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Abstract Heat transfer during laser hardening occurs from the surface towards the bulk in contrast 
to conventional quenching, where it occurs from the bulk towards the surrounding. The residual 
stress distributions due to laser hardening and conventional quenching of plain carbon steel samples 
were measured using X-ray diffraction. The effect of changing the treatment parameters, that is 
laser power and feed rate, was examined on the resulting stress distribution. The relationship 
between the measured stress distribution and the evolved microstructure is established. 

Introduction 

There are two main sources of residual stresses during the heat treatments of steels. Stresses 
caused by the transformation of the austenite and thermal stresses caused by the different cooling 
rates and strain incompatibilities [1,2]. The different heat treating methods apply different time-
temperature profiles and energy densities. Thus, the residual stresses and stress profiles resulting 
from heat treatments can be very complex depending on the type and parameters of the applied heat 
treatment [3]. During conventional quenching treatments the heat is transferred from the bulk of the 
part towards the cooling media. Whereas for laser surface hardening, the heat is transferred from the 
surface towards the bulk [4,5]. Because of the opposing heat transfer of the two types of quenching 
methods, the examination and comparison of the residual stress profiles formed by the two methods 
is of great interest. The result of numerical simulation on residual stresses due to the surface 
hardening available in the literature, but experimental data are lacking [6]. The aim of the present 
manuscript is to examine the surface and depth stress profiles developed by laser surface hardening 
treatments, applying different laser power and feed rate. The developed microstructures are also 
examined. The depth profile is compared to the results obtained by conventional quenching method. 

Experimental 

Laser surface hardening treatments were performed with a 5 kW nominal maximal power CO2 
laser equipment on one side of four discs with diameter of 120 mm and thickness of 22 mm of hot 
rolled plain carbon steel. The surface of the discs was spray coated with graphite absorber before 
the treatments. Different laser power and feed rate were applied during the treatments. Two 20 mm 
wide parallel hardened bands, one with 400 mm/min, the other with 300 mm/min feed rate were 
produced 20 mm distance from each other on every disc (Fig. 1). The applied laser power was 
different for each disc varying from 70% to 100% (equivalent with 5 kW) power. During the 
conventional quenching 970°C for 20 min, N2 atmosphere and water cooling agent were used. The 
residual stress measurements were performed without sample cutting on the surface of the discs 
using a Stresstech Xstress 3000 G3R X-ray diffractometer with Cr tube. 1 mm collimator spot size 
and 5 inclination angles ranging from -45° to 45° were used to measure the peak shift of the 
ferrite/martensite {211} reflection. The stresses were calculated using E{211} Young’s modulus of 

Advanced Materials Research Online: 2014-08-11
ISSN: 1662-8985, Vol. 996, pp 538-543
doi:10.4028/www.scientific.net/AMR.996.538
© 2014 The Author(s). Published by Trans Tech Publications Ltd, Switzerland.

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)

https://doi.org/10.4028/www.scientific.net/AMR.996.538


211 000 MPa and Poisson ratio of 0.3. The initial stress states prior to the treatments were measured 
in seven points along the centreline of the discs. Since these varied only within the scatter of the 
measurements for each sample, the initial stress states of the discs were characterized by the 
averages of seven measurements. 

 
Fig. 1. Part of the laser treated disc, x,y distance coordinates, RS-residual stress 

The residual stress state of one band formed by the laser treatment was determined about 30 
points along the x axis. The stress was measured in the x and in the y direction as well at each 
measured point. The y direction is parallel while the x direction is perpendicular with feed direction 
of laser beam. Not only the normal but the shear stresses were calculated at each point. Depth 
residual stress profiles were also measured after the laser and after the conventional quenching. For 
such examinations, a Struers mobile electrolytic polishing equipment was used to remove the 
surface layers of the material. A Mitutoyo displacement gauge was used for the depth 
measurements with one µm accuracy. The measured residual stress values due to layer removal 
were automatically corrected. The microstructure examinations were performed with a Zeiss Axio 
Imager M1m optical microscope using bright field imaging system. 

Results and discussion 

It is predictable that varying the parameters of the laser treatments, the dimension of the treated 
zones have changed [7-10]. The dimension of the hardened bands can be seen in the Fig. 2. White 
markers show the half width and the depth of the heat effected zone as a function of laser power 
(70-100%) and feed rate (400, 300 mm/min). 

 
Fig. 2. Half width (HW) and depth dimension of the laser treaded part as a function of laser power 

(70-100%) and feed rate (400, 300 mm/min) 
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Fig. 3 gives an example about the hardened microstructure and shows the measured depth size of 
the heat effected zone. The initial microstructure consisted of rows of ferrite (white) and pearlite 
(dark). Due to the banded structure some percent of ferrite was remained in the heat treated volume 
during the treatment. It can be seen that as the laser power increases, the width and the depth of the 
hardened region increase. It is also apparent that decreasing the feed rate the width and depth of the 
hardened region increase. 
 

 
 

Fig. 3. Depth size of the laser treated part as a function of laser power (70-100%) and feed rate 
(400, 300 mm/min) with a typical microstructure (400 mm/min feed rate, 80% power) 

 

 Fig. 4-Fig. 7 series show the measured stress data in case of applied 400mm/min feed rate. The 
normal and the shear stress are presented in x and also in y direction at each measuring point. The 
scatter of the measurements is indicated, the value of those are acceptable in this method. The 
average of initial stress values prior to the treatments are marked by dashed lines in every cases. 
There is a weak compressive stress (around -180 MPa) and shear stress (around 60 MPa) in case of 
x direction (Fig. 4, Fig. 5). 
 After the hardening treatments, a central region was formed, in which the normal stress plateaus 
have the same values as prior to the treatments (around -100 – -200 MPa), while the shear stresses 
are eliminated in this part of the sample. Obviously, this is the hardened region. At the margins of 
this region, tensile stresses formed being around 600 – 700 MPa (Fig. 4), whereas the shear stresses 
reach their initial value (Fig. 5). Leaving the hardened region the normal stresses converge to the 
initial values. The shape of the stress profiles does not change with varying laser power and feed 
rate. The width of the central region increases as the power of the treatment increases. There is no 
significant effect of the applied feed rates on the width of the central region. 

Fig. 6 and Fig. 7 show the measured normal and shear stress values formed by the different laser 
power hardening treatments in y direction. The compressive stresses prior to treatments are 
somewhat larger in this direction (around -300 MPa) (Fig. 6), while the initial shear stresses are 
negligible (Fig. 7). The shape of the normal stress profiles measured in x and y direction are very 
similar. The normal stress plateau of the hardened region can again be observed with around -100 
MPa values. However, the maximal values of tensile stresses in y direction are somewhat smaller, 
being around 500 Mpa. The shear stress profiles do not show the same tendency as in x direction 
since there were no shear stresses in the discs prior to treatments in y direction. 
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Fig. 4. Residual normal stress profiles in x direction, along the x axis, 400 mm/min feed rate, 70-
100% laser power 

 

 

Fig. 5. Residual shear stress profiles in x direction, along the x axis, 400 mm/min feed rate,  
70-100% laser power 

 

 

 

Fig. 6. Residual normal stress profiles in y direction, along the x axis, 400 mm/min feed rate,  
70-100% laser power 
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Fig. 7. Residual shear stress profiles in y direction, along the x axis, 400 mm/min feed rate,  
70-100% laser power 

 

 

Fig. 8. Residual normal stress depth profiles in x and y direction, 300 mm/min feed rate, 70% laser 
power 

Fig. 8 and Fig. 9 represent the depth profiles in both directions, in case of laser hardened and after 
conventional quenching. The laser hardened sample holds the central region data about -100 MPa 
compressive stress up to the margin of heat effected zone (500 µm depth). Under the zone a 
maximum 300 MPa tensile stress was measured at 650 µm depth. The main difference between the 
results of laser and conventional treating is that a tensile stress with maximum 250 MPa was build 
up at the surface after conventional quenching which value is decreased in depth. Around 600µm, it 
reaches the stress free state. The normal stress value is a function of direction in that case, (see Fig. 
9 x and y direction) while it is independent after laser treatment (Fig. 8 x and y direction). 

Summary 

Prior to the laser surface hardening treatments the microstructure of the hot rolled plain carbon steel 
discs consisted of rows of ferrite and pearlite. The stress states of the discs prior to the treatments 
were produced by the saw cuttings which introduced shear stresses, being somewhat larger in the 
sawing direction and compressive stresses being larger perpendicular to that direction. 
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Fig. 9. Residual normal stress depth profiles in x and y direction, conventional quenching 

 
During the laser treatments, bands of hardened regions were produced. The surface hardening 

treatments resulted compressive stresses of -100 – -200 MPa within the hardened bands, in which 
the initially present shear stresses were eliminated. Tensile stresses built up at the margins of the 
hardened bands at the surface and also under the heat affected zone. It is apparent that the largest 
stresses formed where the austenized region encountered the non-transformed matrix. The measured 
stresses are the complex mixtures of the stresses resulting from the transformation of the austenite 
and the thermal stresses. Both normal and shear stress values converged to the initial values leaving 
the margins of the bands. Increasing the power of the laser treatments, the hardened band widened 
and thickened. The same was observed by decreasing the feed rate. The stress state was the opposite 
in case of conventional quenching. An anisotropic normal tensile stress was built up at the surface, 
and a stress free state was measured around 600 µm in depth. 
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