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Abstract

The combined effect of superficial nanocrystallmatby SMAT (Surface Mechanical Attrition
Treatment) followed by plasma nitriding on the neauleal properties of a medical grade austenitic
stainless steel was studied. SMAT conditions weptinosed to enhance nitrogen diffusion.
Experimental observations (energy dispersive X-spgctroscopy profiles, cross-sectional optical
micrographs, phase analysis by X-ray diffractionl amicro-hardness profiles) show that polishing
away a very thin layer after SMAT and before nitridsignificantly improves nitrogen diffusion into

the substrate, yielding a 50% thicker nitrided laygossible causes for this improvement are digcliss
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1. Introduction

Austenitic stainless steel AISI 316 - ASTM F138aisypical medical grade material that is used in

many industrial and biomedical applications sucho#$iopaedic implants, due to its excellent

corrosion resistance and biocompatibility. Howevts,hardness and wear resistance are relatively
poor [1]. Many attempts have been made in ordehnaalen its surface [2]. For example, at low

temperature nitriding [3], the transformation ofstanite into expanded austeniig,(or S-phase)

increases the surface hardness while keeping anable corrosion resistance [4].



Another process for surface hardening is the Serfdechanical Attrition Treatment (SMAT) [5]. It
generates a nanocrystalline surface layer by septstic deformation. This enhances several
mechanical properties such as yield and ultimatengths, but it also decreases the ductility [6].
SMAT has already been combined with other processel as co-rolling [7], gas nitriding [8, 9] or
low-temperature plasma nitriding on AISI 321 stfdl]. In combination with nitriding, SMAT has
been shown [8-10] to enhance surface hardness amdsion resistance. The SMAT increases
dislocation density and grain boundary fractionrnéee surface, thereby providing fast diffusion
pathways for the nitrogen atoms into the matehmproved nitrogen diffusivity due to smaller grain
size was already observed in AISI 304 steel [1bpv@rsely, Cemiret al. [12] studied the influence
of another mechanical attrition process, ball mglion low temperature plasma nitriding of AlSI 316
steel, and they demonstrated that ball milling »ed the metal surface, which blocks the nitrogen
flux into the bulk material. Several studies hawem performed on similar mechanical surface
treatments and materials [1, 2, 10], however neaeh has been carried out on the duplex treatment

SMAT/nitriding of medical grade austenitic stairdesteels.

In this work, a medical grade AISI 316 - ASTM F188inless steel is first SMATed and then plasma
nitrided. The idea is that SMAT will improve thebsequent nitrogen diffusion, so that a thicker
nitrided layer is formed, which would enhance salvenechanical properties. Based on the thermal
stability TTT diagram ofy [19], plasma nitriding is carried out for 20 h4&5°C [2]. However, even

if the nanostructure generated by SMAT is knowmeimain stable for at least 10 minutes at 600°C
[16], no information is available for longer dweiines. Thus, some of the SMATed samples are
annealed at 425°C for various durations betweamd=28 h to study the stability of the nanostructure
The effect of an intermediary polishing step i®afs/estigated. If any oxides would be preseninas
[12], this step would remove them. The resultingogien layers obtained with and without polishing
are then compared to each other using differeminigoes (as explained below), as well as to an un-

SMATed nitrided sample. Finally, the results argcdssed and analysed.

2. Material and methods

2.1 Material and surface treatments

Coupon samples 6 mm thick were cut from 25 mm diantzars. Their chemical compaosition is given
in Tab. 1. Several SMATed samples were annealedn(&n air furnace at 425°C (see Tab. 2). The
other samples were subjected to different comlonatof SMAT (S), intermediate polishing (P), and
nitriding (N), always in that order (see also Tah.In each case two samples were used. During the
SMAT, spherical shot is set in motion by a highgfrency (20 kHz) ultrasonic generator. Random
shot impacts at the sample surface generate sepl®iic deformation and a superficial
nanocrystalline layer [5, 14]. This process takkexe at standard atmospheric conditions. Suitable

SMAT parameters such as processing time (30 mid) ot size (3 mm) were chosen based on



previous experiments [15]. An intermediary polighigtep is thus carried out to remove a thin
superficial layer of 3+0.3 um. The amount of matkeremoved was measured by successively
indenting the surface layer by a Vickers indentgh wifferent loads. Using the projected areashef t
indenter, this amount was carefully determined emalrolled. Before being placed in the nitriding
chamber, the samples were ultrasonically cleanezhiacetone bath. The nitrided samples were all
treated in the same manner: they were put int@ldma nitriding furnace simultaneously and at the
same distance from the furnace wall. Plasma nitgidvas then carried out for 20 h at 425°C [2] in a
20% N, + 80% H gas mixture at a pressure of 500 Pa [19]. The ¢eatpre was measured and
controlled by a thermocouple placed inside one haf samples. The nitriding time was chosen

according to the thermal stability TTT diagranmygf19].

2.2 Material characterisation

The materials were characterised by several teabsigTransverse sections were cut for measuring
layer thicknesses and grain sizes using OpticalSuahning Electron Microscopy (OM and SEM) as
well as Electron BackScattering Diffraction (EBSDhese sections were polished and etched in a
50 vol.-% HCI + 25% HN@+ 25% HO solution to reveal the nitrided layer. Microhagda profiles
were measured by a Vickers indenter (Model FM-300slng a 25 g load. Each data point
corresponds to the average of seven indentatiot®gin concentration profiles were obtained using
a LEO 1450VP SEM with Energy Dispersive X-ray Spestopy (EDS). The crystal structure was
analysed by X-ray diffraction (XRD) with a SeifdATS-3000 X-ray diffractometer using GtK

radiation and Bragg-Brentano conditions, directiyttoe sample surface.

3. Results and discussion

3.1 Thermal stability of the nanostructure generated by SMAT

In order to establish the thermal stability of tremostructure during the nitriding, the grain siaés
different annealed samples (SS, SA5 and SA20) wetermined at 2am below the surface from
multiple SEM and EBSD observations. Fig. 1 showgpécal example of one of these microstructures
(SS). The average grain sizes are summarised in3Tdbcan be observed that the different anngalin
treatments hardly affect the average grain size@hanocrystalline surface, and that a nanoctiystal

layer composed of nanograins smaller than 50 rstiligresent after 20 h at 425°C.

3.2 Layer morphology and nitrogen profiles

The thickness of the nitrided layer in each samzs determined by OM (Fig. 2a). Fig. 2a shows that
SMAT significantly modifies the thickness and umifoty of the nitrided layer. Samples N425 and
SPN425 both have a continuous nitrided layer weélatively uniform thickness, but the one in
SPN425 is thicker: 40+2 um instead of 264 um. @osely, in sample SN425 only a partial nitrided



layer is present and the thicknesses of its niighits are generally smaller than the thicknes$dise
nitrided layers of N425 and SPN425.

Average nitrogen profiles along the cross-sectibdifberent nitrided samples, obtained by EDS, are

shown in Fig. 2b. The net counts presented in filgisre are supposed to be proportional to the
nitrogen concentration. Three zones of each samete analysed by EDS to check the accuracy and
repeatability of the results. The nitrogen curvésctiiate due to the instrinsic scatter of the

measurements. As in the optical micrographs, ttregen penetration depths again show that nitrogen
diffuses furthest into SPN425 and that it hardjudies into SN425.

3.3 Micro-hardness profile

In order to have some indication as to how the eluplrocess affects the hardness, Vickers micro-
hardness (HV) was measured through the cross-sectibthe samples as shown in Fig. 3. At the
surface, SPN425 and N425 have a similar micro-hessin(1118+108 and 10881110 kiys
respectively), which is about five times higherrthihat of the untreated sample. However, the
hardness decreases much slower with depth for SP® for N425. This indicates that the nitrided
layer of the SPN425 specimen is thicker than treeafrthe nitrided-only specimen N425. Still further
down, after about 6Qm, the micro-hardnesses of SN425 and SPN425 besomilar to the one due

to SMAT only, which is still about 1.5 times thelwa of the untreated and nitrided-only samples.

3.4 X-ray diffraction

The samples were also analysed by XRD in the cdioreai 6-26 mode (Bragg-Brentano), providing
information on phase structure from the nitridedesze layer down to about 5 pm below the surface.
Fig. 4 shows the results for SS, N425, SN425 and42B as well as for an untreated as-received
sample for comparison. The latter yields threeomdjffraction peaks of (111),y (200) andy (220)

in the 45-145° range, thus confirming the presesfdine austenitic fcc phase. The SMATed sample
(SS) gives a similar pattern, without any martensiansformation occurring in the surface layer
during SMAT, contrary to [17], where strain-inducedartensite transformation was detected.
However, this may be due to the different treatmieténsity and also a slightly different steel
composition. However, all corresponding peaks vetightly broadened and shifted to lower angles,
which can be attributed to grain refinement ané toompressive residual stress induced by SMAT
[17].

Before any treatment, the AISI 316 stainless seedlibits a diffraction pattern characteristic of
austeniteyf). In literature [for instance 1-4, 24], plasmariding treatments lead to the formation of a
new phase called expanded austenitedr S-phase), which is a high-N-content solid sotuphase.

This phase is not included in the ASTM X-ray ditftian index because its lattice parameter strongly



depends on the nitrogen content. In addition, thasp transformations in stainless steel after low
temperature plasma nitriding depend on all progesameters [25] such as process temperature,
nitrogen implantation dose rate, nitrogen ion epeqyocessing time, etc. Thus, with increasing

temperature or nitriding time, thg phase further transforms into other nitrogen-coimg phases,

for instance iron nitridesy-FesN or e-FesN, chromium nitrides CrN and @\, or a

martensitic/ferritic phase [22, 24, 25, 26, 27]d @mnot always clear exactly which phases arequies

For instance, in our case the highest peak in 425 pattern may contaipaustenite (111)q'-
martensite (101), and CrN (200), but their relatieatributions cannot be established or distingedsh
for that peak. Also, the peak just next to it carelihera’-martensite (110) and/ar-ferrite (110). The
same goes for the very law/a’ (200) peaks which may or may not be present afmmded with the
adjacent CrN (220) peak. Thus, from this measurérakme the presence of-martensite ora-
ferrite cannot be established. A similar discussian be found in [27] but the precise identificati®

out of the scope of the present paper. Also itoisatear why one or both of these phases appear for
SN425 but not for N425 or SPN425, and neither SMAT nitriding alone induces the formation of

these phases. The presence of CrN is discussediate

The yy phase can be observed in the patterns of N425 BIN#ZS. The peaks induced by plasma
nitriding for N425 and SPN425 appear at lower Braggles than the peaks of the original austenite,
indicating the formation of two phaseg @ndy'-FesN). Those corresponding to thgphase disappear,

so they phase is completely transformed down to 5 um depth

One interesting feature in Fig. 4 is the slightighter relative intensity ofy peaks for SPN425 with
respect to N425. This may be related to the enmaect of the formation ofy due to the faster
nitrogen diffusion because of the high dislocatlemsity together with the small grain size indubgd
SMAT. However, the Bragg peaks of sample SN425 slabtat the three peaks of austenite remain,
so the austenite does not transform completelyyiptoere. Furthermore, thg peaks for SN425 are
lower than those in SPN425 and N425, which meaasl#ss of this hard phase is present. This is
consistent with the micrographic observations aray mxplain the greater hardening in these two
samples at the surface (SPN425 and N425).

Surprisingly, the XRD analysis also shows that @& dresent in the nitrided samples (N425, SPN425
and SN425), whereas according to the thermal #talliagrams of S-phase proposed in [19], a
precipitation-free layer should be formed after G2 nitriding treatment at 425°C. However, this

might be explained by the slightly different cheaticomposition of the stainless steel studied here.

Nevertheless, the amount of CrN does not appele tignificant because of the low intensity of the



peaks, which is consistent with [20]. Moreoverttie SPN425 sample a 60-120 nm thick passivating
layer was observed with SEM, thereby confirming tiwre is no significant depletion of Cr, which

would hinder its formation [21].

The nitrogen concentration and microhardness pofias well as the metallographical and
compositional analyses in the present work confirat the duplex treatment is sensitive to the serfa
preparation before plasma nitriding. In other wortdower nitriding temperatures, the penetratbn
nitrogen into the SMATed sample was diminished wehpect to the nitrided-only samples. This is
thought to be due to surface oxides that act a@eb for nitrogen incorporation, as was obsernved
the literature for ball milling [12]. Similar oxidewere observed in [13], where titanium residuemfr
the sonotrode were deposited at the surface, wivimle oxidised subsequently. However, in the
present work the oxides were removed by the paigshitep while preserving the superficial
nanocrystalline structure induced by SMAT. The tiacof grain boundaries, which act as fast atomic
diffusion channels of nitrogen, was thus increagesl.a result, the thickness of the nitrided layer
increased by about 50% for SPN425 with respect4239N This demonstrates the importance of the
polishing step and supports the idea that surfaiges may block the nitrogen diffusion into the
SMATed samples.

It should be noted that in [10], an intermediaryigiong step was also carried out. However, in that
case the reason was to eliminate the effect ohsarfoughness induced by SMAT on the tribological
behaviour. Finally, other parameters might alsy plaole, such as the residual stresses and, indeed
the surface roughness. Further experiments areerdlyrunder way in order to evaluate their

influence.

4. Conclusion

SMAT and nitriding were combined into a duplex msg in order to increase the thickness of the
nitrided layer, thereby improving the hardness ifgafiear the sample surfaces of a medical-grade
austenitic stainless steel AISI 316 - ASTM F138stiSEM observations coupled with EBSD were
carried out in order to establish whether the digiar nanostructure induced by SMAT remained
stable under subsequent nitriding conditions. Its wiemonstrated that a nanocrystalline layer
composed of nanograins smaller than 50 nm wagpséiient after 20 h at 425°C. Second, the samples
were SMATed and then nitrided. With respect to desthat were nitrided only, preliminary SMAT
decreased the hardness and diminished the thickinesthe homogeneity of the nitrided layer. This is
thought to be due to surface oxides that bloclogén diffusion. Thus, an additional polishing step
was carried out between SMAT and nitriding in orteremove the barrier oxide. With respect to

samples that were nitrided only, the thicknesseftitrided layer increased by about 50% from 26+4



pm to 40+2 um. Moreover, despite the formationmék quantities of CrN, a continuous passivating

layer of chromium oxide was observed at the tofasearof this sample.

Further analyses are currently under way to confim presence of the surface oxides. Also,
additional experiments are being carried out ineortb understand the interaction between the

polishing step, the surface roughness, the resgltedses, and the subsequent nitriding.
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Fig. 1. Cross-sectional SEM micrograph of the SMATed sar(ip).
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Element Fe C Mn| S P S Cr Ni Mo | Cu N Ti \YJ

Weight % | 48,4 0.013] 1.7 | 0.26( 0.017( 0.003| 17.37| 14.52]| 2.80| 0.08| 0.088( <0.005| 0.07

Table 1. Composition (wt. %) of the as-received austemitainless steel AISI 316 - ASTM F138.




Designation SMAT Annealing | Polishing Nitriding
Untreated - - - -
SA5 v 5h - -
SA20 v 20 h - -
SS v - - -
N425 - - - 20 h at 425°C
SN425 v - - 20 hat 425°C
SPN425 v - v 20 h at 425°C

Table 2. Sample treatments.




Sample | Average Grain Size (nm)

SS 47 £ 29
SA5 42 + 27
SA20 42 + 26

Table 3. Average grain size at 2 H/m below the surface for different treatments.



