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Abstract: This paper presents experimental data on the tribological properties of the Mg-1%Ca magnesium alloy with different microstruc-

tures (coarse-grained microstructure in the initial state, and ultrafine-grained and nanocrystaline microstructures after severe plastic defor-

mation via two processes – equal-channel angular pressing and high pressure torsion) in contact with an indenter made of the Fe-18W-4Cr-

0.8C steel without any coating and with applied hydroxyapatite, which is the main mineral component of bones. An indenter with hydroxyapa-

tite on the surface was used as a bone simulator. As a result of the experiments, it was found that the shear strength of adhesive bonds and the 

adhesive component of the friction coefficient are structurally sensitive parameters. For all the samples in the considered contact pairs, when 

using a bone tissue simulator the strength of adhesive bonds was lower than that when using a steel indenter. It is noted that ultrafine-grained 

and nanocrystalline structures produced as a result of severe plastic deformation via two processes, equal-channel angular pressing and high 

pressure torsion, contribute to a decrease in the shear strength of adhesive bonds and the adhesive component of the friction coefficient due 

to strengthening resulting from grain size reduction from originally 100 μm to 1.4–4 μm on average in the investigated Mg-Ca magnesium 

alloy. 

KEYWORDS: STRENGTH OF ADHESIVE BONDS, ADHESIVE COMPONENT OF THE FRICTION COEFFICIENT, 

SEVERE PLASTIC DEFORMATION, HYDROXYAPATITE. 

1. INTRODUCTION

In [1, 2], a brief review of modern scientific literature on the main

achievements and problems of biomedical magnesium alloys for

traumatology and orthopedics is presented. Great interest in these

materials is due to the fact that magnesium alloys are highly bio-

compatible, bioinert, hypoallergenic and, moreover, non-toxic [3,

4]. The disadvantage of magnesium alloys with a coarse-grained

(CG) structure is its low strength. To increase the strength and

functional properties of Mg alloys, rather widely used is alloying

with different elements [5–8]. Such a method for increasing

strength is quite efficient, but is not always acceptable for materials

intended for the use in medical implants due to the possible adverse

effects of some alloying elements on the human body.

According to expert evaluation, it is promising to use Mg-Ca mag-

nesium alloys in medical implants for osteosynthesis [9], since both

of these chemical elements are present in bone tissue and have a

beneficial effect on the body. It has been found that the presence of

Ca in a Mg alloy normally reduces its strength and ductility at room

temperature. As noted in [10], the effect of Ca is not so unambi-

guous. Although the offset yield strength increases from 30–35

MPa for pure Mg to about 95 MPa for the Mg-0.9 Ca alloy, elonga-

tion decreases from 10–12% to 2–3%, respectively.

The applied technologies of deformation treatment make it possible

to achieve a high-strength state due to the formation of an ultrafine-

grained (UFG) and nanocrystalline (NC) microstructure, which

contributes to an increase in mechanical and functional properties

[11]. Severe plastic deformation (SPD) methods, in particular,

equal-channel angular pressing (ECAP) and high pressure torsion

(HPT) [12, 13, etc.] due to the formation of UFG and NC struc-

tures, enable increasing the strength of alloys by 20-60% while

preserving a rather high ductility (about 8–10%).

Currently, magnesium alloys are used as load-bearing implants,

such as plates, screws and pins, to repair bone fractures. Degrada-

ble coronary stents are an important area of research. Degradable

vascular stents contribute to the stable regeneration of vessels, in

contrast to permanent stents [14].

It is known that in many conjugations that are in a mobile or static 

contact, the tribological [15, etc.] and adhesive [16, 17] interactions 

of surfaces play an important role and are among the main func-

tional properties in implantology during osteosynthesis. In this 

case, the adhesive interaction can activate the processes of corro-

sion and dissolution of protective films and coatings. The authors 

plan further research in this area in the future.  

A number of papers [18-20, etc.] are devoted to the problem of 

evaluating the shear strength of adhesive bonds. However, the pre-

sented papers lack practically any analysis into the effect of micro-

structure on the tribological properties of a Mg-Ca magnesium 

alloy contacting bone tissue, where one of the main components in 

hydroxyapatite. Besides, it is known than bones serve as a magne-

sium depot in the body [21], which is of practical interest in terms 

of the contact interaction between Mg-containing implants and 

bone tissue.  

It follows from the given analysis that the issues of adhesive inte-

raction between implants made of a Mg-Ca magnesium alloy with 

different microstructures and bone tissue have not yet been suffi-

ciently studied. At the same time, these issues are important for 

understanding various phenomena related to the bioresorption time 

(speed) of these materials and call for further study [14]. 

Thus, the aim of this paper is a comparative evaluation of the adhe-

sive interaction with a Mg-Ca magnesium alloy having different 

microstructures (coarse-grained one in the initial state after casting, 

preliminary extrusion and annealing, and UFG/NC one after SPD 

processing) in the contact pairs “magnesium alloy – steel” and 

“magnesium alloy – bone tissue” to reveal the potential of the de-

formation treatment of the material under study.  

A contribution to solving this set task is of scientific and practical 

interest. The novelty of the proposed tribological studies with the 

evaluation of the strength of adhesive bonds is that it is practically 

the first time such studies are conducted for a Mg-Ca magnesium 

alloy, and that they may be used when designing processes for the 

production of next-generation medical implants. 
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2. RESEARCH METHODS AND MATERIALS

As the material for the study, we used the low-alloyed, specially

manufactured in a laboratory, Mg-1%Ca magnesium alloy with a

coarse-grained (CG) structure after casting and preliminary extru-

sion, with UFG/NC microstructures after SPD processing by ECAP

and HPT. The microhardness of the samples in the initial as-

extruded condition was 53.3 ± 3 HV, after ECAP processing – 71,1

± 4 HV, and after HPT processing – 98 ± 5 HV. The roughness of

the contact surfaces, Ra, was about 1.6.

For the tribological studies aimed at finding the shear strength of

adhesive bonds and the adhesive component of the friction coeffi-

cient, a single-ball adhesion tester was used. The test principle is

shown in Fig. 1.

Fig. 1. Principle of the test to find the shear strength of adhesive 

bonds and the molecular component of the friction coefficient: 1 is 

a spherical indenter; 2 and 3 are test samples 

The presented principle was used to evaluate the shear strength of 

adhesive bonds and the adhesive component of the friction coeffi-

cient. The test samples were in the form of disks with a diameter of 

25 mm and a thickness of 5 mm. The spherical indenter with a 

sphere radius of 2.5 mm was made of the Fe-18W-4Cr-0.8C high-

speed steel. The normal load was 1500 N. 

The tests were carried out at room temperature (25°C) according to 

the method described in [22]. This method is based on a physical 

model which in the first approximation reflects the real conditions 

of friction at a local contact. 

According to this model, the spherical indenter 1, compressed by 

two plane-parallel samples 2 and 3, rotates under a load around its 

own axis. The force F spent on the rotation of the indenter is main-

ly related to the shear strength of adhesive bonds, τn. 

The shear strength of adhesive bonds, n (MPa), was determined

from the ratio: 
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where d1,2 are the diameters of imprints on the test samples, mm; М 

is the indenter’s torque, N mm. 

The adhesive (molecular) component of the friction coefficient was 

determined from formula (2) as the relation of the strength of adhe-

sive bonds to normal pressure: 
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where P is the compressive force of the samples, N. 

The contact surfaces of the indenter and the samples in different 

structural states were prepared for the comparative tribological tests 

in the following manner: in the first case – in a clean form (after 

degreasing) and in the second case – with an applied hydroxyapa-

tite (HA) suspension. HA was used as a material imitating bone 

tissue. The suspension was applied onto the contact surfaces of the 

indenter 1 and the test samples 2 (Fig. 1). 

As noted above, the test samples had CG and UFG/NC microstruc-

tures produced, in the first case, as a result of casting, extrusion and 

annealing at 250 °C for 1.5 hours, and in the second case, as a re-

sult of SPD processing by ECAP and HPT. The principles of the 

SPD processes are shown in Fig. 2. 

     a            b 

Fig. 2. Equipment and die-set for SPD processing: a –ECAP 

processing; b – HPT processing 

ECAP processing for 8 cycles (Fig. 2 a) was performed via route 

Bc route with 90° rotation around the longitudinal axis of the billet 

after each processing cycle. The cross-member speed was 6 mm/s. 

The channels intersection angle was 120°. 4 cycles were performed 

at a temperature of 250 °C and the following 4 cycles – at a tem-

perature of 230 °C. 

HPT processing (Fig. 2 b) was performed at room temperature 

under a normal pressure of 6 GPa at a speed of 1 rpm with a total 

number of revolutions of 10. The samples for HPT were in the 

form of disks with a diameter of 20 mm and a thickness of 1 mm. 

Metallographic studies were carried out using an Olympus GX51 

optical microscope, a JEM-6390 scanning electron microscope 

(SEM), and a JEM-2100 transmission electron microscope (TEM) 

with accelerating voltages of 10 kV and 200 kV. 

3. RESULTS OF METALLOGRAPHIC STUDIES

Fig. 3 shows an image of the microstructure of the Mg-1%Ca alloy

after extrusion. The intermetallic compound Mg2Ca separated dur-

ing extrusion into small particles which became uniformly distri-

buted. Based on this observation, it can be stated that the presence

of small particles in grain interiors will lead to a significant in-

crease in the mechanical properties of the Mg-1%Ca alloy [23, 24].

Fig. 3. SEM image of the Mg-1%Ca alloy after extrusion 

In order to produce bulk billets, the ECAP method was applied to 

the extruded samples. A typical view of the samples after ECAP 

processing is shown in Fig. 4 a. 

After ECAP processing, the alloy contains Mg2Ca particles with a 

size of 2-3 µm, arranged in lines (Fig. 4 b). Microstructural studies 

of the Mg-1%Ca alloy samples after ECAP processing revealed an 

average α-Mg grain size of 4 μm and the presence of particles of 

the Mg2Ca second phase with a volume fraction of 3% (Fig. 4 b, c). 

Study by TEM revealed a high density of dislocations (Fig. 4 d, e) 

and the presence of twins in the structure, 500 nm in width and up 

to several microns in length (Fig. 4 d). 
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a 

d  e 

Fig. 4. View of a billet and the microstructure of the Mg-1%Ca 

alloy after ECAP: a – view of the sample after ECAP; b – Mg2Ca 

particles with a size of 2-3 μm, arranged in lines; c – particles of 

the Mg2Ca second phase; d – twins in the structure; e – disloca-

tions. 

Study by SEM of the structure of the samples after HPT processing 

and additional annealing at 250 °C revealed the presence in the 

structure of particles and eutectics with a total volume fraction of 

4.0% (Fig. 5 a). According to the SEM images, the average grain 

size is 1.4 μm.  

a b 

Fig. 5. Microstructure after HPT (a) and additional annealing at 

250 °C (b). 

The structure contains particles that obviously formed during the 

decomposition of the supersaturated solid solution formed in the 

process of HPT (Fig. 5 b). 

4. RESULTS OF TRIBOLOGICAL TESTS

Fig. 6 shows the imprints of the indenter on the surface of the test

material, obtained during tribological tests to determine the shear

strength of adhesive bonds and the adhesive component of the fric-

tion coefficient. Samples of the magnesium alloy had different

microstructures and differently treated contact surfaces.

a     b        c 

Fig. 6. Imprints of the indenter on the surface of the test samples: a 

– the initial state of the test material with a CG structure; b – sam-

ple after ECAP with a UFG structure; c – sample after HPT with

UFG and NC structures. Index 1 corresponds to the degreased con-

tact surface, index 2 – to HA applied onto the contact surface. 10x

magnification.

As it can be seen in Fig. 6 a, the imprints of the indenter on the 

surface of the material in the initial (coarse-grained) state are 

somewhat larger in comparison to those in the SPD-processed ma-

terial (Fig. 6 b, c). This indicates the lower strength of the material 

with a coarse-grained structure. As noted in [25-27], SPD 

processing leads to the formation of a structural and phase state that 

ensures a higher strength. In this case, there are two mechanisms 

responsible for a higher strength after SPD processing, namely 

grain-boundary strengthening, since the length of grain boundaries 

is larger at a smaller mean grain size, precipitation hardening ex-

pressed in dispersed particles of the second phase, as well as 

strengthening due to the accumulation of a high dislocation density. 

In addition, it was noted that the diameters of the indentation cups 

practically do not depend on the presence or absence of hydroxya-

patite on the contact surfaces of the investigated triboconjugations. 

In this case, this speaks of the decisive role of the rheological prop-

erties of the investigated material itself – the Mg-1%Ca magnesium 

alloy. 

The results from finding the shear strength of adhesive bonds in the 

friction pairs “Mg-1%Ca magnesium alloy – Fe-18W-4Cr-0.8C 

high-speed steel” in a clean form after degreasing and with HA 

applied onto the contact surfaces of the indenter and the test sam-

ples are shown in Fig. 7. 

In order to increase the reliability of the test results, during the 

tribological studies three duplicating tests (loading of the test sam-

ples with an indenter) were performed, measuring the imprint di-

ameters and averaging the measurement results with a subsequent 

statistical processing of the values of the shear strength of adhesive 

bonds [28]. The diagrams shown in Fig. 7 correspond with 95% 

probability to the 5% confidence interval of significant values, 

which enabled approximating the obtained values as direct lines. 

a 

b 

c 

Fig. 7. Dependence of the shear strength of adhesive bonds on the 

normal stress at the contact:  

a – 1 – the initial state of the tested material with a CG structure, 

the contact surfaces are degreased; 2 – the initial state of the tested 

material with a CG structure, HA is applied onto the contact sur-

faces; 

b – 3 – samples after ECAP with a UFG structure, contact surfaces 

are degreased; 4 – samples after ECAP with a UFG structure, HA 

is applied onto the contact surfaces; 

c – 5 – samples after HPT with UFG and NC structures, contact 

surfaces are degreased; 

6 – samples after HPT with UFG and NC structures, HA is applied 

onto the contact surfaces. 
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As it can be seen from the dependencies presented in Fig. 7 (a, b, 

c), the values of the shear strength of adhesive bonds and the adhe-

sive component of the friction coefficient, under the experimental 

conditions, tend to decrease with increasing strength of the Mg-

1%Ca magnesium alloy, evidently due to grain size reduction after 

the deformation treatment [12, 13] and the presence of a bone tis-

sue simulator in the form of hydroxyapatite suspension on the con-

tact surfaces. At the same time, analyzing the tribological behavior 

of each pair of test samples with the same structure, but in the pres-

ence and absence of hydroxyapatite in the triboconjugation, it was 

noted that, within the experiment error, the load-bearing capacity 

remains practically constant. This is visibly illustrated in Fig. 7 by 

the length of the branch of each presented diagram. For example, in 

diagrams (a - 1 and 2), (b - 3 and 4), (c - 5 and 6) in each of the 

examined tribological pairs the branch length varies insignificantly. 

This may indicate that the load-bearing capacity of the investigated 

material (Mg-1%Ca) depends primarily on the rheological proper-

ties of the investigated material, which in their turn are determined 

by microstructure.  

Table 1 shows the complete results of the tribological tests to de-

termine the shear strength of adhesive bonds and the adhesive 

component of the friction coefficient. 

Table 1. Results of tribological tests. 

Material 

(line number in 

Fig. 7) 

prn, 

МPа 

τn, 

МPа 
τn/pr β* τ0

*,

МРа 

Mg - 1% Ca in the 

initial state, Fe-

18W-4Cr-0.8C 

indenter (contact 

surfaces are de-

greased) (1) 

710 97.2 0.14 0.11 17.6 

Mg - 1% Ca in the 

initial state, Fe-

18W-4Cr-0.8C 

indenter (HA on 

the contact surfac-

es) (2) 

693 73.4 0.11 0.07 13.2 

Mg - 1% Ca after 

ECAP, Fe-18W-

4Cr-0.8C indenter 

(contact surfaces 

are degreased) (3) 

785 88.7 0.11 0.1 11.4 

Mg - 1% Ca after 

ECAP, Fe-18W-

4Cr-0.8C indenter 

(HA on the contact 

surfaces) (4) 

785 55.2 0.07 0.07 0.7 

Mg - 1% Ca after 

HPT, Fe-18W-4Cr-

0.8C indenter (con-

tact surfaces are 

degreased) (5) 

564 62.4 0.11 0.1 9.1 

Mg - 1% Ca after 

HPT, Fe-18W-4Cr-

0.8C indenter (HA 

on the contact 

surfaces) (6) 

540 49.9 0.09 0.07 12.2 

* is the strengthening coefficient of molecular bonds under com-

pressive stresses; 

τ0
* is the shear strength of adhesive bonds in the absence of normal

loading 

It can be seen from the table that the smallest values of the strength 

of adhesive bonds and the adhesive component of the friction coef-

ficient are observed for samples processed by HPT in the presence 

of a bone tissue simulator in the form of hydroxyapatite suspension 

on the contact surfaces. This may be related to the fact that despite 

the post-processing annealing after HPT processing and some grain 

size growth, the high strength of the investigated material is pre-

served [13]. In addition, this may be due to the lubricating effect of 

HA which provides the creation of an intermediate “third body” 

[29]. This is confirmed by the results of the tribological tests for the 

samples in the initial state and after SPD processing by HPT and 

ECAP with the use of hydroxyapatite. 

5. CONCLUSIONS:

1. The performed research demonstrates a high efficiency of

increasing the strength of the Mg-1%Ca magnesium alloy by de-

formation treatment. The SPD processing by ECAP and HPT re-

duced the mean grain size from originally 100 μm to 4 μm and 1,4

μm, respectively, which had an effect on the tribological behavior

of the examined conjugations.

2. With decreasing grain size, the values of the shear strength of

adhesive bonds and the adhesive component of the friction coeffi-

cient also decreased, by 9% after ECAP processing and by 35%

after HPT. The adhesive component of the friction coefficient de-

creased by about 18% after both types of deformation treatment.

3. Bone tissue simulator (hydroxyapatite) applied onto the con-

tact surfaces in the initial state enables reducing the shear strength

of adhesive bonds and the adhesive component of the friction coef-

ficient by 24%. After ECAP processing the shear strength of adhe-

sive bonds decreased by 37%, and after HPT processing – by about

18%.

4. Based on the performed research, it was established that the

Mg-1%Ca magnesium alloy can be used as a material for an im-

plant that contacts bone tissue.
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