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Abstract

In this paper, the effect of laser overlap on the low-carbon and stainless steel are investigated.
The analyzed samples are made of AISI 4130 low-Carbon steel and AISI 410 stainless steel
with 50 % overlap. The used laser is an industrial high-power diode laser with a continuous
wave and a maximum power of 2 kW. Samples are fabricated using optimized levels for laser
power, focal plane position, and laser scanning speed, and the heat-treatment process is done
after that. The parameters and conditions for the laser hardening process of both samples are
the same situation. Then, the microstructure analysis is done using OM and SEM. Besides,
the hardness of the samples is tested in the hardening depth and width. The study shows that
the hardness is improved for both samples at the overlap area, up to 762 hv for AISI 4130 and

675 hv for AISI 410. Also, in both samples the amount of ferrite phase has decreased.
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Introduction

Nowadays, there is a growing demand for manufacturing accuracy and speed [1]. These
needs recently obtained greater attention in automotive, aerospace, medical, and electronic

industries, and deploying laser technology responded to these demands somewhat [2-6]. By



the advent of technology, lasers are widely used in additive manufacturing (AM), cutting,
coating, clearing, drilling, hardening and etc. to act very effective in a fraction of a second [7-
15]. Due to encompassing higher speed and accuracy levels than traditional hardening
methods like induction hardening and furnace hardening, laser hardening owns priority in
some cases [16-18]. In this method, the process parameters (like laser power, frequency, focal
plane position (FPP), scanning speed, etc.) are determined, considering the laser type, then
the heat-treatment process is conducted [19]. Low-Carbon steels are widely used in
industries, so hardening of these parts seems necessary to prevent abrasion [20-24]. In this
process, the laser beam should increase the surface temperature to the phase transformation
point without surface melting and crack formation. However, in some cases, these defects are
inevitable, and we should find a way to prevent that by implementing suitable parameters and
material behavior scrutiny [25-30].

The laser surface transformation (LSTH) leads to a fine-grained structure after laser
hardening, as the self-quenching occurs in the hardened part, which has no undesirable result
on the part’s properties [31]. Due to encompassing characteristics like wall-plug efficiency, a
rectangular laser beam from top-hat intensity, and better heat absorption, using high power
diode lasers are preferred to use CO2 and Nd:YAG laser for LSTH [32, 33]. The LSTH of
stainless steel is an excellent technique in the industrial components to make the surface
properties better in order to improve their wear and corrosion resistance [34-36]. Escudero
and Bello [37] used microstructure analysis and Vickers hardness to evaluate AISI 420 steel
LSTH. Mahmoudi et al. [38] examined the variation of hardness and hardened area
dimension by changing input parameters in the LSH process of AISI 420 by an industrial
Nd:YAG laser. They also compared the properties of samples hardened using this method
with hardened samples using traditional techniques. Zirehpour et al. [39] also improved the
wear and hardness behavior of AISI 420 steel specimens using an industrial Nd:YAG laser.
Netprasert et al. [40] investigated the LSH of AISI 420 steel using a Nanosecond pulse laser.
Babu et al. [41] examined the influence of LSH process parameters in EN25 steel samples.
Adel [42] also conducted the LSH process on Ck45 steel samples. In this research, the effect
of Laser power (LP) and laser scanning speed (LS) was analyzed on the wear behavior. Sun
et al. [43] also numerically simulated the LSH of 42CrMo cast steel, considering industrial
Nd:YAG Laser considered the laser source and verified the results with experimental data.
An investigation on LSH of AISI 1045 steel also was done by Li et al. [44]. In this study, the

effect of beams’ distribution quality on the steel surface was examined. In other researches,



LSH on commercial steels like 4Kh5MFS, AISI H13, VK6, and C80U were studied [45-48].
For 4140 steel, a comparison between experimental and numerical results of the LSH process
was made by Cordovilla et al. [49]. The application of HPDL as a high precision tool in the
LSH process was also investigated in some studies [50, 51]. Chang et al. [52] investigated the
LSH process of 50CrMo4 steel by implementing continuous-wave laser and pulsed lasers.
This research aimed to reach maximum hardness with the lowest power. Besides, a
comparison was made on the micro-hardness, geometrical dimensions, and surface quality of
the LSH process of different lasers. LSH process does not necessarily make the mechanical
and material properties better. For instance, the LSH samples showed poor corrosion

behavior in research conducted by Maharjan et al. [53].

In this paper, by using the LSH technique by a diode laser, the overlapping of AISI
4130 steel and AISI 410 steel were investigated. The detailed analysis of the hardened area
seems vital, as it potentially contains different hardening defects. In this research, Low
Carbon steel was hardened using a high-power industrial 2 kW Diode laser, and the effect of
50% overlap on the samples were examined. Additionally, for the AISI 4130 sample, laser
surface hardening by three tracks, has been interacted to show better the wide laser hardening
process. Then, the microstructure analysis is done using OM and SEM. Besides, the hardness
of the samples is tested in the hardening depth and width. The study shows that the hardness
is improved for both samples at the overlap area, up to Hv762.

2. EXPERIMENTAL MATERIALS AND METHODS

The chemical composition of AISI 4130 and AISI 410 was measured by X-ray
fluorescence (XRF) in three separate parts of the base metal. In Table 1 Wt. % of each
elements is shown. The etching solution has been used to show the microstructure of AISI
4130 and AISI 410 after LSTH. The solution is made of 5 gr of Picric acid and about 95 cc of
Ethanol for AISI 4130 and the solution for AISI 410 is villa's reagent (C2H50H 100cc, Hcl
5cc, C6H3N3O7 2gr) [54]. After etching samples should wash with water and Ethanol very
well to clear any dust and dirt from the top of the samples’ surfaces. Samples for LSTH were
cut in 6.5 cm in the roll shape and the top sections were faced by lathe machine. The LSTH
process is depicted on Figure 1. The laser in this study is 2KW diode laser with continuous

wave length.

Table 1. Chemical composition of AISI 4130 and AISI 410 (Wt. %)



STEEL C Si Ni  Mn P S Cu Cr Mo Al \Y Fe

AISI 4130 025 03 005 087 0016 003 006 101 025 0.024 0.012 BA
AISI 410 015 028 0.12 051 0.018 0.024 0.11 135 0.03 0.008 0.021 BA
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Figure 1 The LSTH schematic by diode laser [55]

After well invetigation on the laser input parameters in LSTH, some input parameters
were selected such as Laser power 1490 W, FPP 62 mm, and scanning speed 4.45 mm/s. By
mentioned parameters overlap of the LSTH process were applied in 50 % and Figure 2 shows
the 50% overlap for LSTH of AISI 4130.

By dividing the beam length (x) to laser scanning speed, the interaction time has been
generated in Equation 1. Also, in Figure 1 the beam length is illustrated. The beam density is

another important parameter on the LSTH and it can be calculated by Equation 2 [55]:
Interaction time= Beam length (x)/Laser speed @

Beam density= Power/ Beam area (2)
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Figure. 2. Image of the overlap laser hardened samples (overlap 50%)

3 RESULTS AND DISCUSSION

Table 2 depicts some results of the LSTH process. In the steels, the ferrite percentage
has a critical role because this phase of steel defines the hardness and other mechanical
properties. On the other hand, by LSTH all parts of the surface may have a proper interaction
by the laser beam. Meanwhile huge part of the surface has a treatment by the laser, it might
remain some ferrite phase after air quenching. In Table 2 shows Ferrite Percentage which is
less than Ferrite Percentage before overlapping for both materials. This phenomenon occurs
because of some reasons, for example, in the width of LSTH the far parts of the laser beam,
especially in the edges, the heat input is lower than the center of laser beam concentration, so
the edges may not well be treated by laser beam and after quenching process by air some
ferrite phase remains. Meanwhile, by overlapping processes, these parts may heat treat again
and ferrite phases change to martensitic phases. In the AISI 4130, the ferrite phase is 0.27%
which is less than 9.92% before overlapping. This phenomenon was created higher micro-
hardness and the results are shown in Table 2. The highest micro-hardness for AISI 4130 was
measured about 762 Hv for 50% overlap. Also, In Figure 3, the macro scale of the 50%
overlap for AISI 4130 and AISI 410 are shown. The ferrite percentage has been measured by

Clemex software and the geometry of hardened area has been calculated by ImageJ software.



Table 2. The overlap characterization

Input Output
Ferrite Max.
Samples Scanning Overlapped  Percentage Ferrite Hardness in  Overlap
Power FPP ; the overlap Max.
speed width before Percentage bef hard
(w) (mm/s) (mm) (um) overlanpin (%) area before ardness
H (O/p)p 9 0 overlapping  (HV0.1)
0 (HV0.1)
AISI 4130 1170 9.92 0.27 483 762
Alsial0 40 445 82 970 8.7 0.95 410 675

Figure 3. Macro and micro scale of overlap samples a) The 50% overlap of AISI 4130 b)
The 50% overlap of AISI 410

Figure 4 the micro-hardness diagrams for 50% overlap are depicted. In Figure 4, it is
completely clear that for both metals the micro-hardness have increased and also, exactly in
the center of the first track of LSTH, the ferrite percentage is less than the second track of



laser hardening. It can be seen that in Table 2, the ferrite percentage is lower than before the

second track. This is because re-treatment has removed ferrite and created martensitic phase
after air quenching.
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Figure. 4. Micro-hardness for AISI 4130 and AISI 410

In Figure 5, SEM analysis of overlap samples is shown. Base on the brighter parts
which are depicted the ferrite phase into martensitic structures, the martensitic phase more
than the ferrite phase. In Figure 6a and b, the ferrite phase has been geared into the tough
structure of the martensitic phase of AISI 4130 which leads to a decrease in micro-hardness.
By comparison Figure 5-c and d, it is obvious that the ferrite phase in AISI 410 has decreased
and is not very much. Finally, after analyzing the overlap of samples, the three track LSTH of
one of the samples was hardened and it is shown at Figure 6.
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Figure 5 a & b) SEM for 50% overlap sample of AISI 4130 ¢ & d) SEM for 50% overlap
sample of AISI 410
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Figure 6. Three track LSTH of AISI 4130 a) schematic and the laser scanning direction b)

the sample after wide surface hardening process

4. CONCLUSIONS

In this paper, the effect of laser overlap on low-carbon steel and stainless steel are
investigated. The analyzed samples are made of AISI 4130 low-Carbon steel and AISI 410
with 50 % overlap. Results were shown that the micro-hardness in the 50% overlap sample of
AISI is 762 hv and in AISI 410 overlap is 675 hv. The concentration of this study is to show
the role of ferrite transformation after the overlapping processes. Also, the rate of ferrite
percentage in the edge of laser hardened traces decreased significantly. The percentage of
ferrite in AISI 4130 and AISI 410 before the overlap process were 9.92 and 8.7 percent
respectively and after overlap declined to 0.27 and 0.95 percent. The overlap has a positive
effect on decreasing the ferrite phase after the second track of the LSTH.
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Highlights:
e Laser surface transformation hardening
e Overlap of hardening after laser process of AISI 4130 and AISI 410
e Wide laser surface transformation hardening by Diode Laser

e Laser power, focal plane position and speed considered for the laser





