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A B S T R A C T

Improvement of crankshaft fatigue properties can be approached by altering its mechanical properties in the
surface, such as laser surface treatment. Laser beam treatment offers efficient and precise surface hardening
processing with possibility of reducing the production cost compared to the conventional hardening techniques.
However, its characteristic of having short thermal cycle can be a challenge for the development of laser surface
hardening techniques, such as inadequacy of literatures in phase transformation and resulting mechanical
properties under rapid heating and cooling rate. Therefore, this work investigated the impact of short thermal
cycles induced by the laser beam on the resulting microstructure and hardness properties in the surface of
38MnSiVS5 and 44MnSiVS6 microalloyed steels. Temperature cycles during the process were recorded and
examined with the resulting microstructure along with microhardness values. 44MnSiVS6 microalloyed steel,
which contains ca. double the amount of vanadium compared to 38MnSiVS5 steel, produces finer ferrite grains
in the treated area for all investigated short thermal cycles. This fine-grained microstructure leads to steady
hardness distributions in the treated area. The short thermal cycle was assumed to be unable to dissolve the
vanadium precipitates that reside in the ferrite grains, which then initiate precipitation hardening.

1. Introduction

Crankshafts are important components in the automotive machine
that convert linear movement into circular movement. Improvements of
fatigue properties then become a main objective in its development
since it should be able to cope with high cyclic load during its lifetime.
This can be approached through material selection and the manu-
facturing process, such as heat treatments to alter mechanical proper-
ties in the surface that hampers fatigue crack propagation. Microalloyed
steel is the most common base material for crankshaft due to its sturdy
mechanical properties and hardenability behaviour that help in redu-
cing the production cost [1]. The most attractive microalloyed steel
used for crankshaft manufacturing is vanadium microalloyed steel due
to the remarkable hardenability behaviour.

Vanadium was discovered in 1830 during studies of ductile iron
originating from iron ore of the Taberg mine [2]. The early use of va-
nadium was as a chemical compound, such as catalyst for sulphuric-
acid industry and fixing aniline black dyes for fabrics [3,4]. Later on,
the benefits of vanadium in engineering steels was also recognised
[5–8]. Examinations on a damaged crankshaft showed that vanadium
reduces the damage of the crankshaft after crashing [2]. Vanadium
significantly improves the strength and impact resistance of steels
([9–11]). Accordingly, vanadium has been broadly used for

microalloyed steel since the 1950s.
The microalloyed steels are invented to alter mechanical properties

of conventional carbon steel through dispersion strengthening and
grain refinement along with higher resistance against atmospheric
corrosion [12]. Vanadium forms fine precipitate molecules (5 nm–100
nm in diameter) in ferrite during cooling after hot rolling that con-
tributes to strengthening [13]. Addition of Manganese as alloying ele-
ment can also influence the strengthening behaviour of vanadium in
microalloyed steels. Manganese enhances vanadium precipitation
strengthening by lowering the γ to α transformation temperature that
results in finer precipitate dispersion [14,15]. Lower γ to α transfor-
mation temperature can produce finer ferrite grain size after cooling
that result in higher yield strengths and improved ductility. Finer ferrite
grain sizes can also be achieved through formation of finer austenite
grain size prior to transformation with help of precipitates [16–18].

Lui and Jonas [19] mentioned three main stages where and when
precipitation of carbon-nitrides molecules can occur during the manu-
facturing and fabrication of microalloyed steels [19].

The first type of precipitates are formed in the slag during the liquid
phase, and/or after solidification on the liquid-solid interface and in
delta ferrite. These precipitates, which are often called as inclusions,
nucleate during casting and are very stable. The smallest kind of these
precipitates may be able to retard grain coarsening in austenite during
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reheating before the final rolling passes or during a welding cycle,
while the rests are too large to influence the recrystallization of aus-
tenite. The precipitates are usually oxides or sulphides and in common
steels, it can be nitrides, such as aluminium nitride or very-occasionally,
carbon-nitrides. However, vanadium has not been reported to present
after casting as inclusions.

The second type of precipitates are formed in austenite during
process after casting. Vanadium containing precipitates are formed in
austenite after solution treatment and during hot deformation, such as
controlled rolling when the temperature decreases. The precipitates can
retard the recrystallization and recovery of γ -phase. Baker (2013)
concluded that vanadium in solution has little observable effect on
recrystallization at high temperatures (∼1200 °C) by solute drag, but V
(C,N) precipitation retards recrystallization by pinning austenite grain
boundaries at lower temperature (∼950 °C) [17]. V(C,N) was observed
in many cases of hot rolling processes to outline austenite grain
boundaries, such as those seen in thin slab of direct charged processed
steels [13]. At this point, the size of precipitates was ranged from 10 nm
to 40 nm, with an average size of 22 nm.

The last type of precipitates are formed after or during γ - to α
-phase transformation, nucleating on the γ / α interface and in ferrite.
This condition triggers dispersion strengthening in ferrite and creation
of fine molecule dispersions (less than 15 nm).

The solubility of vanadium-carbide in austenite is known to be
higher than the other microalloy-carbides and nitrides [17]. The va-
nadium-carbides are expected to be completely dissolved at austenite
temperature of 900 °C for low carbon steels containing less than 0.15 %
carbon with vanadium contents up to 0.15 % [20]. Addition of vana-
dium into Fe-C alloy decreases the solubility of carbon in γ -phase and
increases the solubility of carbon in α -phase [21]. Accordingly, the α-
phase is wider in the Fe-C-V than in the Fe-C diagrams. Consequently,
the temperature T0, where the free energies of α -phase and γ -phase are
equal, is raised by the addition of vanadium. This increases the driving
force in vanadium steels compared to plain carbon steels at the same
isothermal transformation temperature below T0 for a plain carbon
steel. Thus, the rate of ferrite separation is greater [22].

The development of a fine ferrite grain size in the range 5 μm–10
μm, is essential in producing high strength low alloyed steel with high
strength and good toughness [16]. Vanadium-carbide, -nitride and
–carbon-nitride molecules are known to pin austenite grain boundaries,
developing a fine ferrite grain structure during transformation [23].
Evidence of vanadium producing a significant refinement in the final
ferrite microstructure of structural steels were found [17]. The refine-
ment happens through both enhancement of the nucleation of grain
boundary ferrite and by intragranular nucleation of ferrite. However,
evidence that relate vanadium alloying to significant vanadium nitride
precipitation could not be found. Nonetheless, vanadium segregation
was found in the microstructure [24].

Additions of vanadium in the alloy have been reported to affect
microstructure and mechanical properties after heat-treatment. Steels
with up to 0.20 wt-% of vanadium had not shown to promote mar-
tensitic transformation after heat treatment, which can increase the
weld metal toughness and have a deleterious effect on the heat-affected
zone [25].A higher vanadium alloying content can encourage marten-
sitic formation and toughness of the heat-treated zone. Li et al. [26]
reported that an addition of 0.05 % vanadium resulted in degeneration
of the intercritical grain coarsening on the heat-affected area [26].
Recent findings also showed that vanadium alloying can refine the
martensitic/retained austenite phase and demonstrate ductile fractures
on heat-treated microalloyed steels [27,28]. In general, some reports
advise that vanadium alloy enhances grain refinement, microstructure,
strength and tempering stability [29–32].

All of the hardening and strengthening effects due to precipitation
were observed under slow heating and cooling processes, while ad-
vanced processing methods, such as laser heat treatment, produce local
and temporarily short energy inputs into the material. A laser beam is

used to create local heating on material surfaces, which induces phase
transformation and alteration of its mechanical properties [33]. The
laser beam illuminates the surface and is moved over the surface area to
be treated, as illustrated in Fig. 1. Some of its energy is absorbed and
can be seen as a surface intense energy source that rapidly increases the
temperature in the surface [34,35]. The surrounding material acts as an
efficient heat sink. Thus, once the beam has moved away, rapid cooling
in the surface occurs. The cooling rate for laser transformation hard-
ening usually exceeds 27.3×104 K/s [33], which should lead to
martensitic transformation in>0.5 % carbon steel.

However, shorter thermal cycle processes were reported to result in
different microstructure characteristics that affect mechanical proper-
ties compared to the slower thermal cycle processes [36–39]. For in-
stance, as the cooling rate increases, the dislocation density in the
material matrix increases, which leads to an increase of the micro-
hardness and compressive residual stresses of the matrix into some
extent [38]. The martensitic transformation during laser heat treatment
for steels with carbon content of< 0.76 % happens in three main steps;
(i) transformation of pearlite into austenite, (ii) homogenisation of
carbon in austenite, (iii) transformation of austenite into martensite. If
pearlite is present in the base material microstructure as in micro-
alloyed steels, pearlite colonies first transform into austenite during
rapid heating [40]. Afterwards, carbon diffuses outwards within these
transformed zones to the surrounding ferrite grains, increasing the
volume of high-carbon austenite [41]. These regions of austenite that
have more than a certain amount of carbon (0.05 %) will quench into
martensite and the rest will revert into ferrite, leaving retained ferrite
along with martensite in the final microstructure [42]. Later works also
highlighted that homogenisation of carbon in austenite has a major
impact on the appearance of retained ferrite [43–47].

Since fast thermal cycles were found to result in different micro-
structure and mechanical characteristics compared to longer thermal
cycles processes, one may question how this knowledge applies for
38MnSiVS5 and 44MnSiVS6 microalloyed steels. 38MnSiVS5 micro-
alloyed steel has been widely used in automotive industry as base
material for crankshaft, while 44MnSiVS6 steel offers better strength
and hardness properties, which can improve the fatigue properties of
the crankshaft. However, knowledge on how the materials response to
short thermal cycle of laser heat treatment is still limited, although this
knowledge is important for optimisation of the laser surface treatment.
Therefore, this work examines the effect of short thermal cycle towards

Fig. 1. Illustration of the laser surface hardening process, showing a defocused
Gaussian-like laser beam moves along x-axis, leaving a hardened area and a
static thermal imaging system that consists of high-speed camera equipped with
a DualScope objective to record temperature during laser surface treatment.
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microstructure and mechanical properties of 38MnSiVS5 and
44MnSiVS6 microalloyed steel.

2. Methodology

2.1. Experiments

Fig. 1 shows the experimental set-up. A defocused Gaussian-like
beam of 4 mm diameter from a Yb:fibre laser by IPG photonics with a
wavelength of 1070 nm was used to produce single straight surface
treated lines at a length of 60 mm. Base materials 38MnSiVS5 and
44MnSiVS6 microalloyed steel were used. Chemical composition of the
two steels are shown in Table 1. The specimens were prepared as disks
of 10 mm thickness and 110 mm in diameter. The disks’ surfaces were
grinded to 0.5 μm–1 μm for the hardening processes. Two different laser
powers and three different scanning speeds were investigated for both
steels (Table 2).

2.2. Temperature observation during the process

A temperature measurement system was installed as illustrated in
Fig. 1 that records temperature fields at a frame rate of 300 frames per
second. The temperature imaging equipment consists of a high-speed
camera by RedLake and DualScope by Dantec Dynamics, which has
been previously applied for imaging gasoline-like sprays [48]. The
DualScope-optic is an optical splitting device that allows simultaneous
acquisition of two spatially identical but spectrally separated images
with a single camera. Its shape resembles binocular where the eyepiece
part is directly connected to the lens of the high-speed camera. A 769
nm narrow optical filter is mounted on the left side of the DualScope,
while the 680 nm filter is mounted on the right side. An example of the
taken images is shown in Fig. 2a. The feature on the left image belongs
to 769 nm spectral, while the right feature belongs to 680 nm spectral,
see Fig. 2b and 2c.

The system was calibrated to the radiation from material in an oven
that has controlled temperature from 373 K to 1773 K. Images of the
radiation from the oven were taken at every 100 K step. The two filters
give different greyscale values depending on the temperature emission.
Each temperature generates different ratios of the intensity of the re-
lated two greyscale values from each of two pictures. The obtained
ratios were recorded and related to the actual oven temperature, which
give an exponential relation. This exponential relation was used for
extracting the temperatures during the laser surface treatment process.
For example, Fig. 2d shows a temperature field on the specimen surface
during a laser treatment process. This was calculated by extracting the
ratio of each pixels between Fig. 2c and 2b. Then, the exponential re-
lation from the calibration was applied to each pixel, converting the
ratio values into temperature values as shown in Fig. 2d. The bright

area in the centre of the image shows saturated values, which means
that the shown values are out of the calibrated range. The marked pixel
was chosen to be used for temperature observation, since it experiences
no saturated values for all conducted trials in this work. Temperature
values of this pixel are evaluated for each frame and temporally ana-
lysed to get information of the heat cycles during the process. The
position of the temperature recording was used to relate the tempera-
ture curves to the microstructural development.

2.3. Analysis of microstructure and mechanical properties after laser heat
treatment

Polished cross section of the samples with the treated surface were
etched using 5% Nital. Microstructure images were taken using a Nikon
optical microscope with 2.5 and 20 times magnification. 20 times-
magnified images from the section of the hardened zone were taken
that experienced the evaluated temperature curves, see Fig. 3a. These
pictures were chosen to calculate the fraction of ferrite in relation to the
treated area. This was approached by calculating the ratio of pixels
showing the ferrite phase and the total hardened zone area on the
image using the software of ImageJ. The region of interest was selected
from the original image in Fig. 3a and the base materials were removed
(black areas in Fig. 3b). The image colour was converted into greyscale.
The darker area is the martensite phase, while the brighter area is the
ferrite phase.

Table 1
Chemical composition of the two steels (in wt-%, balanced iron).

C Mn Si V Cr Ni S Mo

38MnSiVS5 0.38 1.4 0.61 0.11 0.13 0.09 0.061 0.03
44MnSiVS6 0.44 1.21 0.91 0.26 0.1 0.08 0.03 0.01

Table 2
Applied parameters on the two steels at two variations of laser power and three
variations of scanning speed.

Power (W) Scanning speed (mm/s) Line energy (J/mm)

2250 60 37.5
80 28.125
100 22.5

3000 30

Fig. 2. Temperature data analysis with (a) an example of taken images from the
thermal imaging system, (b) magnified image representing feature from 769 nm
spectrum, (c) magnified image representing feature from 680 nm spectrum and
(d) calculated temperature field in the surface with rectangular marking that
shows the chosen pixel for thermal cycle analysis.
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Energy Dispersive Spectroscopy (EDS) analysis was carried out for
selected samples in order to determine the chemical compositions of the
martensite and the ferrite phase in the chosen section. The weight
percent of vanadium was extracted from the marked region in Fig. 3a.

Vickers hardness measurements were done (HV0.1) in horizontal
direction at a depth of 50 μm from the samples’ surface, as shown in
Fig. 3a and a step size of 100 μm across the section where the thermal
cycle was evaluated.

3. Results

3.1. Thermal cycle during the process

Fig. 4a and 4b show thermal cycles during laser treatment for both
38MnSiVS5 and 44MnSiVS6 microalloyed steels recorded at different
applied parameters. The solid line in the graph at 1223 K is the known
solubility temperature of vanadium precipitates [17], while the dash
line demonstrates the A3 temperature for slow cooling rate (323 K/s).
Constant temperatures presented in the graph are resolution limitations
of the imaging system.

The thermal cycles experienced by the 38MnSiVS5 steel show
higher temperature peaks during the hardening process than
44MnSiVS6 steel. The change of the scanning speeds were found to
influence the duration of the thermal cycle. The higher the scanning
speed, the shorter the thermal cycle. An increase of the laser power
gives higher temperature values during the process.

Fig. 5a and 5b present evaluations of cooling rates and holding time
during the laser surface treatment, which were extracted from Fig. 4a
and 4b. The cooling rates are measured from the highest reached
temperature to 473 K (200 °C) for both steels, while the holding time is

defined as the duration of the temperature being above A3 during the
processes. It was found that a higher speed leads to higher cooling rates
and thus shorter holding time. Increase in power instead does not sig-
nificantly affect cooling rates and holding times. The 38MnSiVS5
samples seem to experience longer holding times than the 44MnSiVS6
samples at the same parameter settings. The average cooling rates and
holding times during the process were calculated to 2.9 × 104 K/s and
38.5 ms.

3.2. Phase transformation

Typical geometries of the heat treated area are shown in Fig. 6a and
6b for both examined steel grades. The depths of the treated areas were
measured. The 38MnSiVS5 samples have deeper treated areas than the
44MnSiVS6 samples, see Fig. 7. The base materials show a ferrite-
pearlite microstructure. Fig. 6c and 6d show that martensitic phase was
formed in the treated area, but some ferrite grains are visible in the
transition zone. The sizes of the remaining ferrite grains in the
38MnSiVS5 steel are larger than the ones in 44MnSiVS6 steel, which is
shown in Fig. 6e and 6f.

Fig. 8 reveals that the ferrite fractions in the selected cross sections
for 38MnSiVS5 are constantly higher for all cases compared to the ones
measured for the 44MnSiVS6 steel. The scanning speed also influences
the ferrite fraction. The faster the scanning speed, the higher the
amount of ferrite in the treated area. The ferrite fractions for the higher
laser power (3000 W; 100 mm/s) were calculated to be 14.58 % for
38MnSiVS5 steel and 8.2 % for 44MnSiVS6 steel. These values are
lower than the values found for samples from the same scanning speed
with lower power (20.53 % and 15.59 %). EDS analysis on the

Fig. 3. Microstructure and mechanical properties analysis method for the
treated area showing (a) an example of the optical microscope with solid rec-
tangular marking for ferrite fraction analysis, dash rectangular marking for EDS
analysis, and diamond marking that resembles hardness measurement in-
dentation and (b) region of interest from Fig. 3a with blackened base material
and enhanced contrast for identification of the grey martensitic areas and the
white ferrite features.

Fig. 4. Thermal cycle during laser surface treatment in different parameters
applied on (a) 38MnSiVS5 steel and (b) 44MnSiVS6 steel with shaded area
showing non-calibrated temperature region, solid line representing the solubi-
lity temperature of vanadium precipitates from literature, and the dash line
showing A3 temperature of the materials for cooling rate of 323 K/s.
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38MnSiVS5 steel show equal amount of vanadium mass percentage in
both the martensite and ferrite phase, while the analysis of the
44MnSiVS6 steel shows that the ferrite grains contain a 20 % higher
mass percentage of vanadium than the martensite phase that is pre-
sented in Table 3.

3.3. Hardness values

The average hardness value of the base materials are 276 HV for
38MnSiVS5 steel and 303 HV for 44MnSiVS6 steel. Both hardness value
of the base material and treated area show that 44MnSiVS6 steel has
higher hardness values than 38MnSiVS5 steel. The hardness distribu-
tion of the 38MnSiVS5 steel appears to be more fluctuating than
44MnSiVS6 as the margin of hardness distribution (44MnSiVS6: 248.8
HV ± 73.23 HV; 38MnSiVS5: 420.4 HV ± 93.01 HV) is larger for the
case of 38MnSiVS5 steel than the 44MnSiVS6 steel (Fig. 9). This fluc-
tuation is higher than the hardness fluctuations documented in litera-
ture where a value is calculated to e.g. 5 % [49]. The hardness dis-
tributions of the 44MnSiVS6 samples reveal that a slower scanning
speed gives less fluctuating hardness distribution and increment in the
hardness value happen near the transition zone for faster scanning
speed. Additionally, an increase of the laser power does not affect the
hardness value of the treated area for both steels. The graphs in Fig. 9
also show that the hardness values gradually decrease towards the base
materials. This decrement behaviour is different for both steels. Hard-
ness values of the 38MnSiVS5 samples drop immediately to the base
material’s hardness values between 900 μm and 1000 μm, while the
hardness values of the 44MnSiVS6 samples hardness values drop in
steps between 800 μm and 1000 μm. Thus, the margin of this decrement
is larger for the 44MnSiVS6 steel.

4. Discussion

Varying laser scanning speed has been realised to promote different
cooling rates in the laser treated surface. Faster scanning speeds lead to
higher cooling rate and allow short interaction times between the ma-
terial and the laser beam. This means that less thermal energy input to
the materials occurs, leading to rapid heat dissipation, which causes
short thermal cycle. The ferrite fraction analysis showed that a slower
cooling rate produces smaller amount of ferrite in the treated area and
vice versa. However, increasing the thermal energy input under the
same scanning speed can reduce the ferrite fraction in the treated area.
Hence, faster cooling rates that gives a higher amount of ferrite struc-
ture in the treated area can be compensated by a higher thermal energy
input. Meanwhile, an increase of thermal energy input does not indicate
to affect the hardness values and distributions.

Fig. 9 reveals fluctuations of the hardness values across the treated
area of all samples. Higher fluctuations and lower average hardness
values were found in the 38MnSiVS5 samples compared to the
44MnSiVS6 samples. The main differences of the processing with the
two steels were the chemical compositions and temperature cycles.
44MnSiVS6 steel has higher carbon and vanadium content than
38MnSiVS5 steel. This explains the higher average hardness value for
the 44MnSiVS6 samples compared to the 38MnSiVS5 samples since
carbon can promote hardness properties of steels [50]. In average, the
higher temperatures reached during processing 38MnSiVS5 samples
lead to 27 μm deeper treated areas than 44MnSiVS samples, as seen in
Fig. 7. This difference might be due to different thermal conductivities
between the two microalloyed steels. Thermal conductivity of the me-
tals depends on the free electrons and atomic structure of the metals. In
the free-electron model, thermal conductivity of metals arises from
lattice vibration and the movement of free electrons [51]. The con-
tribution from free electrons is much smaller than the lattice vibration
at the room temperature, thus this can be neglected [52]. Thermal
energy propagation in the metals then mainly depends on the crystal-
line structure of the metals. Defects and impurities in the crystals
scatter these vibrations [52,53]. Accordingly, varying alloying elements
and/or compositions of steels triggers variation of defects and im-
purities in the crystalline structure, interrupting the lattice vibrations.
This indicates that the two alloyed steels with similar composition to
have different thermal conductivities due to different amount of al-
loying elements.

4.1. Fluctuation of hardness value

The observed appearance of ferrite in the treated area where aus-
tenitizing temperature is reached (Fig. 4) should not be possible [54,55]
since martensite transformation should be happening for the complete
structure. It seems that the holding time in the laser hardening process
does not provide enough time for the carbon to diffuse into the region
of the ferrite grains. During austenization, the ferrite grains turn into
austenite with low carbon content (below 0.05 %). Since the carbon
does not homogenously diffuse into these regions, it turns back into
ferrite structure after cooling, while other grains with>0.05 % Carbon
content turn into martensite [42]. Another possibility is that the A3
temperature is shifted to higher temperature due to the non-equilibrium
condition during the process. This means that only pearlite grains turn
into austenite and then martensite since pearlite transformation hap-
pens at a lower temperature, leaving the ferrite remained during and
after the process.

38MnSiVS5 samples show larger ferrite grains in the treated area
compared to the 44MnSiVS6 samples see Fig. 6. This follows the results
of the ferrite fraction analysis that the 38MnSiVS5 samples present
higher ferrite fraction values than the 44MnSiVS6 samples see Fig. 8.
However, the holding time of 38MnSiVS5 samples are longer than the
44MnSiVS6 samples that is shown in Fig. 5b. Although 38MnSiVS5
samples contain three times more Molybdenum than 44MnSiVS6

Fig. 5. Measured (a) cooling rates from the highest reached temperature to 437
K and (b) holding times above A3 temperature from the laser hardening process
thermal cycles for all applied parameters for the two steel grades studied.

H.S. Dewi, et al. Journal of Manufacturing Processes 57 (2020) 543–551

547



samples, the amount of Molybdenum is so low that its impact as ferrite
strengthener is less likely to be the main cause for the larger ferrite
grains found in laser treated 38MnSiVS5 samples [16]. This indicates
that the short holding time does not adequately drive the carbon dif-
fusion in surrounding ferrite grains. The other driving factor for diffu-
sion can be the carbon content gradient, which should be much higher
in 44MnSiVS6 steel due to the general higher carbon content in the base
material. Larger ferrite grains found in 38MnSiVS5 samples show in-
homogeneous treated areas that are likely to promote the observed

fluctuating hardness distribution shown in Fig. 9a. The fluctuating
shardness distribution presumably occurs because some of the hardness
measuring happened in the ferrite grains that is softer than the

Fig. 6. Macro- and microstructure images of the used two different steels treated with 3000 W and 100 mm/s at different magnifications: (a) (c) and (e) 38MnSiVS5
steel, (b) (d) and (f) 44MnSiVS6 steel.

Fig. 7. The depth of the treated area in cross-sections for both used steels.

Fig. 8. Results of the ferrite fraction analysis for constant laser power input of
2250 W at varied scanning speeds, while the solid line corresponds to
38MnSiVS5 samples and the dash line to the 44MnSiVS6 samples.
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martensite grains, thus lowering some of the hardness values.
MnS precipitates most likely occur in 38MnSiVS5 samples due to its

higher sulphur content compared to 44MnSiVS6 material. However,
MnS precipitates commonly occur at 1673 K with much longer holding
times [56]. In the vanadium-richer 44MnSiVS6, vanadium might pro-
mote grain refinement during thermal cycles. The resulting micro-
structure of finely distributed ferrite and martensite structures balances
the local hardness variations in the microstructure to some extent.
Additionally, short thermal cycles lead to a reduced carbon mobility
and a higher possibility of formation of vanadium carbides within the
grains. This effect can also homogenise the hardness distribution.
Therefore, the hardness variations can be referred to the low carbon
diffusion creating vanadium precipitation in combination with grain
refinement.

4.2. Transition zone

Different behaviour of hardness values in the transition zone from
the treated area to the base material was visible in Fig. 9. The
44MnSiVS5 samples show a wider margin of the transition zone than
the 38MnSiVS6 samples, meaning that the hardness values gradually
decrease towards the base materials for the 44MnSiVS6 steels and
steeper transitions of hardness values happen in the 38MnSiVS5 steels.
This behaviour can be important for laser treatment processes since it
potentially influences the mechanical properties such as fatigue prop-
erties. Martensitic transformation is one common mechanism for steel
strengthening where the martensite structure improves the steels’
hardness [54]. Microalloyed steel offers strengthening mechanism
through precipitation hardening, such as vanadium precipitates. In this
case, the base materials already contain type II vanadium precipitates
from the hot rolling process [19]. These precipitates are known to re-
side in the ferrite grains and dissolve at 1223 K [17]. Although the
recorded temperatures during laser treatment exceeded the solubility
temperature of vanadium precipitates that is seen in Fig. 4, the thermal

cycle of the laser process is very short. Hence, there is a chance of the
precipitates not to solute in the austenite. They might remain in the
ferrite grains and contribute to the strengthening of the ferrite grains.
This is likely to be the reason of the gradual decrement in the hardness
value for the 44MnSiVS6 samples. Simultaneously, this finding follows
Hart and Mitchell’s [25] discovery that steels with addition of vana-
dium content promote different hardness behaviour. Moreover, the
dissimilarity of vanadium weight percentage in the ferrite and mar-
tensite grains gives a hint that there is an accumulation of vanadium in
the ferrite grains as precipitates.

5. Conclusion

This work showed that rapid heat cycle treatment with a laser beam
has a significant impact on the hardness distribution and micro-
structural development of vanadium microalloyed steels. The following
conclusions could be drawn:

1 The higher amount of vanadium results in finer ferrite grains in
44MnSiVS6-heat treated zones compared to the 38MnSiVS5 sam-
ples, which can be related to the dissimilar hardness distribution
behaviour of the two steels since vanadium precipitates support the
growth of smaller grains;

2 Hardness distributions of 38MnSiVS5 and 44MnSiVS6 samples
fluctuate as much as 420.4 HV (52.44 % of peak value) and 248.8
HV (29.25 % of peak value), while fluctuations were recorded in the
literature as 5 %. These observed fluctuating hardness values in the
treated area during rapid thermal cycles most likely occurs due to
the limited possibility of carbon diffusion, which leads to an in-
homogeneous distribution of carbon during cooling and thus mar-
tensite structures within softer ferrite structures, in which the
carbon could not diffuse;

3 Due to the short thermal cycles during laser treatment, molecules of
the vanadium precipitates, which reside in the ferrite structures, are

Table 3
Weight percent of vanadium in the ferrite and martensite grains from Energy Dispersive Spectroscopy measurements.

Steel Vanadium content in base metal (wt-%) Vanadium content on the ferrite grain (wt-%) Vanadium content on the martensite grain (wt-%)

38MnSiVS5 0.11 0.04 0.00
44MnSiVS6 0.26 0.12 0.10

Fig. 9. Hardness measurement results for all produced samples from (a) 38MnSiVS5 steel and (b) 44MnSiVS6 steel.
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not dissolved by the short holding time above austenitizing tem-
perature, remaining in the ferrite grains as precipitation hardening;

4 The diffusion of carbon during short thermal cycles most likely de-
pend on the carbon content gradient instead of the temperature
impact (holding time).

This is important to note for further understanding of vanadium’s
role in the medium carbon microalloyed steels. It has also been shown
that microstructural control through different heat cycles is possible
using laser heat treatment. Thereby, it is possible to ‘design’ the hard-
ness also by inducing precipitation hardening using high cooling rates,
which enables gradual decrement of hardness values in the transition
zone.
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