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Abstract

The residual stress state and mechanical properties of an expanded austenite
layer produced by plasma immersion ion implantation (PI°) on type 316
austenitic stainless steel substrates at different temperatures were investigated.
Residual stress data were obtained using the substrate curvature technique
for six different treatment temperatures in the range 360-520°C. Lattice
expansion, nitrogen concentration with depth and mechanical properties of the
layer were investigated using x-ray diffraction (XRD), glow discharge optical
emission spectroscopy (GDOES) and nano-indentation, respectively. Layer
strength and fracture toughness behaviour were investigated using tensile testing
with optical microscopy to study the cracking evolution in situ. The results
showed that for the treatments at 360—-420 °C lattice expansions greater than 8%
were achieved with nitrogen concentrations near 40 at.%. Two distinct stress—
temperature regions were identified from the curvature measurements: (i) for
treatment temperatures less than 450 °C, high compressive residual stresses in
the range 2-3 GPa were found and the fracture resistances of these layers were
less than 7 MPa m!/2, and (i) for treatment temperatures above 450 °C, the
residual stress was significantly lower (*0.7 GPa) but remained constant and
the fracture toughness of the layer was improved by a factor of two.

1. Introduction

The implantation and diffusion of nitrogen into the surface of austenitic stainless steel using
the plasma immersion ion implantation (PI°) technique can result in a layer with increased
hardness and wear resistance without compromising corrosion behaviour. This modified or
‘expanded austenite’ layer is a metastable and supersaturated unit cell that can have a nitrogen
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concentration greater than 20 at.% and lattice expansions of up to 12% [1-4]. Yet the exact
structure of the layer is not fully understood. Current opinion is that it is not a cubic cell but
has a tetragonal distortion [3, 5]. X-ray diffraction (XRD) analyses show that the (200) planes
expand the most [3, 4, 6].

Importantly, the expanded lattice constant of the layer and the difference in the thermal
expansion coefficient of the expanded layer and the substrate result in significant compressive
residual stresses [4, 7]. These high stresses are believed to enhance the properties, namely
the hardness and fracture toughness. Generally, compressive surface stresses are introduced,
e.g. with shot peening, to improve fatigue and crack resistance, but if excessive they can also
cause adhesion failure of a coating [8, 9]. To avoid premature component failure it is important
to know the nature and magnitude of residual stress.

Residual stresses can be measured using a variety of techniques, such as the curvature
method, hole drilling and XRD or neutron diffraction [9]. Commonly, the non-destructive
methods of substrate curvature and XRD are applied for layers and coatings, but in the case
of expanded austenite the stress free lattice constant is unknown and therefore a precise stress
calculation is difficult from XRD alone. In addition, a chemical shift resulting from the
nitrogen concentration complicates matters further. In this work we use the substrate curvature
method to minimize these problems. Furthermore, it has some advantages over diffraction
techniques. First, the stress calculated from the curvature technique is an average over the
whole thickness of the layer. As a result, the microstructural factors of grain size and texture
have no discernible effect on the results from the curvature technique. Second, and most
importantly, the residual stress in the thin layer can be calculated without knowing the elastic
constants of the coating [10].

Accordingly, the objectives of this work were to process expanded austenite layers at
various temperatures and examine the residual stress state and the chemical and mechanical
properties of the layers. To characterize these properties, substrate curvature, XRD, GDOES
and nano-indentation were used. The strength and crack resistance behaviour of the expanded
austenite layer using small ‘dogbone’ samples were investigated using in sifu optical tensile
tests.

2. Experimental method

2.1. Material and treatments

All specimens used were austenitic type 316 stainless steel with the following composition: Cr
16.4%, Mn 2.1%, Fe 68.5%, Ni 10.4% and Mo 2%. For each treatment a pair of a thin square
and a dogbone was treated. The square samples were 19 x 19 mm? with a thickness 0.89 mm.
The dogbones were the same thickness and total length of 33 mm with a gauge length of 12 mm
and width of 3 mm along the gauge. These were punched out using a press from a die assembly.
Prior to the implantation process all specimens were polished to a 1 um finish using a Struers
RotoPol machine. To analyse the surface layer, optical and scanning electron microscopy
(SEM) were used. Metallographic cross sections of the PI® treated samples were etched using
Marble’s reagent (4 g CuSQOy4, 20 ml HCI, 20 ml H,0) to highlight the treated layer.

To achieve approximately equal layer thickness for each treatment temperature, the process
times were varied based on previous experiments [3]. Treatments were performed at six
different temperatures in the range of 360-520 °C for process times between 960 and 90 min,
as listed in table 1. All PI? treatments were done using a pure N; rf generated plasma, at a
working pressure of 15 pbar. The samples were pulse biased with —30 kV and the frequency
was adjusted to give an estimated constant dose rate of 1 x 10" N cm™2 s~! during each
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Table 1. Applied treatment temperatures with corresponding process times calculated with the
diffusion coefficient D (D = h?/t, where  is the process time and & the layer thickness).

Treatment temperature  Calculated diffusion

°C) coefficient D (um? h~!)  Process time 7 (min)
360 3 960
380 5 540
420 12 300
430 18 180
460 38 120
520 80 90

treatment. The system base pressure was <5 x 107% mbar, and an Ar/H, plasma pre-clean
was performed during heating up to the set temperature similar to that reported in [11].

2.2. Physical characterization

Phase information was determined by standard Bragg—Brentano geometry XRD on a Phillips
1050 diffractometer with Cu Ko radiation (A = 1.5406 A) to measure the lattice constant of
the expanded layer.

Nitrogen depth profiles were obtained by glow discharge optical emission spectroscopy
(GDOES) using a LECO GDS-850A system. Argon ions, excited by a DC voltage of 700 V
and 20 mA, were used to sputter the upper surface layer and produce a crater of 20 um depth
with a 4 mm diameter. The displaced matter was analysed simultaneously by dual emission
spectrometers, creating an elemental depth profile. For ease of measurement 3 mm thick
treated stainless steel samples (19 x 19 mm?) were also tested and the results were found to
be comparable to the equivalent thin materials used throughout this work.

The curvature was measured with a Tencor Alpha-Step 200 stylus profilometer with a
scan length of 10 mm. Measurements were performed in both orientations (x and y directions)
along the midpoint of the square samples. The average curvature was then used to compute
the corresponding stress. Equation (1) shows the relationship between the change in the radius
of curvature of a treated and untreated sample and the corresponding residual stress in the
layer [12]:

17 1 1 E, 1t}
SN I 0
6 Rposl Rpre (I=v) ¢
where Ry is the radius of curvature before treatment, and Ry, after treatment, Eg and v are
the modulus (Es = 210 GPa) and Poisson’s ratio (v = 0.3) of the substrate, f; the substrate
thickness and #; the layer thickness. Assuming that the scan length L of the sample is much
greater than the final bow, B, of the wafer, the radius, R, can be calculated using
L2
R=—. 2
5B (2)
Based on the force balance on the cross section of the substrate the internal residual strain, &,
can be expressed as
Oy
& = — 3
=5 3)
where o is the internal residual stress in the layer and E; the layer modulus (valid for a plane
stress field with oy, = 0y, = 0, 0,; = 0).
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2.3. Mechanical characterization

The hardness and Young’s modulus of the layer were investigated using an Ultra Micro-
Indentation System (UMIS 2000, CSIRO, Australia). For indentation a diamond Berkovich
(three-sided pyramid) tip was used. The applied maximum loads used were in the range of
50-150 mN. For each load at least three indentations were made with a spacing of 20 um and
the results averaged. Further details of the method can be found in [13].

Examination of cracking evolution in the expanded austenite layer as a result of an applied
tensile force was made using a small testing device [7]. During the tests a load cell recorded the
force and a linear variable displacement transducer the imposed displacement. All dogbones
were pulled with a constant crosshead speed of 5 um s~! to a final strain of about 6%. Due
to the small size and design of the device it could be placed under an optical microscope
(Zeiss AxioTech vario 100, Germany), and the region of interest (which remains essentially
stationary) could be observed during the whole testing time and images captured with a camera.

Analysis of the critical stress, o, for cracking of a layer is defined by

0. = SfEf (4)

where &¢ is the strain for the first cracking observed in the layer and Ey the modulus of the
expanded austenite layer. The stress state of the layer is then the sum of the stress induced by
straining the system and the internal residual stress. The critical stress o, for cracking in the
layer is then given by

0. = (er + &) Ex (5)

with ¢, for the residual strain obtained from the curvature measurement. In the case of
compressive stress the residual strain is negative. Once the critical strain is reached the layer
begins to crack and the intercrack spacing decreases with increasing applied strain until crack
saturation is reached, yielding a minimum crack spacing.

The resistance of the material to cracking is the fracture toughness Kjc, which can be
determined from the following [14, 15]:

1/2
Kic = (ofrf [n F(ap) + j;oyD (6)

where o, is the critical stress, f; is the layer thickness, oy is the yield stress of the substrate
(obtained from the tensile experiment) and F («p) is a function of the elastic contrast between
layer and substrate [16].

To investigate these properties for layer/coating on substrate systems, the layer must be
brittle and perfectly adhered to a ductile substrate, so that the displacement/deformation of the
substrate is entirely transmitted to the layer through the interface. In this work the adhesion is
considered near perfect as the layer is grown from the substrate.

3. Results and discussion

Representative XRD traces are shown in figure 1(a) for the untreated stainless steel and the
expanded austenite layer after the 420 and 520 °C treatments. The patterns have been offset
for clarity. The XRD plot of the untreated austenitic stainless steel shows the major austenite
peaks (denoted yji;) for the (111), (200), (220) and (311) reflections. The corresponding
patterns for the treated samples show the expanded austenite peaks (denoted yn(kr)) that have
been shifted to smaller 260 angles indicative of lattice expansion. It is important to note that
the peak shifts observed are not linear with respect to the diffraction angle but for equivalent
reflections are noticeably greater in extent for the 420°C compared to the 520°C treated
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Figure 1. (a) Comparison of XRD patterns showing untreated, 420 and 520 °C treated samples.
The x-ray spectra are offset for clarity. The peaks are labelled either yj4; for the untreated and
YNkt for the treated where ikl = 111,200, 220 or 311. The dashed lines are used for comparison
purposes to show the reflection peak positions of the untreated stainless steel and the expanded
austenite. (b) Average lattice expansion for the (111), (200), (220) and (311) planes as a function
of treatment temperature. The bars delineate the range in the computed lattice expansion values

for the four reflections.

material. Similarly the increased peak height of the (111) reflections dominate the x-ray
spectra in expanded austenite compared to that in the untreated, so that the layer exhibits
texture (preferred orientation), and together with the (200) plane show the greatest expansion
in agreement with previous studies [3, 6, 17]. The texturing towards the (111) plane may be a
consequence of the plane specific elastic modulus in fcc metals [17, 18]. The 520 °C pattern
shows the presence of «-Fe (ferritic in nature) but there is no evidence of CrN peaks, which is
due to the relatively short treatment time and the fine-grained cold-rolled stainless steel sheet
used. The formation of CrN becomes prevalent at these temperatures when longer processing

times (=3 h) are used, from which thicker expanded austenite layers are produced [3, 7].

Figure 1(b) shows the matching percentage expansion of the original fcc austenite cell due
to the diffusion of nitrogen atoms into the interstitial lattice spaces for all applied treatments.
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Figure 2. Nitrogen concentration depth profiles for all treatments obtained from GDOES.
Dashed lines indicate the spread in layer thickness computed from SEM images for all treatment
temperatures.

Figure 3. SEM image of cross sections showing the expanded austenite layer (EX) for the 360 °C
treatment along with the abrupt interface with the stainless steel (SS). Arrows point to several major
slip lines within the layer, indicating plastic flow. Sample etched using Marble’s reagent.

The data points are the average values for the (111), (200), (220) and (311) planes. The
error bars indicate the range in the percentage expansion calculated for each of the four peaks
used in the analysis. At low temperature and long treatment times the average expansion
is approximately 8.5%; at high temperatures it decreases with increasing temperature to an
expansion of 2.1%. Additionally, the expansion varies with the lattice direction of the unit cell
(as illustrated in figure 1(a)), an outcome of which is the discernible variability in the data.
The nitrogen concentration depth profiles (in at.%) for all treatments are shown in figure 2
along with the untreated stainless steel for comparison. The shaded band depicts the layer



Residual stress and cracking in expanded austenite layers 3553

Table 2. Layer thickness, indentation hardness and Young’s modulus for each treatment
temperature. Hardness and Young’s modulus values determined from nano-indentation tests with
maximum load of 100 mN.

Treatment temperature ~ Layer thickness #f  Hardness Young’s modulus
0 (um)* (GPa) Er (GPa)
Untreated — 2402 210£2°

360 55+0.2 14+2.38 227+ 19

380 6.4+0.2 15£0.8 225 £ 12

420 7+£0.2 17+3.8 260 + 27

430 5+£02 13£09 220£5

460 5+£02 10£1.5 209 £ 11

520 4.6+0.2 6.6+03 190+£3.5

@ Layer thickness measurements obtained from SEM images.
b Determined using the impulse excitation technique [26].

thickness range determined from SEM images (refer to figure 3 and table 2). For the 360
and 380°C treatments the nitrogen concentration is between 40 and 50 at.% for the first
100 nm in depth. The nitrogen concentration progressively decreases with increasing treatment
temperature to a level of about 20 at.% at 0.1 um depth for the 520°C treatment. The
characteristic peak at about 0.25 um depth in the profiles of all treatments may be due to
the implantation kinetics dominating at this depth over diffusion, although the peak should
be reduced at higher temperatures, where diffusion is much faster. Another possibility is
adsorption of atmospheric nitrogen into the surface, which is certainly the case for the untreated
material.

The GDOES profiles do not show a distinct interface region by virtue of the technique
having a depth resolution of about 15%. By comparison, a representative SEM image given in
figure 3 shows an abrupt interface between layer and substrate for the 360 °C treated material.
From SEM the average layer thickness for all treatments was found to be 5.6 0.9 um. Stylus
profilometry has shown that the sputtered craters produced have a concave profile, indicating
poorer depth resolution at higher depths, which is evident by the extensive tailing in the GDOES
curves. The highest N depth measured was obtained for the 420 °C treatment.

The hardness and Young’s modulus of the treated materials as determined by nano-
indentation are listed in table 2. The layer hardness for all treatments exhibit an increase
between 650% and 850% compared to the untreated stainless steel. The 420 °C treatment
exhibits the highest hardness and Young’s modulus of 17 and 260 GPa, respectively. The
variations in hardness and Young’s modulus remain relatively high for the 360-430°C
treatments but there is a perceptible decline in these properties for the 460 and 520°C
treatments. The effect of differing layer thickness and substrate influences on the nano-
indentation measurements were essentially minimized by judicious choice of the loads used
and the penetration depths obtained, i.e. the indentation depths ranged from 2490 nm (7% of
layer thickness) in the 420 °C material to ~760 nm (17% of layer thickness) for the 520°C
material at a load of 100 mN [19].

Caution is needed in interpreting the Bragg—Brentano XRD patterns of these layers, as
the method only gives the interplanar lattice spacing for those planes oriented parallel to the
surface. Information from grains with crystallographic planes oriented in any other directions
is neglected in this configuration. The lattice expansion is determined by comparing the peak
positions for the expanded austenite layer to the bulk unstrained stainless steel. The sources of
anisotropic lattice expansions observed by XRD are a result of the superposition of (i) chemical
shift effects in the layer due to variations in the N concentration with crystal orientation, (ii) the
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Figure 4. Intrinsic residual stress as a function of the treatment temperature. Note that negative
stress values signify that the expanded austenite layer is in compression. A dashed vertical line
delineates the two regions.

implantation and in-diffusion of N process, as intergranular strains, and (iii) thermal strains due
to differential thermal contraction of the material on cooling from the treatment temperature.
This indicates that meaningful residual stress calculations using the method are complicated
at best. Clearly, if the effects of chemistry and the residual stresses induced can be separated
then significant information can be extracted for the expanded austenite layer. Furthermore,
the stress is expected to vary with depth and it is unknown which type of stress (micro or
macro [20]) dominates from the XRD analysis performed. Accordingly, the curvature method
is used to circumvent the problems and issues outlined to give a global average measure of the
residual stress in the expanded layer as described below. However, at the level of the grain
scale, intergranular stresses within certain regions of the layer may exceed the macroscopic
average residual stress measured in this study.

The residual stress results from the substrate curvature measurements are shown in figure 4.
For the lower temperature treatments the residual stress is about —3 GPa. At430 °C the stress is
about —2 GPa and drops to —0.7 GPa for the high temperature treatments. The generally lower
N concentrations and lower lattice expansion (<4%) generate weaker compressive stresses
within the layer at the higher temperatures. As a result the residual stress versus treatment
temperature data in figure 4 can be divided into two distinct regions: Region 1 (for temperatures
<450°C) shows a linear decrease in compressive stress with rising temperature; for region 2
(temperatures >450 °C) a plateau in the stress is observed, indicating a definite saturation level.

The high number of defects, visible by electron microscopy within these layers (figure 3),
suggests the onset of plastic flow during the implantation process. This intimates that the yield
strength of the expanded austenite layer may be exceeded at these temperatures, limiting the
stress induced to a threshold value and a reduction with increasing time due to stress relief [4].
In order to gain an insight into the yielding/relief process a simple calculation can be performed
based on knowledge that the yield strength of a material equals approximately one-third of the
indentation hardness [21, 22]. Hence at temperatures of ~400 °C the hardness is about 40% of
the ambient temperature value [23], so for the 380 and 420 °C treatments (see table 2) the yield
stress computed is in the range 2-2.3 GPa. This is the same order of magnitude and is near the
residual stress values measured from the curvature experiments, indicating that material flow
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Figure 5. (a) Critical stress for cracking and (b) fracture toughness of the expanded austenite
layer as a function of treatment temperature. The dashed vertical line delineates the two regions
identified in figure 4.

is likely. Transmission electron microscopy studies have also demonstrated a region of high
dislocation density at the boundary with the underlying substrate [3, 5].

From the stress data plotted in figure 4, the residual strains may be calculated using
equation (3), from which the corresponding lattice expansions obtained range from 0.37%
to 1.4%. Compared to the lattice expansion data given in figure 1(b) these shifts due purely
to stress in the layer are quite low. It is readily apparent that the major component of the
peak shifts observed in figure 1(a) is due to the N concentration. Even with this knowledge,
deconvoluting the chemical and stress effects in XRD measurements due to the anisotropic
peak shifts remains unanswered and is beyond the scope of this work.

The critical stress for cracking and the fracture toughness, Kjc, of the expanded austenite
layer as a function of temperature are shown in figures 5(a) and (b), respectively. The critical
point when the layer begins to crack due to the applied load corresponds to the maximum tensile
stress the layer can withstand before rupture, i.e., the strength of the layer. For the treatments
at <450°C even though the stress is high the strength is relatively low, due to the plastic
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Figure 6. Sequence of optical micrographs showing the damage observed in the expanded austenite
layers after tensile loading to a final strain of about 6% for (a) 360 °C, (b) 380°C, (c) 420°C,
(d) 430°C, (e) 460 °C and (f) 520 °C treatment. Tensile loading applied is in the vertical direction
for the images shown.

deformation at temperature and high defect density that resulted as shown in the SEM cross-
sections (figure 3). For the 460 and 520 °C treatments the strength was increased considerably,
pointing to a distinct transition in mechanical response akin to the stress behaviour. The fracture
toughness data showed the same trend with Kic = 1-7 MPa m'/? for treatment temperatures
less than 450 °C and ~14 MPa m'/? above 450 °C. Generally, it would be expected that higher
compressively stressed layers would exhibit improved toughness, but this is not the case. For
comparison, typical steels have a Kic about 50 MPa m'/2. Clearly, the defect density plays a
major role in the strength and toughness response of the expanded austenite layer, but not so
for hardness. Moreover, the magnitude of the stress induced controls the hardness and appears
to govern the number of defects, which directly influences the critical cracking stress.

Figure 6 shows the optical images for all treatments at final tensile strain of 6%. The
prominent feature in the majority of the images is the regular spacing of typically long parallel
cracks perpendicular to the loading axis (here the loading applied is vertical in plane of all
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the images). Grain boundary junctions and defects were the main sources of the nucleation of
these cracks from the in situ optical microscopy viewing. The cracking damage in expanded
austenite is similar to that shown in initial work on this system [7] and is also a feature of hard
coatings deposited on metallic substrates [13, 24, 25]. The observed cracking behaviour of the
expanded layer at lower temperatures shows that the intercrack spacing is 212 um for the 360
and 380 °C (figures 6(a) and (b)) and ~21 um for the higher temperatures (figures 6(c) and
(d)). In the 460 °C material (figure 6(e)) the parallel cracks are reduced in length and extent and
for the 520 °C treatment (figure 6(f)) no long parallel cracks through the layer can be observed,
but only small microcracks at some grain boundaries, indicating improved toughness. For all
treatments no decohesion of the layer from the substrate has been observed, which indicates
the excellent bonding of the layer to the substrate.

Irrespective of the cracking damage the grain structures of the layers show differing degrees
of twinning and slip lines which result from the treatment. The images of the low temperature
treatments, particularly the 360 and 380 °C (figures 6(a) and (b)), show significantly more
deformation in the form of twinning, which again supports evidence of plastic deformation
occurring at temperature. Further, the level of deformation observed in the microstructures
of the layer for each treatment, which are generally equivalent in grain size, seem to play a
crucial role in the differences observed in the strength and toughness data in figure 5.

4. Conclusion

The dependency of residual stress on treatment temperature using PI° on stainless steel 316
has been shown. Low temperature treatments (<450 °C) cause high lattice expansions up
to 8% with over 20 at.% of nitrogen in the surface region which leads to relatively high
compressive residual stress of 3 GPa. These internal stresses are higher than the yield
strength of the produced expanded austenite layers, which caused plastic flow in the outer
surface region. Distinct regions of the induced stress and mechanical property behaviour
were observed and defined. For temperatures <450 °C a linear decrease in compressive stress
with rising temperature was noted, whereas above this temperature a constant stress of around
—0.7 GPa was attained. The transitions in mechanical response were most evident in the
optical microscope images of the multiple crack-damaged layers. The high defect density in
these layers, particularly for the lower treatment temperatures, resulted in reduced strength and
resistance to cracking. This was attributable to the high stresses induced by the implantation
process, which is likely to cause deformation and piled-up slip lines given that the magnitudes
of the stresses are equivalent to the yield stress of the layer. These defects act as a potential site
for cracking in the layer when loaded in tension. The results show that with higher nitrogen
concentration the layer is more brittle, with higher crack density observed from tensile testing
and lower fracture toughness.
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