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Abstract

A thermochemical surface treatment, the powder-packed boronizing process was optimized and then performed on an
austenitic stainless steel, AISI 304. Afterwards, boronized specimens were cyclically loaded at ambient and elevated
temperatures (350, 550 and 650 °C). Then the results were compared with the behavior in non-boronized condition. Non-
statistically evaluated S-N curves and cyclic deformation curves were investigated and are discussed. It was found that the
boronizing process only improved the high cycle fatigue (HCF) properties of the austenitic stainless steel AISI 304 at room
temperature. An endurance limit of about 340 MPa was observed in the boronized condition, whereas a fatigue strength of about
300 MPa was detected for the non-boronized condition. However, at elevated temperatures boronizing was not associated with

enhanced fatigue performance of this steel.
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1. Introduction

In many cases, the fatigue performance of technical
components is crucial for their safe and reliable applications.
Fatigue cracks predominantly initiate at material surfaces due
to, e.g., strain localization and local topography effects.
Afterwards the cracks propagate into the material (Bannantine
et al., 1990; Stephens et al., 1990; Suresh, 1998). Thus, the
surface quality and the near surface material state are very
important for the fatigue properties of metallic components. If
the formation of cracks on the surfaces can be inhibited,
enhanced fatigue lifetime should be observed. Many thermo-
chemical surface treatments, e.g., carburizing, nitriding or
boronizing, provide a hard layer on the surface. Consequently,
improved wear resistance is observed (Davis, 2001; Devaraju
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et al., 2012; Gunes & Kanat, 2016; Qin et al., 2017).
Moreover, improved fatigue performance - due to increased
hardness and compressive residual stresses at the surface after,
e.g., a carbonitriding process - is reported by Kanchanomai
and Limtrakarn (2008). However, the fatigue lifetime of the
boronized plain carbon steel AISI 1010 decreased as
compared to the non-boronized condition. This was attributed
to the saw-tooth morphology of the boride layer, as reported
by Celik et al. (2009). On the other hand, for high alloy steels
such as tool or stainless steels, smooth morphological boride
layers are typically observed (Angkurarach & Juijerm, 2012;
Balusamy et al., 2013; Kayali, 2013; Ozdemir et al., 2008;
Taktak, 2007). Then, inhibition of surface crack initiation
should be expected with such smooth layers of high hardness.
Additionally, the boride layer possesses also good oxidation
resistance at elevated temperatures (Sinha, 1991). For this
reason, the fatigue performance of boronized austenitic
stainless steel AISI 304 at room and elevated temperatures is
of particular interest. To address this issue, austenitic stainless
steel AISI 304 was boronized at 850 °C temperature for
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various durations, and the resulting microstructures of the
boride layers were analyzed by optical microscopy as well as
by X-ray diffraction (XRD). The boronizing time was
investigated and selected to be optimal for the fatigue lifetime
at a constant stress amplitude at room temperature. After-
wards, austenitic stainless steel AISI 304 samples were
boronized using the optimized boronizing conditions, and then
deformed cyclically at both room and elevated temperatures.
In addition, cyclic deformation curves were measured and
fracture surfaces were analyzed to clarify the fatigue damage
process.

2. Materials and Methods

The austenitic stainless steel AISI 304 was delivered
as hot-rolled bars with a diameter of 12.5 mm. The chemical
composition of this alloy obtained using optical emission
spectroscopy is 0.045% C, 1.60% Mn, 0.43% Si, 0.031% P,
0.003% S, 18.26% Cr and 8.65% Ni (all values in wt.%). An
average grain size of 45 um in the austenitic structure was
detected. Yield and ultimate tensile strengths of 495 MPa and
693 MPa with an elongation of 56% were measured at room
temperature. Specimens were prepared by turning to a fatigue
testing shape, with a diameter of 6 mm and a gauge length of
18 mm. The surface at the gauge length was additionally
ground up to 600 grit SiC paper in order to clean and obtain a
smooth surface before the powder-packed boronizing process.
Specimens were boronized using Ekabor-1 powder (from
BorTec GmbH, Germany) in a steel container with a lid and
cement seal and heated in an electric furnace under argon
atmosphere. The boronizing was performed at 850 °C
temperature for about 5, 15 or 30 min, and then the specimens
were cooled in air to room temperature. Insignificant grain
growth was observed after the optimal boronizing process,
possibly because the boronizing temperature was only about
850 °C with a short soaking period. Rotating bending fatigue
tests at a given stress amplitude at room temperature were
utilized to determine the optimal boronizing time. Specimens
for the rotating bending fatigue tests were prepared following
the ASTM E466-96 standard. The microstructure of the boride
layers was characterized with an optical microscope and the
XRD with CuKa radiation (I=0.154 nm), respectively. The
non-statistically evaluated S-N curves were investigated using
a stress controlled servo-hydraulic tension-compression
testing device with a frequency of 5 Hz without mean stress
(R=-1). For fatigue tests at elevated temperature, specimens
were heated under controlled conditions by an inductive
heater. In all cases, to achieve homogeneous temperature
within the gage volume, the specimens were held at a given
temperature for about 10 min before fatigue tests were started.
Strain during fatigue tests was measured using capacitive
extensometers.

3. Results and Discussion

3.1 Characterization and optimization of the
boronized conditions

After boronizing at 850 °C for approximately 5, 15
or 30 min, the respective boride layer thicknesses were about
4,5.5 and 8.5 um, as shown in Figure 1. The boride layer got
thicker with boronizing time, in accordance with the diffusion
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Figure 1. Cross sectional microstructures of the boride layers on the
austenitic stainless steel AlS1 304 from boronizing for a) 5,
b) 15, and c) 30 min.

concept (Juijerm, 2014). Moreover, the formed layers had
smooth and compact morphology on the austenitic stainless
steel AISI 304 due to the high amount of alloying elements
(Qin, 2007; Taktak, 2007). From the XRD patterns shown in
Figure 2 and the microstructure visible in Figure 1, it can be
concluded that the formed boride layer is of double-phase
type, containing FeB and FezB, which is normally detected on
metallic materials containing higher amounts of alloying
elements such as tool or stainless steels (Angkurarach &
Juijerm, 2012; Balusamy et al., 2013; Kayali, 2013; Ozdemir
et al., 2008; Taktak, 2007). The outer phase of the boride
layer is a FeB layer with a boron content of about 16.23 wt.%,
whereas the underlying layer is Fez:B with a boron content of
about 8.83 wt.% (Campos, 2007). The hardness values of the
boride layers are relatively high as compared to surfaces
treated with a conventional thermochemical process, such as
carburizing or nitriding. Hardness values of more than 1800
HV for boride layers on the austenitic stainless steel AISI 304
were measured. The boronized specimens were cyclically
deformed at a stress amplitude of 325 MPa at room
temperature as shown in Figure 3. The specimens boronized at
850 °C for about 5 or 15 min show higher fatigue lifetime in
the high cycle fatigue regime than the non-boronized cases.
Therefore, the 5 min boronizing time was selected as optimal
and was investigated further for the fatigue lifetime and
behavior at room and elevated temperatures.

3.2 Fatigue and cyclic deformation behavior at room
temperature

The non-statistically evaluated S-N curves of non-
and boronized austenitic stainless steel AISI 304 tested at
room temperature are shown in Figure 4. The curves intersect
at approximately 2 x 10° loading cycles. For lower numbers of
cycles, the non-boronized specimens have higher fatigue
strengths than the boronized ones. For higher numbers of
loading cycles corresponding to stress amplitudes lower than
approximately 350 MPa, the opposite is the case. The non-
boronized condition gave fatigue strength of about 300 MPa at
10% loading cycles. However, after boronizing the non-
statistically evaluated S-N curve shows a higher endurance
limit of about 340 MPa, which corresponds to an
improvement of the fatigue performance by about 13% from
the non-boronized condition. One can assume that crack
initiation at the surface in the boronized condition starts early
for high applied stress amplitudes in the low cycle fatigue
regime. Afterwards, the crack should rapidly spread and
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Figure 2. XRD pattern of the austenitic stainless steel AISI 304

boronized at a temperature of 850 °C for about 5 min.
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Figure 3. Fatigue lifetime of the boronized stainless steel AISI 304

for different boronizing times.
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Figure 4. Non-statistically evaluated S-N curves of the non- and
boronized austenitic stainless steel AISI 304 at room
temperature.

propagate around the specimen due to the high hardness and
low ductility of the boride layer, with high stress concen-
tration at the crack tip. Accordingly, this leads to the shorter
fatigue lives of the boronized cases in the low cycle fatigue
regime. Shiozawa (1997) reports similar behavior, when a

carbon steel coated with TiN and CrN was cyclically
deformed with high stress amplitude.

Hysteresis loops of the non- and boronized cases are
plotted in Figure 5 for a stress amplitude of 380 MPa. It can
be seen that the hysteresis loops shift in the direction of
positive strains. Thus, positive mean strains build up and
increase with fatigue cycles, especially with high stress
amplitudes forming cracks in the boride layer. Additionally,
heat generation could be a supplementary cause of the cyclic
creep for the austenitic stainless steel AlSI 304 during fatigue
tests (Nikitin & Besel, 2008). Self-generated heat was
detected during the fatigue tests, especially if high plastic
strain amplitudes occurred, and the temperatures increased
from room temperature to about 100 and 240 °C for the non-
and boronized cases, respectively. Cyclic deformation curves
of the non- and boronized cases for stress amplitudes of 320
MPa and 380 MPa are shown in Figure 6, as examples. Cyclic
softening is usually observed during fatigue loading for both
non- and boronized cases, particularly at a high given stress
amplitude. This cyclic softening behavior is characteristic for
austenitic stainless steel AISI 304 (Nikitin & Besel, 2008;
Zauter, 1993). Moreover, lower plastic strain amplitude
provides higher fatigue lifetime, in accordance with the
Coffin-Manson’s law (Coffin, 1966; Manson, 1954).
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Figure 5. Hysteresis loops of the non- and boronized austenitic

stainless steel AISI 304 fatigue at a stress amplitude of 380
MPa at room temperature.
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Figure 6. Cyclic deformation curves of the non- and boronized
austenitic stainless steel AISI 304 fatigued at applied stress

amplitudes of 320 and 380 MPa at room temperature.
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3.3 Fatigue and cyclic deformation behavior at
elevated temperatures

At the investigated elevated temperatures of 350,
550 and 650 °C, boronized austenitic stainless steel AISI 304
shows shorter fatigue life than in non-boronized condition,
even in the high fatigue regime, as illustrated in Figure 7. This
becomes more pronounced as the test temperature increases.
Only at 350 °C are similar fatigue strengths found for both
non- and boronized cases at 10° cycles. It can be assumed that
the mechanical properties of the boride layer are deteriorated
at elevated temperatures. Yan et al. (2001) have shown that
the hardness of the iron boride layer decreases considerably at
temperatures exceeding 200 °C. Thus, at the tested tempera-
tures 350, 550 and 650 °C, cracks on the surfaces can be
initiated early and may propagate quickly, especially in the
low cycle fatigue regime (Shiozawa, 1997). This explains the
lesser fatigue lives for the boronized cases, observed at
elevated temperatures. To assess this hypothesis further,
fracture surfaces of the non- and boronized specimens
fatigued at a stress amplitude of 280 MPa and at 650 °C were
analyzed using a scanning electron microscope (SEM). A
characteristic result is shown in Figure 8. It is clearly
discernible that crack initiation both for the non- and
boronized conditions starts immediately at the surface, but the
crack initiation sites are entirely different. In the non-
boronized condition, a single crack initiation is observed,
whereas multiple crack initiation sites can be seen almost
around the boronized specimen. It is possible that firstly, the
crack initiated at the boride layer and then rapidly propagated
along the hard boride layer in circumferential direction around
the boronized specimen. Then multiple crack initiation sites
around the boronized specimen are observed, as shown in
Figure 8b. Subsequently the crack simultaneously propagated
almost around the specimen into the substrate. This
mechanism deteriorates the fatigue lifetime of the boronized
cases both at room and elevated temperatures. The cyclic
deformation behavior at elevated temperatures is comparable
to the behavior at room temperature. Cyclic softening is also
detected, as shown in Figure 9. The plastic strain amplitudes
at elevated temperatures are higher than those measured at
room temperature with comparable applied stress amplitudes.
This is in agreement with the lower fatigue lives at elevated
temperatures implied by Coffin-Manson’s law. The hysteresis
loops of the non- and boronized cases at elevated temperatures
are shown in Figure 10. They display a trend of moving to the
positive side for both cases, and the boronized case shows
higher plastic strain amplitudes and mean strains than the non-
boronized case. Finally, a schematic diagram of the fatigue
crack in non- and boronized cases is presented in Figure 11. In
the non-boronized case, cracks initiated on the surface and
then a critical crack will propagate further causing failure
(Figure 11a). If the cracks occur rapidly on the hard surface,
e.g., in the boride layer (Figure 11b) during a relatively high
cyclic loading at a given temperature, they will propagate
around the specimen and then into the substrate (Figure 8).
Consequently, the fatigue lifetime will not be enhanced by
boronizing (Figure 4 and 7). However, if the crack is not
initiated at the boride layer, enhanced fatigue lifetime of the
boronized austenitic stainless steel AISI 304 should be
detected (Figure 11c¢).
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Figure 7 Non-statistically evaluated S-N curves of the non- and
boronized austenitic stainless steel AISI 304 at given
temperatures of 350, 550 and 650 °C.

Figure 8. Fracture surfaces of a) non-boronized and b) boronized
specimens fatigued at a stress amplitude of 280 MPa at

650 °C.
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Figure 9. Cyclic deformation curves of non- and boronized austeni-

tic stainless steel AISI 304 fatigued at an applied stress
amplitude of 320 MPa at temperatures of 25 and 350 °C.
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4, Conclusions

In this investigation, the fatigue and cyclic defor-
mation behaviors of non- and boronized austenitic stain less
steel AISI 304 at room temperature and at elevated tempera-
tures of 350, 550 and 650 °C were analyzed. The following
conclusions can be drawn:

1. A double phase boride layer with FeB and Fe2B
and a thickness of about 4 — 7 pum has been detected on the
austenitic stainless steel AISI 304 after boronizing at a
temperature of 850 °C for about 5 min.

2. At room temperature, the boride layer on the
austenitic stainless steel AISI 304 can enhance the fatigue
strength in the high cycle fatigue regime or at low applied
stress amplitudes without crack initiation in the boride layer.

3. The boride layer on the austenitic stainless steel
AISI 304 will be deteriorated at elevated temperatures, with a
consequently poorer fatigue lifetime for the boronized cases
than for the non-boronized cases.

4. Cyclic deformation behavior of the non- and
boronized austenitic stainless steel AISI 304 show cyclic

softening with increasing positive mean strain under cyclic
loading with a frequency of 5 Hz. Increasing stress amplitude
and test temperature increase the plastic strain amplitude,
while the fatigue lifetime decreases in accordance with the
Coffin-Manson’s law.
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