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Abstract: This paper presents the results of a study of 17%Cr-19%Mn-0.53%N high-nitrogen austenitic
stainless steel with a 25 µm thick dispersion-hardened near-surface layer intended for orthopedic
applications. It was modified using a mechanical–thermal treatment (MTT) that included both friction
processing and subsequent electron beam processing. The friction processing enabled the formation
of a microstructure with a high dislocation density and strain twins, and it also initiated strain aging
in the near-surface layer. At this stage, the hardening was achieved via the formation of CrN particles
coherent to the matrix with the face-centered cubic (FCC) lattice and via the relaxation of internal
stresses. After electron beam processing, the volume fraction of the nanodispersed phases increased.
In the near-surface layer, a highly dispersed microstructure with a grain size of 3 µm, reinforced
with CrN and Fe2N nanoparticles, was observed using transmission electron microscopy. The MTT
increased the microhardness of the surface layer, and this contributed to the enhancement in both
the H/E and H3/E2 ratios. This indicated an improvement in the crack resistance of the steel under
frictional loads. The MTT also enhanced both the yield point (up to 580 MPa) and the wear resistance
(by 50% to 100%, depending on the applied load) compared with those of the same steel after it
had undergone quenching. In addition, the wear resistance was many times greater than that of the
Ti-6Al-4V alloy typically used for manufacturing orthopedic implants. After the MTT, the properties
of the near-surface layer of the steel indicated its suitability for biomedical applications.

Keywords: high-nitrogen steel; near-surface layer; austenite; friction processing; electron beam
processing; aging; friction coefficient; wear resistance

1. Introduction

Endoprosthesis is essential in the treatment of severe joint damage caused by os-
teoarthritis or trauma [1]. Metal alloys and ceramics are used in the manufacture of
endoprostheses, and these operate in friction pairs with an insertion carried out via ultra-
high molecular weight polyethylene (UHMWPE), metal, or ceramic material [1–3]. The
service life of a prosthesis is limited; it depends upon the wear resistance of the materials
used since debris from the prosthesis can affect the bone tissue and thereby damage and
weaken the prosthesis fixation. Both metal and UHMWPE surfaces wear out in such cases.
Ceramic–ceramic friction pairs are the most durable. In this case, the friction coefficient
is minimal and no wear is typically observed. However, they are the most expensive
prosthesis and are difficult to manufacture. To increase the availability of implants with
an indefinite service life, it is necessary to utilize new and advanced materials that, along
with their biocompatibility, bioinertness, and great strength properties, are characterized
by great tribological characteristics (namely, low friction coefficients and wear rates).
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In recent years, nickel-free, corrosion-resistant austenitic steels alloyed with nitrogen
have been actively studied for their potential use in biomedical applications [4–10]. The
reported data indicate that this class of steel meets all the requirements for use in endo-
prosthesis parts. Compared with 319L steel and the Co-28Cr-6Mo [6–11] and Ti-6Al-4V
alloys [12], they possess greater wear resistance, mechanical properties, corrosion resistance,
biocompatibility, and bioinertness.

Titanium and its alloys are widely used in orthopedics due to their superior combina-
tions of both strength and biocompatibility. In addition, the Ti-6Al-4V alloy possesses a
lower Young’s modulus (110 GPa) [13] than both stainless steels and cobalt-based alloys.
However, it has insufficient wear resistance [12]. In order to increase the hardness of the
surface layer of the Ti-6Al-4V alloy and improve its wear resistance, deformation process-
ing methods can be applied [14,15]; these methods combine deformation processing with
surface alloying [16] and the deposition of coatings [17,18]. Not all of the above surface
hardening methods are applicable to the manufacturing of orthopedic implants since the
surface layers should be characterized by both high adhesion and sufficient thicknesses,
and thereby reduce roughness upon finishing.

The wear resistance of high-nitrogen steels is achieved via chemical hardening proce-
dures such as low-temperature plasma nitriding [18]. For example, the wear resistance of
Fe-17Cr-20Mn-0.5N steel has been increased via the formation of a two-phase γ/εmicrostruc-
ture obtained using a shear mechanism without the presence of any dispersed phases [19,20].

Microstructure refinement is a promising way to improve the above characteristics.
Dispersion to the nanoscale is carried out via plastic deformation. However, hardening
is accompanied by a decrease in ductility in the maximum deformed state. Therefore,
two or more surface modification procedures can be implemented in a single production
route, allowing the formation of a fine-grained structure without any deformation defects.
Previously, severe plastic deformation of 319L grade steel combined with intermediate
annealing [11], or mechanical–thermal treatment of the near-surface layer of Cr-Mn-N
steel [21] have enabled the reduction in grain sizes up to 1–2 µm. However, unlike 319L
grade steel, the austenite in high-nitrogen steel decomposes under thermal exposure,
forming Cr2N nitrides with a hexagonal lattice via a discontinuous mechanism and thereby
deteriorating its tribological characteristics [22] and weakening its corrosion resistance [23].

Along with microstructure refinement, key ways to improve the tribological character-
istics of steels include changing the austenite decomposition mechanism, changing the type
of dispersed phases formed upon aging, and the nature of their interaction with the matrix.

This paper is devoted to an analysis of the effects of MTT on the microstructure, the
hardening mechanisms, the stress–strain behavior, and the tribological characteristics of the
near-surface layer of Cr-Mn-N steel intended for use as a material for orthopedic implants.

2. Materials and Methods

The studied Cr-Mn-N steel was melted in a 50 kg laboratory induction furnace. The
chemical composition of the studied steel is presented in Table 1.

Table 1. Chemical composition of the studied materials in weight, %.

Element Cr Mn Si Ni C N P S Al V Ti Fe

Cr-Mn-N steel 16.5 18.81 0.52 0.24 0.07 0.53 0.01 0.001 - - - Bal.
Ti-6Al-4V - - 0.07 - 0.07 0.05 - - 5.8 3.92 Bal. -

Then, steel was cast into 200 mm × 200 mm × 50 mm sand dyes. After the top was
discarded, the steel ingots were homogenized at a temperature of 1250 ◦C for three hours
and then forged for fabricating plates. One of the plates was cut using the electrospark
method into workpieces with dimensions of 100 × 20 × 10 mm, which was solution
treated at 1100 ◦C for one hour to dissolve any secondary-phase precipitates, followed
by water quenching. After quenching, the steel possessed the single-phase austenitic
microstructure with an FCC lattice parameter of 0.3630 Å and an average grain size of
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40 µm. Before MTT, the surface of the steel plate with dimensions of 100 × 20 × 10 mm
(length × width × thickness) was ground and polished with diamond pastes. MTT was
carried out in two stages. The first one was friction processing, in which the surface layer
was repeatedly deformed with a ball 4 mm in diameter from the 94%WC-6%Co hard alloy.
It was slid along a linear path under a load of 70 N at a speed of 40 mm/s, while the
reverse movement was without loading. The twofold sliding alternation with a transverse
displacement of 0.2 mm enabled to process to entire surface of the steel plate [24]. After
that, the steel plate surface was additionally processed with an electron beam using the
ELU-5 facility (TsNIIM, Saint Petersburg, Russia), modernized at the Institute of Strength
Physics and Materials Science, Siberian Branch, Russian Academy of Sciences [25]. The
electron beam was focused as a 20 mm long and 0.5 mm wide line at a residual pressure
of 0.1 Pa. The procedure was performed by moving the steel plate relative to the electron
beam at a speed of 15 mm/s. To prevent melting of the surface layer and evaporation
of nitrogen, the process parameters were as follows: the electron beam sweep frequency
was of 200 Hz, the beam current was of 0.02 A, and the maximum electron energy was of
27 keV. At each point on the surface, the maximum heating duration was about 3.3 × 10−2 s.
After electron beam processing (EBP), the steel plate was cooled in a vacuum chamber.

The microstructure of the near-surface layer was examined with an Axiovert-25CA
optical microscope (OM) (Carl Zeiss, Jena, Germany) after etching with the of 60 mL
HCl + 20 mL HNO3 solution. Transmission electron microscopy (TEM) experiments were
performed on an HT-7700 electron microscope (Hitachi, Tokyo, Japan) at an accelerating
voltage of 120 kV. An FB2100 focused ion beam system (Hitachi, Tokyo, Japan) was used
for preparing the cross-section foils.

In the near-surface layer, grain sizes were examined using the electron backscattered
diffraction (EBSD) method with a Quanta 200 3D setup (FEI, Hillsboro, OR, USA) at a scan
step size of 0.5 µm.

In a laboratory, it was difficult to achieve the tribological test conditions that were
as close as possible to the real ones, in which endoprostheses are operated. To solve this
issue, it was necessary to consider too many parameters, including anthropometric ones.
More often, computer simulation methods were applied to assess the tribological behavior
of such materials [2,26]. In the reported case, the authors used an experimental express
method for evaluating the tribological characteristics, which involved the implementation
of more severe test conditions and a comparison of wear resistance of the modified near-
surface layer with those for the same quenched steel and the Ti-6Al-4V alloy (Table 1) used
for manufacturing of endoprostheses [1–3,12,13]. The dry sliding friction tribological tests
were carried out with a ‘High-temperature Tribometer’ setup (CSM Instruments, Peseux,
Switzerland) according to the ‘ball-on-disk’ scheme. In this case, a ball with a diameter of
3 mm made of the 94%WC-6%Co hard alloy slid at a speed of 3 cm/s along a circular path
with a diameter of 4 mm. The testing distance was 75 m, while applied loads were 2, 3, 5, 7,
8, and 10 N. Wear rates were determined as Ih = S/l, where S was the cross-sectional area of
a wear track and l was the testing distance. The cross-section areas of the wear tracks were
evaluated with an ‘Micro Measure 3D station’ laser profilometer (STIL, Aix-en-Provence,
France). Their average levels were determined using nine the obtained values.

For tensile tests, specimens had been cut using the electrospark method. A cutting
scheme and dimensions of their thinned part are shown in Figure 1. In this case, a single
surface had been treated, while the opposite one had been ground with a sand paper and
polished using a polishing slurry. At room temperature, the tensile tests were carried
out using an ‘Instron 5582′ testing machine (Instron, Norwood, OG, USA) at a rate of
1.87 × 10−4 s−1. The yield point (σ0.2), the ultimate tensile strength (σUTS) and elonga-
tion (ε) values were determined as the arithmetic mean of the results obtained for the
three specimens.
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Figure 1. The cutting scheme and the dimensions of the specimens for the tensile tests (in millimeters).

Microhardness of the near-surface layer was measured using a PMT 3M setup (LOMO,
Saint Petersburg, Russia) at a load of 50 g. The results obtained at ten points (at equal
distances from the surface) were averaged.

3. Results and Discussion
3.1. The Near-Surface Layer Microstructure

Figure 2 shows an OM cross-sectional image of the steel microstructure.

Figure 2. The OM cross-sectional image of Cr-Mn-N steel microstructure after MTT. (Marked fragment
shows the grain size of the near-surface layer.)

After MTT, the modified near-surface layer with a thickness of 20–25 µm was character-
ized by an average grain size of 3 µm. In general, such a layer is subjected to frictional loads,
so its microstructure and tribological characteristics determine the suitability of a material
for orthopedic applications. Below the near-surface layer, another layer was observed that
possessed a high density of deformation after twins formation upon friction processing.

As mentioned above, the first MTT stage was friction processing. Its goal was to form
a microstructure with the high density of dislocations (Figure 3a), which, upon recrystal-
lization, transformed into a fine-grained one. As followed from an electron diffraction
pattern shown in Figure 3b, the crystallographic planes of austenite were curved after
friction processing.
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Figure 3. The microstructure of the near-surface layer of Cr-Mn-N steel after friction processing as
(a) brightfield image; (b) electron diffraction pattern with the Feγ and CrN reflection grids: z = [001]γ,
z = [001]CrN; (c) darkfield image in the (200)CrN reflection; (d) darkfield image in the (200)γ reflection.

The reflections formed arcs with an azimuthal misorientation of up to 20◦. In addition
to the main reflections, weaker ones of another phase with the FCC lattice were observed.
The parallelism of all crystallographic planes of austenite and this phase indicated their
coherent relationship. In general, the interplanar distances of an unknown phase could
be easily determined using such data of austenite. In the studied case, the most probable
phenomenon was strain aging with the formation of CrN particles, characterized by the
FCC lattice, the d interplanar distances of 2.07 and 1.46 Å, as well as the lattice parame-
ter of 4.14 Å. Such dispersed CrN particles were distributed in the interlayers between
twins (Figure 3c). The parallelism of all crystallographic planes of austenite and the CrN
nitride, as well as the similar axes of the [100]γ‖[100]CrN zones (Figure 3b), indicated their
coherent relationship. In addition, both austenite and the CrN nitride possessed similar
interplanar distances: d(111)γ = 2.08 Å and d(200)CrN = 2.07 Å; d(220)γ = 1.27 Å and
d(311)CrN = 1.25 Å. It should be noted that this nitride was also found after cold deforma-
tion of the high-nitrogen steel via ultrasonic forging strain processing [27]. Since the nitride
lattice volume was larger than that of austenite, it could be formed only in the local regions
of tensile stresses. The formation of nitrides in steels with an equilibrium nitrogen content
was not observed upon cold rolling.

In friction processing, the plate had been heated up to a temperature within 60 ◦C.
It could be assumed that its levels had been higher in local microvolumes of the surface
layer. However, the process duration had excluded the diffusion of both chromium and
nitrogen atoms with the formation of nitrides considering the removal of heat to the bulk
material. Due to the high and, at the same time, equilibrium content of the alloy elements
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(especially nitrogen in the FCC lattice), austenite was characterized by great residual
stresses in quenched high-nitrogen steels [28]. In the studied case, strain aging had been
triggered by internal stresses, while strain heating had been an additional factor. So, the
nitride formation process had been the key hardening mechanism, but it had contributed
to the relaxation of internal stresses at the same time.

At the second stage, an equilibrium defect-free fine-grained austenitic microstructure
with annealing twins was formed (Figure 4a,b).

Figure 4. The microstructure of the near-surface layer on Cr-Mn-N steel after friction and subse-
quent electron beam processing: (a) brightfield image; (b) electron diffraction pattern from area
A, highlighted in (a), with the Feγ and CrN reflection grids: z = [112]γ, z = [112]CrN; (c) electron
diffraction pattern from area B, highlighted in (a), with the Feγ and Fe2N reflection grids: z = [001]γ,
z = [531]Fe2N; (d) darkfield image in the (200)γ reflection; (e) darkfield image in the (121)Fe2N reflection.



Metals 2023, 13, 1328 7 of 12

Its refinement had been facilitated via electron beam processing, characterized by
high both heating and cooling rates of about 1010 K/s [29]. This fact had contributed to
both recrystallization and precipitation hardening. In this case, the boundary diffusion,
required for austenite discontinuous decomposition and Cr2N nitride formation had not
occurred. The brightfield image (Figure 4a) shows that the microstructure was completely
recrystallized after MTT and contained annealing twins up to 1 µm wide. The contrast
in the formation of ripples reflected the austenite inhomogeneity and was characteristic
of aging with the formation of particles coherent to the matrix. The electron diffraction
pattern (Figure 4b) from area A in Figure 4a reflects the two-phase steel microstructure.
The brightest reflections belonged to austenite and formed a grid with the [112]γ zone axis.
The reflections of another phase formed a grid with the same axis of the [112]CrN zone,
which belonged to CrN nitride. In addition, there were superstructural reflections located
at a distance of 1

2 in the <131> directions that indicated γ phase ordering (the tendency to
which was highlighted for the high-nitrogen steels [30,31]).

According to an electron diffraction pattern (Figure 4c) from area B highlighted in
Figure 4a, the austenite reflections forms a grid with the [001]γ zone axis. Reflections of
another phase (with interplanar distances different from those of austenite) formed a grid,
in which one of the reflections had a d interplanar distance of 1.86 Å, close to d(200) = 1.81 Å
of austenite. The other two corresponded to the d interplanar distances of 1.4 and 2.055 Å,
respectively. The angles calculated between the directions of this grid enabled to conclude
that it was orthorhombic. The reflections belonged to Fe2N nitride, which was also found
by the authors after ultrasonic forging of the steel surface [27]. Dark-field images of the
microstructure in the (200)γ and (121)Fe2N reflections showed the austenite matrix with
Fe2N nitrides no larger than 10 nm evenly distributed inside (Figure 4d,e). For comparison,
Table 2 presents the tabular [32] and experimental data on the interplanar distances and the
angles between the directions of the Fe2N nitride.

Table 2. The interplanar distances and the angles between the directions in the Fe2N orthorhombic
lattice: comparison of the obtained experimental data with the ICDD file [32].

Phase,
Lattice Type Planes (hkl) Interplanar

Distances d Å
Angles between

Directions ϕ, Grad
Lattice

Parameters, Å
Lattice

Volume V, Å3

Fe2Nexp,
orthorhombic

(013) 1.40 (013) (121) 48 a = 6.147
b = 5.034
c = 4.367

135.13(121) 2.055 (013) (112) 42
(112) 1.86 (112) (121) 90

Fe2NICDD,
orthorhombic

(013) 1.41 (013) (121) 48 a = 5.523
b = 4.83
c = 4.425

118.02(121) 1.98 (013) (112) 45
(112) 1.89 (112) (121) 93.5

Thus, the decomposition of the solid solution supersaturated with nitrogen had oc-
curred upon MTT with the formation of Cr2N particles via the discontinuous mechanism
but without an incubation period characteristic of aging. Both nanodispersed FCC CrN
nitrides and Fe2N ones with the orthorhombic lattice had been formed in a continuation
of strain aging, triggered by frictional processing. After MTT, the microstructure was
distinguished by the absence of any discontinuities and the increased proportion of the
nitride phases compared to that after friction processing.

3.2. The Tribological Characteristics

During the tribological tests of the Cr-Mn-N steel with the modified near-surface layer,
the friction coefficient varied according to the S-type curve shown in Figure 5.
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Figure 5. Changes in the k friction coefficients in the tribological tests after 1—quenching from
1100 ◦C; 2 and 3—friction and subsequent electron beam processing; 4—for Ti-6Al-4V alloy as a
reference. The load was 5 N for curves 1, 3, and 4, but it was 2 N for curve 2.

The modified near-surface layer exhibited a low friction coefficient of 0.2 during the
tribological test. As it wore out, its level sharply increased by 2.5 times, which characterized
the interaction of the counterpart with the bulk steel. Under similar tribological conditions,
this stage was absent for both the Ti-6Al-4V alloy and the quenched Cr-Mn-N steel (Figure 5).
The obtained experimental results on the tribological behavior of the Ti-6Al-4V alloy agreed
with the data reported in [33].

The testing distance, at which the friction coefficient was low, decreased as the load
was enhanced. Also, the modified near-surface layer was worn more intensively under
greater loads (Figure 6).

Figure 6. Changes in the wear rates in the tribological tests according to the 94%WC-6%Co hard-alloy
ball on Cr-Mn-N steel disk scheme after 1—quenching from 1100 ◦C; 2—friction and subsequent
electron beam processing; 3—for Ti-6Al-4V alloy as a reference.

The above-described fact should be considered when developing orthopedic implants
since their performance depends on both weight and anthropometric features of a human
being [2]. Wear resistance of the quenched Cr-Mn-N steel was significantly higher than that
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of the Ti-6Al-4V alloy (Figure 6). MTT additionally improved this characteristic. In this
case, wear of the modified near-surface layer was practically absent at the studied testing
distance under the loads within 5 N.

Another feature was a low oscillation amplitude of the friction coefficient during the
tribological test of the Cr-Mn-N steel with the modified near-surface layer. Such values
reflected the nature of the interaction of the friction surfaces: the smaller the amplitude,
the weaker their adhesion. Consequently, the accumulation of damage, as well as the
formation of cracks and debris proceeded more slowly in the modified near-surface layer
on the Cr-Mn-N steel than those in the Ti-6Al-4V alloy and the quenched Cr-Mn-N steel. In
the latter cases, greater amplitudes of oscillations of the friction coefficients of 0.05 and 0.20,
respectively, reflected the strong adhesive interaction of the friction surfaces, causing their
corrugation in the applied tribological test scheme [34].

3.3. The Mechanical Properties

After MTT, microhardness of the near-surface layer was above 500 MPa (Figure 7).
At a depth of 250 µm, this level was almost twice that of the quenched steel. At depths
of 80 µm and deeper, microhardness of the modified near-surface layer approached that
of the bulk material. According to the authors, the local increase in microhardness in the
near-surface layer was associated with the low thermal conductivity of the Cr-Mn-N steel:
24 and 10 W m−1 × K−1 at 800 and 20 ◦C, respectively. At depths from 20 to 60 µm, the
near-surface layer possessed a slightly higher microhardness due to aging of a partially
strained microstructure compared to that after friction processing.

Figure 7. The in-depth microhardness distribution for Cr-Mn-N steel after 1—friction processing;
2—friction and subsequent electron beam processing.

It is well known that there is an unambiguous correlation between wear and crack
resistances. The higher the crack resistance, the greater is the wear resistance of materials
and coatings. As a criterion for crack resistance of a surface subjected to wear, the H/E
or H3/E2 ratios are used, where H and E are hardness and the Young’s modulus, respec-
tively [34,35]. In this regard, increasing hardness at a low Young’s modulus contributes to
an increase in the H/E or H3/E2 ratios. As followed from the data presented in Table 3, the
H/E or H3/E2 ratios significantly enhanced after MTT.
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Table 3. The H hardness and E Young’s modulus values, as well as H/E or H3/E2 ratios of the
Cr-Mn-N steel after quenching and subsequent MTT.

Processing H, GPa E, GPa H/E H3/E2

Quenchig
Quenchig + MTT

3
5 200 [36] 1.5 × 10−2

2.5 × 10−2
6.75 × 10−4

31.25 × 10−4

Figure 8 shows the stress–strain curves for the Cr-Mn-N steel after quenching from
1100 ◦C, friction processing and MTT. In the latter case, the yield point was higher than
those after both quenching and friction processing.

Figure 8. The stress strain curves for Cr-Mn-N steel after 1—quenching from 1100 ◦C; 2—friction
processing; 3—friction and subsequent electron beam processing.

The greatest increment in the yield point ∆σYP (in comparison with that of the
quenched steel) was obtained via friction processing. The reason for this could be the
hardening caused by dislocations ∆σd and the formation of nanosized CrN nitrides upon
precipitation hardening ∆σph with a decrease in the contribution of solid solution hard-
ening ∆σsh due to the release of nitrogen from interstitial positions in the FCC lattice:
∆σYP = ∆σd + ∆σph − ∆σsh~150 MPa. After MTT, the ∆σ0.2 value was additionally en-
hanced due to an increase in ∆σph contribution because of the increasing volume fraction
of the nitrides (that slowed down the movement of dislocations), as well as grain boundary
strengthening ∆σgb. The effect of aging extended over the entire sample thickness, improv-
ing the ultimate tensile strength σUTS. For the surface layer, the additive contribution of all
MTT hardening mechanisms reflected the changes in the microstructure compared to that
after quenching: ∆σYP = ∆σgb + ∆σph − ∆σsh~190 MPa.

The enhanced yield point was one of the most important parameters that contributed
to the improvement in wear resistance of the metallic materials since it additionally in-
creased resistance to shear during friction. Consequently, the probability of both damage
accumulation and debris formation reduced in the near-surface layer.

4. Conclusions

For the up-to-date metallic implants used in orthopedics, the main principle of hard-
ening, which provides high both strength properties and wear resistance, is the solid
solution alloying. The presence of the dispersed phases is considered undesirable due to
the difficulty in controlling their sizes and distribution, as well as a high probability of their
chipping. The results of the present study have shown that the precipitation hardening steel,
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characterized by the necessary both bioinertness and biocompatibility, possessed greater
wear resistance as well. The developed surface hardening method, which combines severe
plastic deformation and intense (high-rate) heating, has formed the dispersed austenite
microstructure. It has been straightened with the nanosized CrN and Fe2N nitrides, whose
uniform distribution in grains and coherent bonding with the matrix prevent the formation
of wear debris. During the tribological test of the modified near-surface layer, a distinctive
feature has been the low friction coefficient of 0.2. In addition, MTT has almost doubled the
microhardness of the near-surface layer and enhanced the yield point. The disadvantage of
the investigated Cr-Mn-N steel is the high Young’s modulus, the value of which is almost
two times greater than that of the Ti-6Al-4V alloy and more than three times above that of
human bone tissues.
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