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Abstract

Laser hardening is used to harden the surface layer with minimal distortion and to induce residual compressive stresses.
Within the literature, the approach of increasing the hardness and hardening depth by multi-pass laser hardening based
on accumulation effects is shown. In this study, the effect of this approach is investigated on the residual stresses and
distortion of normalized AISI 4140. The multi-pass laser hardening is carried out using a continuous wave laser with a
rectangular beam shape using different process velocities and number of passes without heat accumulation between each
pass. The results show that the compressive residual stresses at the surface slightly decrease with number of passes.
Meanwhile the compressive residual stresses in the depth of the hardened zone increase with number of passes, along
with an increase of the width (FWHM) of the diffraction peak in XRD spectrum. Nevertheless, for a comparable hardening
depth, there is less distortion at one-cycle phase transformation with low scanning speed compared to the multi-cycle
phase transformation with higher scanning speed. These findings indicate that multi-pass laser hardening could be
beneficial for industrial application due to a larger phase-transformed zone with higher compressive residual stresses in
depth and larger hardening depth, if the increased distortion is acceptable.
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1. Introduction

Laser hardening is a process to increase hardness and introduce compressive residual stresses of the
hardenable steel, which further improves the lifetimes of the engineering components. The increase of the
hardness is due to the generation of martensite and the compressive residual stresses is mainly due to the
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resultant volume expansion of martensite, and the mechanisms are intensively studied numerically and
experimentally in the past decades [Nat18].

In terms of residual stresses, they can be divided into macroscopic (polycrystal), microscopic (within grains)
and submicroscopic stresses based on the scope of the action, and the first and second kind can be measured
non-destructively by X-ray diffraction (XRD) [Epp16]. An ideal and perfect single crystal lattice is represented
as a narrow, symmetrical and delta-function like peak in an XRD spectrum [Ung04]. However, due to different
sources of strain, such as dislocations, microstresses and internal stresses, the XRD pattern differ from the
ideal one due to different peak aberrations, consisting of peak shift, peak broadening, peak asymmetries and
peak shape [Ung04]. Here peak shift and peak broadening share several sources of strain, for example stacking
faults, grain boundaries and chemical heterogeneities, while the peak shift is additionally related to the
different type of internal macrostresses (compressive or tensile) [Epp16], and the peak broadening is elsewise
attributed to the dislocations, microstresses, crystallite smallness and stress gradient [Ung04].

In the single-pass laser hardening, residual stresses generation is mainly attributed to the rapid thermal
heating and constrained cooling due to the clamping specimen, and the magnitude of these stresses depends
on the type of processing, temperature gradient and phase-change kinetics [Bab19]. Therefore, whether
thermal strains or phase transformation strains are dominant, their relationship determines the resulting
stresses. The residual stress profile along depth consists of the compressive residual stresses in the hardened
zone and compensating tensile stress in the base material underneath [Bab19]. The compressive stress is
mainly due to the volumetric dilatation induced by austenite-martensite transformation, while the tensile
stress is due to compensation of the layer stress to a macroscopic zero stress state aside from distortion. In
the hardened zone, the generation of martensite was found to have a greater influence than the thermal strain
[Bab19]. Recently an in-situ synchrotron XRD analysis of laser hardening separated thermal and elastic strains
and identified the effects of phase transformation, quenching and mechanical constraint from cold base
material underneath the laser hardened zone [Kos17]. Based on this, it is revealed that the compressive
residual stresses developed due to the local compressive elasto-plastic deformations and local specific
transformation strains, while the tensile stresses outside the hardened zone is originated from the
superposition of quenching effects, local elasto-plastic deformation and the phase transformation
effect [Kos17].

Furthermore, laser hardening with multi-cycle phase transformation were investigated to enhance the
conventional limitation of single pass laser hardening such as limited soaking time and thickness of the
hardened layer [Nat18]. Besides the enhanced hardened zone and hardness, a decrease of surface
compressive residual stress in multi-pass laser hardening of quenched and tempered (QT) AISI 4140 was
observed in several studies. For example, a simultaneous grain coarsening in the near surface was observed
in [Mio05] and an extension of compressive residual stress zone along depth was observed in [Kos11].
Furthermore, besides the QT steel, the residual stress decrease at the surface was also observed for the soft
annealed and normalized one [Lu20]. The evolution of residual stress distribution was assumed to be the result
of the superposition of phase transformation, quenching effects and local residual stresses from previous
pass [Kos11].

Besides the residual stress, plastic deformation or distortion is the result of sliding dislocation within a
crystal structure [Kuh89]. In the macroscopic level, the involved plastic deformation is because thermal stress
is larger than the yield stress of the material. In terms of laser hardening, the distortion of workpiece should
depend on surface stability, laser processing parameters and residual stress distribution in the surface layer,
and the distortion is comparatively small [Nat18]. However, only laser hardened gears with low quality can be
used directly without postprocessing of grinding, which implies the distortion of laser hardened steel for high
accuracy class cannot be neglected [Zha03].
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Based on the state of the research, multi-pass laser hardening has been investigated regarding the
hardness, which show potential for the industrial applications as the hardening depth increases. However, it
is not clear how this process using continuous wave laser influences the residual stresses in depth and the
distortion, which is aimed to be investigated in this paper.

2. Methods
2.1. Laser hardening

Multi-pass laser hardening of normalized AlSI 4140 with repetition of 1, 2, 4, 8 and 16 passes was conducted
by using a continuous wave disc laser (TruDisk 12002, Trumpf GmbH) at the scanning speed of 5 mm/s,
10 mm/s and 20 mm/s. The laser power was set in each pass, so that all the specimens have been irradiated
with a maximum surface temperature of 1400 °C in each pass, which was measured by a two-color pyrometer
(IGAR 12-LO MB 22, LumaSense Technologies GmbH). The other laser parameters are listed in Fig. 1. During
the process, heat accumulation effect was avoided by fixing the workpiece between water-cooled copper
clamps. Moreover, the following heating cycles were initiated after the workpiece temperature was cooled
down to the room temperature. The process surface was protected by argon shielding gas.
normalization: heating rate of 10 K/min + 2 hours at 850 °C + cooling rate of 1.7 K/min

shielding gas nozzle
laser beam
copper clamps

process parameter

wavelength 1030 nm
fiber diameter 600 um
beam size 1.6 mm x 10 mm
maximum temp. 1400 °C
scanning speed 5,10 ,20 mm/s
shielding gas argon, 12 L/min
material AlSI 4140
heat treatment normalization
Lu 2021 BIAS ID 210207

Fig. 1. Multi-pass laser hardening using rectangular beam shape
2.2. Characterization

For the distortion investigation, a three-dimensional (3-D) measurement system (CRYSTA-APEX C, Mitutoyo
GmbH) was applied to obtain profiles of the laser treated surface before and after laser hardening. This was
realized by recording the coordinates of several parallel lines on the surface, with the orientation parallel to
the laser scanning direction. Afterwards the exported data from the correlated controlling software
(MCOSMOS, Mitutoyo GmbH) were postprocessed by Matlab (R2018a, Matlab) to calculate the distortion. The
bending of the cuboid sample is represented by a peak-valley value of laser treated surface, which scheme is
shown in Fig. 2.

Residual stress state on the surface and in depth was measured using an X-ray diffractometer (XRD) with a
6-26 type Goniometer Seifert MZ IV and chromium radiation. Measurements were performed in two
orthogonal directions (0°) in feed direction and (90°) perpendicular to feed direction. The sin?{-
method [Epp16] and X-ray elastic constants E = 220000 MPa and v = 0.28 [Noy87] were used to determine the
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stress under assumption of normal stress ozz = 0. The a{211}-crystallographic planes were analyzed and
additionally the Full width at half-maximum (FWHM) of the diffraction peak was given. Main measurement
parameters are given in Table 1. Depth measurements were performed after stepwise surface removal using
electropolishing between every measurement with an electrolyte of phosphoric and nitric acid.

N process parameter

T TN i 5 1 5 T i s g

s . . wavelength 1030 nm
= distortion beam size 1.6 mm (1/e) x 10 mm
§ surface max. temp. 1400 °C

20 40 60 mm 100 shielding gas argon, 12 L/min
location in x material AISI 4140, normalized
Beerhardendaiih geometry 100 x 10 x 13 mm?

profile measurement

machine CRYSTA-APEX C
Lu 2020 BIAS ID 201048
Fig. 2. Exemplary scheme for characterizing the distortion of the laser treated surface
Table 1. Measurement parameters for XRD
Line Primary Lattice Tubevoltage/ 26 Step Y angles
Detector Beam plane current angles
Photron-X @2mm «f{211} 33kV/40mA  147°- 0.1° from -45°
Miostar 163° to +45°

To observe the metallographic microstructure, the longitudinal section was polished and etched by Nital
for a few seconds. After the preparation of optical micrographs, Vickers hardness test (Emco-Test) was carried
out with an applied load of 2 N in the framework of 1ISO 6507-1 for three times. In this study laser-affected
zone is defined and divided into hardened zone (HZ) and transition zone (TZ) in sequence along the depth
direction, followed by the unaffected base material (BM) [Bab19]. The hardening depth is determined as the
distance from the surface at which the hardness values first reach the hardness of the base material.

3. Results
3.1. Hardness and microstructure

Fig. 3 presents the depth profile of hardness and the microstructure of the hardened zone (HZ), transition
zone (TZ) and base material (BM) based on different number of passes and scanning speed in multi-pass laser
hardening. For the effect of number of passes, the hardness in the hardening zone after the first treatment
does not reach the maximum compared to 16 passes. At 16 passes, the hardness in the hardened zone reaches
the maximum value. Additionally, there is an increase of hardening depth and increased phase transformed
zone. Compared to the single pass, finer microstructure near the bottom is identified and the boundary
between the transition zone and base material is more differentiated. In addition, needle-like martensite
microstructure is only easily visible near the surface after cyclic phase transformation. Based on the
experiment design, the maximum surface temperature for all the scanning speeds is controlled around
1400 °C. Nevertheless, all of specimens have increased hardness and hardening depth at 16-pass hardening.
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Fig. 3. Depth profile of hardness and microstructure after single and multi-pass laser hardening of normalized AlSI 4140
3.2. Residual stress

In Fig. 4 the results of XRD analysis are presented and shows the surface residual stresses and FWHM of the
peak in the XRD spectrum along feed direction (0°) and orthogonal direction (90°) as input state and at 1, 2, 4,
8 and 16 passes of laser hardening. The ground surface before and after laser hardening shows compressive
residual stresses condition in both directions. The maximum surface residual stresses for both directions are
observed after the first irradiation. During the following repetitions, the surface residual stresses show a
decreasing tendency with each pass. For the FWHM of the diffraction peak, the value at the first pass increases
significantly. Although the value fluctuates in the following treatment, at 16 passes it shows a decreasing trend,
and there is negligible difference in both measured directions for all the scanning speeds.

Compared to the surface modification, the depth profile of residual stresses and FWHM of the diffraction
peak for scanning speed of 10 mm/s and 20 mm/s are presented in 0° (Fig. 5) and 90° (Fig. 6), and the
corresponding results for both measuring directions are quite similar. By comparing with the hardness profile
in Fig. 3, at the first pass there are as expected compressive residual stresses in the hardened zone, followed
by a transfer of stress from the compressive to the tensile underneath. In the base material there are tensile
residual stresses. In the multi-pass laser hardening, different from the results in Fig. 4, the compressive
residual stresses and FWHM of diffraction peak in the depth between 100 um and 300 um increase with
number of passes. It is worth noting that, at the 16 cycles of phase transformation compared to the single
pass, the increased region with compressive residual stress is much larger for the scanning speed of 20 mm/s
compared to 10 mm/s.
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Fig. 4. Residual stress and FWHM of diffraction peak in the XRD spectrum after single and multi-pass laser hardening of normalized
AlSI 4140
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Fig. 5. Depth profile of residual stress and FWHM of diffraction peak after single and multi-pass laser hardening of normalized AISI 4140,
with XRD measurement in 0°
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Fig. 6. Depth profile of residual stress and FWHM of diffraction peak after single and multi-pass laser hardening of normalized AlSI 4140,
with XRD measurement in 90°

3.3. Distortion

Based on the hardness measurement for different parameter and number of passes, two groups of
parameter combination (scanning speed with number of passes) with comparable hardening depth (the first
group: 5 mm/s with 1 pass and 10 mm/s with 16 passes; the second group: 10 mm/s with 1 pass and 20 mm/s
with 16 passes) were chosen to investigate the distortion, as shown in Fig. 7. Generally, despite the parameter
combinations, laser treated surface results in distortion of the specimen, where the end of the specimen bends
upwards (cf. Fig. 2). The distortion is found getting more severe as multi-pass laser hardening is conducted. By
comparing the distortion with similar hardening depth, higher scanning speed with a greater number of passes
experiences more distortion than the lower scanning speed and single pass.

100 — 500 #flatness Ohardening depth
um | i v { pm ﬁ process parameter
S 60 1 300 S wavelength 1030 nm
= @ beam size 1.6 mm (1/€) x 10 mm
® 40 | { 200 § surface max. temp. 1400 °C
g - T shielding gas argon, 12 L/min
20 ? 1 100 & material  AISI 4140, normalized
0 %2 % 0 geometry 100 x 10 x 13 mm?3
5 mm/s with 10 mm/s with 10 mm/s with 20 mm/s with stort ——
1 pass 16 passes 1 pass 16 passes @ |WVickers hardness test
Lu 2020 BIAS ID 201048

Fig. 7. Distortion after single and multi-pass laser hardening of normalized AlSI 4140
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4, Discussion

In this study the compressive stresses and the FWHM of diffraction peak at the surface decrease and
increase in the depth of the generated martensitic zone with the number of passes. As introduced, diffraction
peak broadening is particularly attributed to dislocations, microstresses, stress gradients and crystallite
smallness [Ung04]. In this study, it is assumed that the peak broadening is the dominating mechanism which
leads to the increase of FWHM of diffraction peak. Hence, aberrations of the peak shape and peak
asymmetries, which also may influence the FWHM, are not considered. On the one hand, single pass laser
hardening of steel leads to the increase of dislocation density in the hardened zone [Obe03]. On the other
hand, microstresses emerge from strain incompatibilities on a microscopic scale and are usually due to the
variation of yield strength, which depends on orientation of the grain and dislocation density [Pin92]. This
implies the microstresses should also be induced in the laser hardening due to the variation of dislocation
density in the hardened zone. In addition, in the laser hardening of AISI 4140, stress gradients are observed in
the transition zone (cf. Fig. 5 and Fig. 6). This has also been observed in the transition zone with QT as initial
state [Fre21].This fits to the increased FWHM of diffraction peak in the transition zone after cyclic phase
transformation. Moreover, cyclic phase transformation between austenite and martensite might lead to the
refinement of grain size [Nas20], and grain size in this study shows a decreasing trend as the microstructure is
finer with increasing depth in the depth of the hardened zone after multi-pass laser hardening (cf. Fig. 3).
However, this is not the case for grain size in the near surface. Nevertheless, the FWHM of diffraction peak
seems to show the expected behavior.

The observed increased compressive residual stresses in depth with number of passes is also observed
in [Kos11] and should be beneficial, as they are favorable toward higher fatigue strength and resistance to
corrosion and wear [Bab19]. However, this multi-pass strategy leads to an increased distortion compared to
single path with comparable hardened zone, which limit the usage of this strategy. Nevertheless, multi-pass
laser hardening could be beneficial for industrial application due to a larger phase-transformed zone with
higher compressive residual stresses in depth and larger hardening depth, if the increased distortion is
acceptable.

5. Conclusion

Within the study on multi-pass laser hardening of AISI 4140, where there is an increase of the hardness
and hardening depth, the material modifications are discussed based on the change of FWHM of diffraction
peak with increasing number of paths and can be concluded as follows. The increased compressive residual
stresses in the depth of the hardened zone with number of passes could be beneficial regarding the functional
properties, if the increased distortion is acceptable.
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