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Tension-driven cracking of an expanded austenite layer
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Protective layers and coatings need to retain their in-
tegrity when subjected to external loads and impacts
because incipient cracking and damage can result in
delamination and spalling to expose the underlying ma-
terial. Characterizing the damage evolution and adhe-
sion performance of these coating–substrate systems to
externally applied stresses is important when planning
engineering applications. One such material system is
expanded austenite, which is a nitrided layer of stain-
less steel. It has received considerable attention as a
protective layer due to the combination of high hard-
ness, stiffness, and wear resistance it provides to the
underlying compliant and soft austenitic stainless steel
surface [1–3]. The nature and structure of expanded
austenite has been the subject of debate for some time
[2, 4–6] with work conducted in our laboratory [7] sug-
gesting that it is crystalline and dominated by a cubic
phase with considerable expansion of the austenite lat-
tice. It may also contain precipitates of CrN and α-Fe
that vary in size and quantity depending on the nitrid-
ing temperature. The expansion of the austenite lattice
yields high compressive stresses, which conveys that
the wear resistance and the high hardness of the layer
is due to high dislocation density [8]. The consequences
of this hard, highly stressed layer and its contribution
to the mechanical stability and durability of the system
will be addressed.

Accordingly, the present study investigates the mode
of damage in an expanded austenite layer on stainless
steel when subjected to monotonic tensile loading. Op-
tical microscopy was used to characterize and quan-
tify the observed cracking and damage evolution during
loading. We will find that the damage is confined to the
expanded austenite layer and is characterized by many
parallel cracks extending along as well as through the
entire layer ending abruptly at a distinct interface with
the substrate. There is no delamination or spalling of
the layer indicating excellent interfacial bonding.

As-received stainless steel (type AISI 316) sheeting,
nominally 0.6 mm thick, was cut into small tensile sam-
ples (length = 33 mm, width = 3 mm and gauge length
= 12 mm). The surface on one face of each sample was
routinely polished to a 1 µm finish. The polished face of
each sample was then nitrided using plasma immersion
ion implantation (PI3) in pure N2 at 420 ◦C for 5 h with
a pulsed high voltage bias of −30 kV (pulse = 100 µs
with a duty cycle of 2%). The plasma was generated
with an rf discharge. Further details of the method can
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be found in [9]. The thickness of the modified layer was
determined from a polished cross-section etched with
Marble’s reagent (4 g CuSO4, 20 ml HCl, 20 ml H2O).
The thickness of the layer was found to be quite uniform
over the length of the sample at ≈12 µm. The stress in
the layer was calculated using Stoney’s equation [10] by
measuring the curvature of all the samples before and
after nitriding with a stylus profilometer. The residual
stress in the layer was found to be highly compressive
and of the order of −1.6 ± 0.23 GPa. A nanoindenter
(Nano instruments—NANO IIs indenter system) was
used to measure the hardness (H ) and Young’s modu-
lus (Ef) of the expanded austenite layer. At least five
indentations were made with a Berkovich indenter us-
ing a peak load of 50 mN. The average hardness of
the expanded austenite was found to be 21 ± 1.5 GPa
(compared to stainless steel H = 1.73 GPa) while its
Young’s modulus was 320 ± 8 GPa (ca. stainless steel
E = 208 GPa).

Examination of the cracking damage was made us-
ing tensile tests with a small mechanical testing de-
vice equipped with a 2500 N capacity load cell and
an LVDT to measure displacement. The flat nitrided
stainless steel samples were attached to the instrument
holder and then positioned directly under the objec-
tive lens of an optical microscope (Zeiss Axioplan) at
a fixed magnification and pulled uniaxially at a rate of
0.005 mm/s. This allowed direct observation of crack
initiation and evolution in the expanded austenite layer.
The applied load and the imposed displacement were
recorded during the tests. Simultaneously optical im-
ages of the surface were acquired using an analog cam-
era with image analysis software (Scion Image, NIH).

Fig. 1 shows a selection of optical images of the
expanded austenite surface during tensile loading at
various strains demonstrating the evolution of crack-
ing. Fig. 1a shows the starting surface of the expanded
austenite just prior to loading (0% strain). The mi-
crostructure consists of grains averaging about 30µm in
size with twinning evident within individual grains due
to the highly stressed layer. The nucleation of crack-
ing occurs at a strain of 1.85%, and Fig. 1b shows a
crack extending from a region at the lower left of the
image in a perpendicular direction to the tensile axis at
a strain of 1.97%. This crack was observed to proceed
in both directions from a defect near a grain boundary
junction at an estimated velocity of 75 µm/s. Fig. 1c
shows the evolution of several parallel cracks in the
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Figure 1 Optical micrographs of the damage observed in the expanded austenite layer during tensile loading for (a) 0%, (b) 1.97% (arrow points to
first transverse crack), (c) 4.5% and (d) 8.3% strain. Loading is in the vertical direction.

expanded austenite layer at a strain of 4.5%. Finally,
Fig. 1d shows the fully developed parallel cracks at a
strain of 8.3%, which corresponded to the end of the
test.

The classical parallel cracking observed in the ex-
panded austenite layer, transverse to the loading di-
rection and normal to the interface, is consistent with
observations in other fracture studies of brittle coat-
ings on ductile substrates [11–13]. The pertinent fea-
tures of the damage produced reveal that the length of
the parallel cracks increase, and the density of these
cracks becomes considerably more pronounced with
strain to a saturation level as illustrated graphically
in Fig. 2. At the saturation level the extensive ar-
ray of parallel cracks that predominate in the layer
throughout the entire gauge length of the specimen
are regularly spaced at about 60 µm (see Fig. 1d).
The intercrack spacing reduces in extent during load-
ing as shown in the sequence of images in Fig. 1 to a
point beyond which no further cracking of the layer is
possible corresponding to the crack density saturation
level. The spacing of these cracks is dictated by shear
load transfer from the cracked layer to the substrate
[12, 14].

From the experiments it was then possible to calcu-
late fracture parameters of the coated system. Assum-
ing an elastic response, the critical stress for cracking,
σc, of the expanded austenite layer was obtained taking
into account the effect of the residual stress, σr (i.e.,

Figure 2 Evolution of transverse cracking density as a function of lon-
gitudinal strain of the stainless steel substrate.

εr = σr/Ef = −0.5%):

σc = (εx + εr)Ef (1)

where Ef is the Young’s modulus of the coating, and
the critical strain for the first cracking of the ex-
panded austenite layer is εc = εx + εr = 1.35%, with
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Figure 3 Optical image of an etched cross-section of a sample deformed to a maximum strain of 8.3% (the corresponding surface image is Fig. 1d).
The labels Ex denotes expanded austenite layer and S denotes the substrate. Note the dark CrN precipitates in the expanded austenite layer.

εx(= 1.85%) the strain for the first cracking observed
in the tensile test and εr the residual strain. The layer
fracture toughness (KIC) is given by [15]

KIC =
(

σ 2
c t

[
π F(αD) + σc√

3σY

])1/2

(2)

and the interfacial fracture energy (γi) is

γi = 1

2
Eftε

2
i (3)

where t is the layer thickness, F(αD) is a function of
the elastic contrast between layer and substrate [16]
and σY is the yield stress of the substrate (obtained
from a tensile experiment on an as-received stainless
steel coupon, σY ≈ 300 MPa). From these equations
we find that σc = 4.31 GPa and KIC = 51 MPa·m1/2.
The absence of delamination of the layer even at the
maximum strain of 8.3% enabled a lower bound value
to be given for the interfacial fracture energy, i.e., γi �
10180 Jm−2 (KIC = 57 MPa·m1/2), which is notice-
ably larger than the layer toughness. For comparison,
the fracture toughness for high-alloy steels is KIC = 50
to 170 MPa·m1/2 and for mild steel, 140 MPa·m1/2

[17].
Fig. 3 shows a polished and etched cross-section of

a tested sample (strain = 8.3%) with the cracks pen-
etrating through the entire layer to the interface with
the stainless steel. It appears most likely that the cracks
induce localised plastic flow in the substrate to occur.
The effect of the plastic flow in the substrate is to blunt
the crack tip at the interface and inhibit longitudinal
de-adhesion of the layer. The distinct line delineating
the layer with stainless steel is due to the etching, as
confirmed from examination of the microstructure in
adjacent unetched regions. Hence the intersection and
blunting of these transverse cracks at the interface illus-
trates the excellent interfacial bonding and adhesion of

the system. Also noticeable within the expanded austen-
ite layer is a scattering of small, dark areas identified
from energy dispersive spectroscopy as CrN precipi-
tates. Interestingly these hard CrN precipitates appear
to have no effect on the cracking damage observed in
the layer.

It has been shown that for monotonic tensile loading,
expanded austenite cracking is the predominant dam-
age mode. The cracking of the layer starts at a strain
of 1.85%, which is well within the plastic deformation
region of stainless steel. Debonding and spalling of the
layer was not observed, indicating excellent interfacial
adhesion. Overall the expanded austenite layer provides
an adequate protective barrier on austenitic steels, but
cracking of this layer (above a critical strain) has a pro-
found effect on material behaviour and susceptibility to
accelerated degradation in monotonic loading, which
needs to be considered in design and application of the
system. Further detailed fracture studies to ascertain the
influence of nitriding temperature on cracking damage
will be presented elsewhere.
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