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In this paper we study titanium Grade4, magnesium alloy Mg-Zn-Ca, corrosion-resistant austenitic steel 08Kh18N9 for
medical applications. The mechanical properties in tension, torsional strength, and cyclic crack resistance under different
types of loading of steels are investigated. The results are compared for two states of steels: the initial coarse-grained (CG)
state and ultrafine-grained (UFG) state produced by severe plastic deformation processing via equal-cannel angular pressing
(ECAP). It is demonstrated that the ultrafine-grained materials have essentially better strength and lower sensitivity to cyclic
overloads. It is concluded that all the studied UFG materials are more promising compared to CG ones for the manufacture of
medical devices for various purposes, which experience various static and cyclic loads during operation.
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1. Introduction

Reducing the traumatism during surgery and period
of postoperative rehabilitation in maxillofacial surgery,
dentistry, traumatology and other fields of medicine involves
the miniaturization of medical devices, for example, various
implants, plates for bone osteosynthesis, rods and screws for
the fixation of plates and bone fragments. During operation
the products may experience various loads, both in terms
of the amount and type of loading, static or cyclic [1,2].
Therefore, the task of miniaturization of medical devices
cannot be solved without the use of materials that, in
addition to good biocompatibility, have a high complex of
mechanical properties under various types of loading [3-7].
These requirements are fully satisfied by a new class of bulk
nanostructured metallic materials with an ultrafine-grained
(UFG) structure produced by severe plastic deformation
(SPD) processing [3,7,8-12]. Numerous studies indicate
that the UFG structure formation significantly increases the
hardness, strength, and fatigue limit of metallic materials
[11-13] but reduces or slightly increases the fatigue strength
in the region of low-cycle fatigue [9,14]. This fully applies to
materials such as titanium, magnesium alloys and corrosion-
resistant austenitic steels widely used in maxillofacial
surgery, dentistry and traumatology [6,7,15-19].

The aim of the present study is to evaluate the strength
and fracture mechanisms under static (tensile and
torsion) and cyclic loading of UFG materials for medical
applications in comparison with their coarse-grained (CG)
counterparts.

2. Materials and methods

We selected titanium Grade4 (0.003% N; 0.008% C; 0.0006% H;
0.32% O; 0.38% Fe), magnesium alloy Mg-Zn-Ca (1.0% Zn,
0.2% Ca) and corrosion-resistant austenitic steel 08Kh18N9
(0.023% C; 17.95% Cr; 7.95% Ni; 1.85% Mn; 0.35% Mo;
0.38% Si; 0.6% Cu; 0.15% Co) widely used in medicine as
the materials to be studied in the UFG and CG states.

Titanium Grade4 was studied in the initial CG state
produced by homogenization annealing of hot-rolled billets
at a temperature of 680°C for 1 hour. The UFG state of the
billets was produced by equal-cannel angular pressing
(ECAP) using two processing modes: 1) annealing + ECAP-
conform (ECAP-C) at 250°C (route Bc, ¢=120°, n=6) [10];
2) annealing + ECAP-C at 200°C + drawing (D) at 200°C.
Magnesium alloy Mg-Zn-Ca in the CG state was investigated
after homogenization annealing at a temperature of 450°C for
24 hours followed by cooling in water. ECAP was carried out
according to the following regime: route Bc, ¢ =120° n=2 at
a temperature of 430°C + n=1 at a temperature of 400°C +
+ n=1 at a temperature of 350°C.

Austenitic steel was investigated in the initial (hot-rolled)
CG state and also in the UFG state. The UFG structure in
the steel was obtained by quenching from a temperature of
1050°C with preliminary holding for 1 hour + ECAP at a
temperature of 350°C (route B¢, n=4, ¢=120°).

The CG structure was studied using metallographic
microscopes GX50 (Olympus, Tokyo, Japan) and Axiovert 40
MAT (Carl Zeiss, Oberkochen, Germany). The fine structure
of UFG materials was investigated using a JEM-6390

493


https://crossmark.crossref.org/dialog/?doi=10.22226/2410-3535-2022-4-493-498&domain=pdf

Klevtsov et al. / Letters on Materials 12 (4s), 2022 pp. 493-498

scanning electron microscope and also JEM-2100
transmission electron microscope (JEOL, Tokyo, Japan), and
the accelerating voltage was 200 kV. The hardness tests were
performed using a TH 300 hardness tester (Beijing TIME
High Technology Ltd., Beijing, China). The static tension
tests of the cylindrical specimens with a diameter 3 mm were
carried out using an H50KT universal testing machine (Tinius
Olsen, Redhill, UK). The grip movement rate was 5 mm/min.
The static tension tests were performed in compliance with
Russian standard 1497-84. The torsion tests of the cylindrical
specimens were carried out at a temperature 20°C using
KTC 403-20-0.5 testing system, in compliance with Russian
standard 3565-80. The gauge diameter of titanium specimens
was 3 mm, and the diameter of austenitic steel specimens
was 10 mm. The length of all specimens was 100 mm. The
mechanical properties of materials under torsion were
calculated from the “torque vs twist angle” diagram [20].

The fatigue tests were conducted on prismatic specimens
10 mm in thickness, 15 mm in height, and 80 mm in length
via three-point bending using an Instron 8802 testing system
(High Wycombe, UK). The fatigue tests were carried out at
a temperature 20°C with loading frequency of v=10 Hz, the
loading ratio of R=0.1, and different values of load cycle
stress.

3. Results and discussion 1.5 - .
2
The average grain size and tensile mechanical properties of z 1.0 -
the studied materials are presented in Table 1. It can be seen Z.. ’
that after ECAP processing, the hardness and tensile strength g
of titanium Grade4 and austenitic steel 08Kh18N9 increase, g 0.5
whereas the ductility decreases. After ECAP processing, =
the ductility of the magnesium alloy Mg-Zn-Ca increases 0.0 t

by a factor of 2.5 compared to the cast homogenized state
(Table 1).

The torsion tests of the specimens show (Fig. 1) that the
torque corresponding to macroscopic yielding is higher for
the UFG materials than for the CG materials. The maximum
number of revolutions and twist angle of the specimens of
UFG materials are lower than those of the CG specimens
(Fig. 1). The ultimate torsional strength (t,) and torsional yield
strength (t ) of titanium and magnesium alloy Mg-Zn-Ca
increase by factors of 1.1 and 1.3, respectively, as compared
with the CG state, while the relative shear (g) decreases by
factors of 1.3 and 1.8. The ultimate torsional strength (t,)
and torsional yield strength (1 ,) of the UFG austenitic steel
08Kh18N09 increase by factors of 1.3 and 1.8, respectively, as
compared with CG steel, while the relative shear (g) decreases
by a factor of 2.4 (Table 2).
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Fig. 1. “Torque-angle of twist” diagram based on the torsion tests of
the specimens from the CG (1) and UFG (2, 3) titanium Grade4
(a): ECAP-C (2), ECAP-C + D (3), specimens from the CG (1)
and UFG (2) corrosion-resistant austenitic steel 08Kh18N9 (b)
and specimens from magnesium alloy Mg-Zn-Ca (c) in the initial
state (1) and after ECAP (2).

Thus, it can be seen that UFG materials have a better
resistance to torsional fracture than the materials in the CG
state. This is a favorable factor that reduces the probability
of fracture, for example, when unscrewing screws fused with
bone during osteosynthesis of bones, since high values of the
torsion strength properties of UFG materials make it possible

and tensile mechanical properties of materials.

Material State A e WM HB o,, MPa 0, MPa 5, %
CG (annealing) 25 255 750£10 650+30 20+0.5
Titanium Grade4 UFG (ECAP-C) 0.4 293 105015 900£25 14+0.7
UFG (ECAP-C +D) 0.2 - 125010 1100+30 11£0.5
Magnesium alloy CG (anneling) 415 - 119+9 65+5 9+0.3
Mg-Zn-Ca After ECAP 5+40 - 21010 977 23+0.5
Corrosion-resistant CG (initial) 30 159 624+6 283+2 65+0.7
austenitic steel 08Kh18N9 UFG (ECAP) 0.55 363 111215 106515 20+0.5
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Table 2. Mechanical properties of the studied materials.

Material O, specimens, mm State T, MIla Tys MIla &%
. CG (initial) 920+ 37 641+46 154+3.5
Titanium Grades 3 UFG (ECAP-C + D) 1014+ 24 831+18 87+2.0
Magnesium alloy 3 After annealing 264+9 102+5 33£0.3
Mg-Zn-Ca After ECAP 283+15 132+10 25+0.7
Corrosion-resistant 10 CG (initial) 688+18 194+11 89+2.0
austenitic steel 08Kh18N9 UFG (ECAP) 917+14 740+12 37+0.8

Fig. 2. Typical view of the fracture surface of the specimen during
torsion: central part (1), transition (middle) part (2), and peripheral
part (3).

to provide a high torque, and a low relative shear prevents the
destruction of screws by shear.

Three regions can be distinguished in all the fracture
surfaces: the ductile central part, the transition (middle) part,
and the relatively smooth peripheral part (Fig. 2). The fracture
surface microrelief reflects the process of fracture of the
specimens during torsion. Fracture under torsional stresses
of more plastic materials (titanium Grade4, corrosion-
resistant austenitic steel 08Kh18N9) starts with the formation
of shear dimples in the peripheral and middle regions of
the fracture. The fracture of a more brittle magnesium alloy
Mg-Zn-Ca begins with a cut in the peripheral region. With
further torsion of the samples, formed shear dimples on the
fracture surface of titanium and austenitic steel and sections
of the cut on the fracture surface of the magnesium alloy turn
out to be completely or partially rubbed out in the peripheral
and transition regions (Fig. 3) as a result of mutual friction
between the mating fracture surfaces. In the central part,
fracture occurred under normal rupture stresses as evidenced
by the predominantly equiaxed dimples on the fracture
surface of titanium Grade4, and austenitic steel 08Kh18N9,
and a mixed microrelief (tubular + dimples) in the fractures
of the magnesium alloy Mg-Zn-Ca (Fig. 3).

At presents, to analyze a material’s resistance to fatigue
fracture in the low-cycle fatigue region, kinetic diagrams of
fatigue fracture are used that describe the dependence of
the fatigue crack propagation rate on the stress intensity
coefficients AK or K___[21].

Analysis of the rectilinear section of kinetic diagrams of
fatigue fracture for the titanium Grade4 (Fig. 4a), and for
the corrosion-resistant austenitic steel 08Kh18N9 (Fig. 4b)
shows that at the same value of the coefficient AK, the fatigue

crack propagation rates in the CG and UFG titanium Grade4
and in the CG and UFG corrosion-resistant austenitic steel
08Kh18N9 differ insignificantly. However, as it can be seen
from Table 3, the coefficient n in the Paris equation for
the UFG titanium and also for UFG corrosion-resistant
austenitic steel is lower than that for the CG titanium and
CG steel. Consequently, UFG titanium Grade4 and UFG
corrosion-resistant austenitic steel 08Kh18N9 are sensitive to
cyclic loads emerging during product operation as compared
to the CG titanium and CG steel.

Let us consider the features of the fatigue failure
mechanisms of titanium Grade4 and austenitic steel
08Kh18N9 in the CG and UFG states.

In the nucleation site of a fatigue crack in CG titanium,
one can observe flat fragments (Fig.5a) consisting of
transcrystalline cleavage-like facets, the size of which
approximately coincides with the grain size of CG titanium.
At some distance from the crack initiation nucleus fatigue
grooves and secondary cracks can be seen on the flat fragments
(Fig. 5b). The final failure zone has a tubular microrelief; at
the grain boundaries there are areas with a microrelief close to
dimpled (Fig. 5c). The fatigue failure of the UFG titanium at
all stages of fatigue crack propagation is characterized by the
formation of a fine microrelief. At high magnification, ductile
fatigue grooves and secondary cracks are visible (Fig. 5d,e).
The final failure occurred by the quasi-cleavage mechanism
with areas of dimpled microrelief (Fig. 5f).

The fatigue fractures of the CG steel 08Kh18N9 in the
vicinity of the crack initiation nucleus have a microrelief
oriented in the direction of the fatigue crack propagation
(Fig. 6a). Ductile fatigue striations and secondary cracks
parallel to them are visible at some distance from the crack
initiation nucleus (Fig. 6b). The final failure zone of the
CG steel has a dimple structure with deep, smooth dimples
(Fig. 6¢). In the fractures of the UFG steel ductile fatigue
striations and secondary cracks can be observed already near
the crack initiation nucleus (Fig. 6d). As the crack moves
turther, the secondary cracks on the fracture surfaces become
larger and larger (Fig. 6 e). The final failure zone of UFG steel
consists of equiaxed deep dimples (Fig. 61).

Tabl. 3. Paris equations.

Material CG (Initial state) UFG (ECAP)
Titanium dl dl
L —42.1015(AK) | 2 =43.10(AK)
Grade4 dN (AK) dN (AK)

dl

dl
——=3.3.10"5(AK)*
N (AK)

Austenitic steel AL 510 (AK)S
dN

08Kh18N9
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Fig. 4. Straight-line portion of the kinetic diagrams of fatigue fracture for the titanium Grade4 (a) and the corrosion-resistant austenitic steel
08Kh18N9 (b). CG — bright dots, UFG — dark dots.
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Fig. 5. Microrelief of the fatigue fracture surface of the CG (a-c) and UFG (d -f) titan Grade4 in the vicinity of the fracture nucleus (a, d),

near the final failure zone (b, ) and in the final failure zone (c, f).

Fig. 6. Microrelief of the fatigue fracture surface of the CG (a-c) and UFG (d - ) steel 08Kh18N9 in the vicinity of the fracture nucleus (a, d),

near the final failure zone (b, ) and in the final failure zone (c, f).

4. Conclusions

1. The equal-cannel angular pressing (ECAP) of the
studied materials (titanium Grade4, magnesium alloy Mg-
Zn-Caand austenitic steel 08Kh18N9) provides an increase of
hardness and strength properties, which will have a beneficial
effect on the performance properties of medical products.

2. At the same value of the coefficient AK, the rates of
propagation of a fatigue crack in CG and UFG titanium

and steel differ insignificantly. However, the coefficient n
in the Paris equations for UFG materials is lower than for
materials in the CG state. Consequently, UFG materials are
less sensitive to cyclic overloads that may occur during the
operation of medical devices, compared to the CG state.

3. All studied UFG materials are more promising
materials than their CG counterparts for the manufacture
of medical products for various applications that experience
various static and cyclic loads during operation.
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