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Abstract: Laser surface hardening is an attractive heat treatment solution used to selectively enhance
the surface properties of components by phase transformation. A quantitative parameter to measure
the efficacy of hardening processes is still lacking, which hinders its application in industries. In
this paper, we propose a simple approach to assess the effectiveness of the process by calculating its
thermal efficiency. The proposed method was applied to calculate the hardening efficiency during
different laser processing conditions. This study revealed that only a small portion of supplied laser
energy (approximately 1-15%) is utilized for hardening. For the same laser system, the highest
efficiency is achieved when surface melting is just avoided. A comparative study showed that pulsed
lasers are more efficient in energy utilization for hardening than continuous wave laser. Similarly,
the efficiency of a high-power laser is found to be higher than a low-power laser and an increase
in beam absorption produces higher hardening efficiency. The analysis of the hardened surface
revealed predominantly martensite. The hardness value gradually decreased along the depth, which
is attributed to the decrease in percentage of martensite.
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1. Introduction

Laser surface hardening is an emerging technique used in manufacturing industries to
selectively increase the surface hardness of highly stressed components such as camshafts,
crankshafts, brake drums, bearings and gears by phase transformation. It produces a
hardened wear-resistant outer layer without affecting desirable bulk properties such as
toughness and ductility [1]. Compared to other techniques such as induction and flame
hardening, the laser hardening process enjoys a short hardening time, low surface distor-
tion, ease of automation and ability to harden any kind of steel with complex geometry.

The surface transformation hardening using lasers has attracted considerable attention
in recent decades [2-7]. However, the productivity of surface hardening remains a big issue
for its industrial acceptability. Despite the progress made in computational modeling and
simulation [8,9], experimental trials are still required to select the processing parameters for
industrial hardening applications. The main aim is to determine the right laser parameters
to achieve superior surface hardness and the desired hardened depth. The availability of a
suitable framework would ease the screening process and help in optimization.

In welding, a parameter called joining efficiency is widely used to quantify the effec-
tiveness of the welding process [10]. It is defined as the ratio of the product of welding
velocity and plate thickness to the incident power used for welding. The parameter gives a
simple measure to quantify the energy spent in melting the interface to be joined. It can also
be used to compare the effectiveness of different welding processes such as arc welding,
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plasma welding and laser welding. Similarly, thermal efficiency has been proposed for laser
cutting processes to account for the material removal capability, dimensional accuracy and
quality of the cut [11]. However, a quantitative parameter to determine the effectiveness
of the hardening process is still missing. In this regard, it seems essential to develop a
method that can calculate the hardening efficiency of the process to be deemed viable for
industrial applications.

In this paper, a simple approach to assess the effectiveness of laser transformation
hardening by calculating its efficiency was proposed. The method was applied to calculate
the hardening efficiency of a fiber laser during processing of 50CrMo4 steel. In relation
to the effectiveness of hardening, the microstructures and hardness distribution after
hardening were also investigated.

2. Laser Hardening Efficiency

The efficiency of a system defines its ability to do things successfully and without
waste. In other words, it measures the extent to which the input is utilized for an in-
tended task. Thus, the efficiency parameter for hardening should define the capability
of the process to produce a hardened surface (output) with respect to the laser energy
supplied (input).

When a high energy laser beam irradiates a material, only a part of the incident energy
is absorbed by the material, as illustrated in Figure 1. The absorbed energy is used to heat
up the material. The heating from the laser energy increases the temperature of the surface
and the surrounding region. It is more prominent near the surface than inside it. When the
beam source moves away, the heated region rapidly cools and transforms to martensite
producing hardened surface layer.

Incident laser beam

Reflection

Absolrption
| }
Energy lost Energy utilized for
hardening

Figure 1. Schematic diagram showing laser energy transfer during laser surface hardening.

It is worth pointing out that not all of the region affected by the laser heating trans-
forms into martensite. Only the area near the surface where the austenitization temperature
is reached or exceeded transforms into hard martensite. The martensitic transformation
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also depends on the rate of cooling. The cooling rate can be calculated using Rosenthal’s
equation for a moving point heat source [10,12] which is given by

oT  2mAv

2

where A is the thermal conductivity, v is the scanning velocity, A is the absorptivity (taken
as 0.36 for a typical steel surface), g is the laser power and Tj is the ambient temperature.
Based on Equation (1), the value is calculated to be in excess of 10° K/s near the surface
while it dropped to approximately 10* K/s at the depth of 300 um—both of which are
higher than the critical cooling rate required. Therefore, the cooling is generally sufficient to
induce martensitic transformation during laser processing without the aid of any quenching
medium [13].

Since the cooling rate is generally fast enough for martensitic transformation, the
volume of the hardened region is the main factor to determine the effectiveness of laser
hardening. Therefore, the actual energy utilized for hardening is the energy required to
harden this region. The hardening efficiency can then be calculated as the ratio of energy
required to harden the substrate material to laser energy input for the hardening process.
The rate of energy input during laser hardening can be calculated as

: dE.

where g is the laser power applied.

The energy utilized for hardening consists of two parts—first, the energy required
to raise the temperature above austenitization temperature and second, the latent energy
required for phase transformation. Assuming the soaking time is sufficient for carbon
homogenization to obtain martensitic structure on cooling, the minimum rate of energy
(i.e., power) utilized for phase transformation hardening can be calculated using the
following equation:

: dE,ti1; d (Tf d
Etilized = % = /TO pVCpdT + E(pVLp) (3)

where p is the density of the material, C,, is the specific heat of the material, V is the volume
of hardened zone and L, is the specific latent heat of the phase transformation, the value
for which was obtained from [14]. Ty and Ty represent the room temperature and the
highest surface temperature, respectively.

The temperature in the laser-affected zone gradually decreases along the depth with
the highest temperature at the surface. Depending on the laser parameter used, the
temperature at the surface can be much higher than the austenitization temperature.
Equation (3) can be simplified by assuming constant material properties and considering
the temperature rise to upper austenitization temperature (As3) as a sufficient condition
for hardening. In the actual case, an additional energy is utilized to heat the region to a
high temperature which should be accounted for in the total energy utilization. However,
the assumption is justifiable as it greatly simplifies Equation (3) and removes the need to
measure the exact temperature of the surface.

Equation (3) can now be simplified as

- dEutilized _ d [43 d .
where v is the scanning velocity and A is the cross-section area given by A = wd;

w represents the width and d is the depth from the surface. The width and depth are
measured from the cross-section metallography of the laser-affected zone after etching
with 2% nital solution.
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The thermal efficiency is defined as

p = Dutilized o 1009, ()
Ein
The definition provides a simple measure of assessing the efficiency of laser hardening.
It also accounts for the material properties and volume of the hardened region.
In 2018, Ameri et al. [15] proposed a different method to calculate the hardening
efficiency of a fiber laser. They defined a hardening efficiency index (HEI), which is

given by

per = AH*A ©)

in

where AH is the average increase in hardness of the material, and A is the cross-sectional
hardened area. This method requires the determination of hardness and the microstructural
changes in the laser-hardened zone. It can be a tedious task as hardness and microstructure
vary along the depth. As the thermal influence decreases away from the surface, the
hardness also gradually decreases which is hard to accurately capture using Equation (6).
Therefore, instead of computing the average increase in hardness, a more accurate way of
measuring process efficiency could be to consider the thermal influence of the laser heating
using the energy utilization concept. It omits the need to quantity the extent of fusion
zone, martensite and bainite which are required as input to calculate HEL. Our proposed
approach uses the temperature increase in the hardened region and material properties to
quantify the effectiveness of hardening. Therefore, it should provide a better definition to
quantify the effectiveness of hardening.

The definition given in Equation (5) was used to calculate the hardening efficiency of
a fiber laser in the surface hardening of 50CrMo4 steel. The method was also applied to
other types of lasers for the purpose of comparing their hardening efficiencies.

3. Experimental Methods

To test the efficiency of the hardening process, laser hardening was performed on
50CrMo4 bearing steel with nominal chemical composition, as shown in Table 1. Spec-
imens were extracted from a cylindrical steel bar using electric discharge machining.
The surfaces of the specimens were ground with progressively finer SiC papers (120,
P180, P320, P400, P800, P1200) producing a final surface roughness of approximately
0.376 pm =+ 0.052 pm. The specimens were cleaned with alcohol and dried with an air gun
before laser surface treatment.

Table 1. Chemical composition (in wt%) of 50CrMo4 steel used.

Elements C Cr Mn Mo Si P S Fe
wt% 0.51 0.95 0.88 0.20 0.23 0.04 0.04 Bal.

An Ytterbium-based continuous wave fiber laser (YLR-150/1500-QCW, IPG Photonics,
Oxford, MA, USA) with wavelength of 1070 nm was used for surface hardening. The
laser beam approximates a Gaussian-shaped intensity distribution at the center. Single line
scans of 10 mm length were made on the steel surface using a laser beam of 0.5 mm spot
radius. The power used was in the range of 150 W-230 W, while the speed was varied from
10 mm/s to 75 mm/s (see Table 2). All experiments were performed in air.
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Table 2. Parameters used for laser surface hardening experiments.

S.N. Power (W) Speed (mm/s) Beam Spot Diameter (mm)  Heat Input (J/mm?)

1 200 75 0.5 53
2 230 75 0.5 6.1
3 200 50 0.5 8.0
4 230 50 0.5 9.2
5 150 25 0.5 12.0
6 200 25 0.5 16.0
7 230 25 0.5 18.4
8 150 10 0.5 30.0
9 200 10 0.5 40.0
10 230 10 0.5 46.0

After surface treatment, the cross-section microstructure of the laser-hardened layer
was studied using the optical microscope (OM, Carl Zeiss AxioCAM, Oberkochen, Ger-
many) and scanning electron microscope (SEM, 5600LV, JEOL, Tokyo, Japan). The measure-
ments were carried out in OM and SEM images using the freely available image processing
software (ImageJ 1.7.0, NIH, MD, USA). Since the laser-hardened area was in the range
of a few hundred microns, nanoindentation tests were carried out in an Agilent G200
nanoindenter (Agilent Technologies, Santa Clara, CA, USA) using a Berkovich indenter to
obtain a microhardness profile. A surface approach velocity of 10 nm/s and a maximum
depth of 2000 nm were used to create a series of indents on the laser-treated surface. The
average hardness for each point was measured using a depth range of 1000-1800 nm where
the hardness values were more stable.

4. Results and Discussion
4.1. Hardening Efficiency Analysis

A typical laser hardening process is shown in Figure 2 whereby a defocused laser beam
is utilized to scan over a surface to obtain the hardening effect. The hardened zone can
be clearly distinguished from the base microstructure after etching with 2% nital solution.
The details of structural changes are discussed in Section 4.2.

Laser beam
Width

Depth

Steel

Laser hardened zone

Figure 2. A single laser-hardened track showing associated depth and width.



Metals 2021, 11, 2015

6 of 13

4.1.1. Effect of Processing Parameters

The hardening efficiency during the processing of 50CrMo4 steel with fiber laser was
calculated based on the above approach and the results are shown in Figure 3. For the range
of experiments, the maximum thermal efficiency was measured to be 4.95% at 18.4 ]/ mm?
heat input. This shows that only a small portion of the energy supplied by laser is utilized
for hardening.

6.00

5.00 o

.y

o

S
T

Efficiency (%)
w
3

2.00 t

1.00 |

000 1 ] 1 ] 1 ] 1 ] 1
0 10 20 30 40 50

Heat Input (J/mm?)

Figure 3. Graph showing a variation of hardening efficiency with heat input.

Heat input can be varied by changing the power and speed. If the power is high
and the scanning speed is slow, then a higher heat input is obtained and vice versa. The
efficiency is low at low heat input which is expected as a lower heat input is insufficient to
increase the temperature at the surface. With the increase in heat input, the temperature
at the surface can reach the austenitization temperature required for hardening. Further
increase in heat input expands the austenitized region in the steel substrate which trans-
forms into martensite on rapid cooling. Figure 4 shows this increase in hardened depth and
width with an increase in heat input. This results in a rapid increase in hardening efficiency.
However, it is to be noted that the austenitized region does not keep on linearly increasing.
The increment slows down at higher heat input. This is because the depth of penetration is
limited by the thermal conductivity of the material. Therefore, the hardening efficiency
slightly reduces after approximately 20 J/mm?. The further increase in heat input might
result in surface melting.

From the above analysis, we observed that efficiency can vary for the same laser
system depending on the process parameter used. Generally, a high-power laser system
with a large beam spot yields higher hardening efficiency compared to a low-power laser.
This is because of the higher amount of energy available for hardening a larger area and
less energy loss due to the conduction for a high-power laser. However, the melting of the
surface consumes extra energy to reduce the overall hardening efficiency as seen above.
Therefore, the process parameters should be chosen such that melting is avoided to achieve
maximum hardening efficiency during processing.
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Figure 4. Graph showing the effect of heat input on the (a) depth of hardening; and (b) width of hardening.

4.1.2. Effect of Pulse Duration

A comparative study on the effect of laser pulse duration in surface hardening was
conducted in our previous work [5]. The data from the study were used to calculate the
hardening efficiencies of various pulsed lasers here and the results are summarized in
Figure 5. From the calculation, it is obvious that femtosecond and picosecond pulsed
lasers had zero hardening efficiency, as no hardening effect was observed when using such
short pulsed lasers. A continuous wave laser and a millisecond laser were used to achieve
a similar hardening effect by tuning the process parameters. The efficiency calculation
revealed that the millisecond laser has a hardening efficiency that is almost double that of
a continuous wave laser to achieve the same hardening effect. This suggests an effective
utilization of laser energy for hardening of the millisecond laser, which explains why a
low-power millisecond laser is sufficient to achieve a hardening effect similar to that of the
high-power continuous wave laser.

8.00%

7.26%

7.00%
6.00%
5.00%

4.00%

Efficiency

3.00% 2.77%

2.00%
1.36%

1.00%
0.00%

0.00%

fs and ps laser ns laser ms laser cw laser

Figure 5. Hardening efficiency comparison for different pulsed lasers used in our previous study [5].
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Interestingly, the nanosecond laser yielded the highest efficiency (7.26%). This could
be due to the specific laser-processing condition used for the comparative study, which
coincided with a good energy utilization for hardening (as discussed in Section 4.1.1).
Generally, most of the energy during nanosecond laser treatment is utilized for the ablation
of the surface and surface hardening is actually a side effect. The fast processing speed
(200 mm/s) used for the study must have resulted in an overall heat input which is
insufficient for producing deep surface ablation but still large enough to heat up the surface
and produce a hardening effect. Based on the current findings, a detailed investigation of
nanosecond laser processing is recommended to understand the feasibility of hardening
without creating any surface ablation.

4.1.3. Effect of Laser Wavelength

The absorption of the laser beam by a steel surface increases with the decrease in laser
wavelength. Higher absorption should result in a larger amount of energy available for
surface heating. Nevertheless, infrared lasers are still widely employed for surface harden-
ing due to their low cost and easy availability. With the recent progress in laser technology,
new high-power lasers with wavelength in the visible range are being developed [16-18].
These lasers may become gamechangers in industrial material processing.

Based on the existing literature, a comparison of the hardening efficiencies of lasers
with different wavelengths is shown in Table 3. A slightly lower efficiency was calculated
for the fiber laser used in our experiment compared to others. This is probably due to the
low power used in our case. With the low power available, the hardened volume is small
and much of the energy is lost in heating the substrate.

Table 3. Hardening efficiency calculation of different lasers.

Laser Type Power (W) Wave Length (um) Type of Steel Max. Hardening Efficiency (%) Ref.
Fiber laser 230 1.07 50CrMo4 steel 4.95 -
CO, laser 2500 10.6 AISI 1045 4.59 [19]
CO, laser 1500 10.6 AISI 5135 (coated with MoS,) 8.02 [20]

Diode laser 1400 1.06 AISI 420 9.68 [4]
Blue laser 250 0.445 AISI 420 22.85 [16]

Despite having a long wavelength, the high-power CO, laser had an efficiency similar
to that of fiber laser. Interestingly, the use of an absorptive coating layer during CO, laser
hardening almost doubled the hardening efficiency. This is because of the increase in
absorption rate, which ensures that more energy is available for surface hardening. Most
importantly, the high-power blue laser recorded the highest efficiency (22.85%). This is
attributed to the higher absorption of blue laser by the steel (70.4% absorption rate for blue
laser compared to 25.6% for fiber laser [16]). This efficiency is more than double that of the
hardening efficiency achieved with the high-power diode laser. This demonstrates that the
efficiency can be improved by increasing the absorption of laser energy into the material.

The evaluation of hardening efficiency thus reveals that high-power lasers are more
efficient for hardening than the low-power laser and CO; laser. This gives an idea of how a
laser can be effectively utilized for surface hardening. However, care must be taken while
interpreting the efficiency values. The approach was designed to compare the relative
efficacy of the surface hardening process in a simple way. Assumptions made for the
calculation such as negligible heat loss through the conduction and absence of surface
topography effect may not apply in all cases. The efficiency of the same laser might be
different depending on the material properties and initial material conditions. On the
other hand, processing parameters such as scanning speed, beam spot size and power
can alter the volume of the hardened region. Therefore, there is still room for the further
development of this approach to compare the efficiency of the laser-hardening process.
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4.2. Microstructural Changes during Hardening

The hardening of the surface due to laser beam absorption produces a unique mi-
crostructure which is different from the base material. A typical macrograph of the cross-
section zone of a laser-hardened layer is shown in Figure 6. The depth and width of the
hardening were measured to be approximately 290 um and 930 pm, respectively. As can be
seen, the laser-affected area can be clearly distinguished from the base microstructure. The
shape is due to the flow of heat energy across the surface perpendicular to the direction of
travel of the laser beam inside the material.

Figure 6. Optical micrograph of the cross-section of the laser-hardened region obtained using
46 J/mm? heat input at 10 mm defocus position. a, b, ¢ and d represent laser melted zone (LMZ),
transition line, laser transformation-hardened zone (LHZ) and heat affected zone (HAZ) respectively.

In order to investigate the microstructure of the hardened layer, SEM analysis was
carried out at different zones (Figure 7). The base microstructure consisted of a ferritic-
pearlitic phase, as shown in Figure 7e. This consisted of spherical and elongated carbides
distributed all over the matrix. Depending on the laser parameters used, the hardened layer
had different microstructures along the depth. They could be broadly categorized into a
laser-melted zone (LMZ), a laser transformation-hardened zone (LHZ) and a heat-affected
zone (HAZ) from the surface towards depth direction. The LMZ was observed for a heat
input of 18.4 J/mm? and higher. In the LMZ, the microstructure consisted of a fine lath
martensitic structure (Figure 7a) which is similar to a typical laser weld fusion microstruc-
ture. Due to the high temperature reached during melting, the atoms in this region can be
easily redistributed, which on subsequent cooling forms a fine lath martensite.
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Figure 7. SEM micrographs at different position: (a) LMZ, shown as ‘a’ in Figure 5; (b) transition zone, shown as ‘b’ in

Figure 5; (c) LHZ, shown as ‘¢’ in Figure 5; (d) HAZ, shown as ‘d’ in Figure 5; and (e) base microstructure. The specimen
was etched with 2% nital solution for 5 s before observation under SEM.

A distinct transition zone appeared just beneath the LMZ, which appeared as a dark
line approximately 15 um thick in the OM image (indicated as ‘b’ in Figure 6). This is the
boundary between LMZ and LHZ and is identified as a coarse structure of lath martensite
(Figure 7b). It experienced a longer austenitization time due to the solid-to-liquid transition
and thus, formed a coarser microstructure. The LHZ below the transition zone was predom-
inantly made up of martensite with traces of bainite and spherical carbides (Figure 7c). The
presence of spherical carbides indicates undissolved carbide particles during austenitizing
prior to quenching because of the insufficient time for the dissolution of carbides in the
structures present prior to austenitizing [21]. The microstructure gradually varied along
the depth. At the lower end of the LHZ, the martensitic structure with a large number of
spherical carbide particles was observed due to the decreasing effect of the thermal cycle.
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The HAZ also had a similar microstructure with a mixture of undissolved carbides, pearlite
and tempered microstructure (Figure 7d). A distinct boundary did not exist between LHZ
and HAZ.

Figure 8 shows the hardness profile along the depth of the hardened layer and across
the direction parallel to the surface. The results obtained matched with the microstructure
evolution discussed above. The hardness of the laser-treated area was quite high compared
to that of the base material. The base material hardness was approximately 2.55 GPa which
increased to approximately 8.00 GPa in the melted zone near the surface (Figure 8b). The
maximum hardness value obtained was 8.36 GPa at the depth of approximately 140 um
from the surface. A slightly lower hardness near the surface can be attributed to surface
decarburization [22]. A sudden drop in hardness was found in the transition zone, which
had coarse lath martensite. The hardness gradually decreased down to approximately
7.00 GPa along the depth direction in the laser-affected region due to the reduced thermal
effect of the laser at a larger depth. At approximately 290 um from the surface, the hardness
of the base material dropped to 2.55 GPa. Figure 8c shows the variation of hardness across
the direction parallel to the surface. Two positions were considered—the first one at 40 pm
and the second one at 170 um below the surface. The first line passed through the laser-
melted zone and had a slightly higher hardness value compared to the second line. The
hardness along the lines was almost constant at the laser-treated region.

Hardness (GPa)
O =-MNWPkROO~N0LWOO

0 200

400 600 -1000 -500 0 500 1000

Distance from the surface (um) Distance from the center (um)
(b) (c)

Figure 8. Hardness profile analysis: (a) SEM image showing indents made on the specimen, the dotted red line represents
the extent of surface melting; (b) graph showing the variation of hardness along with depth; and (c) the graph showing the
variation of hardness across planes parallel to the surface.
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From the microstructure and hardness variation results, it is clear that the heating
from the laser has a decreasing effect on the structure away from the surface. However, the
hardened area can be clearly distinguished from the base microstructure by simple optical
microscopy, thus allowing to use the proposed method to measure the hardening efficiency.

5. Conclusions

A simple approach to calculate the thermal efficiency of laser surface hardening was
proposed. The developed method was applied to evaluate the hardening efficiency during
the processing of 50CrMo4 steel using a fiber laser. The hardening efficiency was calculated
for other lasers as well using data from existing literature. The following conclusions were
derived based on the findings:

e Hardening efficiency typically ranges from 1% to 15% for most studies, suggesting
that only a small fraction of laser energy is utilized for hardening.

e  The efficiency can significantly vary even for the same laser system depending on the
process parameters used. Generally, a high-power laser system with a large beam spot
yields higher hardening efficiency compared to a low-power laser.

e  Maximum hardening efficiency is achieved when surface melting is just avoided. The

maximum value is calculated to be 4.95% for the fiber laser used.
For a similar hardening effect, the ms laser is almost twice as efficient than the cw laser.
The hardening efficiency of the blue laser (445 nm wavelength) is more than two times
that of a diode laser (1.06 um wavelength). This is primarily due to the higher beam
absorption by the steel for shorter wavelengths, which makes a large amount of laser
energy available for hardening compared to longer wavelengths.

e  Surface hardening generates a gradient microstructure in the laser-hardened region
with a predominantly martensitic microstructure. This is due to the rapid quenching
process and the decrease in thermal cycling over the depth. A maximum hardness
of approximately 8.36 GPa was obtained in the hardened region which was approxi-
mately three times higher than in the base material.
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