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A numerical model is presented for evaluation of residual stresses following laser surface treatment of mechan-
ical components with arbitrary geometry. Following on from previous temperature and microstructural models,
stress evaluation is performed by considering the resulting deformation from thermal expansion, elastic and
plastic deformation, and microstructural changes. A 3.3 kW diode laser with wavelength of 930 nm and
34 mm×2 mm rectangular spot is utilized to perform heat treatment experiments on an AISI 9810 steel cam,
with x-ray diffraction measurements performed before and after laser exposure to determine circumferential
and axial surface stresses. Verification of model accuracy is performed by comparing calculated stresses with
the measured values. The influence of incident laser fluence and scanning velocity on the hardened depth and
residual stress state is then investigatednumerically for the same component. It is found that higher laserfluence,
or an increase in exposure velocity at constantfluence, leads to an increase in the hardened depth and a reduction
in compressive residual stresses.
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1. Introduction

Laser surface hardening of hypo-eutectoid steels presents a number
of advantages over traditional flame and induction surface hardening,
including lack of a quenching medium, low distortion, high hardness
and selective treatment [1]. The process yields improved flexibility
due to the highly localized nature of laser irradiation and ease with
which beam transport can be achieved via optical fiber and robot ma-
nipulation. Heating of a thin surface layer takes place during a brief pe-
riod of laser exposure, with thermal conduction into the work piece
leading to rapid cooling and quenching [2]. The thickness of the hard-
ened layer depends on the surface temperature and laser scanning ve-
locity [3,4].

The principle barriers to widespread adoption of laser hardening in
place of established technologies are tempering effects induced during
multiple laser passes, where large areas must be treated, and residual
stress evaluation for real mechanical components with complex geom-
etry. The formermay be overcome by using a rectangular laser spot that
is wider than the surface to be treated [5] or by rapidly scanning the
laser back and forth over the width of the work piece [6]; however,
the required laser power increases with the width of the treated area,
limiting the extent to which this technique can be exploited. Where
multiple laser passes must nonetheless by performed, methods

have been presented for minimization of the softened zone [7]. The
evaluation of residual stresses, on the other hand, requires case-by-
case consideration due to the complexity of many realmechanical com-
ponents. The stress state is the result of temperature gradients and mi-
crostructural changes during heating and cooling [8], with the extent of
these effects strongly depend on thework piece geometry and the posi-
tion of the treated area.

To date, a number of analytical and numerical models have been
presented for evaluation of the temperature distribution during laser
exposure of specific components for surface heat treatment [9,10].
Many authors have proposed evaluation criteria for prediction of
phase changes based on temperature thresholds [11,12] and phase-
change kinetic models [13,14,15]. Prediction of residual stresses has
been performed for elementary components subject to simplified geo-
metric constraints and a single laser pass [16,17,18] or alternate heating
methods [19]. Experimental evaluation has also been performed for
specific cases [20,21], including mechanical and fatigue-life assessment
[22]. Despite these advances, there continues to be a lack of computa-
tional tools for the evaluation of residual stresses following laser surface
hardening of arbitrary components; in particular, real mechanical com-
ponents that by nature have complex geometry.

In light of this issue, together with the importance of structural in-
tegrity in real medium carbon steel parts subject to dynamic loading,
the present works sees development of an efficient numerical model
for assessment of the temperature distribution, phase changes and re-
sidual stresses during laser surface hardening of mechanical compo-
nents with any geometry. Following on from earlier works dedicated
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to evaluation of temperature distributions and phase changes [7,23], re-
sidual stresses are calculated by determining deformation due to
heating, cooling and microstructural changes [24]. The proposed
model is verified against experimental results obtained for surface treat-
ment of a medium carbon steel cam. Subsequently, the effects of laser
fluence and scanning velocity are investigated theoretically by calculat-
ing changes in hardened depth and residual stress distribution for a
number of different cases.

2. Process simulation

The process simulation is thermo-mechanical in nature, comprising
models for evaluation of the temperature distribution, phase changes
and residual stresses. Calculation of the time-dependent temperature
field is first performed, based on the intensity of the incident laser
beam andwork piece properties such as thermal conductivity and opti-
cal absorptivity. The resulting microstructural changes due to the im-
posed thermal cycle are then determined based on phase-change
thresholds and cooling rates. Finally, residual stresses are predicted ac-
cording to the temperature distribution and microstructural changes in
the treated area. The presented equations can be evaluated numerically
for components with any geometry.

2.1. Thermal and microstructural models

Thermal and microstructural models are employed to evaluate the
component temperature and resulting phases following laser exposure.
A complete description of these models, including experimental valida-
tion, has been presented in previous works [7,23,25] and will be briefly
summarized here within for reader convenience. The focused laser
beam intensity is considered rectangular with a Gaussian top hat distri-
bution:
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where A and B are the width and breadth of the intensity distribution
and a and b define the rate of change in intensity at its edges. Such
beam geometry was utilized to align with the characteristics of a
diode laser used for experimental validation (Section 3). The quanti-
ty of energy delivered to the target is calculated based on the wave-
length and temperature-dependent absorptivity of the target
material. The thermal conductivity and specific heat capacity are
considered temperature dependent in accordance with the literature
[26].

These physical parameters are then utilized in Fourier's equation to
resolve the time-dependent temperature distribution in the work
piece during laser exposure:

ρCp
∂T
∂t

þ Q ¼ ∇ k∇Tð Þ ð2Þ

where ρ is the density of thework piece in kg/m3, Cp is the heat capacity
at constant pressure in J/(kg ⋅K), k is the thermal conductivity in W/
(m ⋅K), Q the absorbed energy density in W/m3, T the temperature in
K and t the time in s. Radiant heat losses from the work piece surface
are not considered, while convective heat losses in air are taken into ac-
count with an ambient air temperature of 20 °C .

Prediction of the resulting microstructural transformations is per-
formed based on phase change threshold temperatures for both single
and multiple laser passes. For single laser passes the only information
necessary for process optimization is the maximum hardened depth
and lateral extension, while for multiple laser passes, consideration of
tempering effects is also necessary. The transformation constant for a

given phase change from phase i to phase j, Ii→j, is calculated according
to an Arrhenius-like equation introduced by Tani et al. [7,23]:

Ii→ j ¼ ∫tAytAx exp −
Qi→ j

RT tð Þ
� �

dt ð3Þ

where tAx and tAy are the start and finish times of the transformation, re-
spectively, corresponding to the transformation start and finish temper-
atures, Ax and Ay. Qi→ j is the phase transformation activation energy
and R is the universal gas constant.

2.2. Residual stress model

Exhaustive calculation of residual stresses is necessary for complete
simulation of laser hardening for mostmechanical applications; indeed,
knowledge of this aspect plays a key role in selection of a particular heat
treatment strategy. The residual stresses present in a component de-
pend on its elasto-plastic behavior and are generated by both thermal
expansion and microstructural changes [27]. The total deformation
resulting from a given heating cycle, εtot, is:

εtot ¼ εt þ εel þ εpl þ εtr ð4Þ

where εt is the deformation due to thermal expansion, εel and εpl are the
elastic and plastic deformations due to the thermal cycle and εtr is the
contribution resulting from microstructural changes. In particular, the
strain caused by thermal loading is calculated as follows:

εt ¼ α Tð Þ � T tð Þ−T0ð Þ ð5Þ

Fig. 2. Yield stress as a function of temperature [31].

Fig. 1. Young's modulus as a function of temperature for medium carbon steel [29].
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