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ABSTRACT
High nitrogen tool steels offer a superior corrosion resistance compared to conventional, Nitrogen-free tool
steels at similar mechanical and tribological properties. For this reason they are nowadays applied for ball
bearings in aircraft industry. A laser-surface treatment can lead to a further improvement of this
combination of properties. The aim of a research project is to improve the tribological properties and at the
same time keep up or enhance the corrosion resistance as well as the fatigue behaviour. The laser heattreatment leads to a mixture of martensite and retained austenite. Thus, the martensitic regions show an
increased hardness of about 700 HV10, while the austenitic regions are as soft as 400 HV10. To determine
the influence of a laser-surface treatment on fatigue cyclic 4-point-bending tests in laboratory air as well an
in artificial sea water (3%NaCl, 25°C) have been performed. The fatigue and fracture behaviour are mostly
influenced by the refinement of the microstructure and the generation of compressive residual stresses. In
addition the retained austenite and its stress induced transformation into martensite affects the fatigue
behaviour. The residual stresses generated during heat treatment have a significant influence on crack
initiation, while those generated during the transformation of the retained austenite have only a minor
influence on crack propagation.
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INTRODUCTION
Martensitic high-Nitrogen steels (HNS) offer a favourable combination of tribological, chemical and
mechanical properties. While the wear behaviour is comparable to conventional tool steels the corrosion
resistance is significantly higher. For this reason they are already applied as materials for roller bearings of
gas turbines and fuel pumps as well as for ball screws of thread gears in aerospace applications [1, 2, 3]. The
good wear behaviour can be attributed to the fine dispersion of precipitates, which is governed by Nitrogen.
The reason for the improved corrosion resistance is brought about by the high contents of Cr, Mo and N
dissolved within the martensitic matrix. In many cases it is necessary to use cold-work tool steels in a
tempered state in order to reduce the amount of retained austenite. In this heat treated condition Cr, Mo,
and N are bound within precipitates. Within a DFG (German Research Council) funded research project the
effect of a surface heat treatment by laser on microstructure and properties of HNS is investigated. During
this kind of short time heat treatment nitrides are partly dissolved and new martensite is generated [4]. The
dissolution of nitrides lays off some Cr and N and increases the resistance against pitting corrosion [5]. The

newly generated martensite brings about high compressive residual stresses and a higher surface hardness
and distinctly improves the wear resistance under sliding wear in air as well as in artificial sea water [6].
Both should improve the life time of wear and corrosion resistant parts and tools. But, the endurance life
might be limited by deteriorated fatigue and fracture properties.
In this paper the influence of the laser surface heat treatment on the fatigue properties is presented and
discussed. With respect to the application of the HNS X30CrMoN15 1 (1.4108 = AMS5898) in aerospace
industries the tests have been carried out in air as well as in artificial sea water.

Figure 1: Tempered Martensite of Heat Treated X30CrMoN15 1 with less than 2 % Retained
Austenite.
EXPERIMENTAL PROCEDURES
Materials and Heat Treatments
Before the laser treatments HNS discs of 100 mm diameter and 10 mm thickness were heat treated as

Figure 2: Design of the Specimens for Laser Surface Heat Treatment and Fatigue Testing.
follows: 30min/1200°C/oil+10min/-196°C/air+3x2h/620°C/air. The chemical composition of the HNS is
given in Table 1. Figure 1 shows the microstructure, which consists of tempered martensite with less than
2 vol.-% of retained austenite (RA). Afterwards the specimens were laser-heat treated using a 3kW
Nd:YAG-laser. The power of the laser was controlled by the maximum surface temperature Tmax in the heat
treated area. The beam had a cross section of 14 x 1,8 mm transversally to the moving-direction (Figure 2)
and was moved with a speed of 100 mm/min over the surface under an atmosphere of 15 l/min N2 and 0,13

l/min O2 . After this heat treatment all specimens were scrutinised as to their microstructures, residual
stresses, wear, and corrosion properties which in detail is reported elsewhere [4, 5].
Table 1: Chemical Composition of the Martensitic High-Nitrogen
1.4108 = AMS5898 according to the Steel Manufacturers Specification.
Fe C
Si Mn Cr
Ni
Mo
N
bal. 0.25-0.35 < 1 < 1 14-16 < 0.5 0.85-1.1 0.3-0.5

Steel

X30CrMoN15 1,

Fatigue Testing and Fractography
The fatigue specimens were cut out of the lasered discs by mechanical wet cutting and afterwards machined
and ground on all areas - except the laser hardened surfaces – (Figure 1). It has to be noticed that two types
of specimens were provided. One group contains specimens of 12 mm width, which comprise the hardened
zones, only. The second group of 16 mm width embody the tempered zones as well. These bars were
loaded cyclically in a 4-point bending (4PB) test device (Figure 3), which was mounted within a
servohydraulic test rig. The load range of the constant stress amplitude tests was chosen between 225 and
630 MPa at 20 Hz and an R-value of 0.1. In order to carry out tests in artificial sea water (3 % NaCl in aqua
dest.) at room temperature the specimens were placed inside a rubber tube. This set up allows a continuous
flow of the artificial sea water brought about by a small aquarium water pump. The water temperature was
measured by a thermocouple and scattered between 20 and 30 °C. Under both conditions (dry/3%NaCl) the
specimens were fatigued to fracture and the results were plotted in Wöhler-diagrams (S-N curves).
Afterwards the fracture surfaces were investigated in making use of a scanning electron microscope.
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Figure 3: Test Rig for Cyclic 4-Point Bending in Air
RESULTS AND DISCUSSION
Microstructure and Residual Stresses
Figure 4 shows the results of the microstructural examinations after a series of laser heat treatments at
different maximum temperatures [4, 5]. At about 950°C the surface hardness and the cm/am-ratio, which
represents the tetragonal distortion of the newly generated martensite, increase. The hardness reaches its
maximum value slightly above 1000 °C as a result of the increasing distortion of the martensite. Above that
temperature hardness decreases by the governing influence of the increasing amount of RA, which is
markedly stabilised by N. According to the nature of the temperature field one has to distinguish between

two areas within a lasered track: The hardened zones in the middle of a track with compressive residual
stresses and the softer tempered zones at the boundaries of the lasered tracks with tensile residual stresses.
In order to gain a high amount of RA directly at the surface, which has a beneficial influence on the
chemical and tribological properties [4-6] Tmax for the laser surface treatments of the specimens was chosen
to 1100 °C. Thus, there is a gradient of RA, hardness and residual stresses with the distance from the
surface. Due to the fact that there is 100 % RA at the surface, the maximum hardness value of 750 HV is at
a depth of about 100 µm. The residual stresses alter from compression to tension at about 140 µm below
the surfaces. One has to keep in mind that the beneficial effects of laser hardening might disappear at a
distance of about 140 µm from the surface, if the laser heat treatment parameters are chosen as they have
been in this study.
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Figure 4: HV, c/a und RA vs. Tmax
Fatigue Testing by 4-Point-Bending
Figure 5 presents the σa-Nf diagram of the 12 mm (Tmax=1100°C, hardened zone, dashed line) and 16 mm
(Tmax=1100°C, hardened and tempered zones, dotted line) wide specimens in air in comparison to the base
material (solid line). Obviously, the tensile residual stresses within the tempered zones have a detrimental
effect on the fatigue properties. The number of cycles to failure (N f) is about 6x104 for the base material at

Figure 5: σa-Nf Diagram of 12 and 16 mm wide specimens

a stress amplitude of 450 MPa. The compressive residual stresses within the hardened zones bring about a
Nf-value of 2x105 . This can be attributed to the fact, that the high compressive residual stresses distinctly
decrease the effective stresses at the surface. Tensile residual stresses act in the opposite way and increase
the effective stress. Thus, Nf drops down to a value of about 3x104 , which is a distinct loss of service life.
The endurance limits of the base material and the hardened zones are similar and reach values of about
330 MPa, while the detrimental influence of the tempered zones brings about values below 270 MPa.
Artificial sea water seems to have a similar influence on fatigue as tensile residual stresses (Tmax=1100°C,
Figure 6). The trend lines of the narrow and the wide specimens are nearly equal and - within the accuracy
available by the small number of data points - Nf ranges between 3 and 4x104 for a stress amplitude of
450 MPa (dashed lines). The only measured endurance limit value is 270 MPa. Beside the fact that a higher
number of tests will be necessary before one can draw a solid conclusion, it is obvious that the chemical
attack by Cl-ions decreases the finite life as well as the endurance limit. This is true at least, if the surface
consists of 100% RA supported by a hard subsurface martensitic layer, to which the compressive residual
stresses are attributed. From potentiodynamic corrosion tests in aqueous 3%NaCl it is known, that the
pitting potential just slightly differs between the base material and those laser heat treated at Tmax=1100°C
[5]. Thus, the chemical properties of the RA at the surfaces have no distinct influence on fatigue under
corrosive environment. Other factors must, therefore, be more important.

Figure 6: σa-Nf Diagram Comparison in Laboratory Air and 3%NaCl

lasered
track

fatigue
crack
residual
fracture

residual
fracture
fatigue
crack

Figure 7: Fracture Surfaces with Edge and Half-Penny Shape Fatigue Cracks
Fractography renders, that crack initiations starts at or near the surfaces within the tempered zones (Figures
7a) or at the outer edge of the specimens (Figures 7b). The appearance of the fracture surfaces are typical
for brittle fracture even though the fatigue crack area is somewhat smoother than the residual fracture. In

addition there is no difference between the appearances of the fatigue cracks generated in air compared to
those generated under chemical attack. Nevertheless there is a difference in fatigue properties.
It is known from literature that martensitic tool steels often fail due to microstructural voids like coarse or
eutectic hard phases, non-metallic inclusions, and pores, which act as internal local notches [7-10]. Due to
the fact that the critical crack length ac for unstable crack propagation is very small, it is concluded that the
fatigue life of this type of tool steels is mainly governed by the number of cycles to crack initiation. If we
examine those areas, where the fatigue cracks are likely to have started we find no signs of the common
voids. But, there is some evidence that the former austenite grain boundaries act as notches (Figure 8). If
we assume, that linear elastic fracture mechanics applies, ∆K0 ranges from 3 to 5 MPa m1/2 [7-11]. Now, a
value of a0 as a function of ∆K0 and σa can be calculated, which is necessary to initiate stable fatigue crack
growth [11, 12]. For an elliptical surface crack length a0 might, therefore, range between 8 and 30 µm
within the region of finite life. The compressive residual stresses should lower the values of σa and, thus,
∆K as well, bringing about higher critical crack length values. But, one has to keep in mind that the
compressive residual stresses are only existing within the martensitic phase underneath the surface, while
the austenite at the surface bares no or slight tensile residual stresses [13]. Due to the fact, that the former
austenite grains have a size of about 100 µm they are likely to act as internal voids directly at and under the
surface depending on the gradient of residual stresses and RA. Thus, crack initiation might take place at
former austenite grains nearly independent of the measured residual stresses within the martensite, which
might also relax during fatigue [14]. On the other hand it is known that the stress induced RA
transformation brings about crack tip shielding effects [15]. This is most pronounced during crack
propagation, which has a reported minor influence on fatigue life of martensitic tool steels.
But, this still does not explain the fact, that under 3%NaCl the numbers to failure are nearly independent of
the residual stresses as shown in figure 6. The period of crack initiation must be similarly independent of
the residual stress state at the surface. Otherwise, the measured values of Nf in 3%NaCl should differ
distinctly between the 12 mm and the 16 mm wide specimens. This can only be attributed to the fact that
∆K0 is lowered by corrosion as well. Thus, even smaller voids are critical and might act as cracks, which
are able to propagate.
The influence of the competing mechanisms on crack initiation and propagation within the austenite is not
clear, yet. There might be an early crack initiation, because of the tensile residual stresses within this phase.
On the other hand the stress induced transformation of RA into martensite should distinctly slow down
crack propagation. This has to be examined in detail in the future in order to be able to improve the fatigue
life of parts and tools in air as well as under corrosive environment.

Figure 8: Crack Initiation at Former Austenite Grain Boundary

CONCLUSIONS AND OUTLOOK
An early crack initiation brought about by tensile residual stresses or stress corrosion cracking decreases
finite fatigue life as well as the endurance limit.
Compressive residual stresses improve the fatigue behaviour in air, only.
More specimens are needed, because the coefficient of determination is often under 0.5.
Testing of specimens are necessary after grinding, because this changes the chemical, fatigue and wear
properties due to the transformation of the RA bringing about additional compressive residual stresses
within the surfaces.
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