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Strength and fracture mechanism of nanomaterials and medical products
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ABSTRACT

The strength and fracture mechanism of Grade 4 titanium, austenitic corrosion-resistant steel, and magnesium alloy
Mg-Zn-Ca under tension, torsion, shock loading and fatigue were studied. The materials were investigated in the
initial coarse-grained (CG) state and after equal-channel angular pressing (ECAP) in the ultrafine-grained (UFG) state.
The studies carried out have shown that the strength properties of the materials under study in the UFG state for all
types of static and fatigue tests are higher or comparable in comparison with materials in the CG state. The only material
characteristic that has decreased during ECAP is toughness. Therefore, these UFG materials, along with CG materials,
are promising for the manufacture of medical devices for various purposes, experiencing various static and cyclic loads
during operation.
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AHHOTALIUA

NccnepoBaHa NPOYHOCTb M MEXaHU3M Pa3pyLUEHUA WNPOKO NMPUMEHAEMOro B MeAnUnHe TuTaHa Grade 4, aycTeHuT-
HOM KOPPO3MOHHOCTOMKOW CTaNM U MarHMeBoro cniasa Mg-Zn-Ca npu pacTaXKeHUU, KPYYEHUN, YAAPHOM HarpyKeHUn
M yctanoctn. MaTtepuanbl UCCNefoBaHbl B UCXO4HOM KpynHO3epHUCTOM (K3) cocTosiHMM M nocne paBHOKaHA/NbHOMO
yrnosoro npeccoBaHus (PKYM) B ynbTpamenkosepHuctom (YM3) coctoaHun. MposeaeHHble UCCAeA0BaHMA MOKasanu,
YTO NPOYHOCTHbIE CBOMCTBA MCCAeAyEMbIX MAaTePManos B YM3 COCTOAHUM NPU BCEX BUAAX CTaTUYECKUX U YCTANOCTHOTO
MCMbITaHWI Bbille UAN COM3MEPUMbI MO CPAaBHEHUIO C MaTepunanamu B K3 cocToaHun. EMHCTBEHHAsA XapaKTepucTmKa
MaTepmnanos, KOTopasa cHU3MANack B npouecce PRYI — 3To yaapHaa BA3KOCTb. [ToaTomy gaHHble YM3 maTepuanbl Hapagy
¢ K3 maTepunanamu ABAAKOTCA NEPCNEKTUBHBIMU AR U3TOTOBEHUA MEAULMHCKUX U34E/NIN PA3IMYHOTO Ha3HaYeHus,
MCMbITbIBAIOLLMX B MPOLECCE IKCMNYyaTaLMM Pa3HOObpa3Hble CTAaTUYECKME U LUKANYECKMUE HArPy3KM.

KJIIOYEBBLIE CJIOBA

MeAauUMHCKME U3LeNNA; TUTaH; ayCTEHUTHAA CTa/lb; MarHUEBbIW CMIaB; CTPYKTYPA; MPOYHOCTL; paspyLueHme.
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Introduction

The use of “sparing” operating technologies
in maxillofacial surgery, traumatology and other
areas of medicine involves the miniaturization
of medical devices: a variety of implants,
instruments and devices designed for attaching
implants and bone fragments. During operation,
such products can experience various stresses,
both in magnitude and in the type of loading:
static, shock, cyclic [1]. Therefore, the problem
of miniaturization of medical devices cannot
be solved without the use of materials that, in
addition to good biocompatibility, have a high
set of mechanical properties under various types
of loading. These requirements are fully met
by a new class of bulk nanostructured metallic
materials with an ultrafine-grained (UFG)
structure obtained by severe plastic deformation
(SPD) methods, in particular, by equal channel
angular pressing (ECAP) [2]. Therefore, the
issue of the influence of the UFG structure on
the strength and fracture mechanism of medical
materials under various types of loading is
relevant.

The purpose of this work is to assess the
strength and fracture mechanisms under various
types of loading of medical materials after ECAP
in comparison with the original coarse-grained
(CG) materials.

1. Materials and research methods

Titanium Grade 4, austenitic corrosion-
resistant steel (0.023% C, 17.95% Cr, 7.95%
Ni, 1.85% Mn, 0.6% Cu, 0.35% Mo, 0.38% Si,
0.15% Co,) and magnesium alloy Mg-Zn-Ca
(1.0% Zn, 0.2% Ca), widely used in medicine,
were chosen as the investigated materials in CG
and UFG states.

Titanium Grade 4 in the CG state was
investigated after homogenization annealing at a
temperature of 680 °C for 1 hour. The UFG state
was obtained according to two regimes. The first
regime: annealing + ECAP-conform (ECAP-C)
at 250 °C (route Bc, n = 6). The second regime:
annealing + ECAP-conform at 200 °C + drawing

(ECAP-C + D) at 200 °C. CG austenitic steel
was investigated in the initial (hot-rolled) state.
The UFG steel structure was obtained by
quenching from 1050 °C +ECAP at a temperature
0f350 °C (route Bc, n=4, ¢ = 120°). Magnesium
alloy Mg-Zn-Ca in the CG state was investigated
after homogenization annealing at a temperature
of' 450 °C, 24 hours, cooling in water. ECAP was
carried out according to the regime: route Bc,
¢ =120° n=2 at a temperature 0f 430 °C+n=1
at a temperature of 400 °C +n =1 at 350 °C.

The fine structure of UFG materials was
investigated using a JEM-6390 scanning electron
microscopeandaJEM-2100transmissionelectron
microscope. Mechanical tests included: hardness
tests (hardness tester TN 300), tensile tests
(NSOKT machine), impact strength (pendulum
impact devices JB-W300 and TSKM-50),
torsion tests (KTS 403-20-0.5 and MK-50),
fatigue strength (Instron machine 8802).

2. Results of the study

It is known that the structure of materials
after ECAP is characterized by grain refinement,
a significant increase in crystal structure defects,
and a number of other features [2]. It can be
seen from Table 1 that after ECAP the hardness
and strength properties of materials in tension
increase, and the elongation decreases, with the
exception of the magnesium alloy, in which after
ECAP the elongation increases by a factor of 2.5.

Analysis of operational damage of medical
devices showed that a large percentage of the
destruction of screws for fixing plates and
bone fragments in maxillofacial surgery and
traumatology occurs by twisting the smooth area
of the screw between the threaded part and the
head during the process of unscrewing the screws
that have grown together with the bone, for
example, after the patient recovers. Therefore, it
is important that the material of the screw resists
deformation and torsional fracture well. The test
results showed (Fig. 1, a, b, c¢) that UFG titanium
and austenitic steel have higher torsional strength
properties in comparison with the corresponding
CG materials (Fig. 1, @, b).
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Table 1
Tabnuma 1
Average grain size and tensile properties of materials
CpenHuii pa3mep 3epHa U MeXaHHYeCKHe CBOMCTBA MATEPUAJIOB IPU PACTSKEHUN
Material State dav‘, um HB UTS, MPa YS, MPa ElL., %
CG (annealing) 25 255 750£10 650+30 20+0.5
Graded UFG (ECAP-C) 0.4 293 1050+15 900425 14+0.7
rade
UFG (ECAP-C+D) 0.2 - 1250+10 1100430 11£0.5
CG (annealing) 415 - 119+9 65+5 9+0.3
-+ — + + +0.
Mg-Zn-Ca After ECAP 5+40 210£10 97+7 23+0.5
CG (initial) 30 159 624+6 28342 65+0.7
. UFG (ECAP) 0.55 363 1112+£15 1065+15 20+0.5
Stainless steel
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Fig. 1. Diagram “Torque — twist angle” during torsion testing of specimens with a diameter of 3 mm from
CG (1) and UFG titanium Grade 4 (a¢): ECAP-C (2), ECAP-C + D (3), specimens with a diameter of 10 mm
from CG (1) and UFG (2) stainless steel (b) and specimens with a diameter of 3 mm from magnesium alloy

Mg-Zn-Ca (c) in the initial state (1) and after ECAP (2)

Puc. 1. lnarpamma «KpyTsiiuii MOMEHT — yroj 3aKpy4YHBaHUs» MPH UCIBITAHUU Ha KpyueHHe 00pa3LoB
muamerpoM 3 MM u3 K3 (1) u YM3 turana Grade 4 (a): PKYII-K (2), PKYII-K+8 (3), o06pa3uos
nmuamerpom 10 mm u3 K3 (1) 1 YM3 (2) cramu 08X18H9 (b) u 06pa3nos guamMerpom 3 Mm
13 MaraueBoro cmiasa Mg-Zn-Ca (¢) B ucxonnom coctostauu (1) u mocne PKVYII (2)

The torsional strength characteristics of a
magnesium alloy after ECAP differ little from
those for the alloy in the initial state (Fig. 1, ¢).
Consequently, titanium and stainless steel with
the UFG structure are more promising for the
manufacture of medical screws in comparison
with CG materials.
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The results of testing materials for impact
strength (KCV) showed (Table 2) that for all
investigated materials ECAP leads to a decrease
in the value of KCV at room temperature.
Therefore, when using medical devices made of
UFG materials, one-time dynamic loads should
be avoided.
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Table 2
Tabnuma 2

Average value of impact strength (KCV) of materials at 20 °C

Cpennee 3HaueHue ynapHoi Bsa3koctu (KCV) marepuanos npu 20 °C

Material Titanium Grade 4 Stainless steel Mg-Zn-Ca alloy
State CG UFG CG UFG CG After
(annealing) (ECAP-C) (initial) (ECAP) | (annealing) ECAP
KCV, MJ / m? 0.27 0.07 2.9 0.7 6.0-102 2.7-1072
It is known that ECAP increases the fatigue Conclusion

limit of most structural materials and has an
ambiguous effect on the fatigue strength in the
region of low-cycle fatigue, the region where
most of the destruction of medical implants
occurs. Testing of samples in the region of low-
cycle fatigue showed that for the UFG materials
studied, the coefficient n in the Paris equation is
less than for CG materials, therefore, they are
less sensitive to cyclic overloads. As an example,
Fig. 2 shows the results of fatigue testing of the
austenitic stainless steel under study.
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Fig. 2. Straight line section of kinetic diagrams
of fatigue fracture of the stainless steel in the initial
state (light points) and after ECAP (dark points)

Puc. 2. [IpaMonuHelHbI y4aCTOK KUHETHYECKUX
JUarpamMM yCTaJIOCTHOTO Pa3pyIIeHUs CTalN
B MCXOIHOM COCTOSTHUH (CBETIIBIC TOUKH)
n mocie PKYII (TeMHBIE TOUKH)

The studies have shown that the strength
properties of UFG titanium Grade 4,
austenitic stainless steel and magnesium alloy
Mg-Zn-Ca in all types of static tests (tension,
torsion) and fatigue tests are higher or
comparable in comparison with CG materials.
The only material characteristic that decreased
during ECAP is impact strength. Therefore,
these materials in the UFG state, along with CG
materials, are promising for the manufacture
of medical devices for various purposes,
experiencing various static and cyclic loads
during operation.
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