plasticity models of laser
glazed H13 tool steel, with 200 W and 300 W laser power at constant
0.2 mm beam width and 0.15 ms residence time

called thermal strain which eventually induces elastic and
plastic parts of the total strain [19, 27].

Figure 7 illustrates the stress in both X (o) and Y (oy)
directions on the surface element where maximum tempera-
tures have been achieved which is in the centre of line heat
source. For X axis stress, it is observed that during heat-
ing stresses are compressive invariably with power levels
and hardening models. After 0.15 ms when cooling starts,
these have turned out to tensile stresses (see Fig. 7a). The Y
direction stresses (oy) are also in compression during heat-
ing time, although they have smaller values than 6y. During
cooling, they also transformed to the tensile state, but in a
very fluctuating manner (see Fig. 7b).

The reason of the variation of stresses can be correlated
with the change of strain in X and Y directions for the
LSG process. The total strain for X (e,°) and ¥ (e,
directions versus time is illustrated in Fig. 8. Both X and Y
directional strain increases initially as heating progresses
(see Fig. 8a, b). If strain increases during heating, this



Thermomechanical modelling of laser surface glazing for H13 tool steel

Page70of9 260

a . —— 200W Isotropic
7.5x10° v === 300W Isotropic

-------- 200W Kinematic

e ———- 300W Kinematic

5.0x10° A

total

x
o
2.5x10°
0'0 T T T \I
0 0.1 0.2 0.3 0.4
Time, ms
b 0.05 - —— 200W Isotropic
————— 300W Isotropic
-------- 200W Kinematic
0.04 . e 300W Kinematic
0.03 -
E
8
W 0.02-]
0.01 4
o T T T 1
0 0.1 0.2 0.3 0.4
Time, ms

Fig.8 Variation in total strain ( £°®) with time in (a) X and (b) ¥
directions for the isotropic and kinematic plasticity models of laser
glazed H13 tool steel, with 200 W and 300 W laser power at constant
0.2 mm beam width and 0.15 ms residence time

indicates the surface material tends to expand outward.
But, the surrounding materials do not allow the surface
to expand properly. This gives rise to compressive stress
in the surface at that time. When cooling initiates, the
temperature starts dropping at very high rate. The sur-
face material then starts to shrink which is evident by
the reduction of the total strain. Again, the surrounding
materials hinder the contraction of the surface causing
tensile stress [33]. Although, in uniaxial tensile-compres-
sive loading, if material expands in one direction then the
other direction contracts. This phenomenon defines the
Poisson’s ratio of materials. But, in this case, the surface
material moves in same manner both in X and Y direction,
because of the circular shape of the sample. Therefore,
sample shape is an important factor on residual stress
distribution. £,'° fluctuates during the transition period
from heating to cooling. The authors assume that this
fluctuation is caused by the material properties input in
the analysis. The correct relationship of material proper-
ties during transition of solid to liquid transformation is
important to know for better accuracy. In case of isotropic

a 115 -
25 - =
& -65 —200W Isotropic
= \ ---300W Isotropic
& -155 - ++200W Kinematic
) --- 300W Kinematic
-245 -
-335 - T T T )
0 0.05 0.1 0.15 0.2
Depth, mm
b 2200 1
1660 1\
© : .
o 1120 q . —200W Isotropic
% \ ---300W Isotropic
o \ --- 200W Kinematic
© s 300W Kinematic
40 S R
-500 T T T )
0 0.05 0.1 0.15 0.2
Depth, mm

Fig.9 Stresses in X direction (oy) from surface to centre for the iso-
tropic and kinematic plasticity models of laser glazed H13 tool steel,
(a) at 0.15 ms, during heating and (b) 0.5 ms, during cooling with
200 W and 300 W laser power at constant 0.2 mm beam width

hardening, £, are lesser than its kinematic counterparts

for corresponding laser powers. This indicates that due to
higher strain in kinematic plasticity the stress was reduced
than its isotropic counterparts based on the theory [30].
8,,“’“"1 increases with increased temperature gradient and
laser power as the temperature gradient increases with
laser power or vice versa. However, the values of eY“’tal do
not vary with different plastic models (isotropic and kine-
matic). From the Figs. 7 and 8, a correlation between laser
power and plasticity models can be drawn. In isotropic
models, with higher laser power higher work hardening
occurs in the materials surface for LSG, while in kine-
matic model material surface more softens due to increas-
ing strain with increasing laser power. Thus, if one knows
the material types, depending on its hardening nature the
parameters can be optimised in LSG.

Stresses in X direction (oy) from surface to centre of the
circular model are illustrated in Fig. 9a, b, respectively, both
at 0.15 ms time when surface reaches to peak temperature
and 0.55 ms time after material cools down. In Fig. 9a,
at time 0.15 ms surface reaches to the peak temperature.
High thermal strain is developed at that moment and (see
in Fig. 8a) the surface experiences compressive stress
due to the constraint from the surrounding material. This
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compressive stress gradually turns into tensile as progress-
ing to the centre from the surface due to the reduction of
the thermal gradient as well as thermal strain. Similar trend
was reported for laser cladding of H13 tool steel substrate at
laser power 2200 W, beam width 3 mm, scan speed 200 mm
min~! [20]. The highest compressive stress around 330 MPa
is achieved for 300 W laser power for both plasticity mod-
els. For 200 W, the highest compressive stress is gained
at 0.01 mm while it shifts to 0.025 mm for 300 W power
(Fig. 9a). This reveals that the depth of heat concentrated
zone increases with the increment of laser power. After cool-
ing, the surface gets in tension due to the contraction and
the sub-surface region releases stresses. From Fig. 9b, it is
observed that the surface stress increases with laser power in
case of isotropic model. The highest stress at 300 W reaches
to the 2100 MPa which is above the yield stress of H13 tool
steel. The reason behind this excessive stress is unknown
and needs to verify with experimental study. Whereas in
kinematic model, the surface stress after cooling is in small
scale and is decreasing with increasing laser power.

3.3 Prediction of crack formation

The equivalent stress, (von Misses stress), is an important
indicator to understand the crack formation of the sample
surface due to the residual stresses developed during LSG
treatment. Figure 10 depicts equivalent von Misses stress
of a point on surface (centre of the projected beam, see
Fig. 3) over processing time from the model. During heat-
ing stresses are growing up to a certain time range which
is approximately 0.08-012 ms. For laser power 200 W,
the maximum stress developed (around 400 MPa) in the

20007 — 200W Isotropic PP
----- 300W Isotropic el
-------- 200W Kinematic
1500 T 300W Kinematic / ’
© ’/
o /
= 1000
) /
500 - /
0/
0

Fig. 10 Variation in the equivalent von Misses stress (6,) over time
for the isotropic and kinematic plasticity models of laser glazed H13
tool steel, with 200 W and 300 W laser power at constant 0.2 mm
beam width and 0.15 ms residence time
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heating period is lower than the power 300 W. After that
these stresses, lower down up to 0.15 ms time. When cooling
initiates, stresses again start to increase. For isotropic plas-
ticity, the von Misses stress reaches to its higher value and
increases with laser power. At 300 W laser power, the von
Misses stress goes highest to 2100 MPa which is beyond the
material’s yield point. This is an indicator of crack formation
in the surface area which needs to be verified with experi-
mental data. For kinematic rule, the behaviour is opposite.
At 200 W laser power, the value of von Misses stress is
29 MPa after cooling. With increasing laser power, the value
decreases further to 20 MPa. That means the equivalent
stresses reduce as cooling progress and lower down as the
laser power increases. This indicates that for further increase
in laser power the surface may get compressive residual
stress in case of kinematic model which is visible in others
works for laser surface melting [14, 28]. In cyclic loading
like laser surface melting, according to the theory the iso-
tropic hardening model has increased the stress magnitudes
due the expansion of the yield surface. In case of kinematic
model, the stress has been reduced as the Bauschinger effect
accounted due to the shift of the yield surface [34].

4 Conclusion

A 2D thermomechanical finite element (FE) model of LSG
for H13 tool steel has been developed using ANSYS APDL
17.2 software. The model has successfully predicted the
temperature profile, temperature change rate and residual
stress for a circular cross-section of a cylindrical sample of
10 mm diameter. The model output has been analysed for
200 W and 300 W laser power with constant 0.2 mm beam
width and 0.15 ms residence time considering the station-
ary laser beam as a line heat source with constant heat flux.
The thermal residual stress has been calculated based on
temperature gradient approach. Material plastic flow due to
thermal strain has been separately analysed for isotropic and
kinematic plasticity models.

For 200 W laser power, the peak surface temperature
has been achieved 1603 K which is below the melting point
(1727 K) of H13 tool steel. For 300 W, melting has hap-
pened and peak surface temperature has reached to 2459 K.
Cooling rates have increased from 6.7 x 107 to 1.5x 108 Ks™!
when laser power has been raised from 200 W to 300 W.

Tensile residual stresses on the surface have been found
for both plasticity models. Isotropic model has given higher
(2100 MPa) tensile residual stress while kinematic model
has produced very low (20 MPa) after cooling. In isotropic,
stresses increase with laser power, whereas in kinematic they
decrease with increasing laser power. This is indicating the
tensile residual stress might transform into compressive



Thermomechanical modelling of laser surface glazing for H13 tool steel

Page90of9 260

stress with further increase of laser power for the kinematic
case. The values of residual stresses calculated from the
model will be validated in future with experimental work.
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