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Quantitative Evaluation of the Interaction Between Wear
and Corrosion on Mg-3Gd-1Zn Alloy in Simulated Body
Fluid
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As potential temporary implants, biodegradable magnesium (Mg) alloys will undergo fretting friction and
corrosion simultaneously in human body. Aiming at illustrating the interaction between wear and corrosion
of Mg alloys, wear and corrosion rates in simulated body fluid (SBF) were quantitatively evaluated on Mg-
3Gd-1Zn (wt.%, GZ31) alloy. Wear behaviors of the alloy in SBF were compared with those under dry
sliding condition, and corrosion rates of the alloy accompanied with wear were also compared with those
without wear in SBF. The characteristic parameters of wear tracks were collected by 3D surface profile.
The results indicated that the friction coefficient in SBF was much lower as compared to that under dry
sliding condition. Owing to the protection of Mg(OH), and lubrication of SBF, wear was significantly
restricted, but due to the galvanic corrosion between matrix and wear debris, corrosion was seriously
aggravated. Most of the mass loss was attributed to corrosion rather than wear for the wear test in SBF.
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1. Introduction

Owing to good biodegradation, biocompatibility, mechani-
cal and physical properties (Ref 1-3), Mg alloys have become
the most promising metallic materials in orthopedic implants,
the representative examples of which are bone plates and
screws (Ref 4-7). Biodegradable Mg alloys play an important
impermanent role in providing adequate strength in service and
then degrade completely after they finish supporting or
connecting tasks (Ref 8-10).

Fretting and corrosion may occur at the interfaces between
human bone and implants (Ref 11, 12). The keel failure caused
by the aseptic loosening may be essentially owing to the wear
debris and corrosion particles (Ref 12). And it is suspected that
the bone screws would suffer from wear during the initial
implanting process. Tribocorrosion was also detected at the
contacting interfaces between the implants subject to minute
relative movements according to the studies (Ref 13-16).
Recent study has found that the nitinol spinal rods were
sensitive to fretting corrosion on the surfaces in conjunction
with titanium pedicle screws (Ref 13). In general, the fretting
and corrosion behaviors are unavoidable due to the service
condition in human body, which would accelerate failure of
implants, including titanium alloys and stainless steels currently
used in clinic (Ref 17-20). It has been indicated that peripros-
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thetic bone loss would be caused owing to the presence of
particulate wear products surrounding the implant (Ref 21).
Compared with these traditional metallic bone plates and bone
screws, biodegradable Mg alloys exhibit poor corrosion
resistance and may cause more complex synergistic effects
(Ref 10). However, there have been few studies on the
interaction between wear and corrosion of biodegradable Mg
alloys. Li (Ref 22) and Liu (Ref 23) qualitatively pointed out
that the corrosion effect of Mg-Zn-Ca alloy and Mg-2Zn-0.2Mn
alloy in SBF was more dominant than its lubrication effect
during the process of friction. Semblable phenomena were also
detected in Mg-Zn-Zr alloy (Ref 24) and Mg-Gd-Zn-Zr alloy
(Ref 25). In general, the present studies of these synergistic
effects on biodegradable Mg alloys mainly concentrated on
qualitatively assessing mass loss caused by wear and corrosion,
but not quantitatively.

Therefore, in this work, Mg-3Gd-1Zn (wt.%, GZ31) alloy
with good corrosion resistance in SBF (Ref 26) was selected as
the research alloy and the mass loss of the alloy in SBF
severally caused by wear and corrosion was distinguished. The
actual volume loss only caused by wear in SBF condition was
characterized by 3D profiler, and wear rates under SBF
condition were calculated. As a result, mass loss rates caused
by wear and corrosion have been quantitatively distinguished
under SBF condition. Furthermore, the interaction between
wear and corrosion was discussed.

2. Materials and Methods

2.1 Sample Preparation

The as-cast Mg-3Gd-1Zn (wt.%, GZ31) ingots were pre-
pared by gravity casting process (Ref 26). Specimens with
dimension of 10 mm x 10 mm x 6 mm were cut by wire cut
electrical discharge machining. After grinding by 1200 grit SiC
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paper, they were polished, cleaned with ultrasonic cleaner, and
dried.

2.2 Microstructure and Phase Characterization

Microstructure was examined by a scanning electron
microscope (SEM, Carl Zeiss Merlin Compact) equipped with
an energy-dispersive spectrometer (EDS, Atec X-max 50).
Phase identification was conducted by x-ray diffraction (XRD,
Ultima-IV). The scanning rate was 6°/min, and the 20 ranged
from 20° to 80°.

2.3 Immersion Test

Immersion test was performed at 37 °C in SBF (Ref 23).
The mass of the samples was weighed prior to immersion,
which was marked as M. Then, the specimens after 180 min
immersion were cleaned in a 200 g/L. CrOj3 solution for 5 min
to remove corrosion products and then weighed again, marked
as M,. The immersion mass loss rate of the alloy was calculated
by the following formula (Ref 27):

My — M,

s (Eq 1)

Veorr =
where V.. is the corrosion rate (mg/(min cm?)), M; and M, are
the mass mentioned above (mg), 4 is the surface area of the
specimen (cm?) and T is the immersion time (min).

2.4 Wear Test and 3D Profiler Scanning

Wear tests under dry and SBF conditions (Fig. 1) were
carried out on a ball-on-disk wear testing machine (Rtec MFT-
3000) at room temperature. Taking stress range of surgical
implants into consideration, specimens were tested under
normal applied load of 5 N, sliding speed of 30 mm/s, stroke
length of 2 mm and sliding time of 10, 20, 60, and 180 min,
respectively (Ref 9, 17, 18). The mass of the samples prior to
and following wear test was weighed. For dry sliding test, the
samples were ultrasonically cleaned in ethanol to remove wear

Tribometer
S Load
SBF

Steel ball

PVC

Specimen .
container

Reciprocate
motion

Fig. 1 Schematic diagram of the platform for friction and wear test
in SBF
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debris. For the samples tested in SBF, they were weighed again
after removing corrosion products as the same way of cleaning
immersion samples. Worn morphologies and wear debris were
observed by SEM, and chemical compositions were analyzed
by EDS.

The wear rates of the alloys were calculated by the
following formula (Ref 28):

Am

Vwear = ﬁ (Eq 2)

where Viear i the wear mass loss rate (g/N m), Am is the mass
loss (g), F is the applied load (N), and L is the total sliding
distance (m).

Wear tracks were scanned by 3D profiler (VHX-1000),
which could record the contour line of the tracks’ cross section
and the corresponding coordinates. On the one hand, the wear
track’s cross-sectional area was calculated in infinitesimal
method by these coordinates. The volume loss caused by wear
was calculated, and then it was converted into mass loss. The
actual wear rates in SBF were calculated through formula (2).
On the other hand, the mass loss caused by corrosion was
acquired by using total mass loss minus mass loss caused by
wear, and then corrosion rates in SBF condition were obtained
through formula (1). This method distinguished the actual mass
loss produced by wear in SBF from the total mass loss caused
by both wear and corrosion.

3. Results and Discussion

3.1 Matrix Characterization

Figure 2(a) shows SEM micrograph of the as-cast GZ31
alloy. The microstructure is composed of «-Mg matrix, eutectic
phase (as indicated by 1 in Fig. 2a) discontinuously located at
the grain boundaries and lamellar structure (as indicated by 2 in
Fig. 2a). The lamellar structure in Mg-Gd-Zn(-Ca, Zr, Mn)
alloys was characterized as long-period stacking ordered
structure or its initial stage (stacking faults) (Ref 26, 29). The
XRD pattern in Fig. 2(b) reveals that both «-Mg and
(Mg,Zn);Gd phases are detected. As a result, the eutectic
phase along the grain boundaries is (Mg,Zn);Gd.

The mass loss in SBF caused only by corrosion was
obtained by immersion test in order to compare with that
accompanied by wear. The corrosion rate is 9.66 x 10~* mg/
(min cm?) following 180 min immersion.

3.2 Wear Morphologies and Wear Debris Analysis

The micrographs in Fig. 3 show the worn surfaces under
different conditions after 10 and 180 min wear test. The worn
area under dry sliding condition is much larger than that under
SBF condition for the same test time. And the larger width and
depth values of the wear track collected by 3D profiler
obviously prove the SEM morphologies, as presented in
Fig. 3(e) and (f). The wear track of the alloy as well as the
corresponding contour line of the tracks’ cross section in SBF is
much smoother than that under dry sliding condition, suggest-
ing good lubrication of SBF.

The blocks in Fig. 3(b) indicate the corrosion products
accumulated on two marginal edges of the track and more
aggregated corrosion products distributed on the surfaces
(marked by arrows in Fig. 3d). This suggests that corrosion
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Fig. 3 Macrographs of the worn surfaces under dry sliding condition (a, ¢) and SBF condition (b, d) tested for 10 min (a, b) and 180 min (c,
d); accompanying with wear tracks and the corresponding contour line of the tracks’ cross section under dry sliding condition (¢) and SBF

condition (f) tested for 180 min

of the surface around the wear track was accelerated, which
may be ascribed to the occurrence of galvanic corrosion
between matrix and wear debris. With the increase of sliding
time, the width of track under dry condition becomes wider,
as well as the length. However, the track area in SBF
condition does not change too much with prolonging test
time.
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Figure 4 presents the high-magnification micrographs of the
worn surfaces under different conditions for 10 and 180 min,
respectively. As shown in Fig. 4(a) and (b), there are numerous
long grooves parallel to the sliding condition with some
flattened bright particles, manifesting obvious abrasion and
oxidation (Ref 30-33). The grooves following 10 min wear in
SBF are much slighter as compared to those under drying
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Fig. 4 High-magnification SEM micrographs of the worn surfaces under dry sliding condition (a, b) and SBF condition (c, d) following 10 min

(a, ¢) and 180 min (b, d) tests

Element Wit% At%
OK 20.09 28.93
MgK 73155 69.69
GdL 04.17 00.61
ZnK 02.19 00.77

T T T T T T T T T
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Fig. 5 SEM micrographs of the wear debris under dry sliding for 180 min (a) and its EDS spectrum (b)

condition. With prolonging test time, the grooves are even
invisible, and more corroded pits are formed, as shown in
Fig. 4(d), indicating the change from abrasive to corrosive wear
(Ref 34, 35).

The wear debris morphologies and compositions under dry
sliding condition for 180 min are presented in Fig. 5. It can be
observed that the debris are in different sizes and shapes,
including tiny grainy and large flakes. EDS results show that
the debris are rich in Mg and O, along with a little Gd and Zn.
These data suggest that abrasion and oxidation dominate the
wear mechanisms under dry sliding condition. The wear debris
in SBF is not available because of the difficulty in collection.

3.3 Wear-Resistant Properties

The average friction coefficient under SBF and dry sliding
conditions is presented in Fig. 6. It can be detected that the
values in both conditions generally present increased trend with
the increase of sliding time, and the friction coefficient curve in
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Fig. 6 Average friction coefficient versus the sliding time under
SBF and dry sliding condition
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SBF is obviously lower than that under dry sliding condition,
verifying good lubrication of SBF.

Figure 7 demonstrates the relationship of total mass loss
under dry sliding and SBF conditions. The mass loss under
both conditions is very close after 10 min wear test; however,
the mass loss in SBF is higher than that under dry sliding
condition following 20, 60, and 180 min wear test. What is
noteworthy is that the mass loss in dry condition only comes
from wear, while the mass loss in the SBF condition stems from
wear and corrosion. According to Fig. 3, it is clear that the
worn tracks in SBF are much smaller than those under dry
sliding condition following the same test time, which means
that the mass loss caused by wear in SBF is much less than that
under dry sliding condition. As a consequence, mass loss
caused by corrosion is responsible for the even higher total
mass loss in SBF as compared to that under dry sliding
condition.

In order to verify the reliability of the calculating method
through 3D profiler, the wear volume acquired by 3D profiler
method and the wear volume calculated by mass loss method
are presented in Fig. 8. It indicates that the values came from
3D profiler and mass loss methods do not make obvious
difference: The wear volume obtained by 3D profiler method is
slightly higher (< 20%) than that by mass loss under dry
sliding condition for the same test time, which proves the
relative dependability of 3D profiler method. Therefore, the
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Fig. 7 Total mass loss versus the sliding time under dry sliding
condition and SBF condition (after removing corrosion products)
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Fig. 8 Wear volume under SBF and dry sliding conditions
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wear volume in SBF obtained by 3D profiler method is reliable.
Volumes of the worn tracks in SBF calculated by 3D profiler
method are also shown in Fig. 8. The wear volumes in SBF are
much lower than those under dry sliding. With increasing
sliding time, the former increases slightly while the latter
increases obviously, representing that the mass loss only caused
by wear in SBF is much lower than that under dry sliding
condition, which corresponds well with the results shown in
Fig. 3.

Figure 9 presents the proportion of mass loss caused by
wear versus the sliding time under SBF condition. It has been
observed that the values of the percentage are no more than 5%
except the value for 10 min sliding (35%). It demonstrates that
most of the mass loss is attributed to corrosion but not wear in
SBF, particularly with prolonging test time; in other words,
corrosion has more influence on the total mass loss of the as-
cast GZ31 alloy under SBF condition than wear.

The actual corrosion mass loss in SBF with and without
wear is presented in Fig. 10(a). The mass loss values in
immersion test without wear are only caused by corrosion, and
they are calculated by the average corrosion rate following
180 min immersion test since even the total mass loss is
relatively low. It can be detected that the corrosion mass loss in
SBF accompanied with wear after 10 min test was close to that
without wear, and then it is much higher than that without wear
with prolonging sliding time. The mass loss in SBF with wear
isover 1.9, 13.5, 14.5, and 6.1 times higher as compared to that
without wear after 10, 20, 60, and 180 min test. This result
indicates that wear apparently aggravates corrosion in SBF, and
the degree of aggravation is intensified first and then reduced
with the increase of sliding time.

The wear rates under both conditions are shown in
Fig. 10(b). The variation tendency shows that the wear rates
are much lower in SBF than those under dry sliding condition.
The wear rate in SBF is 23.6, 4.0, 2.7, and 5.9% of that under
dry sliding condition after each sliding time. These results
indicate that wear is effectively restricted in SBF.

3.4 Discussion

Mg alloys corrode easily in chloride ions environment, such
as SBF condition. Usually, Mg(OH), film is easily formed on
the surface of Mg alloys in SBF at the initial stage that will
protect matrix from corrosion. With the increase of immersion
time, the film will convert into soluble MgCl, with the
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Fig. 9 Mass loss percentage of the alloy caused by wear and
corrosion separately in SBF
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Fig. 10  Actual corrosion mass loss for immersion and wear tests in SBF (a) and wear rates under dry sliding and SBF conditions (b)
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Fig. 11 Schematic diagram of synergistic effects happening in the as-cast Mg-3Gd-1Zn alloy under dry sliding (a) and SBF conditions (b)

accumulation of Cl~, which cannot play protective role as
effectively as Mg(OH), (Ref 36). Friction coefficient is mainly
influenced by surface roughness and hardness of the matrix. For
the wear test in SBF, Mg(OH), film was formed on the worn
surface and it has insufficient time to transform into soluble
MgCl, because of cyclic friction. The friction coefficient is low
and corrosive wear dominates the wear process. Contrarily,
more grooves (as shown in Fig. 4a and b) have been detected
under dry sliding condition, and abrasive wear and oxidation
wear are the main wear mechanisms. Consequently, the friction
coefficient values under dry sliding condition are higher than
those in SBF. Moreover, the increased friction coefficient under
dry sliding condition is mainly attributed to the softening of the
specimen caused by friction heat and larger contact surface with
prolonging sliding time (Ref 37); however, the increased
contact surface leads to the slight friction coefficient increase in
SBF.

In the dry sliding test, the mass loss is only produced by
wear, whereas the mass loss for the wear test in SBF comes
from both wear and corrosion. Figure 9 indicates that corrosion
effect accounts for much more part in the total mass loss than
wear effect. Figure 10(a) reveals that the corrosion rates in SBF
for wear test are much higher as compared to those for
immersion test, and Fig. 10(b) demonstrates that the wear rates
in SBF are much lower than those in dry sliding state. In brief,
wear was significantly inhibited in SBF while corrosion was
severely accelerated by wear.

Figure 3(b) and (d) indicates that the corrosion product
particles are distributed on surface of the specimen because of
the introduction of wear; moreover, the electrochemical reac-
tion between the Mg alloys and the counter-face of the steel ball
may also accelerate corrosion (Ref 25). As a result, the total
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mass loss in SBF is even higher than that under dry sliding
though the actual wear volume is much less, as shown in Fig. 7
and 8. Due to the lubrication of the SBF and the protection of
Mg(OH), film, wear was effectively restricted. Generally, it is
concluded that corrosion effect has more effect on the total
mass loss than the wear effect under SBF condition. Similar
synergistic effect was also detected in other Mg alloys (Ref 23-
25, 37, 38).

In this work, it is noted that the synergistic effect between
wear and corrosion in SBF has been quantitatively evaluated.
The mass loss caused by wear in SBF accounts for only 35, 2,
1, and 5%, respectively, following 10, 20, 60, and 180 min test,
and the rest mass loss is ascribed to corrosion. The wear rate in
SBF is 23.6, 4.0, 2.7, and 5.9% of that under dry sliding
condition after 10, 20, 60, and 180 min wear test. The mass loss
by corrosion in SBF with wear is over 1.9, 13.5, 14.5, and 6.1
times higher as compared to that without wear after each time
parameter. These results infer that even the wear rate of the
alloy will be apparently reduced in SBF; nevertheless, the
corrosion will be accelerated severely by the wear. Therefore,
as for the implants served under unavoidable fretting friction
condition, the wear resistance is one of the important properties
to be taken into account.

Figure 11 shows the schematic diagram of Mg alloy sample
under SBF and dry sliding conditions in different stages. Under
dry sliding condition, with the prolonging sliding time, more
wear debris were produced and heaped around the wear track,
particularly at both ends of the wear track. A few of them were
embedded into matrix and were not cleaned off completely, as
denoted in Fig. 3(c). The width and depth of the track also
increased, as shown in Fig. 11(a). It corresponded with the
increasing trend of actual wear volume under dry sliding
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condition in Fig. 3 and 8. Under SBF condition, most wear
debris were washed to both terminals by SBF. The surface
around the wear track suffered severe corrosion due to the
galvanic corrosion between wear debris and matrix, as shown
in Fig. 3(b) and (d). The other surfaces underwent less
corrosion than the surfaces near the wear track because of
little dissociative wear debris in SBF. With the increase of
sliding time, this galvanic corrosion effect apparently increased
first and then showed a decreasing trend because of thicker
corroded layer on the sample surface. Because of the protective
Mg(OH), film and lubricative SBF solution, the width and
depth did not increase as quickly as those under dry sliding, and
the wear rates were much lower.

Comparing the sample in two conditions, although the total
mass loss is similar, it is obvious that the mass loss in dry
sliding condition simply comes from wear, and the mass loss in
SBF condition is mainly caused by corrosion. The wear
mechanism in SBF is corrosive wear and those under dry
sliding condition are abrasion and oxidation. It is noticeable
that for the benefit of SBF, wear is restricted prominently;
however, wear directly deteriorates corrosion and thus accel-
erates the total mass loss of the sample, and thus, the impact of
wear in SBF cannot be neglected.

4. Conclusions

To figure out the quantitative interaction between wear and
corrosion on GZ31 alloy, experiments including immersion
test, sliding test under dry and SBF conditions were conducted.
The main conclusions are summarized as follows:

1. The average friction coefficient in SBF condition is lower
than that in dry sliding state due to Mg(OH), film and
lubrication caused by SBF.

2. The mass loss caused by wear in SBF accounts for 1-
35%, and the rest is ascribed to corrosion for the experi-
ments.

3. Wear is significantly impeded by SBF, and the wear rate
in SBF ranges from 2.7 to 23.6% of that under dry slid-
ing condition.

4. The corrosion is worsened by 6.1 times by wear after
180 min test, which is mainly due to the galvanic corro-
sion caused by wear debris.

5. Wear not only results in mass loss itself, but also speeds
up corrosion. Hence, it is of great significance to pay
more attention on wear effect of Mg alloys for biomedi-
cal applications.
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