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Abstract 

Overlapping regions of laser surface treatment are necessary features when processing large 
surface areas or cylindrical specimens. However, complex microstructural changes that appear 
in the regions with multiple heat treatment can affect their mechanical properties. Therefore, 
this study focuses on examining thermal cycle characteristics and resulting microstructures, 
particularly martensite and retained ferrite structures, to better understand the correlation 
between experienced thermal cycles and resulting microstructures. Laser surface hardening 
experiments on 44MnSiVS6 microalloyed steels together with thermal diffusion simulations 
were conducted to relate microstructures after the secondary pass of the laser treatment to the 
local thermal cycles experienced during the process. The amount of retained ferrite was 
calculated and compared to the respective thermal cycle characteristics. Regions which 
experienced thermal cycles below Ac3 temperature showed microstructures similar to those 
after tempering. The sizes of retained ferrite structures were found to decrease as the total 
holding time increases regardless of how the holding time is distributed in multiple laser 
treatments. However, the size of retained ferrite structures were constant in the region where 
tempering effect occurred. This shows that the amount of retained ferrite can be tailored by 
modifying the experienced total holding time and a reduction of retained ferrite structure 
happens only if the secondary thermal cycle is above Ac3 temperature. 
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1. Introduction 
Fatigue cracking due to high cyclic loading 
is a common problem for crankshaft fillets. 
Their fatigue life can be improved by 
hardening the surface of the fillets, where 
cracks are often initiated [1–3]. Induction 
hardening and deep rolling techniques 
require high energy inputs and long 
hardening processing times because of 
indirect energy input [4–7]. In contrast, 
laser hardening can direct a large amount of 
energy into a specific area. This facilitates 
fast and precise hardening treatments which 
can be very useful and efficient for 
processing complex structured items such 
as crankshafts [8–10]. However, laser 
surface hardening of cylindrical specimens 
requires overlapping regions of the 

hardening track where the end of the track 
meets its starting point. Multiple laser 
treatments may lead to varying 
microstructures and mechanical properties 
along the hardening track [11–14]. 
Therefore, an investigation of 
microstructures after secondary-pass laser 
surface treatment is necessary for process 
optimisation and prediction of resulting 
material properties. 
 
Microalloyed steels are widely used for 
crankshaft manufacturing due to their high 
strength [15–17]. 44MnSiVS6 is one 
example which offers high strength 
properties through vanadium precipitation 
[18,19]. This microalloyed steel has 
pearlitic and ferritic structures in the as-



rolled condition. Common surface 
hardening techniques, such as induction 
hardening and deep rolling, produce a 
homogenous martensitic structure across 
treated area after quenching [6,20]. 
However, laser hardened 44MnSiVS6 steel 
contains retained ferrite surrounded by 
martensitic structures due to the short 
holding time of the laser process [21,22]. 
Martensitic transformation in 
hypoeutectoid steels during laser heat 
treatment happens in three main steps. The 
first one is the transformation of pearlite and 
ferrite into high- and low-carbon austenite 
during rapid heating [23]. In the second step, 
the carbon diffuses from high-carbon 
austenite regions to the low-carbon 
austenite regions [24]. In the third step, the 
regions that have more than 0.05% of 
carbon will quench to martensite and the 
rest will revert to ferrite, leaving retained 
ferrite embedded with martensite as the 
final microstructure [25]. Homogenisation 
of carbon in the austenite has a major 
impact on the appearance of the retained 
ferrite in the resulting microstructure after 
laser heat treatment [21,26–28].  
 
Previous investigations on adjacent tracks 
of laser surface hardening found that 
tempering effects occurred in the 
overlapping region [12,14,29]. Tempering 
reduces the hardness of steels by reheating 
the hardened steels to elevated temperatures, 
allowing recovery and recrystallization [30]. 
Common tempering heat treatments occur 
at temperatures around 175oC or at 
temperatures close to the lower critical 
temperature (Ac1), applied for a minimum 
of 2 hours depending on the desired 
microstructure and mechanical properties 
[31,32]. Tempered martensite was found 
having increased strength and ductility, but 
reduced hardness and toughness [33,34].  
Reduced hardness values have also been 
found in the overlapping regions of adjacent 
laser hardened tracks [35]. This softening 

behaviour leads to inhomogeneous hardness 
properties across the surface. This is a 
drawback of laser hardening for large 
surface areas since the soft regions can limit 
mechanical properties. Moreover, the size 
of the softened regions was found to vary 
depending on the alloying components of 
the steels [11,36]. Diffusion models have 
been used to simulate tempering behaviour 
during laser processing in the overlapping 
zone [13,35,37–39]. Tempering phenomena 
during slow cooling processes have been 
thoroughly investigated. However, laser 
processing induces short thermal cycles and 
cooling times. Therefore, tempering 
phenomena during laser processing needs 
further investigation.  
 
Since martensite and retained ferrite 
structures dominate the hardened zone of 
44MnSiVS6 steels, the two microstructures 
are good indicators to describe the 
microstructural development. This study 
focuses on the analysis of martensite and 
retained ferrite structures after several 
variations of thermal cycle from laser 
surface treatment to better understand the 
hardening and tempering phenomena.  
 
2. Methodology 
This work consists of laser surface 
hardening experiments and thermal 
diffusion simulation. Cross and overlap 
surface hardening experiments were 
conducted as shown in Figure 1. The cross 
experiment was designed to generalise the 
findings where many possible thermal cycle 
variations occur including possible overlap 
arrangements. Retained ferrite and 
martensitic structures in areas that 
experienced different combinations of two 
thermal cycles were examined from the top 
view of the hardened tracks. Related 
thermal cycles experienced during the 
process were derived from fluid dynamics 
simulation. Peak temperature, holding time, 
and cooling rates of the thermal cycles were 



extracted and compared to better 
understand the mechanism involved.  
 
2.1.  Experimental set-up 
All laser surface hardening experiments 
were carried out on disks of 44MnSiVS6 
microalloyed steel using 1070-nm-
Yb:YAG fibre laser from IPG photonics. 
The disks had ground surfaces (surface 
roughness of 0.5 µm to 1 µm) and were 10 
mm in thickness and 110 mm in diameter. 
The disk specimens are hot rolled 
microalloyed steel (44MnSiVS6) with a 
chemical composition given in Table 1. The 
Ac3 temperature of 44MnSiVS6 steel was 
measured by Sidenor (Spain) to be 1140 K 
for heating rate of 323 K/s. The 
microalloyed steel has an initial 
microstructure of pearlite and ferrite. 
 

Table 1. Chemical composition of 
44MnSiVS6 steel (in wt.-%, balance Fe) 

C Mn Si V Cr Ni S Mo 
0.44 1.21 0.91 0.26 0.1 0.08 0.03 0.01 

 
Cross track experiments, as shown in Figure 
1(a) were performed to examine various 
conditions of multiple thermal cycles. The 
first hardening treatment was executed 
horizontally in the X-direction and followed 
by a vertical hardening treatment in the Y-
direction. The disk was cooled after the first 
treatment to room temperature before 
performing the second laser treatment.  

  

 
Figure 1. Illustration of the laser surface 
hardening process in respect to (a) cross 

experiment and (b) overlapping experiment.  
 

A similar procedure was applied for the 
overlapping experiments illustrated in 
Figure 1(b). In this case, both treatments 
were done horizontally in the X-direction. 
The end point of the second treatment was 
positioned to overlap with the start point of 
the first treatment by 4 mm. Detailed 
parameters for both cross and overlapping 
experiments are shown in Table 2.  
 
 

Table 2. Applied laser parameters. 

 Cross 
experiment 

Overlapping 
experiment 

Laser beam 
shape Gaussian-like beam 

Beam 
parameter 
product 

10.5 mm*mrad 

Processing 
speed 100 mm/s 60 mm/s 

Laser power 5120 W 7332 W 
Laser beam 

spot size 5 mm 8 mm 

 
2.2. Analysis of phase transformation 

Top views of the cross-treatment and 
overlapping region as illustrated in Figure 
2(a) and (b) were examined. Polished 
specimens were etched using a mixture of 4% 
picric acid in ethyl alcohol and 1% aqueous 



solution of sodium metabisulfite. High-
resolution microstructure images were 
taken every 100 µm along the marked areas 
in Figure 2(a) and (b) (transition, middle, 
and overlapping area) using a Nikon optical 
microscope. The size of marked areas was 
75 x 2700 µm2, thus 27 pictures were taken 
respectively from each area. 
 

 
Figure 2. Sketches of (a) a top view of the 
cross intersection and (b) an overlapping 

region, which are marked to show the 
transition area (solid rectangular), middle area 

(dashed rectangular), and overlapping area 
(dotted rectangular); including an example of 
(c) a microstructure image and (d) its binary 

format as well as exemplary measurement of a 
ferrite grain: width (P) and height (Q). 

 
The area and the mean grain size of the 
retained ferrite structures were measured 
using MATLAB R2019b. The 
microstructural image, e.g. Figure 2(c), was 
transformed into a binary image as seen in 
Figure 2(d). Retained ferrite structures 
appear as white features on the image, while 
martensitic structures are presented in black. 
The ‘regionprops’ function in MATLAB 
was used to measure the area and sizes of 
retained ferrite features in the image. The 
grain sizes of retained ferrite structures 
were approximated using the bounding box 
method where imaginary boxes were drawn 
around each of the retained ferrite grains to 
get its width (P) and height (Q). The mean 

values of P and Q from each picture 
represent the width and length of retained 
ferrite grains at related thermal cycle.  

 
2.3.  Calculation of temperature 

development 
 

2.3.1.  Simulation model 
Thermal cycles during the process were 
calculated using ANSYS computational 
fluid dynamics. The laser beam was 
modelled by applying a static surface heat 
source. A rectangular fluid body with a 
thickness of 10 mm and a width of 110 mm 
was constructed to resemble the steel disks. 
This simulation domain was used to apply 
moving fluid. The high-viscous fluid 
flowing in the rectangular body represents 
the laser scanning speed. Power and static 
heat source distribution were set to be the 
same as the laser power and the laser beam 
profile in the experiments. Mesh size ranged 
between 0.05 mm to 13 mm with the mesh 
dimension becoming smaller towards the 
heat source. A three dimensional heat 
source was used to adapt the heat input with 
respect to the absorption.  

 
Simulation results were validated by 
comparing the width of the treated tracks to 
the width of the region above the Ac3 
temperature in the simulations as seen in 
Figure 3(a) and (b). The width values from 
the simulation are similar to the width of 
treated tracks. Additionally, Temperature 
values from the simulation are identical to 
the previous experiments [21,22]. 
Accordingly, the calculated temperature 
fields are likely comparable to the induced 
temperature fields in the experiments.  

 
2.3.2. Extracting the temperature values 

and thermal cycle characteristics 
Figure 3(c) shows one example of the 
simulation results of a single track. In order 
to describe the temporal thermal experience 
of different locations, temperatures along 



the lines Xi were assembled. Line X0 and X1 

are the first temporal thermal experience for 
middle and transition area. The region R 
was assumed as the second temporal 
thermal experience for both middle and 
transition area. Accordingly, the second 
temporal thermal experience taken every 
100 µm along R was related to the 
microstructure image at the same position.  

 
Simulated thermal cycles were further 
examined by extracting three thermal cycle 
characteristics: peak temperature, holding 
time, and cooling rate. The peak 
temperature refers to the highest 
temperature that a thermal cycle 
experienced. Holding time is the duration 
within a thermal cycle when temperatures 
exceeded the Ac3 temperature, while the 
total holding time is a summation of the 
holding times from the first and second 
thermal cycles. The cooling rate was 
defined as the time taken to reach 773 K 
from the peak temperature. It is calculated 
by dividing the difference of peak 
temperature and 773 K over cooling time 
illustrated in Figure 3(d). Figure 3(d) shows 
the example of a thermal cycle and 
illustrates how the three characteristics 
were extracted.   

 
2.3.3. Application for special cases 
Cross treatment 
The transition and middle areas seen in 
Figure 2(a) were assumed to have 
experienced two thermal cycles of single-
track laser hardening. The combination of 
two thermal cycles was done by super 
positioning two single-track thermal fields 
that are perpendicular to each other.  
 
Overlapping treatment 
The overlapping area shown in Figure 2(b) 
was assumed to have experienced two 
thermal cycles. The first thermal cycle is a 
single-track laser process as recorded in line 
X1 (Figure 3(c)). The second thermal 

experience occurs when the laser beam 
reaches the start position and is turned off. 
An additional simulation was conducted to 
fulfil the second condition.   
 
The second thermal experience was 
assumed as a pulsed laser process. The 
heating cycles were simulated by turning on 
the heat source, while the opposite (turning 
off the heat source) was applied to simulate 
the cooling cycles. The program was run for 
1 second process time to represent the end 
position treatment. In relation to the taken 
microstructural images, only temperatures 
along point Y0 and Y1 were observed. The 
thermal cycles were modelled as a 
combination of approached heating and 
cooling cycles with the defined overlap.  
 

 
3. Results  
3.1.  First laser surface treatment 
This subsection presents thermal cycles and 
resulting microstructures after the first laser 
treatment at the transition, middle and 
overlapping areas. Figure 4 shows 
microstructure images of 44MnSiVS6 
microalloyed steel after the first laser 
treatment including its simulated thermal 
cycles. Figure 4(b), (c), and (d) show 
microstructures at the transition, middle, 
and overlapping areas respectively. The 
result shows the same microstructure as 
previous work where no retained austenite 
found in the treated area [21]. Hardness 
values for this material were measured in 
previous work [21,22]. 

 



 
Figure 3. Validation of simulation results for 

cross experiment (a) and overlapping 
experiment (b), along with the procedure of 

thermal cycle observation (c) and three 
components of thermal cycles (d). 

 

 
Figure 4. Microstructure after the first laser 

surface treatment at (b) transition, (c) middle 
and (d) overlapping area, including (a) 

calculated thermal cycles in the respective 
areas. 

 
The microstructures of the transition area 
show similar characteristics to the 
overlapping area (Figure 4(b) and (d)). The 
two areas have combination of retained 
ferrite grains and martensitic structures with 
visible grain boundaries. On the contrary, 
the middle area shows retained ferrite 
speckles with indistinct grain boundaries. 
The measured areas of retained ferrite in 
Figure 4(b), (c), and (d) are shown in Table 
3. The middle area contains lower amount 
of ferrite structure than the transition and 
overlapping areas. These results agree to the 
previous observation [21,22].  
 
Figure 4(a) shows that the transition area 
experienced the lowest peak temperature 
compared to the middle and overlapping 
areas. The middle area experienced a 
calculated peak temperature of 1299 K, 
while the transition and overlapping areas 
experienced peak temperatures of 1167 and 
1275 K. Calculations of holding times and 
cooling rates for each thermal cycle are 
shown in Table 3. The middle area shows 
the longest holding time and highest cooling 
rate. The cooling rate in the transition area 
is doubled the cooling rate in the 
overlapping area because the processing 



speed is faster for the cross experiment than 
the overlapping experiment. 

 
Table 3. Measured holding time and 

cooling rate at the transition, middle and 
overlapping area. 

 Area of 
retained 
ferrite 
(µm2) 

Holding 
time 
(ms) 

Cooling 
rate 

(K/s) 

Transition 
area 2885 82 880.72 

Middle area 187.74 272 1584.2 
Overlapping 

area 3145.1 120 423.26 

 
 
3.2. Secondary laser surface treatment 

Microstructure at the transition, middle, and 
overlapping areas after the second laser 
treatment including thermal cycle 
characteristics of the second laser treatment 
are presented in this subsection. Figure 5 
shows merged microstructure images after 
the second laser treatment that were taken 
along the line shown in Figure 2(a) and (b). 
Figure 5(a) and (b) present the 
microstructure at the transition and middle 
area, while Figure 5(c) presents the 
microstructure of the overlapping area.    

 

 
Figure 5. Merged microstructure images after second laser surface treatment at (a) the 

transition area (Figure 2(a)), (b) the middle area (Figure 2(a)) and (c) the overlapping area 
(Figure 2(b)), including example detailed views of (d) the transition area and (e) the middle 

area, which experience the same total holding time.  

Both the transition and middle area seen in 
Figure 5(a) and (b) show gradual 
microstructure differences. Retained ferrite 
structures surrounded by tempered 
martensite appear on the left side of Figure 
5(a) and (b) whilst retained ferrite structures 
enclosed by martensite appear on the right 
side of Figure 5(a) and (b). Retained ferrite 
structures also decrease towards the right 
side of the images that no retained ferrite 

structures appear on the far right side of the 
middle area (Figure 5(b)). In contrary, the 
overlapping area (Figure 5 (c)) shows 
domination of tempered martensite and 
retained ferrite.  
 
Regions that experience the same total 
holding time as a sum of the first and second 
laser treatment were found to have different 
martensitic structures. For instance, Figure 



5(d) and (e) are regions from transition and 
middle area that experienced the same total 
holding time of 0.27 s. These regions show 
similar retained ferrite features that have 

indistinct grain boundaries. However, 
Figure 5(d) shows martensitic structures, 
while Figure 5(e) shows tempered 
martensitic structures [40,41]. 

 

 
Figure 6. Correlation of retained ferrite structure and thermal cycle characteristics, including 

appearance of tempered martensite in the transition area (a) (b) (c), middle area (d) (e) (f), and 
overlapping area (g) (h) (i).  

 
 
Correlations of microstructures and thermal 
cycle characteristics for the transition, 
middle and overlapping areas are shown in 
Figure 6. The transition and middle areas 
experienced the same peak temperatures 
and cooling rates although the holding time 
from the second laser treatment are not the 
same for both areas. This is because the 
holding time from the first laser treatment is 

longer in the middle area compared to the 
transition area. The overlapping area shows 
higher cooling rates than both the transition 
and middle areas because the laser was 
turned off and thus no more energy input 
was applied. The overlapping area also 
shows less deviation in the thermal cycles 
characteristics and a relatively constant 
amount of retained ferrite. The amount of 



retained ferrite is higher in the transition 
area compared to the middle area although 
both areas show an inverse correlation to the 
peak temperature, cooling rate and total 
experienced holding time. This is because 
the transition area has a higher amount of 
retained ferrite structure after the first laser 
treatment than the middle area. 
 
Tempered martensite appears in areas 
which experienced peak temperatures 
below 1282 K in the second thermal cycle, 
as shown in Figure 6(a), (d), and (g). In the 
area where tempered martensite was found, 
the cooling rate and holding time ranged 
between 775 K/s – 5800 K/s and 0 s – 0.375 
s. However, the transition area, which 
experienced holding times of 0.25 s – 0.3 s, 
does not show the tempered martensite 
features seen in the middle area. The 
amount of retained ferrite tends to be 
constant in the region with tempered 
martensite. The amounts of retained ferrite 
gradually decrease outside this region. The 
same value of total holding time also leads 
to similar amounts of retained ferrite in all 
areas. 
 
The width and height of retained ferrite 
decreases as the total holding time increases 
(Figure 7(a)). The area of retained ferrite 
shows an inverse correlation to the total 
holding time. However, there is no 
correlation between the cooing rate and area 
of retained ferrite as seen in Figure 7(b). 
 
4. Discussion 
The results indicate a correlated behaviour 
between thermal cycle characteristics from 
the second laser treatment and the resulting 
microstructures.  
 
Thermal cycle characteristics 
The transition and middle area (Figure 2(a)) 
represent nearly all possible thermal cycle 
variations occurring during secondary pas 
laser treatment. For instance, the left side of 

transition area (Figure 2(a) and Figure 5(a)) 
experienced low peak temperature on first 
and secondary laser treatment which is 
comparable to the case of adjacent tracks in 
treating wide surface area [14,39]. 
Accordingly, the following findings can 
apply to a wide range secondary-pass laser 
treatment regardless of the processing case.  
 

 
Figure 7. (a) Width and height of retained 

ferrite structure as a function of total holding 
time and (b) correlation of holding time, 
cooling rates, and area of retained ferrite 

structure.  
 
Linear correlation between peak 
temperature, cooling rate and holding time 
follows the second law of thermodynamics. 
A higher peak temperature at the treated 
area allows a larger temperature difference 
between the specimen and treated area. This 
causes an increase of the heat dissipation 
rate at the treated area and thus a faster 
cooling rate. Additionally, the higher the 
peak temperature of a thermal cycle is, the 
longer the temperature values stay above 



Ac3 within a thermal cycle and thus the 
holding time extends. 
 
A Gaussian-like beam has a higher beam 
intensity in the centre and gradually 
decreased intensity values towards the 
edges of the round beam. This creates 
different temperature conditions between 
the centre and the edge of laser treated 
tracks. The centre of the track experiences 
higher temperature values than the edge of 
the track. Since there is a gradual intensity 
change along the edge and centre of the 
laser beam in combination with heat 
dissipation effects, the transition and middle 
area can experience various types of 
thermal cycle combinations.  
 
The temperature values from the first laser 
treatment are lower for the transition area 
than for the middle area (Figure 4(c)) 
because the transition area is at the edge of 
the laser treated track where the beam 
intensity is lower. The second laser 
treatment, which is perpendicular to the first 
laser treated track generates various thermal 
cycles along the transition and middle area 
following the gradual change in the 
intensity profile of the Gaussian-like beam 
as illustrated in Figure 2(a). On the other 
hand, the second laser treatment on the 
overlapping area is parallel to the first laser 
treated track (Figure 2(b)) which causes this 
area to experience similar thermal 
characteristics. Higher peak temperature 
values at the overlapping area compared to 
the transition area during the first laser 
treatment can occur due to higher line 
energy values that were applied to the 
overlapping area (Table 2).   
 
Retained ferrite structure 
Previous observations showed that ferrite 
structures remain in the laser treated area 
due to the short holding time of the laser 
process [21,22]. The short holding time 
interrupts the carbon diffusion into the 

ferrite structure. Thus, the ferrite structures 
remain partly unchanged [21]. This means 
that the amount of retained ferrite decreases 
when the holding time increases. Figure 6(c) 
and (f) confirm this argument. This can 
mean that the holding time from the second 
laser treatment expands the time for carbon 
to diffuse into retained ferrite structures 
(low-carbon austenite) because the total 
holding time is a summation of holding time 
from the first and second laser treatment.  
 
The transition area and middle area can 
have different break times between the first 
and second laser treatment because the two 
areas are a few millimetres apart. 
Additionally, the break time for the 
overlapping area can be longer than for both 
transition and middle area due to the 
processing strategy. Nonetheless, the same 
behaviour of retained ferrite structure still 
applies for all cases. Therefore, the break 
time between the first and second laser 
treatment does not seem to influence the 
general behaviour. 
 
However, the value of holding time depends 
on the Ac3 temperature that must be reached 
and held. Therefore, the second laser 
treatment can only reduce the amount of 
retained ferrite structure from the first laser 
treatment if it reaches temperature above 
the Ac3 temperature.  
 
Some regions of the transition and middle 
areas experienced the same total holding 
time (0.25s to 0.3 s), as seen in Figure 6(c) 
and (f). These regions show that the amount 
of retained ferrite ranges between 500 µm2 
and 1000 µm2. However, the transition and 
middle areas did not experience the same 
laser treatment. The transition area 
experienced a shorter holding time during 
the first laser treatment while the middle 
area experienced shorter holding time 
during the second laser treatment. 
Consequently, the reduction of retained 



ferrite structures due to carbon diffusion 
occurred during the second laser treatment 
for the transition area whilst the opposite 
applies for middle area. This indicates that 
the order of holding time duration does not 
influence the resulting retained ferrite 
structure.    
 
This finding can be also applied to the 
overlapping condition. Some parts of the 
transition zone showed the same total 
holding time value with overlapping area 
(0.182 s to 0.192 s). The mean value of the 
retained ferrite structure in this range of 
total holding time was measured to be 
similar. This implies a correlation between 
appearance of retained ferrite structures and 
total holding time where amount of retained 
ferrite can be estimated from the total 
holding time.  
 
In general, the amount of retained ferrite 
structure decreases as the total holding time 
increases (Figure 6(c), (f) and Figure 7(b)). 
This decrease is seen as reduced width and 
height of the retained ferrite grains as shown 
in Figure 7(a).    
 
Tempered martensite 
Although Figure 5(d) and (e) show similar 
amounts and features of retained ferrite 
structures at comparable total holding time 
values, tempered martensite only appears in 
Figure 5(e). The two cases experienced 
peak temperature in different order during 
the process. Figure 5(d) experienced a low 
peak temperature during the first laser 
treatment and a high peak temperature 
during the second laser treatment. The 
opposite applied to Figure 5(e). This means 
that the low peak temperature cycle during 
the second treatment created the tempered 
martensite.   
 
Tempering occurs during holding at 
elevated temperatures below the Ac3 
temperature [31,32]. The Ac3 temperature 

of 44MnSiVS6 steel (1140 K) was 
measured using a heating rate of 323 K/s 
that is much lower than the heating rate of 
typical laser processes. Accordingly, the 
Ac3 temperature is expected to be higher for 
these experiments [25]. The cooling rate 
approximation shows that the overlapping 
area experienced higher cooling rates than 
the transition and middle areas. Therefore, 
the Ac3 temperature at the overlapping area 
is expected to also be higher than at the 
transition and middle area. In this case, the 
appearance of tempered martensite in 
material regions that experienced peak 
temperatures above 1140 K show that 
during laser processing, the Ac3 temperature 
shifts towards higher values. This indicates 
that tempered martensite is a result of a 
second thermal cycle with peak 
temperatures below Ac3 temperature. 
 
In the area where tempered martensite 
appears, the amount of retained ferrite 
structures is close to the number from the 
first laser treatment (Figure 6 and Table 3). 
The amount of retained ferrite structures 
then shows a significant decrease outside 
the tempered martensite region (Figure 6(a) 
– (f)). Since the appearance of tempered 
martensite indicates thermal cycles below 
Ac3 temperature, the significant decrease of 
retained ferrite structures might happen due 
to temperatures above Ac3 temperature. 
This indicates that carbon diffusion, which 
affects retained ferrite structures, mainly 
happens above Ac3 temperature.  
 
Reduction of crystal dislocations and 
atomic rearrangements are known to occur 
during tempering processes [13,30,35,37–
39]. These behaviours often lead to changes 
of mechanical properties, such as reduced 
hardness properties [33–35]. It is unclear 
whether carbon diffusion is involved in the 
tempering processes. However, it is most 
likely that tempering shifts the carbon 
atoms within the martensite grains without 



breaking bonds with the neighbouring 
atoms, inducing crystallographic changes. 
Energy from the thermal cycles below Ac3 
temperature might not be adequate for 
breaking the bonds of carbon atoms with 
their neighbouring atoms and migrating 
them across grains. Therefore, retained 
ferrite structures remain mostly unchanged 
when tempering occurs. In this case, the Ac3 
temperature shows a limit where the 
thermal energy input is adequate to break 
free the bonds of carbon atoms and allow 
migration towards the ferrite structure. 
Hence, the reduction of retained ferrite 
structures due to the secondary thermal 
cycle only happens during peak temperature 
treatments above the increased Ac3 
temperature because it requires additional 
energy to overcome the atomic bonding and 
migrate carbon atoms towards the ferrite 
grains.  
 
5. Conclusions 
This work investigated microstructural 
developments during multiple different 
short thermal cycles. With regards to 
retained ferrite and martensite structures, a 
secondary pass of laser surface treatment 
influences the microstructure in two 
different ways; (1) thermal cycles below the 
Ac3 temperature can temper martensitic 
structures and (2) thermal cycles above the 
Ac3 temperature can reduce the appearance 
of retained ferrite through carbon diffusion 
and thus increase the amount of martensitic 
structures in the treated area. Important 
findings regarding this phenomenon are: 
 

• The appearance of retained ferrite 
structures has an inverse correlation 
to the total holding time above Ac3 
temperature during all laser surface 
treatments regardless how the 
holding time is distributed among 
the different treatments. 
Accordingly, the amount of retained 
ferrite structures can be influenced 

by modifying the experienced total 
holding time.  

• Tempering of martensite using 
secondary laser treatment requires 
thermal cycles below Ac3 
temperature. In this case, the 
tempering process is likely a result 
of limited carbon movement.  

• During the second laser treatment, 
initiation of carbon diffusion from 
martensite grains into ferrite grains 
requires temperatures above the Ac3 

temperature. The Ac3 temperature 
for laser processing can be higher 
than for other processes that have 
slow cooling characteristics. 

• A reduction of retained ferrite is less 
likely to happen when tempered 
martensite appears because the 
secondary thermal cycle is below 
the Ac3 temperature and inadequate 
for inducing carbon diffusion 
towards ferrite grains.  

 
This knowledge can be used to tailor 
microstructures during laser processing by 
applying specific thermal cycles.  
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