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ABSTRACT

In comparison to conventional heat treatments, laser beam hardening has some specific advantages.
result of the locally limited heat input, the distortion of the material is essentially redweszdis® of the self-
guenching process it is possible to abandon cooling agents and additionally laser hardening is well qua
for the integration in automated manufacturing systems. In the field of transformation hardeni
Nd:YAG-lasers are superior to Gdasers due to higher energy impact into the material and their greats
flexibility. By using pulsed mode, case hardness and case hardening depth are increased. The mate
exposed to a rapid thermal cycling during the pulsed laser treatment. The aim of the examinations art
description of the microstructure, the distribution of hardness and residual stress and the resulting fatigue
in dependence on the laser parameters. On flat bending 42CrMo4 specimens single tracks in longitu
direction were locally hardened with various laser parameters. The laser pulse frequency was varied bet
12.5 Hz and 100 Hz. It has been found, that surface melting causes high roughness, high tensile stresse
the whole track surface and has a detrimental effect on the féitrgueHardening in the solid phase results
in high compressive residual stresses in the track and tensile stress peak values in the heat affected z
very fine martensitic structure and in comparison to conventional heating higher hardness values.

INTRODUCTION

Laser beam hardening of steel is a surface hardening treatment. The outer material layer is austenitizec
very short time by a laser beam impact which is followed a selfquenching with martensitic phe
transformation caused by the cooling capacity of surrounding cold material. The austenitizing temperat
higher than 1000 °C are reached by heating velocities bfii@o 16 K/s [1]. The main advantages of
Nd:YAG-lasers over C@lasers are due to the smaller wavelength, which makes it possible to renounce
absorption raising coatings and use light-wave cables to guide the laser beam [2]. Bergmann and Lan
reported, that pulsed radiation increases the hardness depth over cw-radiation. Frequencies below '
enhance the risk of surface melting [4]. In practical application components are hardened in areas with
wear rates, to increase the wear resistance [5-12]. The influence of cw-laser beam hardening on the f
limit was investigated for unnotched [13-21] and notched [17, 20, 22-25] specimens. Scholtes and Mor
[13] as well as Winderlich and Brenner [16] determined, that transformation hardening with overlapp
tracks does not increase the fatigue limit of unnotched specimens. A meleazk suhile heating entailed a
drop in fatigue limit [16]. A favourable influence on the fatigue limit of unnotched specimensacked by
hardening the whole surface with one single track. Winderlich and Brenner [16] measured an improveme
60 % and Bellé et al. [18] of 8 %. An additional hardening with two laser tracks perpendicular to the fi
implicated tempering effects in the heat affected zone; therefore the fatiguedsitl track to the value of



the base material [18]. Cerny et al. [21] determined a drop in fatigue limit of 16 % after hardening rot
specimens with single tracks. An area wide hardening with spirally overlapping tracks on round specin
affects an increase of the fatigue limit between 28 and 87 % [14, 15, 17, 20]. The main reason for the inci
are compressive residual stresses between —450 and —800 MPa in the laser tracks. Thienfatajue
circumferential-notched round bar specimens was improved between 22 and 115 % if the laser track coy
the notch [17, 20, 22, 25].

The present investigations with continuous lasers show, that the fatigue limit decreases in the case of s
melting or if the heat affected zone is overlaid with external load. The fatigue limit can be improved
area-wide hardening and hardening of notches, if compressive residual stresses occur after hardening
loaded area.

The influence of pulsed laser hardening with Nd:YAG lasers on the residual stress distribution is ¢
insufficiently and on the fatigue not investigated yet and is therefore content of this article.

INITIAL STATE OF THE SPECIMENS

The investigated material was the steel 42CrMo4 (EN 10083) which was delivered in two batches. For
variants hardened with power control batch LV and for the variants hardened with temperature control t
TV was used.

Mechanical properties of the batches were determined by the tensile and hardness tests (Table 1). Flat b
specimens were machined and ground in longitudinal direction(Figure 1a) and compressive residual su
stresses according to Table 1 were achieved. The surface roughness wa$sR: 0.5 pm.

TABLE 1
MECHANICAL PROPERTIES FOR THE QUENCHED AND TEMPERED BASE MATERIALS AND SPECIMENS
(MEAN VALUE AND STANDARD DEVIATION)

batch Ro.2 Rm As | hardness residual stress
longitudinal transverse
MPa MPa % HVO0.1 MPa MPa
LV 948 £ 6 1044 10| 17+]1 318%1D -100 + 16 -273 7
TV 1107 +13| 1260+17] 13+[l 3966 -118 £ 19 -287 £ 8

LASER TREATMENT

The laser hardening of the specimens was exercised in two ways: All specimens of batch LV were hard
with control of the median power. The laser was a Nd:YAG-laser by type of Lasag KLS 322 with a maxim
power output of 300 W. The pulse frequency was varied between 12.5 Hz and 100 Hz. All specimen
batch TV were hardened with control of the peak temperature. The applied laser was a Rofin Sinar CW
with a maximum power output of 2 kW. The process parameters are summarised in Table 2, the pc
controlled variants are described with L and the temperature controlled ones with T. Additionally, the u
pulse frequency is indicated.
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Figure 1: Specimen geometry: a) quenched and tempered, initial state variant,
b) variant hardened with power control, c) variant hardened with temperature control

TABLE 2
PROCESS PARAMETERS FOR THE PULSED LASER HARDENING
variant b [Hz] | t;[ms] | dutycycle [%]| R/ [W] | T.[°C] Vi [m/min]
L12.5 12.5 4 5 150 - 0.2
L25 25 3 7.5 200 - 0.1
L50 50 2 10 250 - 0.1
L100 100 1 10 250 - 0.1
T25 25 24 60 2000 1350 0.15
T50 50 8 40 3000 1350 0.15
T100 100 4 40 3000 1350 0.15
T100LMW| 100 4 40 - 1130 0.15

RESULTS AND DISCUSSION

Hardness and structure

The variants hardened with power control can be classified in two types. First, hardening with surface me
which occurred at small pulse frequencies (L12.5 and L25) and hardening without melting by the use of
frequencies (L50 and L100). The surface of the melted tracks shows a material drive out from the centre
an accumulation at the edges as well as an increase of surface roughness (Figure 2b). The unmelted spe
show a smooth surface. The plateau hardness values are between 606 HV0.1 and 790 HVO0.1 (Figure 23
melted areas show lower hardness values. The widths of the tracks are about 3 mm and the depths
between 0.15 mm and 0.32 mm. From the hardened zone to the bulk material the hardness drops with a
gradient. In the melted area the material shows a dendritic solidification structure (Figure 3a).
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Figure 2: a) Hardness profiles and b)microstructures of the power controlled hardened specimens

In Figure 3b the microstructure of a melted (L25) and a solid phase transformed variant (L100) is shown.

L100

Figure 3: a) Dendritic solidification structure of the melted variant L25; b) microstructure for the variants
L25 and L100

Starting with a grain size of 11 from the bulk material, the grain size decreases to 13 at the transition tc
hardened zone. The minimum grain (ASTM 14-15) size is reached in the part of the hardened area witl
maximum distance to the surface. Due to higher austenitizing temperatures, the grain size increases
decreasing distance to the surface. The size of the austenite grains correlates with the size of the mar
plates. Hardening without melting results in a very fine martensitic structure, the melted areas sho
comparatively coarse structure with bainitic parts. The maximum hardness values of the tempere
controlled specimens range between 719 and 779 HVO0.1 (Figures 4a and 5a). At the transition zone frot
hardened material to the base-material the hardness drops rapidly. In the heat affected zone surroundi
hardened track the hardness is less than in the base material. Because of the higher laser power in com



with the temperature controlled experiments a larger volume was transformed. The track width rar
between 7.1 (T25) and 8.0 mm (T100LMW), the depth is about 1.4 mm.
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Figure 4: a) Hardness profiles and b)microstructures of the temperature controlled hardened specimen

Under temperature control, it was achieved to harden with low pulse frequencies without surface mel
Figure 4b shows the smooth surface of specimen T25 with low roughness. The minimal grain size of ]
reached in a depth of 2000 um under the surface. At the surface a grain size of 8 was measured in the
centre. The grain size declines to the edges to 13 due to the higher austenitizing temperatures and |
cooling rates.
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Figure 5: a) Hardness profiles at the surface across the temperature controlled hardened tracks;
b) microstructure for the variant T25

Residual stresses

Residual stresses were measured with X-ray diffraction at the surface in intervals of 0.5 mm. -
measurements were evaluated according to tHey-siethod [26]. At the specimen surfaces a two-
dimensional residual stress is existent with the main stresses in longitudinal and transverse direction. Fig
shows the longitudinal residual stresses measured across the track surfaces. The residual stress distrib
the specimens hardened with power control show two different types. Surface melting induces tensile res
stresses in the whole track surface (L12.5 and L25). Specimens without melting show an M-shaped res
stress distribution with tensile peak values in the heat affected zones and transformation induced compre
residual stresses across the track with peak values at the edges. The transverse residual stres:
gualitatively comparable to the longitudinal ones. The specimens hardened with temperature control sh



W-shaped residual stress curve with tensile peak values in the heat affected zones and compressive va
the track which decrease to the centre (Figure 6b). With respect to the larger transformed volume
compressive stresses of the specimens hardened with temperature control reach higher values and a
area respectively volume shows compressive residual stresses. The distributions of the transverse re
stresses show lower tensile stress values and higher compressive stresses. After removing of surface lay
gained residual stress depth profiles showed, that compressive stresses exist throughout the unr
hardened zone. High tensile stresses, between 505 and 646 MPa, were measured in the heat affecte
under the track.
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Figure 6: Longitudinal residual stresses at the surface of the hardened track
a) hardened with power control and b) hardened with temperature control

FATIGUE LIMIT

The fatigue tests were carried out under four-point bending with a stress ratio of 0.1. Thus only the |
hardened side was loaded with tensile stress. The results are summarised in Figure 7. The fatigue limit ¢
base material for the power controlled hardening LV is 398 MPa and for the temperature contro
hardening 404 MPa. Hardening with a liquid phase occurrence has a detrimental effect on thénfitigue
The variant L12.5 has a fatigue limit of 339 MPa and the variant L25 o8@i\WPa. Hardening in the solid
phase influences the fatigue limit not significantly, between — 8 % and + 2 %.
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Figure 7: Influence of the pulsed laser hardening on the fatigue limit



Under all conditions the fatigue cracks initiate at the surface. The site of crack initiation of the tempe
specimens (LV and TV) is always at the edge of the waist. In the case of surface melting the cracks initia
the track, a location with high tensile residual stresses, high roughness and a small crack resistance as a
of the dendritic solidification structure (Figure 8a). Otherwise the cracks start in the heat affected z
neighbouring to the tracks, a location with high tensile residual stresses and low hardness (Figure 8b).
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Figure 8: Fracture faces: a) crack initiation inside the hardened track in case of surface melting,
b) crack initiation in the heat affected zone in the heat affected zone next to the track

SUMMARY

The influence of pulsed laser beam hardening of tracks in load direction on the fatigue behaviour of the
42CrMo4 was investigated. In the first project section the laser hardening was controlled with the me
power. The distance between the tracks was so large that no tempering effect of the previous track
determined. With the power controlled process surface melting was inevitable at low pulse frequen
whereby the fatigue limit decreased by 15 % till 42 %. In that case, fatigue cracks initiate on the Iz
hardened track surface, a location with high tensile residual stresses, high roughness and a small

resistance as a result of the dendritic solidification structure. In the second section the laser hardening
controlled by the peak temperature. Under these conditions it was possible to harden with a low [
frequency of 25 Hz without surface melting. In the case of hardening without the occurrence of the li
phase, compressive residual stresses are measured inside the transformed volume and tensile stresse
heat affected zone. The influence on the fatigue limit is between — 8 % and + 2 %. The fatigue cracks

always at the heat affected zone next to the track at the surface, where high tensile residual stresses a
hardness values exist. The investigations showed, that it is possible to produce locally hardened areas ¢
specimens with a pulsed Nd:YAG-laser to improve the wear resistance without a decrease in fatigue strel
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SYMBOLS

As [%] fracture strain

cw - continuous wave

fp [Hz] laser pulse frequency
Pay [W] median laser power
Py [W] laser pulse power
Rm [MPa] tensile strength
Roo.2 [MPa] yield strength

Rys [um] surface roughness
S [MPa] fatigue limit

t [ms] laser pulse length
Tc [°C] control temperature

Vi [m/min] feed velocity



