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Abstract 

Nickel-free high-nitrogen austenitic stainless steels (HNSS) are increasingly considered 

for biomedical applications owing to their excellent biocompatibility, corrosion resistance, 

and favourable mechanical properties. Their mechanical behaviour is strongly influenced 

by interstitial alloying, which can enhance both strength and work-hardening capability. 

However, the deformation mechanisms governing work hardening in HNSS, particularly 

at high nitrogen contents, remain insufficiently understood. Here, we investigate the effect 

of nitrogen on the mechanical response and associated deformation mechanisms of a 

nickel-free austenitic stainless steel containing 1 wt.% nitrogen. Tensile tests revealed a 

combination of high strength, sustained work hardening, and good ductility, with further 

strengthening achievable through cold rolling. The annealed material exhibited a distinct 

constant strain-hardening regime during the early stages of deformation. Using electron 

backscatter diffraction and in situ tensile testing, planar dislocation slip, evidenced by slip 

traces, was identified as the predominant deformation mechanism, with no detectable 

strain-induced martensitic transformation or mechanical twinning in this regime. Me-

chanical twinning was observed only at higher strains (>15%) and appears to make a sec-

ondary, limited contribution to the overall deformation. Despite the relatively high calcu-

lated stacking-fault energy, the mechanical and microstructural observations are con-

sistent with strongly restricted cross-slip and localized dislocation glide. These findings 

suggest that chemical short-range order may play an important role in governing the dis-

tinctive plasticity and sustained work-hardening behaviour of Ni-free HNSS. 

Keywords: high-nitrogen stainless steel; in-situ tensile testing; electron backscatter dif-

fraction (EBSD); work hardening; planar slip 

 

1. Introduction 

In the past few years, high-nitrogen stainless steels (HNSS)—alloys in which nitro-

gen acts as a key interstitial element—have attracted increasing attention across a wide 

range of sectors, including the chemical, energy, aerospace, and, more recently, biomedi-

cal industries [1–4]. This growing interest arises from their distinctive combination of 

properties. Owing to its strong austenite-stabilizing effect, nitrogen significantly extends 

the γ-phase stability domain while providing pronounced solid-solution strengthening. 

As a result, HNSS exhibit superior mechanical performance compared to conventional 
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austenitic stainless steels, such as 316L, including higher yield strength and enhanced fa-

tigue resistance [5–7]. 

Nitrogen-stabilized austenite ensures non-magnetic behaviour, which is required for 

compatibility with magnetic resonance imaging (MRI), and enables the reduction or elim-

ination of nickel, which otherwise serves as a γ-stabilizer in conventional steel composi-

tions. This aspect is of increasing importance in light of concerns related to nickel-induced 

hypersensitivity [8–10]. Due to the beneficial effect of nitrogen, HNSS have also been re-

ported to exhibit corrosion resistance that significantly surpasses that of standard 316L 

stainless steel [4,11–13]. This contributes to limiting metal ion release in physiological en-

vironments, thereby improving biocompatibility and long-term biological safety [14,15]. 

In addition, their relatively high elastic modulus and good wear resistance make 

HNSS promising candidates for applications requiring high stiffness, which are currently 

fulfilled by cobalt–chromium alloys. This is particularly relevant in the context of already 

started regulatory restrictions on cobalt-containing materials [16]. Overall, due to their 

unique combination of properties, HNSS—and especially austenitic nickel-free grades—ap-

pear as promising alternatives to conventional reference alloys for medical applications. 

Despite the growing body of literature devoted to HNSS, the role of nitrogen in gov-

erning deformation mechanisms and mechanical properties remains insufficiently clari-

fied. While its solid-solution strengthening effect is well established, its influence on fun-

damental plasticity mechanisms—such as dislocation glide, planar slip, and deformation 

twinning—remains a matter of ongoing debate [17–21]. In particular, the effect of nitrogen 

on stacking fault energy (SFE), a key parameter controlling the transition between slip-

dominated and twinning-assisted plasticity, is still inconsistently reported [22,23]. Con-

tradictory trends are frequently observed across studies, both in terms of the magnitude 

and the direction of the reported SFE variations [24–27]. 

These discrepancies are commonly attributed to differences in alloy chemistry, nota-

bly the interactions between nitrogen and substitutional elements such as Cr, Mn, and Mo 

[28–30]. This arises partly from the strong affinity between N and Cr, which promotes 

short-range ordering (SRO) and favours certain deformation mechanisms over others [31–

34]. In addition, the wide range of nitrogen contents investigated—from low interstitial 

levels to highly supersaturated solid solutions—likely leads to distinct deformation re-

sponses [7,35,36]. Further complexity comes from variations in processing routes, grain 

size, and testing conditions (strain rate, temperature…), all of which strongly influence 

the active deformation mechanisms [37–39]. Consequently, a unified understanding of the 

structure–property relationships in nitrogen-alloyed stainless steels is still lacking. 

The present study focuses on BioDur® 108 alloy, a nickel-free austenitic HNSS devel-

oped by Carpenter Technology Corporation, characterized by a particularly high nitrogen 

content (up to 1.1 wt.%) [40] and exhibiting attractive mechanical properties. Despite its 

potential for demanding biomedical applications, the relationships between its micro-

structure and mechanical behaviour remain only partially understood [41,42]. The objec-

tive of this work is to provide a deeper understanding of the role of nitrogen in governing 

the mechanical behaviour and underlying deformation mechanisms in this specific sys-

tem. To this end, particular attention is devoted to the characterization of deformation-

induced microstructural evolution, notably through in-situ electron backscatter diffrac-

tion (EBSD) analysis during tensile loading. This approach is complemented by a detailed 

investigation of the mechanical response, with specific emphasis on strain-hardening be-

haviour, a key factor controlling the overall mechanical performance of such alloys. 
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2. Materials and Methods 

A 60 mm diameter bar of BioDur® 108 alloy was supplied by L. KLEIN SA for this 

study (marketed under the name Chronifer® 108, UNS S 29108). The material was received 

in the annealed condition (Condition A). The nominal and analysed chemical composi-

tions are summarized in Table 1. 

Table 1. Nominal and analysed chemical composition of BioDur® 108 alloy used in this study. 

Chemical Composition 

(wt.%) 
Fe Mn Cr N Si Mo Cu Others (C, Ni, P, S) 

Nominal * Bal. 21.0–24.0 19.0–23.0 0.85–1.1 max. 0.75 0.5–1.5 max. 0.25 <0.1 

Analysed ** Bal. 23.23 21.09 1.01 0.29 0.72 0.04 <0.04 

* according to ASTM F 2229 [40]; ** from provided certificate. 

Flat dog-bone tensile specimens were machined from slices extracted from the bar 

such that the loading axis was oriented along the radial or near-radial direction, i.e., per-

pendicular to the bar longitudinal axis, while the specimen width was parallel to the lon-

gitudinal direction. Uniaxial tensile tests were performed at room temperature using an 

Instron 5966 universal testing machine (Instron, Norwood, MA, USA) equipped with a 10 

kN load cell and a 10 mm gauge-length extensometer. The applied strain rate was 10−3 s−1. 

For each condition, two tensile specimens were tested to assess the repeatability of the 

mechanical response. For clarity, only one representative stress–strain curve is presented 

for each condition, whereas the main mechanical properties are reported as the mean val-

ues ± standard deviation obtained from the two specimens. 

Additional slices were cold rolled at room temperature, along the length of the pieces, 

to thickness reductions of 10%, 20%, 50%, and 70%, after which tensile specimens were 

also extracted for subsequent characterization. 

Miniature tensile specimens with a double-fillet geometry and mirror-polished sur-

face finish were machined for in-situ SEM investigations. In-situ tensile experiments were 

carried out using a Proxima 100 microtensile testing stage (microMECHA, Kammrath & 

Weiss GmbH, Schwerte, Germany), equipped with a 3 kN load cell, at a strain rate of 10−3 

s−1. Electron backscatter diffraction (EBSD) maps were acquired at various deformation 

stages using a Zeiss Supra 55 field-emission gun scanning electron microscope (FEG-SEM) 

(Carl Zeiss, Oberkochen, Germany) operated at 20 kV and equipped with an Oxford In-

struments Symmetry detector (Oxford Instruments, High Wycombe, UK) controlled by 

AZtec v6.2 SP1 software. 

Schematics illustrating the geometries and dimensions of the different types of tensile 

specimens used in this study are provided in Figure 1. 

 

Figure 1. Specimen geometries and dimensions: (a) flat dog-bone specimen, and (b) in-situ tensile 

specimen. All dimensions are in millimeters. 

Additional conventional microstructural observations were also performed without 

the in-situ tensile test setup. All EBSD patterns were indexed assuming the austenitic γ-

Fe crystal structure (face-centred cubic, space group 225, Fm─3m). Step sizes of 0.5 µm 

and 0.2 µm were used for overview and high-magnification scans, respectively. EBSD data 
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were analysed using AZtecCrystal 3.3 software package. Data clean-up was restricted to 

removing wild spikes. High-angle grain boundaries (HAGBs) were defined by a misori-

entation threshold of 15°. Annealing twin boundaries (∑3, 60° <111> within Brandon’s cri-

terion) were excluded from the grain boundary network to evaluate grain size, which was 

quantified in terms of equivalent circle diameter. 

For SEM and EBSD analyses, specimen surfaces were prepared by successive grind-

ing with SiC papers up to 2400 grit, followed by polishing with 6 µm, 3 µm, and 1 µm 

diamond suspensions. Final surface preparation was achieved by vibratory polishing (Vi-

broMet, Struers) using a 0.25 µm OP-S colloidal silica suspension. 

Complementary phase identification was performed by X-ray diffraction (XRD) us-

ing a Panalytical X’Pert PRO diffractometer (PANalytical, Almelo, The Netherlands) 

equipped with a Cu Kα radiation source. 

3. Results 

3.1. Tensile Properties 

The engineering stress–strain curves of the BioDur® 108 alloy obtained from tensile 

tests are displayed in Figure 2a and main mechanical properties are summarized in Table 

2. Material was tested in the as-received annealed condition and after cold rolling with 

thickness reductions of 10%, 20%, 50% and 70%. Despite the precautions taken during 

specimen preparation and tensile testing, some relatively large standard deviations (>5%) 

can be observed. These are mainly attributed to the limited number of specimens tested 

for each condition. Nevertheless, the scatter remains sufficiently limited to allow the me-

chanical properties to be assessed, the different conditions to be compared, and the trends 

in their evolution to be discussed. Both the yield strength (YS) and ultimate tensile 

strength (UTS) increase monotonically with increasing reduction ratio, while the elonga-

tion to fracture decreases significantly. The UTS nearly doubles for the 70% cold-rolled 

condition compared to the annealed state, rising from approximately 1100 MPa to nearly 

1900 MPa, while, conversely, the elongation to failure drops sharply from above 60% to 

below 10% at the same time. Among tested conditions, a pre-deformation of 20% by cold 

rolling provides a favourable balance of mechanical properties, with a yield strength of 

about 1150 MPa combined with a total elongation exceeding 30%. Other noticeable fact is 

that, in the annealed state, the alloy exhibits a pronounced uniform elongation regime and 

significant strain-hardening capability. Both features progressively diminish with increas-

ing cold-rolling reduction, to the extent that uniform elongation becomes nearly negligible 

at the highest reduction levels. 

 

Figure 2. (a) Engineering stress–strain curves of the BioDur® 108 alloy in the annealed state and after 

cold rolling at different thickness reductions; (b) corresponding work-hardening-rate curves. 

Table 2. Main mechanical properties obtained from tensile tests (mean ± standard deviation). 
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 Annealed 10% 20% 50% 70% 

0.2% Yield strength (MPa) 736 ± 27 911 ± 78 1133 ± 56 1470 ± 23 1640 ± 106 

Ultimate tensile strength (MPa) 1068 ± 46 1249 ± 40 1342 ± 49 1690 ± 11 1847 ± 75 

Uniform elongation (%) 40 ± 5 27 ± 5 14 ± 5 3 ± 0,1 3 ± 0.1 

Elongation at fracture (%) 61 ± 7 45 ± 8 33 ± 3 10 ± 1 8 ± 0.3 

Figure 2b presents the corresponding work-hardening-rate curves, obtained as the 

slope of the true stress–strain curves, and plotted up to the Considère criterion, i.e., when 

the work-hardening rate equals the true stress ( 𝑑𝜎true/𝑑𝜀true = 𝜎true ), marking the onset 

of necking. All curves exhibit an initial sharp drop in work-hardening rate, associated 

with the transition from elastic to plastic deformation. The annealed condition then dis-

plays a plateau (up to about 15%), indicative of a nearly constant hardening rate, followed 

by a gradual decrease. In contrast, the pre-deformed conditions show only a continuously 

decreasing regime, with no distinct plateau. For pre-deformation levels above 20%, the 

curves are not shown, as only the initial stage—characterized by an abrupt decrease—was 

observed, without any subsequent steady-state region. 

3.2. Microstructure Evolution 

Figure 3 presents the initial microstructure of the BioDur® 108 alloy in the annealed 

condition. The EBSD orientation map (Figure 3a) reveals equiaxed grains with an average 

grain size of approximately 58 µm, fully indexed with austenitic γ-Fe FCC structure. The 

observations show no preferential crystallographic texture. Several relatively wide bands 

can be observed within the grains, exhibiting 60° misorientation boundaries correspond-

ing to ∑3 grain boundaries, as highlighted in Figure 3b. This confirms that these bands are 

annealing twins inherited from the heat-treatment process. 

 

Figure 3. (a) EBSD orientation map of the BioDur® 108 alloy in annealed condition; (b) correspond-

ing band contrast (BC) map with Σ3 grains boundaries highlighted in red. The standard stereo-

graphic triangle used for IPF colour coding is shown in the lower-left corner and applies to all EBSD 

maps in this article. 

An in-situ tensile test was performed inside SEM on this initial state, and the ob-

served microstructural evolution during deformation is shown in Figure 4, which gathers 

FSD images and EBSD IPF maps acquired at different strain levels (5 stages, numbered 0 

to 4 in the present experiment). Stage 0 corresponds to the initial microstructure described 

previously. At the onset of deformation (stage 1), almost no visible microstructural change 

is observed. As the strain increases to stage 2, the surface relief becomes more pronounced. 

In the magnified insets, colour changes within the grains can clearly be observed in the 

IPF map, indicating local misorientations, together with dark straight lines appearing in 

the FSD images, which likely correspond to dislocation slip traces. With further 
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deformation (stage 3), both phenomena become more pronounced: the surface topogra-

phy increases, the colour gradients become stronger and spread over a larger number of 

grains, and the slip traces become more numerous. As shown in Figure 5, trace analysis 

indicates that these observed slip traces correspond to the {111} slip planes. 

 

Figure 4. In-situ microstructural characterization of the BioDur® 108 alloy during tensile testing: 

forescatter electron (FSD) images (grayscale) and EBSD orientation maps (colour) acquired at dif-

ferent strain levels (stages 0 to 4). Magnified views (IPF and BC maps) of the areas marked by white 

squares are shown at the bottom of each column. 

 

Figure 5. (a) EBSD IPF map with visualisations of the austenite crystal orientations. (b) BC map 

showing the experimentally observed slip traces on the alloy surface, with three slip-trace sets high-

lighted in red, green and pink. (c–e) Corresponding calculated slip traces for the three {111} plane 

orientations determined from EBSD orientation data, shown using the same color coding as in (b). 

At the highest strain level (stage 4), indexing of the microstructure becomes difficult 

because of the pronounced surface relief and the non-ideal acquisition conditions associ-

ated with the in-situ setup, particularly the large working distance. Consequently, the 

specimen was removed from the in-situ tensile holder, and the same analysed area was 

subsequently characterized under optimized conditions. The corresponding EBSD analy-

sis is presented in Figure 6. Two areas of interest were selected from the initial region, as 

indicated by white rectangles in Figure 6a, and higher-magnification EBSD orientation 

maps were acquired. In these maps (Figure 6b,d), numerous thin bands can be observed 

within the grains. Despite their narrow thickness, misorientation profiles were extracted 

across several of these bands. As shown in Figure 6c,e, the band boundaries exhibit a 60° 

misorientation around the [111] axis relative to the parent grain, corresponding to Σ3 

boundaries. Although this misorientation is identical to that of the annealing twins ob-

served in the initial microstructure, their lenticular rather than straight-edged morphol-

ogy, together with their size and the mechanical history of the specimen, suggests that 
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these newly formed bands are more likely to correspond to deformation twins generated 

during tensile loading. 

 

Figure 6. (a) EBSD orientation map of the same area as in Figure 4, acquired under improved acqui-

sition conditions after the in-situ tensile test (stage 4); (b,d) higher-magnification EBSD maps from 

the areas marked by white squares; (c,e) corresponding misorientation profiles measured along the 

AB lines for each area, respectively. The map in (b) corresponds to the region highlighted in the 

zoomed-in insets of Figure 4. 

To improve indexing quality, particularly by reducing the surface relief of the speci-

men, an additional polishing step was performed prior to a new EBSD analysis. As shown 

in Figure 7a, the amount of non- or poorly indexed areas is significantly reduced. Further-

more, the magnified region and the corresponding misorientation profile presented in 

Figure 7b,c, respectively, clearly confirm the presence of fine Σ3 deformation twins. 

 

Figure 7. (a) EBSD orientation map acquired after post-test polishing of the specimen deformed to 

stage 4; (b) magnified view of the area marked by a white square; (c) corresponding misorientation 

profile measured along the AB line. 

Since our experimental setup did not allow precise quantitative monitoring of the 

strain level, additional experiments were carried out to determine at which stage of de-

formation these mechanical twins appeared in the material. 

A conventional tensile test was interrupted at 15% strain, corresponding to the end 

of the plateau observed on the work-hardening-rate curve of the annealed condition. The 

EBSD maps acquired after this test are shown in Figure 8. Fine dark bands, which can 

appear similar to those previously observed in Figure 6, can be identified. However, their 

indexing quality is insufficient, preventing any reliable misorientation measurement. As 
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performed previously, the specimen was subsequently repolished to reduce the rough-

ness induced by tensile deformation and thus improve EBSD indexing quality. 

The new EBSD maps obtained after polishing, presented in Figure 9, still reveal local 

colour gradients associated with local misorientation in some grains, whereas the fine 

dark lines have clearly disappeared. This indicates that the lines observed prior to polish-

ing mainly originated from surface relief generated by slip bands (topographic and shad-

owing effects) rather than from an actual microstructural transformation such as twin-

ning. These observations indicate that mechanical twinning is not detected below 15% 

strain given the sampling and resolution conditions used in this study. Consequently, me-

chanical twinning does not appear to be responsible for the plateau observed in the work-

hardening-rate curve of the BioDur® 108 alloy in annealed condition. 

 

Figure 8. (a) BC and (b) EBSD orientation maps of a specimen deformed to 15% strain; (c,d) magni-

fied views (IPF and BC maps) of the area marked by a white square. 

 

Figure 9. (a) BC and (b) EBSD orientation maps acquired after post-polishing of the specimen de-

formed to 15% strain; (c,d) magnified views (IPF and BC maps) of the area marked by a white square. 

3.3. Phase Analysis 

Additional XRD analyses were performed on the BioDur® 108 alloy in the annealed 

state and after cold rolling with thickness reductions of 10%, 20%, 50%, and 70%. The cor-

responding diffraction patterns are presented in Figure 10. As can be seen, only the FCC 

austenitic phase is detected in all conditions, and the lattice parameter was estimated to 

be 3.634 Å. These results are consistent with previous EBSD observations and confirm that 

the nitrogen content in the BioDur® 108 alloy is sufficiently high to stabilize the austenite 

and suppress the martensitic transformation, even at high deformation levels. A progres-

sive broadening of the XRD peaks is observed with increasing cold-rolling reduction, 

which can be mainly attributed to the increase in dislocation density and the associated 

lattice microstrains induced by plastic deformation, together with the refinement of co-

herently diffracting domains. 

https://doi.org/10.3390/met16111249


Metals 2026, 16, 1249 9 of 15 
 

https://doi.org/10.3390/met16111249 

 

Figure 10. XRD patterns of the BioDur® 108 alloy in the annealed state and after cold rolling at dif-

ferent thickness reductions, indexed with austenite phase. The diffractograms are vertically offset 

for clarity. Intensity is shown in arbitrary units (a.u.). 

4. Discussion 

Microstructural investigations indicated that dislocation slip is the dominant defor-

mation mechanism in the BioDur® 108 alloy. Mechanical twinning was observed at rela-

tively high strain levels (>15% elongation) and appeared to represent a minor contribution 

to the overall deformation. Furthermore, no evidence of strain-induced martensitic trans-

formation was detected, even at the highest investigated strain levels. Consequently, the 

pronounced work-hardening plateau observed in Figure 2b is unlikely to be governed by 

TWIP or TRIP mechanisms and appears to arise primarily from dislocation-mediated 

plasticity. 

This quite surprising behaviour can be rationalized by the high nitrogen content of 

the alloy. Previous studies on high-nitrogen austenitic steels have reported a significant 

increase in the work-hardening capacity with increasing nitrogen concentration 

[35,36,43,44]. Nitrogen, as an interstitial solute, exhibits strong chemical interactions with 

substitutional alloying elements, particularly Cr [29,45–47]. These interactions are widely 

reported to promote the formation of short-range order (SRO) clusters within the austen-

itic matrix [31–34,48,49]. Such local atomic ordering can act as an effective barrier to dis-

location motion, particularly for deformation mechanisms involving dislocation move-

ment out of the primary slip plane [50,51]. 

The presence of SRO may increase the energy barrier associated with the constriction 

and recombination of Shockley partial dislocations, a prerequisite for cross-slip. As a re-

sult, cross-slip may be inhibited, thereby suppressing the associated dynamic recovery 

processes. Plastic deformation is therefore expected to proceed predominantly through 

localized dislocation glide with limited cross-slip [36,52], consistent with the trace analysis 

presented in Figure 5. Indeed, the observation of distinct, parallel slip traces correspond-

ing to {111} planes within individual grains indicates that plastic deformation is highly 

localized on specific slip planes, which is consistent with a planar slip mechanism in the 

austenitic matrix. This resulting localization of dislocation glide may favour dislocation 

accumulation on specific slip planes and increase the probability of geometrically com-

patible interactions between dislocations operating on different slip systems, which may 

promote the formation of Lomer–Cottrell locks [52]. These sessile dislocation structures 

can act as effective obstacles to further dislocation motion and may therefore contribute 

significantly to strain hardening. 

The extended work-hardening plateau could therefore be interpreted as the result of 

sustained dislocation accumulation driven by (i) the continuous generation of new 
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dislocations, (ii) the progressive accumulation of Lomer–Cottrell locks, and (iii) the lim-

ited dynamic recovery associated with restricted cross-slip. Consequently, the alloy re-

tains a high strain-hardening capability over a large strain range, which delays plastic 

instability and promotes ductility. 

The unusual shape of the flow curve can be quantitatively described using the Lud-

wigson equation. The strain-hardening behaviour of metallic materials is commonly rep-

resented by the Hollomon relationship: 

𝜎 = 𝐾𝜀𝑛 (1) 

where 𝜎 is the true stress, ε is the true plastic strain, 𝐾 is the strength coefficient, and n 

is the strain-hardening exponent. However, this equation often fails to accurately describe 

the deformation behaviour of austenitic stainless steels at low plastic strains [38,53,54]. In 

the present alloy, as can be seen in Figure 11, the double-logarithmic plot of true stress 

versus true plastic strain exhibits a clear two-stage hardening behaviour, with a noticeable 

deviation from the Hollomon law at low strains. 

To account for this deviation, the Ludwigson modification introduces an additional 

term ∆ [54]: 

𝜎 = 𝐾1𝜀𝑛1 + ∆ = 𝐾1𝜀𝑛1 + 𝑒𝑥𝑝(𝐾2 + 𝑛2𝜀) (2) 

The parameters 𝐾1 and 𝑛1 were determined from the high-strain region by fitting 

the Hollomon relationship. The fitting range was selected by considering the largest pos-

sible number of experimental data points at the end of the tensile test, before the Considère 

criterion was reached, while maintaining a coefficient of determination (𝑅2) above 99.9% 

(corresponding to a true stress range of 1040–1599 MPa). The parameters 𝐾2 and 𝑛2 were 

subsequently obtained from the regression of ln( 𝜎 − 𝐾1𝜀𝑛1) as a function of true strain in 

the low-strain regime. Similarly, the largest possible number of experimental data points 

at the beginning of the tensile test was considered, starting from the yield point, while 

maintaining a coefficient of determination (𝑅2 ) above 99.9% (corresponding to a true 

stress range of 710–1025 MPa). The overall fitting accuracy was estimated to be 99.9%. The 

transition strain 𝜀𝐿, corresponding to the strain at which the Ludwigson correction term 

becomes negligible compared with the Hollomon term, was calculated using: 

𝑟 =  𝑒𝑥𝑝(𝐾₂ + 𝑛2𝜀𝐿)/(𝐾₁𝜀𝐿
𝑛1)   (3) 

where r is an arbitrary threshold value, fixed at 0.02 according to values reported in the 

literature [38,53–56]. The resulting transition strain was estimated to be 𝜀𝐿 = 0.12. All fit-

ted parameters are summarized in Table 3. 

 

Figure 11. True flow curve of the BioDur® 108 (logarithmic coordinates). Experimental data are plot-

ted in blue and compared to Hollomon (brown line) and Ludwigson (red dotted line) models. 
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Table 3. Parameters characterizing the true flow curve of the BioDur® 108 alloy obtained from the 

Ludwigson equation. 

𝑲𝟏 (MPa) 𝒏𝟏 𝑲𝟐 𝒏𝟐 𝜺𝑳 𝝈𝑳 (MPa) 

2362.09 0.38 6.18 −25.166 0.12 1061 

According to Ludwigson, a larger deviation from the classical Hollomon behaviour 

is generally associated with deformation modes involving restricted cross-slip and local-

ized dislocation glide, features that are frequently encountered in low-SFE materials. Con-

sequently, the parameters 𝑛2 and 𝜀𝐿 can be regarded as qualitative indicators of the de-

formation mode. The values obtained in the present study are comparable to those re-

ported for brass and conventional austenitic stainless steels [38,54], suggesting a defor-

mation behaviour more typical of relatively low-SFE materials. 

This observation is particularly noteworthy because thermodynamic calculations 

performed using Thermo-Calc (TCFE14 database) predict a stacking fault energy (SFE) of 

51 mJ·m−2 for the BioDur® 108 alloy (details and potential limitations of the calculation 

procedure are provided in the Supplementary Material). This value lies in the upper range 

typically reported for austenitic stainless steels, and is generally associated with a transi-

tion regime where mixed or wavy dislocation slip prevails and cross-slip is expected to be 

relatively active [57–59]. 

However, it should be emphasized that SFE values obtained from thermodynamic 

calculations represent an equilibrium-based estimate and may not fully capture the effec-

tive stacking fault energy under deformation [60]. In particular, local chemical ordering, 

solute–dislocation interactions, and short-range order effects can significantly modify the 

energy barrier for partial dislocation separation and recombination. 

In the present alloy, despite the comparatively high calculated SFE, the deformation 

behaviour is inconsistent with enhanced cross-slip activity and dynamic recovery typi-

cally expected in this regime. Instead, the material exhibits deformation characteristics 

consistent with strongly restricted cross-slip and localized dislocation glide. 

This apparent discrepancy highlights that, in high-nitrogen austenitic steels, and par-

ticularly for the special chemical composition of BioDur® 108 alloy, the stacking fault en-

ergy alone is not sufficient to rationalize the observed deformation behaviour. Additional 

microstructural factors, particularly short-range ordering induced by nitrogen, are there-

fore likely to play a decisive role in controlling dislocation mobility. 

These mechanisms explain the unusual and highly attractive combination of mechan-

ical properties exhibited by the alloy, namely a relatively high yield strength, sustained 

work hardening, and excellent ductility. Combined with its biocompatible and nickel-free 

chemical composition, these characteristics make the BioDur® 108 alloy a promising can-

didate for biomedical applications. In particular, the ability to retain substantial ductility 

while achieving high strength levels suggests that cold-worked conditions could be con-

sidered for demanding applications requiring enhanced mechanical performance, such as 

the ongoing miniaturization of medical devices and implants. 

5. Conclusions 

The microstructural evolution of the BioDur® 108 alloy during deformation was in-

vestigated through EBSD analysis, including in-situ tensile testing. The main conclusions 

can be summarized as follows: 

(1) The high-nitrogen, nickel-free BioDur® 108 alloy exhibits a remarkable combination 

of high strength, sustained work hardening and good ductility, while retaining a 

fully stable γ-austenitic structure with no evidence of strain-induced martensitic 

transformation over the investigated strain range. 
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(2) Plastic deformation is dominated by dislocation slip, with pronounced slip localiza-

tion observed during in situ EBSD testing. Mechanical twinning is detected at rela-

tively high strains (>15%) and appears to remain a secondary contribution to the 

overall deformation. Consequently, the work-hardening behaviour is primarily at-

tributed to dislocation accumulation and strong dislocation interactions rather than 

TWIP- or TRIP-related mechanisms. 

(3) In the annealed state, the work-hardening-rate curve exhibits a pronounced plateau. 

Ludwigson analysis of the true stress–strain behaviour yields parameters character-

istic of deformation modes more commonly associated with low-stacking-fault-en-

ergy (SFE) materials. 

(4) The combined mechanical and microstructural results are consistent with a mecha-

nism involving nitrogen-induced short-range ordering that limits cross-slip and dy-

namic recovery. This restricted mobility is expected to promote localized slip and the 

formation of strong dislocation obstacles such as Lomer–Cottrell locks. Despite a 

comparatively high calculated stacking fault energy, the alloy exhibits deformation 

behaviour characteristic of materials with limited cross-slip activity, which suggest 

that chemical short-range order likely plays a major role in controlling plasticity in 

this alloy. 
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