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ABSTRACT 

Objective of this study is controlling the thermal deformation from laser transformation 

hardening process. Unlike the laser forming process, thermal deformation behavior in laser heat 

treatment has rarely been studied. It is important that there is no deformation on specimen when heat 

treatment process is conducted. So this study was conducted. In this study, Thermal deformation 

tendency after laser heat treatment of steel sheets is investigated. Laser heat treatment experiments 

were conducted by a 3 kW diode laser on 2 mm thick DP590 dual phase steel and boron steel sheets. 

Also, in these experiments, there are four types of heat sink were used: steel, stainless steel 316, 

copper and no heat sink were considered. For each kind of heat sink, four interaction time and six 

levels of intensity were used for both types of steel. After experiments, deflection angle were 

measured by three dimension coordinate system and cross section of all specimen was captured, 

microstructure distribution such as martensite, bainite, ferrite and pearlite within heat treated region 

for all specimen were analyzed. All of deflection angle was distributed within interaction time and 

intensity. From this study, thermal deformation is reduced from positive value to negative value when 

a heat sink is used. Between positive value and negative value, zero deflection regimes, which are 

considered good conditions for heat treat process, are observed. In these different appearance of 

deflection angle, two different thermal deformation mechanisms are involved, which are plastic 

deformation and phase transformation. Plastic deformation cause positive deflection angle and the 

phase transformation cause negative bending angle. It was also observed that heat affected zone depth 

from surface of specimen with respect to the specimen thickness is an important factor for deciding 

deformation. The heat affected zone depth is approached half of specimen, the thermal deformation 

angle is located in zero regime region as heat sink was used. 
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Controlling thermal deformation using a heat sink in laser heat treatment 

of carbon steel sheets 

1. INTRODUCTION 

In these days, sheet metal processing technologies with high power lasers have received high 

attention from various fields. But in sheet metal processing, thermal deformation is important problem. 

For instance, in a laser forming process, thermal deformation is used to form a metal sheet into a pre-

designed form, but in different laser processing, such as in hardening, it is aimed to be minimized for 

enhancement. 

Because of importance of controlling thermal deformation, its behavior in laser processing has 

been studied, but plastic deformation in laser forming or bending applications were influenced to most 

of the systematic studies. One researcher studied laser bending of stainless steel 304 sheets. Various 

factor in processing such as energy density, scan speed, sheet thickness and number of passes on 

bending angle was observed[1]. And other researcher studied about laser forming process of AISI 

1008 sheets and stainless steel 304 sheets. In this research, the buckling instability influence to 

direction of bending of sheets such as toward or away from the laser beam [2]. And other researcher 

investigated influence of single pulse of CO2 laser on transient deformation of thin stainless steel 304 

sheets by three-dimensional simulation and experiment. This study showed relation between the peak 

temperature of metal sheets and negative bending angle according to prolonged radiating time and 

thickness of specimen[3]. 

Actually, study of thermal deformation behavior by laser has not been studied enough, because 

thick enough steel structure have been considered heat-treatable, reason of self-quenching effect of 

laser[4]. However, in recent, by introducing heat sink for assisting enhancement of cooling 

performance, method for laser hardening was proposed[5]. In this paper, process map was used for 

approach[6], the author observed thermal deformation behavior of steel sheet after heat treatment 

process. Unlike laser forming process, solid-state phase changes was considered important factor of 

thermal deformation. A 3kW diode laser was used in experiment and 2 mm thick DP590 dual phase 

steel and boron steel were used for specimen. After the experiments, bending angles from thermal 

deformation were measured and each phases, such as martensite, bainite, pearlite and so on, were 

distributed and analyzed. The use of a heat sink cause significant reducing of the deflection angle, 

eventually, direction of bending also was reversed compared with initial bending direction. In this 

process, zero deformation regimes were shown between the two different deformation regimes. Also, 

the normalized depth of heat affected zone (HAZ) was considered important parameter for analyzing 
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bending angle. This study shows that, use of heat sink cause decreasing in thermal deformation due to 

decreased plastic deformation. 

  

2. BACKGROUND  

 Laser transformation hardening is the use of laser radiation absorbed in a metal to change the 

crystal structure and increase the surface strength. Usually, the traditional heat treatment was 

conducted on the furnace. From this reason, this way needed to conduct hardening on most area of 

specimen. But laser transformation hardening, as shown in Figure 1, is occurred on smaller area than 

traditional way. By controlling the condition, the area of transformation hardening can be decided. 

Likewise, the use of laser for heat treatment has several advantages; it is good for localizing, high 

heating and cooling speed.[4] 

 

 

Figure 1 Schematic of laser transformation hardening 
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In laser heat treatment process, beam is irradiated over the surface of the materials to be treated. 

The processing conditions are selected so that melting does not take place as shown in Figure 2. The 

higher power and lower speed condition cause higher temperature. Reason why conditions are 

positioned under melting is it cause rough surface from solidification process. So, conditions for 

processing are selected between A3 temperature, which begin the carbon in the steel diffuse around, 

and melting temperature.[7] In order to control surface temperature of material, several parameters 

were controlled such as power and scan speed.  

 

Figure 2 Heating process classification with intensity and interaction time 

  

In the phase transformation process, the diffusion causes the atoms of the dissolved element to spread 

out, attempting to form a homogenous distribution within the crystals of the base metal. At the cooled 

state, which is insoluble state, the atoms of the dissolved solutes may migrate out of the solution. This 

forms a microstructure generally consisting of two or more distinct phases.[8] In this study, the steel is 

used for material and laser transformation hardening has self-quenching effect, which cause specimen 

to cool fast rate, so martensite phase can be obtained easily. Many metals produce a martensite 
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transformation at fast cooling rate. When a metal is cooled very quickly, the insoluble atoms may not 

be able to migrate out of the solution in time. Also cooling rate is slower, the bainite, pearlite, and 

ferrite phase are formed. The Figure 3 is TTT diagram of steel, it shows kind of phases formed with 

other cooling rate. In other word, if there were enough diffusion duration, the wide range of steel 

phases can be obtained depending on the cooling rate.  

 

Figure 3 TTT diagram of steel  

(From Ki, H., So, S., 2012. Process map for laser heat treatment of carbon steels. Optics & Laser 

Technology 44, 2106-2114) 
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3. EXPERIMENT 

In this study, a 3 kW diode laser (Trumpf TruDiode 3006) with a top-hat intensity profile was 

used as an energy source. The shape of laser beam is a square spot size of 5.4 mm  5.4 mm, and 

wavelength range is in range of 900~1000 nm. DP 590 dual phase steel and boron steel were used for 

specimen with a thickness of 2 mm which was cut into 20 cm  10 cm specimens and laser heat 

treatment was conducted. Chemical compositions of two specimens are summarized in Table 1. Note 

that DP 590 steel is considered as high strength steel, which is usually used for automotive body parts, 

and boron steel contains 10 to 30 ppm of boron as an alloying element and has a powerful 

hardenability. In this experiment, surface temperature of specimen was measured up to 1600C using 

a pyrometer that was attached to the laser equipment, and for to control thermal deformation, 3 types 

of heat sink (steel, stainless steel 316, copper) and no heat sink were used. 

 

 

Table 1 Chemical compositions (%) of DP 590 steel and boron steel 

Steel Type C Mn Si P S B Fe 

DP 590 0.078 1.796 0.0345 0.0128 0.0014 - Balance 

Boron steel 0.2 1.15 0.39 0.015 0.004 0.0024 Balance 

 

 

 

Figure 4 shows a schematic of the experimental setup. A specimen (gray) was on the 

heat sink (yellow) and experimental jig with six clamps were used for attaching the specimen. 

Using these clamps, both the heat sink and the specimen were fixed together tightly. In this 

study, thickness of heat sink was designed to be 3 cm, which was larger than the heat 

diffusion length during the longest interaction time. As shown in the figure, scan pass of the 

laser was along the centerline and the center 10 cm was heat treated. In actual, thermal 

contact resistance may play an important role between the specimen and the heat sink, but 

this effect was neglected for the sake of simplicity. 



-６- 

 

 

Figure 4 A schematic of the experimental setup. A specimen (gray) is placed on a heat sink (yellow), 

which is inserted inside a jig with six clamps. Using the clamps, both the specimen and the heat sink 

can be firmly fixed during the experiment 

 

In this study, two types of steel, three types of heat sink and no heat sink were used for 

experiment, resulting in a total of 8 different cases. For each case, a set of 24 experiments (four 

interaction time and six intensity) was performed to cover a large process parameter space defined in 

terms of absorbed laser intensity (I) and interaction time (ti). In this study, four interaction time values 

(0.36, 0.64, 1.13, and 2 s) using a logarithmic scale, and for each interaction time six laser powers 

were selected as follows. For a given interaction time, two laser power values corresponding to the 

specimen surface temperatures of 800C (P1) and 1400C (P4) were first chosen using the pyrometer. 

Note that the chosen temperatures are near to the A3 temperature (793C) and melting temperature 

(1470C) of steel[9]. Then, in between the two selected power (P1 and P4), power divided into three 

equal intervals and selected the dividing power values (P2 and P3) as P2 = P1 + (P4  P1)/3 and P3 = P2 

+ (P4  P1)/3. Therefore, for a given interaction time, four laser power values were selected to cover 

from 800C (slightly higher than the A3 temperature) to 1400C (slightly lower than the melting 



-７- 

 

temperature). And then, the remaining two power levels were selected as P5 = P4 + (P4  P1)/3 and P6 

= P5 + (P4  P1)/3. Six intensity levels (I1, I2, I3, I4, I5, and I6) corresponding to the six power levels 

were then calculated as  

 
beamP

I
A


 , (1) 

,where A  is the beam area (5.4 mm  5.4 mm) and beam  is the laser beam absorptivity. In this 

study, based on Pantsar and Kujanpaa (2004)[10] and previous experiences[6, 11] a laser beam 

absorptivity of 0.7 was used. So, six intensity levels (I1, I2, I3, I4, I5, and I6) can be selected for a given 

interaction time. Note that the process parameter space that consists of the designed 24 experiments is 

large enough for covering most of the practically used laser hardening process parameters, within the 

capacity of the hardening equipment employed in this study. 

 

4. THERMAL DEFORMATION MEASUREMENT 

 

Figure 5 3-D scanned surface profile of a laser heat treated boron steel specimen 
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In this study, the deformation of specimens due to thermal residual stress was measured by using 

a coordinate measuring machine (Model PGS by Dukin). Figure 5, shows a boron steel specimen 

surface profile reconstructed from measurement data. In this case, a 10 cm  10 cm area in the middle 

of the specimen was scanned at a scan interval of 1 mm in each direction (therefore, the untreated 

parts were not scanned), and as shown clearly, the specimen is bent upward (toward the laser beam) 

about the centerline along which the laser beam traveled. Note that this is a typical thermal 

deformation pattern in laser materials processing[12]. To quantify the amount of deformation, the 

angle of deflection was measured with respect to the initial surface profile. The larger the deformation 

angle is, the higher the thermal residual stress is, and in most cases the deformation angle needs to be 

minimized while other process requirements are satisfied. In this study, positive and negative angles 

are defined as upward and downward deformation, respectively, and therefore, the deformation shown 

in Figure 5 is a positive deformation. 

As shown in in Figure 5, the curved boundary lines, however, the deformation pattern is not 

uniform even for the heat treated region. This is because only the center 10 cm was heat treated as the 

specimen length was 20 cm. In this case, the untreated 10 cm part (5 cm both side) will endure the 

deforming force and the measured deformation angle will be smaller than the actual deformation 

angle corresponding to the given process parameters. In order to reflect the issue, 6 cm parts from 

both ends of the specimen were cut out using a Nd:YAG laser cutting system and only the center 8 cm 

part that was fully heat treated was used. Note that this laser cutting operation may cause additional 

thermal residual stresses in the specimen and may alter the deformation angle. So, by using 10 non 

heat treated specimens, deformation angle change before and after the laser cutting procedure was 

measured and it figured out that the angle change due to the cutting ranged from 0.001 ~ 0.077, 

which was considered to be negligibly small and acceptable for this study. 

Figure 6 represents the measured deflection angle distributions on an intensity-interaction time 

diagram for eight different cases after the specimen sides were cut out. Here, the color and size of a 

circle indicate the direction and magnitude of deflection angle, respectively, corresponding to the 

given process parameters. The red color circle means that the deflection is upward (positive) and the 

blue color circle downward (negative) deflection. Note that for each case the process parameter space 

is roughly shown by the distribution of 24 data points.  
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Figure 6 Deflection angle maps for Boron steel and DP590 dual phase steel, no heat sink (a), (b), 

stainless steel heat sink (c), (d), steel heat sink (e), (f) and copper heat sink (g), (h)  
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As shown in Figure 6, it is distinctly shown that the deflection angle reduce when a heat sink is 

used. At no heat sink condition (Figure 6 (a) and (b)), the deflection angles were observed positive 

except at only one data point. (For the DP 590 steel heat treated at ti = 2 s and I = I6, the deflection 

angle was 0.27.) As shown in Figure 6 (c)~(h), with heat sink condition, the deflection angle 

decreases for all processing conditions, in other word, initially small positive deflection angles 

become negative (meaning that the bending direction changes). This tendency is commonly 

continuous over the entire intensity levels from I1 to I6. One important result of this phenomenon is 

that by using a heat sink it is possible to get proper laser parameters that lead to virtually no bending, 

which are located between the positive (red circles) and negative (blue circles) deflection regions. 

 For all cases, with the intensity increases from I1 to I6, the deflection angle also gradually 

increases and then decreases for all cases. From this tendency, it can be assumed that the internal 

thermal residual stress is the largest at intermediate intensity values (or at intermediate surface 

temperatures). 

In Figure 6, it is also shown that entire the deflection angle decreases as the interaction time 

increases, which seems to be caused by the reduced gap in the stress field direction of the specimen 

thickness at larger interaction times. Note that the large interaction times, which causes the heat 

penetration depth increases, so the stress difference across the specimen thickness becomes smaller.  

 

 

Figure 7 Deflection angle vs. heat sink type before and after the cutting of specimen sides 
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In order to analyze the effect of heat sink on thermal deformation more quantitatively, for each 

deflection distribution in Figure 6, an average value of all 24 deflection angles was calculated for each 

of all cases, and shown in Figure 7. Here, absolute angle values were introduced for the calculation of 

averages neglecting the direction of bending. Note that in Figure 7, the dotted lines indicate the 

deflection angles before the laser cutting of specimen both sides and the solid lines are the deflection 

angles after the cutting. Blue and red colors circles represent boron steel and DP 590 steel, 

respectively. As shown in the figure, after sides of specimen were cut out, there is an almost similar 

increase in deflection angle of roughly 0.12 for all cases. This phenomenon means the cutting of 

specimen sides was indeed necessary and appropriate. In Figure 7, it can be also seen that the 

deflection angle can be significantly decreased with the use of a heat sink regardless of the heat sink 

type. In case of boron steel, deflection angle decreases with the thermal conductivity of heat sink 

increases (from stainless steel to copper), but it is the opposite tendency compared with DP 590 steel. 

However, in both cases, the difference in deflection angle from stainless steel to copper is very small, 

which, considering that the averages were calculated neglecting signs, seems not to be meaningful. 

 

5. EFFECT OF MICROSTRUCTURE ON DEFORMATION 

In order to use the underlying mechanism of thermal deformation, a microstructural analysis 

was conducted. In this study, heat-treated specimens were cut in the center position and optical 

micrographs were taken. Figure 8 and Figure 9 represent area of different microstructures both boron 

steel and DP 590 steel specimens, respectively. The specimen of boron steel shown in Figure 9 was 

heat-treated at an I5 (intensity) and 1.13 s (interaction time) on the copper heat sink. The DP 590 steel 

specimen shown in Figure 9 was heat-treated at I6 (intensity) and 1.13 s (interaction time on the 

copper heat sink. In both cases, microstructures were divided into five types. Type A and B represent 

martensite phase which distributed at the specimen top surface. Note that both are martensite, but 

besides of the top surface, coarser grained martensite (Type A) was positioned due to faster cooling. 

Right below the martensite area, ferrite and bainite were positioned because the cooling in this case 

was not fast enough to form martensite. This region was classified as Type C. Below the Type C 

microstructure appears an heat affected zone (HAZ), or Type D, where both ferrite and pearlite were 

positioned. The Type E microstructure indicates the base metal area. In Figure 8 and Figure 9, red 

solid line, red dashed line, blue solid line and blue dashed line respectively denote Type A, B, C and D 

microstructures 
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Figure 8 Optical micrographs of a heat-treated boron steel specimen (ti = 1.13 s, I = I5, Copper heat 

sink) showing regions of different microstructure.  

 

 

 

 

Figure 9 Optical micrographs of a heat-treated DP 590 steel specimen (ti = 1.13 s, I = I5, Copper heat 

sink) showing regions of different microstructures 
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Using this classification, each phase distribution of all specimens was analyzed. Figure 10 and 

Figure 11 show optical micrographs of the cross-sections of boron steel and DP 590 steel specimens, 

respectively, that were heat treated at an interaction time of 1.13 s. The results for no heat sink, 

stainless steel heat sink, steel heat sink and copper heat sink are presented side by side in the order of 

increasing thermal conductivity. Also, all six intensity level results are shown in the vertical direction. 

In all micrographs, micro Vickers hardness graph along the center of the heat-treated region are shown 

on the right sides of the figures. In this study, micro Vickers hardness was measured on the cross-

sections by applying a load of 0.5 N for 15 s using a Vickers hardness tester (Tukon 2100B Tester by 

Instron). Although there can be some measurement errors, microstructure distributions are in line with 

hardness distributions, and the hardness starts to decrease from the HAZ region (Type D). Also, as 

expected, martensite for boron steel is much harder than DP 590 martensite. 

For both steel types, it is noticed that as the thermal conductivity of heat sink decreases from 

copper to no heat sink, generally the region of phase change (Type A ~ Type D microstructures) 

becomes deeper, especially Type C and Type D microstructures. One more thing to note here is that 

for the lowest two intensity levels (I1 and I2) in most cases phase change didn’t take place, which 

means that any thermal deformation for these two intensity levels are due to plastic deformation, not 

reason of microstructural change. 
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Figure 10 Optical micrographs showing the cross-sections of heat treated boron steel specimens for ti 

= 1.13 s. From bottom to top, intensity level increases from I1 to I6. Micro Vickers hardness values 

along the center of the heat treated zones are shown on the images 

 

Figure 11 Optical micrographs showing the cross-sections of heat treated DP 590 steel specimens for 

ti = 1.13 s. From bottom to top, intensity level increases from I1 to I6. Micro Vickers hardness values 

along the center of the heat treated zones are shown on the images 
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In Figure 12, deformation angle is plotted versus 
0 iI t . Note that as demonstrated by So and 

Ki (2014), the factor 
0 iI t  is a parameter that is proportional to surface temperature in laser heating 

processes, so this plot will show how deformation angle changes as the specimen surface is getting 

heated, or as the heating process progresses. Figure 12 (a) and (b) represent boron steel and DP 590 

steel results, respectively, and the color of a data point indicates the heat sink type. (Red, green, blue 

and black colors respectively represent stainless steel, steel, copper and no heat sinks.) Also, the size 

of a circle indicates the interaction time, and a circle filling type represents a type of microstructure, 

which was classified previously. Solid lines are trend lines corresponding to heat sink types. 

From both figures, it can be noticed that deformation angle increases in the positive direction as 

long as Types A, B, C microstructures are not formed. However, as martensite and bainite phases 

appear, the direction of deformation change to opposite direction and the angle starts to decrease. 

When a heat sink is employed, the deformation becomes eventually negative but for the no heat sink 

case the angle remains positive, except for one point in Figure 12 (b). 
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Figure 12 Deflection angle vs. 𝐈𝟎√𝐭𝐢 for Boron steel (a) and DP590 dual phase steel (b) 
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Here, two important things can be noticed. First, there are two different types of thermal 

deformation as evidenced by the two trend lines. The first part, where angle increases as 
0 iI t  

increases, is believed to be a plastic deformation regime because there are basically no microstructural 

changes as shown in the lowest two intensity levels in Figure 10 and Figure 11. In laser forming 

applications where plastic deformation is utilized, it is generally accepted that three different physical 

mechanisms may take place depending on laser parameters and sheet thickness: temperature gradient 

mechanism, buckling mechanism, and upsetting mechanism, the last of which is not a possible 

deformation mechanism because it occurs only when the sheet is uniformly heated in the thickness 

direction[13]. The plastic deformation observed in this study is believed to be caused by the 

temperature gradient mechanism. The temperature gradient mechanism is known to occur when the 

ratio of the heated area diameter to the sheet thickness is in the order of 1 while the ratio needed for 

the buckling mechanism is in the order of 10[13]. In this study, the beam width is 5.4 mm and the 

specimen thickness is 2 mm, so the ratio is 2.7, which is close to the temperature gradient mechanism 

criterion. Also, positive deflection angles are another evidence of the temperature gradient mechanism. 

The second part, where angle decreases, is believed to be caused by the hardening process. Note 

that the majority of the data points in this region correspond to martensite, and some bainite is 

observed especially in the early part of this regime. It is believed that this negative angle change is 

caused by volume increase accompanied by martensitic transformation. Because martensite is formed 

starting from the specimen top surface where cooling is the fastest, it is as though the bending force is 

exerted downward, and the magnitude of the bending force will be proportional to the amount of 

martensite, as shown in Figure 12. 

Secondly, when a heat sink is used, the deformation angle becomes much smaller regardless of 

the heat sink type. In fact, this smaller deformation angle starts from the plastic deformation regime, 

and therefore can be explained in terms of the modified heat flow behavior due to a heat sink. Note 

that it was reported that a heat sink can significantly improves the heat flow in the normal direction[5]. 

In other words, with a heat sink, it is as though the effective heat input is decreased, which results in a 

decrease in the deformation angle. As reported in literature[14], plastic deformation angle is 

proportional to the amount of heat input. 
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Figure 13 Deflection angle vs. normalized HAZ depth (δ*) for Boron steel (a) and DP590 dual phase 

steel (b) 
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To understand the effect of phase change on deflection angle more clearly, in Figure 13, 

deflection angle is plotted versus normalized HAZ depth, or δ*, which is defined as the specimen 

depth with phase change (denoted by Type A, B, C, D microstructures) normalized by the specimen 

thickness. As clearly shown, deflection angle is very strongly dependent on the normalized HAZ 

depth. In this plot, plastically deformed specimens are shown collectively at the left side where 

normalized HAZ depth is zero. However, as examined previously, as the laser power increases 

deformation angle increases (moves vertically up in this case). After this plastic deformation region a 

transition region appears, which is shown as a dashed horizontal line and the deformation angle does 

not change much although the normalized HAZ depth increases. As shown by the circle filling type, 

Type C and D microstructures appear in this region. After the transition region comes a martensite 

phase region, where the deflection angle decreases linearly as the normalized HAZ depth increases. 

The tendency is strong and extends until the HAZ reaches the bottom of the specimen. Once the HAZ 

reaches the specimen bottom, the deflection angle seems to increase again in the positive direction as 

demonstrated from the no heat sink result of boron steel (black data points at δ* = 1 in Figure 13 (a)). 

The overall behavior of deflection angle is shown as arrows in Figure 13. As shown, when plotted 

versus the normalized HAZ depth, the effect of heat sink type is not quite distinguishable. 

The decrease in deflection angle due to the use of a heat sink can be ascribed to two factors as 

shown Figure 13. First, as mentioned already, less plastic deformation occurs due to decreased heating 

effect when a heat sink is employed. As shown in the figure, the amount of deflection angle difference 

at the end of the plastic deformation regions is marked as θ1. From this point to the onset of 

martensitic phase change, the overall angle change is small for both cases. Also, the slopes of 

deflection angle decrease for the martensite phase change region seem to be similar regardless of the 

use of a heat sink. However, when a heat sink is used, martensite appears much earlier in terms of the 

normalized HAZ depth. For boron steel, this region starts at δ* ≈ 0.2 with a heat sink, but it is delayed 

to δ* ≈ 0.4 when a heat sink is not employed. A similar pattern can be found from the DP590 steel 

result. This difference yields a deflection angle difference of θ2, as shown in Figure 13. Apparently, 

when a heat sink is used, martensite phase can be formed more easily due to enhanced cooling. 

Therefore, at the same normalized penetration depth, deflection angle can be decreased by θ1+ θ2. 
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6. CONCLUSION 

Thermal deformation behavior in heat-sink assisted laser transformation hardening was 

experimentally investigated. Thermal deformation can be significantly decreased by the use of a heat 

sink and this occurs regardless of process parameters. The decrease in thermal deformation is caused 

by (1) decreased plastic deformation due to the decreased heating effect and (2) promoted martensite 

formation due to the enhanced cooling effect. 

Positive deflection is caused by plastic deformation and negative deflection is driven by 

martensite formation. In between the two deflection regimes, a transition regime exists, where 

bainite/ferrite or pearlite/ferrite are primary microstructures. 

When a heat sink is used, the direction of thermal deformation becomes reversed at high 

interaction times, so that a zero deformation regime appears between the positive and negative 

deflection regimes. Using this finding, optimal process parameters to minimize thermal deformation 

can be determined. 

The normalized HAZ depth is an important parameter for analyzing thermal deformation. 

By using surface temperature for variable, it is good way to control the thermal deformation 

effectively. Using the principles found in this work, it is believed that the thermal deformation during 

not only the laser transformation hardening process but also general laser-based sheet metal 

manufacturing processes can be effectively controlled. 
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