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Abstract

The effect of carburizing on fatigue behaviour of smooth and notched specimens
and corrosion fatigue behaviour was studied in a type 316 austenitic stainless
steel. The fatigue strength of the smooth specimens was considerably increased
by carburizing and the specimens with a thick case exhibited longer fatigue lives
than the specimens with a thin case. The fatigue strength of the notched
specimens was also increased by carburizing and the extent of increase in fatigue
strength decreased with increasing stress concentration factor and then saturated.
A slight increase in notch sensitivity by carburizing was seen. In 3%NaCl
aqueous solution, the carburized smooth specimens showed no reduction in
fatigue strength, indicating the excellent corrosion resistance of the carburized
case.

Keywords: fatigue strength, notch effect, corrosion fatigue, carburizing, case
depth, austenitic stainless steel.

1 Introduction

In recent years, it has been strongly required to extend the service life of
machines and structures due to economic and environmental reasons. To achieve
this requirement, various surface engineering techniques have become major
interest because they can provide additional properties such as high strength,
thermal barrier, and corrosion and wear resistance.

Austenitic stainless steels have excellent corrosion resistance, but they posses
relatively low strength and poor wear resistance. Therefore, it is significant to
improve those properties by surface treatment. When surface-modified materials
are applied to load-bearing components, fatigue properties are critical. Until
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now, the fatigue behaviour of austenitic stainless steels modified by shot peening
[1-5], laser [6], dynamic ion mixing [7] and coating [8] has been reported. In
addition to these techniques, a carburizing technique has been developed, which
can apply to austenitic stainless steels without any loss of their advantages such
as corrosion resistance and ductility [9]. Wear resistance and strength can also be
improved by this method [9], but fatigue properties have not been studied.

In the present work, rotary bending fatigue tests were performed using
carburized smooth and notched specimens of a type 316 austenitic stainless steel
in laboratory air and in 3%NaCl aqueous solution. Fatigue behaviour and
fracture mechanisms of smooth specimens, notch effect and corrosion fatigue
behaviour were discussed.

2 Experimental details

2.1 Material and specimens

The material used is a type 316 austenitic stainless steel of 16 mm diameter
whose chemical composition (wt.%) is C 0.05, Si 0.35, Mn 1.35, P 0.033,
S 0.025, Ni 10.1, Cr 16.9, Mo 2.11. The material was solution treated at 1353 K
for 1 h followed by oil cooling, from which the following fatigue specimens
were machined.

Smooth specimens of an hourglass shape with a minimum diameter of 5.5
mm were used. The stress concentration factor, K;, was 1.03 under bending.
In notched specimens, a circumferential notch with a depth of 1 mm and three
different notch radii, p, of 0.40 mm, 0.10 mm and 0.03 mm was introduced to the
gauge section of 8§ mm diameter, whose K; values are 2.08, 3.55 and 6.50,
respectively. After machining, the following surface treatment was applied to the
fatigue specimens.

2.2 Carburizing

A modified gas-carburizing technique, which is called pionite treatment, was
performed at a temperature below 773 K in a CO and H, gas mixture [9]. During
this process, a carbon-diffused zone is formed at the surface region with no Cr-
carbides where hardness is remarkably increased. This treatment can improve
significantly wear resistance and strength without any loss of ductility and
toughness of austenitic stainless steels [9].

In order to produce specimens with two different case depths, the treatment
times, #,, of 15 h and 35 h were applied to the smooth specimens. Hereafter, the
smooth specimens treated for 15 h and 35 h are denoted as the 15 h treated
specimen and the 35 h treated specimen, respectively, and the specimen not
subjected to the surface modification is referred to as the untreated specimen.
Only 35 h treatment time was employed for the notched specimens.

2.3 Procedures

Fatigue tests were carried out using cantilever-type rotary bending fatigue testing
machines operating at a frequency of 19 Hz in laboratory air and in 3%NaCl

WIT Transactions on Engineering Sciences, Vol 55, © 2007 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Computer Methods and Experimental Measurements VIII 55

aqueous solution. The solution was dropped continually onto the specimen
surface by a pump from a reserved tank. Crack initiation and small crack growth
were monitored with replication technique. After experiment, fracture surfaces
were examined in detail by a scanning electron microscope (SEM).

3 Results and discussion

3.1 Microstructure characterization

Figure 1 shows the microstructures of the untreated and carburized specimens. In
the untreated specimen, the microstructure consists of austenitic grains, while in
the carburized specimen, a surface region that is clearly distinguished from the
core can be recognized, which is the case formed by carburizing. As can be seen
in the figure, the carburized case depths are approximately 20 um and 40 pm for
the 15 h and 35 h treated specimens, respectively. It has been indicated that no
Cr-carbides were formed in the carburized case and the microstructure
underneath the carburized case was the same austenitic microstructure as in the
untreated specimens [9].

©|

Figure 1: Microstructures: (a) untreated, (b) ,=15 h, (c) #,=35 h.
3.2 Hardness profile and mechanical properties

Vickers hardness profiles measured on the minimum cross section in the
carburized smooth and notched specimens are represented in fig. 2. The hardness
at or near the surface attains to more than 800 HV and 1000 AV in the 15 h and
35 h treated specimens, respectively. Hardness rapidly decreases with increasing
the distance from the surface and then reaches a constant value of approximately
172-220HV that is the hardness of the core, i.e. the untreated specimen. The
region of the increased hardness is 40-50 um regardless of treatment time and
notch geometry. As can seen in fig. 1, however, the case depth depended on
treatment time, thus the case depth, d,, was defined as the depth established by
the microstructure characterization.

The mechanical properties are listed in table 1. In the carburized specimens,
tensile strength increases and ductility decreases compared with the untreated
specimen and with increasing treatment time, but the differences between the
untreated and carburized specimens are small.
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Figure 2: Vickers hardness profiles.
Table 1: Mechanical properties.
Treatment Proof Tensile Elongation Reduction
time stress  strength of area
Iy 002 OB " v
(MPa) (MPa) (%) (%)
Untreated 299 576 67 77
15h 579 61 74
35h 581 57 72

3.3 Fatigue behaviour of smooth specimens

The S-N diagram is shown in fig. 3. It can be seen that the fatigue strength is
considerably increased by carburizing. The case depth dependence of fatigue
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strength is slightly seen in the finite life region, where the 35 h treated specimen
exhibits slightly longer fatigue lives than the 15 h treated specimen, while there
is no discernible difference in the fatigue limit that is 390 MPa for both
carburized specimens. The fatigue limit of the untreated specimen is 300 MPa,
thus the improvement by 30% is achieved with the modified carburizing
employed in the present study. Fatigue tests at the fatigue limit were continued to
N=5x10" cycles, but no fatigue failure took place.

Figure 3: S-N diagram for untreated and carburized smooth specimens in
laboratory air.
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Figure 4: SEM micrographs of fracture surfaces near crack initiation site in

laboratory air: (a) #,=15 h (6=440 MPa), (b) £,=35 h (=410 MPa).

In the untreated specimen, fatigue cracks generated at the specimen surface
due to cyclic slip deformation. Figure 4 reveals typical examples of SEM
micrographs of fracture surfaces near the crack initiation site in the carburized
specimens. Regardless of applied stress level, cracks initiate underneath the
carburized case, i.e. at or near the boundary between the carburized case and the
core. Similar subsurface crack initiation was also observed in austenitic stainless
steels treated by shot peening [2-4]. A close examination reveals the presence of
a smooth facet in the carburized case just above the subsurface crack initiation
site, particularly remarkable in the 35 h treated specimens. It is also worth noting
that there exists a fish-eye like pattern that extends predominantly into the core
and the sizes are approximately 150 pum in the radial direction.
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As shown in fig. 3, the fatigue strengths of the carburized specimens were
improved considerably compared with the untreated specimens and the fatigue
limit increased by 30% by carburizing. This is due to suppression of slip
deformation at the specimen surface because of remarkable hardness increase,
i.e. the resistance to crack initiation is significantly enhanced in the carburized
case. Therefore, crack initiation becomes difficult to occur at the surface and
then moves to subsurface between the carburized case and the core. The fatigue
limits of the carburized specimens were 390 MPa that is considerably higher
than the proof stress (299 MPa) and the fatigue limit (300 MPa) of the untreated
specimens. This is because the limiting stress for crack initiation could be
enhanced due to constraint of deformation by the hard carburized case.

In the finite life region, the effect of treatment time, i.e. case depth on fatigue
strength was slightly seen where the fatigue lives of the specimen with thick case
were longer than those of the specimen with thin case. This may also be due to
enhancement of the crack initiation resistance and constraint of the carburized
case to small crack growth because of increased hardness of the carburized case
with increasing treatment time.

3.4 Notch fatigue behaviour

The S-N diagram characterized in terms of nominal stress amplitude for the
untreated and carburized notched specimens is shown in fig. 5. As commonly
observed, fatigue strength decreases with increasing K; in both the untreated and
carburized conditions, but the differences in fatigue strength between the notched
specimens with K=3.55 and 6.50 become small. In the carburized specimens, the
fatigue strengths increase significantly compared with the untreated specimens.
As described previously, this is due to the suppression of slip deformation at the
notch root surface because of remarkable hardness increase. It should be noted
that the extent of increase in fatigue strength is largest in the smooth specimen
and decreases with increasing K, then tends to saturate at K=3.55. It is also
worth noting that no non-propagating cracks were seen in all run-out notched
specimens in both the untreated and carburized conditions.

In the untreated specimens, it was found that cracks initiated at the notch root
surface due to cyclic slip deformation. In the carburized specimens with K=2.08
and 3.55, the crack initiation behaviour depended on applied stress level. At high
applied stresses, cracks initiated at the notch root surface, while at low applied
stresses, underneath the carburized case. Such examples are revealed in fig. 6,
where cracks initiated due to cyclic slip deformation underneath the carburized
case and then immediately propagated to the surface. On the contrary, in the
carburized notched specimens with K=6.50, cracks generated at the notch root
surface regardless of applied stress level.

The relationship between fatigue strength reduction factor, Ky, and K; is
represented in fig. 7, where K is defined as the ratio of the fatigue limit for the
smooth specimen, oy,, to that for the notched specimens, oy The K values for
the untreated condition are considerably lower than K; and the difference
between both increases with increasing K, then tends to saturate at high K
values [10]. This implies that the present material has very low notch sensitivity.
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Similar results have been reported on type 304 and 316 austenitic stainless steels
[10-13]. On the other hand, the K; values for the carburized condition have the
same K; dependence as observed in the untreated condition, but are slightly
larger in the entire K; range studied. This indicates that the notch sensitivity of
the present material is only slightly increased by carburizing.
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Figure 5: S-N diagram for untreated and carburized notched specimens

characterized in terms of nominal stress amplitude in laboratory air.

T
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Figure 6:  SEM micrographs showing subsurface crack initiation in
carburized notched specimens: (a) K=2.08 (c=300 MPa), (b)
K=3.55 (6=300 MPa). Arrows indicate the crack origin.

3.5 Corrosion fatigue behaviour

Figure 8 shows the S-N diagram for smooth specimens in 3%NaCl aqueous
solution. For comparison, the S-N curves in laboratory air are also included
without experimental data points. In the untreated specimen, the fatigue strength
in 3%NaCl aqueous solution is lower than that in laboratory air and the reduction
increases gradually with decreasing stress level. This is the well-known
corrosion fatigue behaviour. On the contrary, the carburized specimens exhibit
longer fatigue lives at high applied stresses than in laboratory air, but tend to
exhibit nearly the same fatigue lives as in laboratory air with decreasing applied
stress level. In addition, the fatigue limit seems to exist even in the corrosive
environment within the range of experiment.
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Figure 7: Relationship between fatigue strength reduction factor and stress
concentration factor.
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Figure 8: S-N diagram for untreated and carburized smooth specimens in

3%NaCl aqueous solution.

In the untreated specimens, cracks initiated at the specimen surface, while in
the carburized specimens, always generated underneath the carburized case even
in 3%NaCl aqueous solution. A brittle facet was seen in the case just above the
subsurface crack initiation site, which has occurred due to crack initiation and
subsequent growth into the interior of the specimens.

The increase of fatigue life at high applied stresses in 3%NaCl aqueous
solution is believed to be due to suppression of temperature raise resulting from
stress cycling. The surface temperature was not measured in the present study,
but significant temperature raise has also been indicated in austenitic stainless
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steel [3, 14, 15]. Thus, a few additional fatigue tests were performed in
laboratory air using the carburized specimens that were forced to cool by air. The
obtained data are plotted in fig. 8. The fatigue lives are slightly longer than in
laboratory air, but shorter than in 3%NaCl aqueous solution. These results seem
reasonable, because the cooling effect by the solution is much larger than by air.

As indicated above, it should be emphasized that the specimens hardened by
the modified carburizing showed no reduction of fatigue strength in aqueous
corrosive environment. Since the fatigue strength of the untreated specimen
decreased significantly in the corrosive environment, the modified carburizing
can prevent the decrease of corrosion fatigue strength.

4 Conclusions

In the present work, the effect of carburizing on fatigue behaviour of smooth and
notched specimens and corrosion fatigue behaviour was studied in a type 316
austenitic stainless steel. The main conclusions can be made as follows.

(1) The fatigue strength of the carburized smooth specimens increased
considerably compared with the untreated specimen. The case depth dependence
of fatigue strength was seen in the finite life region where the fatigue lives of the
specimen with thick case were slightly longer that those of the specimen with
thin case, while there was no discernible difference in the fatigue limit.

(2) The fatigue strength of the notched specimens was increased by
carburizing and the extent of increase decreased with increasing stress
concentration factor and then saturated. Both the untreated and carburized
specimens indicated significantly low notch sensitivity, with a slight increase by
carburizing.

(3) In 3%NaCl aqueous solution, the carburized specimens exhibited no
reduction of fatigue strength, indicating excellent corrosion resistance of the
carburized case.

(4) In the carburized smooth specimens, cracks initiated at subsurface
underneath the carburized case regardless of applied stress level and
environment. In the carburized notched specimens, the crack initiation behaviour
was dependent on applied stress level and stress concentration factor. In the
specimens with moderate stress concentration factors, crack initiation occurred at
the notch root surface at high applied stresses, while underneath the carburized
case at low applied stresses. In the specimens with s severe stress concentration
factor, cracks initiated at the notch root surface regardless applied stress level.
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