
Austenitic stainless steels are widely used for
structural applications in the petrochemical,
telecommunication, aerospace, and food-
processing industries. This is due to their
excellent corrosion resistance and good
mechanical properties, such as toughness,
ductility, and formability (Bain and Griffiths,
1927; Jenkins et al. 1937; Zapffe, 1949).
However, due to the austenitic structure, these
steels have quite low surface hardness and
poor wear resistance (Bell, 2002; Fewell et al.,
2000). To improve the surface properties,
diffusion and thermochemical surface
treatment techniques such as carburizing
(Agarwal et al., 2007; Fewell et al., 2000),
nitriding (Bell, 2002), nitro-carburizing
(Renevier et al., 1999) and ion implantation
(Liang et al., 2007) have been used, without
impairing the corrosion resistance of the steel

(Bell, 2002; Renevier et al., 1999). The
treatment temperatures were kept below 500°C
to prevent the formation of chromium carbides
and nitrides, which deplete chromium from the
matrix and reduce corrosion resistance (Matula
et al., 2001).

Little has been reported on the pack
carburizing of austenitic stainless steels and
its effects on the mechanical properties. This is
probably because pack carburizing of these
stainless steels is considered a difficult
process, due to the presence of the Cr2O3 oxide
surface layer (Davis, 1994; Mingolo et al.,
2006). The tenacious Cr2O3 surface layer
serves as an inhibiting barrier and is also self-
healing, which contributes to the ‘stainless’
characteristic of stainless steels. However, it
was felt a worthwhile endeavour to ascertain
whether this cheaper method could be used.
Other forms of carburizing, such as gas and
plasma, are normally used for stainless steel
rather than pack carburizing, which is more
commonly used for medium- and low-carbon
steels (Agarwal et al., 2007; Fewell et al.,
2000; Renevier et al., 1999). The major
parameters that influence carburizing are
soaking time, carburizing temperature, and
carbon potential (Shewmon, 1963).

As a high proportion of mechanical failures
are due to fatigue, extensive research is being
done in this area (Akita and Tokaji, 2006).
Nucleated fatigue cracks grow into macro-
cracks, resulting in catastrophic failures.
Initiation of fatigue is a surface phenomenon,
and approximately 80% of all engineering
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failures are due to fatigue, which is a cause for concern in
surface-modified structures and components (Berrı ́os et al.,
2001; Berrı́os-Ortı́z et al., 2004). Fatigue behaviour of
austenitic stainless steels with their surfaces modified by
techniques such as plasma carburizing and nitriding, ion
implantation, shot peening, and physical vapour deposition of
coatings with TiN, CrN and ZrN has been studied by Ceschini
and Minak (2008), Fewell et al. (2000), Agarwal et al.
(2007), Azar et al. (2010), Berrı ́os et al. (2001), Collins et al.
(1995), Liu et al. (2003), Samandi et al. (1993), and Berrı ́os-
Ortı́z et al. (2004). Surface hardness, wear resistance, and
fatigue strength were improved by most of these techniques
(Berrı́os et al., 2001; Berrı ́os-Ortı́z et al., 2004; Ceschini and
Minak, 2008). Much work has been done on fatigue in
stainless steels, but there is no study on pack carburized
austenitic stainless steels.

This research was conducted to study the effects of pack
carburizing on the mechanical properties and microstructure
of AISI 316L stainless steel, and to ascertain which temper-
atures in the range of 450 to 750°C would provide a suitable
carburized case.

As-rolled AISI 316L stainless steel plates (1000×1000×
30 mm) containing 17.1 wt% Cr were purchased and the
composition was determined by optical emission spectroscopy
(Table I).

Flat tensile specimens (dogbone shaped) were machined
from the as-received plate in the longitudinal rolling direction
according to ASTM E8. The length of each sample was 60 mm
with the gauge length of 7 mm and thickness of 12 mm. The
fatigue specimens having continuous curvature were
machined according to ASTM STP91-A. The dimensions
were: gauge length of 23 mm, radius of curvature of 190 mm,
and a thickness of 6 mm. The Charpy V-notch specimens
(45°, 2 mm deep notched bar of length of 55 mm and 
10×10 mm thick) were machined according to ASTM A370
(ASTM Standards, 2000). The Charpy V-notch specimens
were all notched before the carburizing heat treatment was
done. All tests were done in triplicate at all carburizing
temperatures.

A container with a lid of dimensions 145×80×80 mm was
fabricated from mild steel for the carburizing heat treatment.
The tensile, fatigue, and Charpy V-notch specimens were
pack carburized in the container with 60% BaCO3 (as the
energizer), 30% activated charcoal (source of carbon), and
10% NaCl (activator). The carburizing heat treatment was
done at temperatures of 450, 550, 650, 700, or 750°C for 24
hours in a Lenton® muffle furnace, followed by furnace
cooling.

Tensile tests were performed according to ASTM E8 using
a Tinius Olsen® tensile testing machine under a uniaxial load.

Fatigue tests were performed according to ASTM STP91-A
using an Instron 1342® fatigue testing machine. The testing
was performed at a peak stress of 500 MPa with a stress ratio
R of 0.1 (where R = minimum peak stress / maximum peak
stress), stress range of 1, and a frequency of 7 Hz. The
fractured sample was cut for secondary electron imaging of
the fractured surfaces using a FEI Nova® NanoSEM 200.
Room-temperature Charpy V-notch impact tests were
performed on three impact test samples for each carburizing
temperature, according to ASTM A370 (ASTM Standards,
2000). All mechanical tests were performed on pack
carburized specimens and on as-received specimens for
comparison.

Transverse sections of the carburized and tested samples
were prepared metallographically to examine the
microstructure from the surface to the centre. The final
polishing was done using a colloidal silica suspension on
satin woven acetate cloth. The polished specimens were
chemically etched using 15 ml HCl, 10 ml HNO3, and 10 ml
ethanol for approximately 8 minutes and were then rinsed in
alcohol and water. Scanning electron microscopy with EDX
was used to study the microstructures of the as-received and
the carburized specimens.

Micro-Vickers hardness testing was done on sectioned
samples from the surface to the centre of the carburized and
as-received steel specimens, using a load of 500 g and a
dwell time of 10 seconds. Hardness-depth profiles were then
plotted.

The effects of carburizing on the ultimate tensile strength
(UTS) of AISI 316L steel is shown in Figure 1. Within error,
the ultimate tensile strength was unchanged at approximately
651 MPa for carburizing temperatures of 450°C and 550°C,
which is marginally higher than the as-received steel 
(648 MPa). Further increase in temperature caused a sharp
decrease in UTS to 638 MPa (650°C), 627 MPa (700°C), and
603 MPa (750°C).

The effect of carburizing temperature on ductility is
shown in Figure 2. The total elongation was almost
unchanged with increasing temperature up to 650°C (46-45%
compared to the as-received 49%) and decreased more
sharply above 650°C to 32% at 750°C. An increase in
temperature had a stronger effect on decreasing the reduction
in area (% RA). The RA after carburizing at 450°C was the
same as the as-received at 79%, and dropped to 65% at
650°C and 45% at 750°C.

The impact energy of the as-received AISI 316L steel was
272 J. After carburizing between 450-750°C, the impact
energies decreased with increasing temperature, as shown in
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Figure 3, from 257 J at 450°C showing a constant drop in
impact energy with increasing carburizing temperature from
550°C (243 J) to 750°C  (132 J).

The microhardness measurements for the as-received
material varied, with an average surface hardness of 255
HV0.5 and a core hardness of 248 HV0.5. The specimens that
were carburized at 450 and 550°C showed only small
differences in hardness between the surface and the core,
ranging from 246–255 HV0.5, as shown in Figure 4a. Not all
the carburizing compound in the case burnt off, thus
carburizing was not properly achieved at these two temper-
atures. However, the surface hardness did increase nominally
with increasing temperature for samples carburized at
temperatures of 650, 700 and 750°C (Figure 4b). These
specimens showed a hardness profile similar to that found in
case hardening, with higher hardnesses at the surface and
core hardnesses similar to the as-received material. The case
depth is related to the amount of carbon diffused inwards

from the surface (Ceschini and Minak, 2008), with the extent
of the case indicated by the position where there is a sudden
drop in hardness. At 650°C, there was a negligible increase of
approximately 5 HV0.5 in the hardness of the surface
compared to the core; and at 700°C and 750°C the increases
were approximately 25 HV0.5 and 42 HV0.5 respectively.

The as-received sample had similar microstructures at the
surface and core as the sample treated at 550°C (Figures 5a
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and b), showing austenite grains, annealing twins, pores,
and some oxides. Figure 5b shows deformation at the sample
surface from the rolling process of the as-received steel.
There were prominent grain boundaries and etch pits (as
found by Fong and Tromans, 1988) throughout the
microstructure. No carbides were found by EDX analysis in
the specimens treated at 450°C or 550°C. The passive oxide
layer on the surface of the sample carburized at 550°C was
approximately 8.0 μm thick (Figure 6).

The core and near-surface microstructures of the samples
carburized at 700°C also showed austenite grains, annealing
twins, slip lines, and pores. Grooved grain boundaries were
formed at the core and at the near surface. Intergranular
oxidation at the surface of the samples (Figures 7a and b)
could be possible, but not at the core since the diffusion of
oxygen at temperatures of 550–750°C for 24 hours would be

too sluggish for penetration to the core. The grooved grain
boundaries at the core could be attributed to the combined
effect of sensitization and etching, which produce similar
effects in austenitic stainless steels in the ranges of 450–
800°C (Agarwal et al., 2007; Ceschini and Minak, 2008).
EDX analyses revealed a higher amount of carbides and
oxides near the surface compared to the core (Table II). The
thin white layer on the surface (Figure 7b) contained calcium
and chloride compounds from the carburizing chemicals and
the etchant (Figure 7b). There were more slip lines and
smaller grains at approx. 50 μm beneath the surface on the
near surface (Figure 7b), due to deformation from the
finishing rolling.

Micrographs of samples carburized at 750°C (Figures 8a
and b) revealed similar microstructural features to the lower
temperature treatments in terms of grain size, carbides,
oxides, and voids. Both the core and the near surface
underwent grain boundary oxidation. There were more pores
on grain and sub-grain boundaries and fewer annealing
twins (Figure 8) than at lower carburizing temperatures. The
carburized layer was measured as approximately 95–103 μm
thick (Figure 9). The grain boundaries became more
prominent with increased carburizing temperature.

The effect of carburizing temperature on the fatigue strength
of AISI 316L austenitic stainless steel is shown in Figure 10.
The fatigue behaviour of samples carburized at 450 to 650°C
was similar to the as-received sample, with 50–60 thousand
cycles to failure (N). Lower cycles to failure were observed at
carburizing temperatures of 700°C (N approx. 26 000), and
750°C (N approx. 8 000), indicating decreasing fatigue
resistance of the steel with increase in testing temperature.

Visual inspection of the fractured fatigue surfaces
identified ratchet marks and ‘thumbnails’, indicating regions
of slow growth, where the crack was able to maintain its
preferred orientation transverse to the applied stress
(Roylance, 2001). Macro-examination showed that the edges
of the fractured surface were slightly brighter and shiny, a
feature known as small fatigue cracks (Ritchie and Lankford,
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1986; Agarwal et al., 2007; Ceschini and Minak, 2008;). The
fractured surfaces of samples carburised at 450, 550, and
650°C showed more secondary cracking and fatigue pre-
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cracks along the sides than samples carburized at 700 and
750°C.

SEM examination of the fractured surfaces of all samples
showed the crack initiation, propagation, and rupture zones.
Cleavage was the characteristic feature of the crack initiation
zone (around the edge of the fatigue specimen), with
secondary cracking (indicated by an arrow in Figure 11a) for
samples carburized at 450°C. The initiation zones showed
brittle cleavage, which is a characteristic feature of fatigue
crack initiation zones (Fong and Tromans, 1988). The crack
propagation zone in Figure 11b shows areas of fatigue
striations at regions around the core. The final rupture for the
as-received sample was ductile fracture with dimples and
micro-voids nucleated within the surface (Figure 11c).

After carburizing at 650°C, the crack initiation stage was
characterized by cleavage and dispersed secondary cracking,
as shown in Figure 12a. As the cracks propagated, fatigue
striations were also found on the fracture surface (Figure
12b). At lower magnification (Figure 12c), the rupture zone
showed a step-like pattern. Fractographs of samples
carburized at 700 and 750°C (not shown) displayed similar
characteristic features to those treated at the lower temper-
atures.

The fracture surfaces of the Charpy test samples were
analysed using SEM. The as-received samples (Figure 13a)
and samples carburized at 450°C (Figure 13b) and 550°C

showed dimples and microvoid coalescence, which are
characteristic of ductile fracture. After carburizing at 650,
700, and 750°C, the fracture surface showed evidence of
transgranular brittle fracture. This is shown in Figure 13c for
the sample carburized at 750°C.

When compared to the as-received sample, carburizing the
AISI 316L steel at 450°C slightly improved the ultimate
tensile strength, caused marginal decreases in ductility (both
elongation and reduction in area), and was detrimental to
toughness. At 550°C, the ultimate tensile strength was the
same as for 450°C, but the ductility and toughness were
lower. Above 550°C, these bulk mechanical properties were
compromised, as shown by the incremental loss of ultimate
tensile strength, ductility, and toughness with increasing
carburization temperature. This was due to the increased
coarsening of grain boundary carbides (Fong and Tromans,
1988).

Micrographs of all carburized specimens showed
intergranular voids and oxidation along the grain and
subgrain boundaries. These defects are potential nucleation
sites for cracks (Zavattieri and Espinosa, 2001). Uniaxial
tension around these defects could lead to crack opening and
the oxides can act as brittle zones (King and Cotterill, 1990),
decreasing ductility and toughness of the AISI 316L steel. At
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450 and 550°C, strengthening from carbon uptake was
slightly more beneficial than the negative effect from
intergranular oxidation, as seen by the higher tensile
strength values. 

The amount of carbon that diffused into the steel at 450
and 550°C was too low to significantly increase the surface
hardness (Figure 4a). Pores and annealing twins in the
austenitic microstructure caused the slight variations in the
hardness of these samples and the as-received material. The
tenacious, self-healing 8.0 μm thick Cr2O3 layer that formed
on the steel surface prevented an increase in surface
hardness, as these carburizing temperatures and times were
insufficient for carbon to diffuse through this inhibitive

surface layer. In contrast, the plasma and gas carburizing
processes produce permeable oxide layers, which allow
enough carbon diffusion into the steel (Renevier et al., 1999;
Fewell et al., 2000; Bell, 2002). Thus, high hardness values
can be obtained by these processes. 

Samples treated at higher temperatures of 650 to 750°C
showed hardness profiles similar to those achieved by case
hardening, with higher hardness at the surface and core
hardness values similar to that of the as-received steel. The
highest surface hardness was 294 HV0.5 (750°C), which is
18% higher than the core hardness. This indicates a
moderate intake of carbon and surface carbon enrichment
from the carburizing treatment, which also contributed to the
decrease in the ductility and toughness. The presence of
twins could also increase the hardness, although the
annealing twins were fairly well-distributed throughout the
steel and were not concentrated towards the surface. Twin
boundaries are known to impede dislocation motion (Lu et
al., 2009), which would also contribute to the hardness.
However, the main contribution to the higher near-surface
hardness was the increasing carbon content from the core to
the surface of the stainless steel.

Surface hardnesses of up to 1400 HV have been reported
for plasma and gas carburized AISI 316L steel (Fewell et al.,
2000; Mingolo et al., 2006). This is substantially higher than
the maximum of 294 HV0.5 found for the pack carburized
samples in this work. The very high surface hardnesses from
these carburizing methods can be attributed to high
compressive residual stresses from lattice distortion by
interstitial carbon, facilitated by the diffusion of carbon
through the permeable surface oxide (Fewell et al., 2000;
Mingolo et al., 2006).

In XRD spectra, shifts in the austenite peaks to lower
diffraction angles indicate compressive residual stresses,
which usually improve the mechanical properties (Mingolo et
al., 2006). However, the XRD patterns of the carburized
samples in this work (not shown) did not display shifts in
the austenite peaks. This indicates that there was little
interstitial carbon uptake, no substantial change in lattice
size occurred, and that negligible compressive residual
stresses were induced. A 4% by volume content is required to
reliably detect a phase by XRD (Liu, 2006), and the small
amounts of carbides and oxides identified by EDX were
below this limit. Carbides, which can be detrimental to the
corrosion resistance of the AISI 316L steel (Bell, 2002), were
present in small amounts in both as-received and carburized
samples, as shown by the precipitation at the grain
boundaries and within the grains. There was only a very thin
observable carburized case.

The number of cycles to failure for the as-received AISI
316L steel and samples carburized from 450–650°C ranged
from approximately 52 000 to 61 500 (Figure 10), showing
that the fatigue resistance was similar. As the carburizing
temperature increased above 650°C, the number of cycles to
failure decreased significantly: approximately 26 000 at
700°C and 7 100 at 750°C. Although carburizing at temper-
atures above 650°C has been reported to lead to stress relief
of the compressive stresses and a significant decrease in
fatigue strength (Gelfi et al., 2005; Ceschini and Minak,
2008), here the surface had already been removed by the
machining of the fatigue samples. Thus, the decrease in the
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fatigue strength is more likely to be due to the coarsening of
carbides on the grain boundaries at higher carburizing
temperatures, which would then have less effect in reducing
the initiation and growth of fatigue cracks. Also, the oxides
and voids act as imperfections in the material, which could
also have been a contributing factor (Lampman, 1997).

The fractured surfaces of the as-received and all of the
carburized samples showed cleavage fracture at the initiation
stage. SEM examination of the as-received steel fracture
surface showed that crack initiation occurred at the surface,
which could be attributed to the cyclic and fatigue slip bands
(Ceschini and Minak, 2008). Fatigue slip bands, also called
persistent slip bands (PSBs), are zones of high cyclic slip
activity (Lukáš and Kunz, 2004). The cyclic plastic
deformation within PSBs result in surface extrusion and
intrusion along the traces of the active slip plane, and fatigue
micro-cracks start from these surface intrusions. The
initiation of these cracks is also attributed to surface defects
such as machining lines, notches, and stress concentration
sites (Akita and Bell, 2002; Tokaji, 2006; Agarwal et al.,
2007). Cleavage is a Mode I type of fracture, in which shear
stresses act parallel to both the crack front and the plane of
the crack (Yates and Mohammed, 1996; Tvergaard, 2008; De
Freitas et al. 2011). The as-received and the carburized
samples up to 650°C exhibited acceptable ductility, higher
than 65% RA and 45% elongation. Above 650°C, cleavage
was observed, which could be attributed to loss in ductility
and toughness due to the coarsening of the grain boundary
carbides.

Brittle fracture is characterized by quasi-cleavage, low
release energy, and minimal plastic deformation (Hull, 1999).
These features were absent in the fractured surfaces of the
as-received and carburized samples. The increased
carburizing temperature enhanced the formation of brittle
carbides and grain boundary oxides (Zavattieri and Espinosa,
2001), contributing to the decreased ductility and cleavage of
the carburized samples at the crack initiation zones. The
fractures originated on the surfaces of the samples, and
propagated towards their cores.

The crack propagation zones in all fatigue specimens
showed striations, beach marks, and a few secondary cracks,
all characteristic features of fatigue failure (Akita and Tokaji,
2006; Bell, 2002). Striations can be attributed to micro-
depressions induced in the structure, with the plane normal
to the fracture surface, confirming the hollow micro-relief of
fatigue striations (Grosskreutz and Waldow, 1963; Ceschini
and Minak, 2008). The formation of striations was also due
to decohesion along the sub-grain boundaries and possible
initiation sites for secondary cracking (Jin-Bo and Chen,
1988; Yang et al., 2008). Secondary cracks are formed by
increased stresses due to voids, and occur at sites where
there are micro-stress raisers and material defects during
crack propagation (Jin-Bo and Chen, 1988). Twinning is
caused by continuous mechanical deformation, which leads
to discontinuity on the surface of the material, hence creating
a site for crack nucleation when stress or strain is applied
(James, 1981). Secondary cracks formed along twin bands
and propagated below the primary fracture surface (Yang et
al., 2008).

The final rupture zones of the as-received and carburized
samples showed more ductile dimple rupture than brittle
fracture. Ductile dimple rupture occurred by the formation

and coalescence of micro-voids along the fracture path. There
were faceted patterns within the fractures, suggesting
incremental tearing, which could be due to either chemical or
microstructural segregation patterns (Gao et al., 1995).

Fractured surfaces of the as-received AISI 316L and
samples carburized at 450°C and 550°C showed predomi-
nantly ductile fracture, with dimples, microvoid coalescence,
and an irregular and fibrous surface, which indicated plastic
deformation (Hull, 1999). The dimples on the crack surface
are attributed to dislocation movements, which coalesce into
grain boundary voids. The carbon diffusion was low and
could not cause a major change in the microstructure, nor in
the ductility, at these temperatures. At 650°C and above, the
fracture appearance was more brittle, with more faceting,
which is a characteristic feature of transgranular fracture
(Hull, 1999). The Charpy toughness is a bulk material
property and the carburizing effect was very shallow, in the
order of 100 µm. Therefore, reduced Charpy toughness could
not be attributed to the carburizing effect, but rather
attributed to the coarsening of grain boundary carbides,
which is known to cause a decrease in toughness for
austenitic stainless steels (Fong and Tromans, 1988).

The tensile behaviour was more sensitive to carburization
than the fatigue behaviour. The tensile and fatigue specimens
had different geometries, but this probably did not have a
major effect, as the thicknesses were within 1 mm. All test
pieces were mixtures of carburized layers and non-carburized
cores, and the different proportions of these would have had
an effect on mechanical properties. The tensile specimens
were slightly thicker (7 mm diameter) than the fatigue
specimens (6 mm thickness), and the surface to volume effect
of the specimens would have meant that the proportion of the
carburized layer of the fatigue specimens was slightly higher,
due to their flat, rectangular cross-sections. However, since
fatigue is a surface phenomenon, it would not be affected by
the proportions of carburized to non-carburized material,
although the tensile specimens would be affected. For tensile
(and impact) tests and fatigue tests, the cracks initiated at
different positions. Cracks initiated at the surface of the
fatigue specimens, with some secondary cracks found on the
sub-surfaces, whereas cracks initiated within the core of
tensile and impact (around the notches) specimens. Thus, the
decreased impact toughness and UTS of the carburized steel
could be attributed to the brittle carbides and oxides that
formed during carburizing, resulting in coarse grains (Figures
5–8) allowing for easy crack propagation.

From this work, pack carburizing was shown to be
unsuitable for AISI 316L stainless steel, as the process signif-
icantly reduced the ductility, ultimate tensile strength, and
impact toughness. The plasma and gas carburizing
techniques, in contrast,  are known to considerably improve
mechanical properties.

Surface hardness was unchanged at carburizing temperatures
of 450 and 550°C, but increased with increasing temperature
above 550°C due to intergranular and intragranular carbide
precipitation.

An increase in pack carburizing temperature to 650, 700,
or 750°C adversely influenced the mechanical properties of
AISI 316L austenitic stainless steel by decreasing the
ductility, toughness, tensile strength, and fatigue resistance.
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The mode of failure was mostly cleavage, fatigue failure,
and ductile dimples, with some secondary cracking from
microvoid coalescence.

In summary, the process of pack carburizing at or above
650°C was found to be unsuitable for increasing the fatigue
resistance of AISI 316L austenitic stainless steel, and
carburizing below 650°C gave no benefit.
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