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Laser treatment of Rene 41 surface is carried out at high pressure
environment of nitrogen. Temperature and stress fields are pre-
dicted using ABAQUS finite element code. Metallurgical and mor-
phological changes in the laser treated layer are examined using
optical and scanning electron microscopes (SEM). The residual
stress formed at the surface vicinity is obtained by X-ray diffrac-
tion (XRD) technique. It is found that the predictions of the resid-
ual stress agree well with the results obtained from the XRD
technique. Cellular or cellular dendritic structures with fine sec-
ondary dendrites are formed in the laser treated surface due to
high cooling rates. In addition, c0 particles formed are generally
in cubic morphology with varying sizes.
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Introduction

Rene 41 is a precipitation hardened superalloy with a poor
processing ductility because of its high cracking tendency at high
mechanical forces due to the presence of c0 forming elements. The
surface properties of the superalloy can be improved through rapid
solidification, since low solidification rate results in coarse den-
drite structure. This causes serious interdendritic segregation and
solidification defects [1]. On the other hand, high rate of solidifi-
cation results in finer dendrite arm spacing and reduced elemental
segregation. Laser surface laser treatment can be considered as
one of the effective methods to modify the alloy surface improv-
ing the properties, such as hardness, wear, and corrosion resistan-
ces. High cooling rates causes formation of high temperature
gradients in the irradiated region while developing excessive ther-
mal stresses in this region. Consequently, investigation into laser
surface treatment of Rene 41 and thermal stress development in
the treated layer becomes essential. Considerable research studies
were carried out to examine laser processing of superalloys [2–8].
However, the previous studies were focused on the microstruc-
tural analysis and thermal stress fields were left obscure.

In the present study, laser surface treatment of Rene 41 at high
pressure nitrogen gas ambient is carried out. The morphological

and microstructural changes in the laser treated layer are exam-
ined using optical and scanning electron microscopes. Thermal
stress formed in the laser treated surface is simulated using ABAQUS

finite element code. The residual stress formed in the surface
region is determined incorporating the XRD technique and find-
ings are compared with the predictions.

Heating and Thermal Stress Analysis

Heat conduction and phase change with temperature-dependent
conductivity, internal energy (including latent heat effects), and
convection and radiation boundary conditions are considered in

Table 1 Properties used in the simulations. The Poisson’s
ratio (t) is 0.32, latent heat of melting is 400,000 J/g, solidus
temperature is 1589 K, liquidus temperature is 1644 K, and
specific heat capacity is 452 J/kg K.

T (K) 300 450 650 850 950 1050 1150
k (W/mK) 10 11.5 14.7 18.9 21.1 23.2 25.2
a (1/K)� 10�5 1.26 1.28 1.3 1.35 1.4 1.48 1.58
E (GPa) 218 214 202 188 179 171 160
Yield limit (GPa) 1.062 1.062 1.055 1.014 1.00 0.938 0.814

Fig. 1 Thermocouple data and temperature predictions with time

Fig. 2 Temperature variation along the x-axis for various cool-
ing periods. The cooling period is started at t 5 0.05.
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the analysis. The fixed boundary conditions are applied on the
both ends of the workpiece resembling the experimental laser
heating situation. Laser heat flux with Gauss distribution and pre-
scribed velocity of 10 cm/s along the x-axis through user subrou-
tine DFLUX is applied to the thermal model using the ABAQUS

software [9]. The Gauss parameter “a” is a¼ 0.0003 m, in accord-
ance with the experimental power intensity distribution. Cooling
was allowed to continue until all of the plate reaches initial
temperature (room temperature). The workpiece is considered as
an elastoplastic body, which is modeled as von Mises elastic-
plastic material with isotropic hardening and with a yield stress
that changes with temperature. The phase change is modeled
using the variable specific heat capacity [9]. The details of analy-
sis for temperature and stress fields are similar to those given in
Ref. [10]. Table 1 gives the properties of Rene used in the simula-
tions [11].

Experimental

The CO2 laser (LC-ALPHAIII) delivering nominal output
power of 2 kW was used to irradiate the workpiece surface. Nitro-
gen assisting gas coaxially with the laser beam was used. The
large range of laser treatment parameters was incorporated in the
initial laser treatment tests; the range of parameters resulting in
depth of 40 lm laser treated layer and free surface cracks was
selected.

Rene 41 sheet plates with 3 mm thickness were prepared at
dimensions 15� 20� 3 (length�width� thickness) mm3. Jeol
6460 electron microscopy was used for SEM examinations and
the Bruker D8 Advance having Cu-Ka (k¼ 1.5406 Å) radiation
was used for XRD analysis. The XRD technique is used for the re-
sidual measurement measurements. The relationship between the
peak shift and the residual stress (r) is given in the previous study
[12]. The (114) reflection from the e-Fe3N (interplaner spacing of
0.8570 Å at 128.445 deg) was used for residual stress measure-
ments. The linear dependence of d(114) results in the slope
of� 4.11� 10�13 m/deg and the intercept of 0.8570 Å. The resid-
ual stress determined from the XRD technique at the surface
vicinity is on the order of �720 6 20 MPa. Measurements are
repeated three times and the error related to the measurements is
on the order of 3%. The standard test method for Vickers indenta-
tion hardness of advanced ceramics (ASTM C1327-99) was
adopted and 300 mg load was used during the tests. The measure-
ments were repeated three times at each location at the surface
and the error estimated is on the order of 5%.

To validate temperature predictions, two thermocouples were
used for surface temperature measurement at the location 0.5 mm
away from the laser irradiated spot center to avoid the melting of
the surface of the thermocouples. The thermocouples output were
calibrated according to the previous study [13]. The experimental
error was estimated on the order of 5%.

Results and Discussion

Figure 1 shows temporal variation of thermocouple data and
predictions of surface temperature at two locations on the work-
piece surface. The predictions of surface temperature are in good
agreement with the thermocouple data. The small discrepancies
are associated with the assumptions made in the simulations and
experimental error, which is on the order of 5%.

Fig. 3 von Mises stress variation along the x-axis for different
cooling periods. The cooling period starts at t 5 0.05 s.

Fig. 4 von Mises stress contours inside the substrate material at the cooling cycle
initiation
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Figure 2 shows temperature distribution along the x-axis for dif-
ferent cooling periods. Time t¼ 0.05 s corresponds to the initia-
tion of the cooling cycle. Temperature is maximum at the onset of
cooling at location x¼ 0.005 m where the laser power is ceased
off. Temperature reaches well above the liquidus temperature of
the substrate material at the irradiated spot center. This, in turn,
results in superheating of the liquid phase in this region. Since the
laser heating is initiated at a location x¼ 0, temperature reduces
between 0� x� 0.004 m due to the convection and conduction
cooling and the temperature gradient remains low in this region.
As the cooling cycle progresses, temperature reduces. The reduc-
tion in temperature at the irradiated spot center is larger than that
of other locations along the x-axis. This is attributed to the high
rate of heat conduction from this region to the solid bulk. As the
cooling cycle progresses further, temperature reduces to initial
temperature and cooling cycle ends at t¼ 200 s.

Figure 3 shows von Mises stress variation along the x-axis for
various cooling periods, while Fig. 4 shows von Mises stress con-
tours in the treated region. von Mises stress attains low values at
high temperature because of the temperature dependant elastic
modulus which reduces with increasing temperature (Table 1).
However, von Mises stress attains high values in the vicinity of
irradiated spot center (x> 0.005 m) due to the attainment high
temperature gradients in this region. As the cooling cycle

Fig. 5 von Mises stress variation along z-axis for different
cooling periods. The cooling cycle initiates at t 5 0.05 s.

Fig. 6 Cross section of the laser treated surface: (a) uniform treated layer with
almost 40 lm thickness below the surface, (b) fine and dense cellular structures at
the surface vicinity, (c) dendritic structure and short interdendritic arms, (d) c0

phases below the treated surface, and (e) large grains at the vicinity of heat
affected zone
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progresses, von Mises stress increases in the region where the
temperature gradient is initially high. As the cooling cycle pro-
gresses further, von Mises stress reaches its maximum in the
region 0.004 m� x� 0.0055 m.

Figure 5 shows von Mises stress distribution along the z-axis
for different cooling periods. von Mises stress attains low values
in the surface region during the early cooling periods (t� 0.543 s),
which is because of high temperature developed in this region. As
the cooling cycle progresses further, von Mises stress attains the
highest value in the surface vicinity and it remains almost the
same toward the cooling cycle ends. The maximum value of von
Mises stress is on the order of 1 GPa at the surface region of the
substrate material. The predicted residual stress in the surface
vicinity is on the order of �680 MPa. Moreover, the residual
stress obtained from the XRD measurement is on the order of
�720 6 20 MPa. It is evident that both results are in good agree-
ment. The small difference between the results is associated
with the assumptions considered in the simulations, such as
homogeneous structures, and the experimental errors, which is
about 3%.

Figure 6 shows SEM micrograph of the cross section of the
laser treated surface. The uniform laser treated layer with 50 lm
thickness is evident from the SEM micrograph. The presence of
the demarcation line is attributed to high cooling rates taking
place in the laser treated layer. In addition, formation of large
grains at the interface region of the base material is evident due
to the presence of the heat affected zone. Moreover, the high cool-
ing rates in the surface region resulted in cellular or cellular den-
drite structures with some secondary dendrite arms. This is
attributed to the high rate of solidification at the surface, which
results in epitaxially formed fine and directionally solidified cellu-
lar dendrites.

Figure 7 shows XRD diffractogram of the laser treated surface.
The presence of c and c0 phases is evident from the XRD peaks.
Formation of c0N nitride species at the surface is notable. This
could be attributed to nitrogen diffusion in the region of the sur-
face vicinity at high temperature during the laser treatment pro-
cess. The elemental composition of the treated surface does not
change during the treatment process as observed from the energy
dispersive spectroscopy data. This can be attributed to the forma-
tion of c0N species at the surface. The microhardness of the laser
treated surface improves from 390 HV to 460 HV, which is asso-
ciated with the formation of fine grains and c0N nitride species at
the surface.

Conclusion

Laser treatment of Rene 41 surface is carried out under high
nitrogen pressure environment. Temperature and thermal stress
fields are simulated using the ABAQUS finite element code. Morpho-
logical and metallurgical changes in the laser treated region are
examined through optical and scanning electron microscopes.
Microhardness of the laser treatment surface is measured and
compared with its counterpart obtained for the as received surface.
The residual stress developed at the surface vicinity is determined
from the XRD technique. It is found that temperature decays
sharply in the neighborhood of the irradiated spot center resulting
in high temperature gradients in this region, which is more pro-
nounced in the early cooling periods. The self-annealing affect
lowers stress levels in low temperature region. von Mises stress
reduces in the region of high temperature due to reduced elastic
modulus with increasing temperature. The residual stress is com-
pressive and attains high values in the surface region. High cool-
ing rates resulted in cellular or cellular dendrite structures in the
surface region. The secondary dendrite formation in the surface
vicinity is suppressed by the epiaxially formed cellular dendrites,
which is associated with high cooling rates in the surface region.
c0 particles are generally in cubic morphology with varying sizes,
which is associated with competitive coarsening due to minimiza-
tion of interfacial energy. Microhardness attains high values for
laser treated surface which is associated with fine grains and c0N
species formation at the surface.
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