JMEPEG (2023) 32:5689-5696
https://doi.org/10.1007/s11665-023-07950-1

©The Author(s)
1059-9495/$19.00

®

Check for
updates

TECHNICAL ARTICLE

Wettability and Reactivity of Liquid Magnesium

with a Pure Silver Substrate

S. Terlicka (®, N, Sobczak, J.J. Sobczak, P. Darlak, and E. Ziotkowski

Submitted: 31 December 2022 / Accepted: 11 January 2023 / Published online: 27 February 2023

For the first time, experimental data on the high-temperature interaction of liquid Mg with pure Ag are
presented. The study was performed by the sessile drop method and capillary purification procedure. The
test was carried out under isothermal conditions at 720 °C in a protective atmosphere of Ar + 5 wt.% H,.
The solidified couple was subjected to detailed microstructural observations by scanning electron micro-
scopy (SEM) coupled with energy-dispersive x-ray spectroscopy (EDS). Under the used conditions,
immediately after contact with the Ag substrate, liquid Mg drop showed a good wetting (6, ~ 65°) followed
by fast spreading over the substrate in subsecond time to form the final contact angle of 0; ~ 31°.SEM/EDS
analysis showed that 0; is apparent because of a deep crater (200 um) formed in the substrate under the
drop by the dissolution of Ag in liquid Mg. SEM/EDS observations of complex structural transformations
in the Mg/Ag couple due to high-temperature contact and subsequent cooling are in good agreement with
the Ag-Mg phase diagram. Besides substrate dissolution, the interaction between liquid Mg and solid Ag at
720 °C is accompanied with the alloying of the Mg drop with Ag and the formation of a continuous layer of
the f-AgMg phase at the Mg/Ag interface. During cooling, the chemical composition of the Mg(Ag) drop
continuously changes, and this process is followed by the formation of the p-AgMg phase by secondary
precipitation from Ag-saturated liquid, a partial transformation of the f-AgMg to £’-Ag;;Mgs, phase by
peritectic reaction, followed by the solid-state transformation of the &¢’-phase to the s-AgMg; phase, and
finally, the solidification of residual liquid in the form of the two-phase eutectic mixture of AgMg, + (Mg).
The results obtained suggest that a very good wetting and fast spreading observed experimentally for the
Mg/Ag couple is caused by high reactivity between liquid Mg and Ag substrate leading to the combined
effect of two reactive wetting mechanisms, i.e. through dissolutive wetting and wetting through the for-
mation of the interfacial reaction product (f-phase).

Keywords capillary purification procedure, contact angle, liquid
magnesium, reactivity, sessile drop method, silver,
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1. Introduction

Currently, magnesium alloys are being intensively studied as
a new class of materials suitable for biodegradable implants that
mimic human bone with variable and directed porosity (Ref 1).
In contrast to traditional implant materials (stainless steel,
titanium, and cobalt-chromium alloys), magnesium and its
alloys are degraded and absorbed by the human body, which
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effectively avoids repeating implant removal surgeries (Ref 2-
4). Magnesium alloys, compared to standard materials for
biomedical applications, have a density (1.75-1.84 g/cm?)
similar to human bone tissue (Ref 5). Moreover, they show
higher mechanical compatibility suitable for orthopedic im-
plants, as their Young’s modulus is in the range of 40—45 GPa
(Ref 3, 5-9). In addition, Mg alloys exhibit excellent biocom-
patibility, bioactivity, and bioabsorbability without harming the
human body (Ref 1). However, to successfully use such implant
materials in the human body, the surface of the implant must
allow the absorption of proteins and the formation of a layer in
the physiological environment that will promote cell/osteoblast
growth (Ref 1, 10). Hence, despite many years of research into
optimizing the performance of such materials (Ref 11-15),
adjustment of the corrosion rate is still a major issue standing in
the way of large-scale use of Mg alloys in medicine (Ref 12).
Recently, biodegradable and biocompatible Mg alloys with Ag
additives have attracted much interest due to their antibacterial and
anticorrosive properties (Ref 9, 11, 16). Silver possesses antimi-
crobial activity, which enables faster wound healing (Ref 6, 17). In
addition, Ag has been also applied to the implant surface in medical
surgery to decrease the incidence of infection (Ref 6, 18-20).
Moreover, in vitro experiments (Ref 11) have shown that
Mg alloy containing 4 wt.% Ag exhibits very low cytotoxicity,
cytocompatibility, and promising antibacterial properties. Thus,
Mg alloys with Ag additives are promising biodegradable
materials, although their mechanical properties after heat
treatment are moderate (Ref 6). In addition, in vivo tests have
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shown that intramedullary nails made of Mg-2% Ag alloy,
when implanted into unbroken and broken mice femurs,
degraded during a time without any negative effects and
stimulated bone formation (Ref 6, 21). Recent advances in
silver coatings and magnesium-silver alloys in antibacterial
uses have also presented good results (Ref 11, 22-24). It has
also been found that a small silver addition in alloys or coatings
improves cytocompatibility and cell lifetime (Ref 25, 26).

Usually, the Mg-Ag alloys and components are produced by
the conventional melting of pure metals (Ref 11). Recently, it
was reported that Mg-Ag components can be also manufactured
by advanced liquid-assisted techniques such as additive man-
ufacturing (AD) from metal powders (e.g. (Ref 27), as a good
example of a growing interest to capitalize on additive
manufacturing’s unique design capabilities to advance the
frontiers of medicine. For many AD processes, the wettability
phenomenon taking place between dissimilar materials plays a
key role. Hence, it is reasonable to study the wettability of
magnesium and silver to understand the processes of these
materials and their interaction and reactivity under high
temperatures. This will allow us to determine the possibility
of using these materials among others in medicine.

Therefore, the main objective of this work was to determine
for the first time the high-temperature interaction of liquid
magnesium in contact with a pure silver substrate at 720 °C.
The obtained results will expand the limited knowledge of the
high-temperature interactions of liquid Mg with dissimilar
materials (Ref 28).

2. Materials and Methods

2.1 Wettability Experiment

The high-temperature wettability of a pure silver substrate
(Innovator, 99.99 wt.%) with liquid magnesium ( = 99.9 wt.%)
was conducted by the sessile drop method, with the use of unique
apparatus designed for high-temperature tests. This device was
detailed described in our previous work (Ref28). In order to avoid a
heating history, the sessile drop test was accompanied with the non-
contact heating of a couple of materials while to avoid the effect of a
native oxide film on the Mg sample, the capillary purification
procedure was applied (Ref 28-30). For this, the Mg rod (diameter
and length of about 11 mm), freshly cleaned mechanically with
sandpapers and ultrasonically in isopropanol (STANLAB, p.a.) for
10 min, was immediately placed in a graphite capillary and
transported to the experimental chamber. Meanwhile, the surface of
the silver substrate (a cuboid with a width of 9 mm and a thickness
of 5 mm) was polished using sandpapers with a gradation of 200 to
7000 and then finished on a mechanical polisher using diamond
suspensions from 3 to 1/4 pm to obtain a mirror-like surface. After
polishing, the substrate sample was also cleaned in isopropanol for
20 min to remove residues from the used polishing suspensions.
The use of isopropanol is a popular practice in preparing samples
for high-temperature wettability tests because it evaporates during
pumping and does not affect wetting behavior (28). Figure 1 shows
the surface of the freshly polished Ag substrate and the Mg/Ag
couple after the sessile drop test.

After placing Mg and Ag substrate in the device’s measuring
chamber, a vacuum of 107° mbar was created. Then, a flowing
inert gas (mixture of Ar + 5 wt.% H,) was introduced into the
chamber, and when the gas pressure reached 1.10 x 10° mbar,
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Fig. 1 Top-view photos of the silver substrate before (a) and after
(b) the sessile drop tests at 720 °C for t = 60 s under a flowing gas
mixture of Ar + 5 wt.% H,

the chamber was once again pumped to a vacuum of 10°. This
process was carried out to purge the chamber. After obtaining a
high vacuum, isothermal heating of the capillary with Mg and
Ag substrate was started to about 300 °C, in order to remove,
inter alia, residual water vapor, and other volatiles from the Ag
surface. Finally, the Ar + 5 wt.% H, gas was again introduced
into the chamber and heating to the final test temperature
(Texp = 720 °C) was performed. The sessile drop test was
carried out in the presence of Ti chips and sponge, as well as a
piece of pure Zr (99.98 wt.%), which were placed next to the
Ag substrate to serve as oxygen getters (29).

A capillary purification (CP) procedure was used to eliminate
the effect of the native oxide film on the Mg sample on contact
angle measurements that is especially pronounced in conventional
contact heating measurements with liquid metals sensitive to
oxidation (Ref 28-30). This procedure involves non-contact
heating of a couple of materials to a given temperature above
the melting point of the metal sample combined with its
mechanical cleaning from the native oxide film by squeezing
the metal drop through a hole in the graphite capillary (Note: All
happens in situ, directly at high temperature in the measurement
chamber (Ref28-30)). In addition, compared to traditional contact
heating, the CP procedure allows for obtaining a symmetrical
liquid metal drop. After deposition of the liquid Mg drop on the Ag
substrate at T, the resulting Mg/Ag couple was held at the
measurement temperature for about 60 s.

The images of the Mg/Ag couples were recorded with two high-
resolution CCD cameras at 57 frames per second during the
measurements. These cameras are placed perpendicular to each
other, which makes it possible to check the symmetry of the drop,
position the liquid drop in the center of the substrate and observe
very accurately the high-temperature phenomena occurring at the
drop-substrate interaction (Ref28). Images captured from one of the
cameras (Ref 28) were used to determine the left, right, and average
values of the contact angle (0, 0,, 0,,, respectively) by means of
DROP software, originally designed for this purpose (Ref 31).

2.2 Microstructure Observations

Once wettability measurements were completed, the solidified
Mg/Ag couple was subjected to top-view observations using an
FEI E-SEM XL30 Scanning Electron Microscope (SEM) inte-
grated with an energy-dispersive x-ray spectrometer EDAX
GEMINI 4000 (EDS). Microstructure observations and chemical
composition analyses were conducted at an accelerating voltage of
20 kVand a spot size of 4.5 um, as well as a working distance of
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10 um. Microstructures were recorded at magnifications ranging was made. Next, the same SEM/EDS analysis was performed on a
from x 50 to x 10 000. In the first place, SEM analysis of the cross-section of the Mg/Ag coupled image perpendicular to the
top-view of the sample obtained after high-temperature tests Mg/Ag interface. For this, a metallographic sample was prepared

L b
Fig. 2 Images recorded of Mg/Ag couple by the monochromatic CCD camera during the sessile drop test by the CP procedure (720 °C/
Ar + 5 wt.% H,); the last image represents the end of the test after about 50 s
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Fig. 3 Wetting kinetics of liquid Mg on the Ag substrate registered during the sessile drop test by the CP procedure (720 °C/Ar + 5 wt.% H,).
(a) for 50 s, (b) for the first 1 s, (c) QR code for real-time video of the wettability test

Fig. 4 SEM top-view images showing different regions of Mg/Ag couple after wettability test: (a) in the vicinity of the triple line; (b)
magnified region of (a); (c), (d) drop surface under different magnification
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from the Mg/Ag couple by immersing it in a thermosetting epoxy
resin and cut in half. Then, the cross-section of the sample was
polished on sandpapers with gradations from 200 to 7000 and
using 3-1/4 ym anhydrous diamond and Al,O3 suspensions. A
thin layer of amorphous carbon (about 20-50 nm) was deposited
on the surface of the obtained metallographic specimen to secure
good electrical conductivity during SEM observations, as well as
to avoid oxidation of the sample.

3. Results and Discussion

Selected images of the liquid Mg/Ag couple, corresponding
to crucial stages of the sessile drop test accompanied with the
capillary purification procedure (drop squeezing, drop deposi-

tion, detachment of the graphite capillary from the drop, the end
of the test), recorded during holding at 720 °C in Ar + 5 wt.%
H, atmosphere, are shown in Fig. 2.

For the liquid Mg/Ag couple, the wetting kinetics curves
(the change in 0, 0,, 0,, values versus time), as registered
during the high-temperature wettability test at a temperature of
720 °C for 50 s, are presented in Fig. 3a and b. Calculations of
contact angle values performed at 1 s intervals are presented in
Fig. 3a, while those for the first second of contact at 0.1 s
intervals are shown in Fig. 3b. The real-time video of the
wettability test can be seen by scanning on QR code shown in
Fig. 3c.

The first contact angle formed by the Mg drop after its
deposition on the Ag substrate was less than 90°, thus showing
a wetting phenomenon (for time ¢ = 0 s, 0,, = 65°) followed by

Fig. 5 SEM images of cross-sectioned Mg/Ag couple made with a BSE detector at different magnifications: a) general view ( x50); b) left side
near the triple point ( x500); c) interface in the central part of the drop; d, e) left and right drop edges; f) near the top surface of the drop; g) in

the drop central part; (d)-(f) magnification x 1000
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fast spreading over the substrate and continuous decrease of the
contact angle up to the value of 0,, ~ 35° in 20 s. Further
holding the couple at the test temperature resulted in only a
slight change of the contact angle and after about 25 s, the 0,,
values stabilized at the final value of 31°. The small variations
in contact angle values seen in the points in Fig. 3 (especially
for 0,) are attributed to the oscillation of the Mg drop and its
spreading after deposition on the Ag substrate.

Structural characterizations of the solidified couple (Fig. 4
and 5) showed at good wetting and fast spreading of the Mg
drop on the Ag substrate, which is related with a strong
chemical interaction between them. Top-view SEM observa-
tions (Fig. 4a, b, ¢ and d) revealed that the surface of the
initially pure Mg drop had a heterogeneous structure. In the
central part of the drop, its surface is covered with a large
number of course crystals having a regular shape (Fig. 4c).
These crystals were grown from the drop and they are
surrounded with two-phase areas whose structure suggests
eutectic constituent of the drop (Fig. 4d). Similar two-phase
regions can be distinguished on the top surface of large crystals.
It suggests that these crystals were formed as the first solidified
phase which was well wettable by the residual eutectic
constituent of the liquid drop, solidified as the last one. In the
vicinity of the triple line, the presence of a halo around the drop
on the substrate surface is well distinguished (Fig. 4a). Its
observation under higher magnification (Fig. 4b) reveals two
rings of dissimilar structure. The first ring of a smooth surface
is next to the drop, while the second outer ring has a rough
surface.

The representative results of SEM observations of the cross-
sectioned Mg/Ag couple (Fig. 5) reveal three important fea-
tures of a strong interaction between the Mg drop and the Ag
substrates:

1) A deep crater (~ 200 um) in the substrate under the drop
due to the dissolution of Ag in liquid Mg. The formation of
such a crater of sigmoidal interface profile may suggest that the
contact angles, calculated from the side-view sessile drop
images, are apparent (32), while the real final contact angles 0,
and 0, in the Mg/Ag couple, which can be determined from the
SEM image of cross-sectioned sessile drop sample, can be
almost two times larger (Fig. Sb and c¢ for 0; and 0,
respectively). Moreover, there are two additional phenomena
that might also affect the real values of 0; and 0,, i.e. during
isothermal heating of the Mg/Ag couple at the test temperature,
it is unavoidable magnesium evaporation (Ref 28, 32), resulting
in a decrease of the drop volume and pinning effect (Ref 32),
while during solidification, it is the drop shrinkage observed in
our test.

2) Multiphase composition of the initially pure Mg drop
after its solidification due to alloying of liquid Mg with Ag. The
structure of the solidified drop is composed of a large number
of white primary crystals, surrounded with eutectic constituent
and showing well-distinguished directional solidification per-
pendicular to the substrate surface, i.e. accordingly to the heat
transfer.

3) A continuous layer of a new phase of a white color
formed at the Mg/Ag interface and growing behind the triple
line as can be seen on the left and right edges of the drop in
Fig. 5b c, respectively.

It should be highlighted that SEM observations were
performed on the solidified sessile drop couple of which
structure was strongly affected by the cooling and solidification
history. Therefore, for clarification of the main steps of high-
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temperature interaction taking place between liquid Mg drop
and the Ag substrate during the wettability test, the detailed
EDS characterization of the cross-sectioned Mg/Ag couple
(Table 1) was assisted with the analysis of the Mg-Ag phase
diagram (Fig. 6), calculated with the use of FactSage software
and FTlite database (Ref 33). The main findings can be
summarized as follows. It is believed that the first contact
angle, measured at the time ¢ = 0 s, corresponds to the contact
angle formed by pure Mg on the Ag substrate. Next, the
dissolution of Ag in liquid Mg takes place because, at the test
temperature of 720 °C, liquid Mg can dissolve about 35 at.%
Ag. Tt results in a decrease of the contact angle and a fast drop
spreading over the Ag substrate through a dissolutive wetting
mechanism. The final stage of the interaction between the Ag
substrate and the Mg drop, saturated with Ag upon isothermal
heating at the test temperature, is accompanied with the
formation of and growth of a continuous light gray layer at the
Mg/Ag interface (points 2-6 in Fig. 5c,d and e). The results of
EDS analyses at selected points of this layer showed that it
consists of an average of 49 at.% Mg and 51 at.% Ag.
Moreover, this layer covers the substrate surface outside the
wetting front (well distinguished as a halo around the drop,
point 3 in Fig. 5d) because the surface diffusion is orders of
magnitude faster than the diffusion in a bulk. Thus, the final
stage of interaction corresponds to a slight improvement of
wetting through the formation of the interfacial reaction
product.

During cooling, the following stages can be identified,
according to the Mg-Ag phase diagram shown in Fig. 6. First,
with a decrease in temperature, the dissolution of Ag in liquid
Mg decreases and it results in heterogeneous nucleation and
growth of B-MgAg phase at the surface of already formed
AgMg interfacial layer. The results of EDS analyses at selected
points showed that the light gray phase consists of an average
of 49 at.% Mg and 51 at.% Ag, while the dark gray phase
consists of ~ 71 at.% Mg and 29 at.% Ag (Fig. 5c, d, e, fand
g points 1-11, Table 1). These findings clearly indicate the
mutual dissolution of the contacted drop/substrate couple.

In other words, the interfacial layer of the B-MgAg phase
shown in Fig. 5 is composed of two sublayers of which the first
one of homogeneous thickness was reactively formed at the
substrate-side interface at the test temperature while the second
one was formed at the drop-side interface during cooling. The
second sublayer has a morphology typical for the solidification
stage, i.e. scallop-like structure with light gray crystallites

Table 1 Results of EDS analysis of phases marked in
Fig. 5¢c,d, e, fand g

Composition in marked points

Point no Mg, at.% Ag, at. % Possible phases
1 71.7 28.3 e-AgMgs

2 50.9 49.1 B-AgMg

3 51.2 48.8 B-AgMg

4 49.1 40.9 B-AgMg

5 48.0 52.0 B-AgMg

6 45.5 54.5 B-AgMg

7 66.5 335 e-AgMgs

8 72.5 27.5 e-AgMg;

9 79.2 20.8 (Mg) + AgMga)eur
10 72.4 27.6 e-AgMg;

11 77.8 22.8 (Mg) + AgMgy)eut
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Fig. 6 Phase diagram of the Ag-Mg system calculated with the use of FactSage software and FTlite database (Ref 33); the insert in (a)
corresponds to the magnified Mg-rich region shown in (b)

positioned and grown towards the top of the drop. This phase This solidification stage is accompanied with the change of
has a large temperature-dependent solubility range (Fig. 6) and Mg-Ag drop composition because Ag dissolved in the drop is
forms characteristic long crystallites through directional crys- partially consumed for the formation of the B-AgMg phase.
tallization. Between these crystals, a second phase with a varied From the Mg-Ag phase diagram, we may expect that during the
structure is observed (Fig. 5). next stage of cooling, the P-AgMg phase can be partially
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transformed to &’-Ag;7;Mgss phase, because of peritectic
reaction at a temperature of 494 °C:

L + f—AgMg — ¢ — Ag;;Mg, (Eq 1)

Despite the fact that we have no clear evidence of the
formation of the &’-Ag;7Mgs4 phase, we believe that the
unusual shape of the B-AgMg crystals, located far from the
interface, suggests their partial disappearance due to a process
similar to a peritectic reaction (Figs. 5c, d and e). Particularly, it
is well distinguished in Fig. 5e showing fragmentation of the -
AgMg crystals that took place in still molten Mg-Ag drop.
From the Mg-Ag phase diagram (Fig. 6), the &-Ag;;Mgs4
phase can be transformed to e-AgMg; because the &'-phase
exists in a narrow temperature range.

In the next stage, the dissolution of Ag in molten Mg
continuously decreases with a decrease in temperature and it is
accompanied with the nucleation and growth of the e-AgMg;
phase in the form of dark gray large crystals at the top of the
drop and smaller crystallites inside the drop (~ 71 at.% Mg
and ~ 29 at.% Ag; points 1, 7, 8, and 10 in Fig. 5).

According to the course of the liquidus line, the final stage
of solidification at a temperature of ~ 470 °C is related to the
eutectic transformation of the Mg-Ag melt to form a two-phase
eutectic mixture (Mg) + AgMgy:

L(Mg — Ag) — AgMg, + (Mg) (Eq 2)

Following SEM observations, the eutectic (Mg) + AgMg, is
mostly located in the center of the solidified drop and at the top
between the crystals of the e-phase.

4. Conclusions

For the first time, the high-temperature interaction of liquid
pure magnesium with solid silver was examined experimentally
using the sessile drop method combined with non-contact
heating and in-situ cleaning of Mg drop from native oxide film
by the capillary purification procedure.

Under the conditions of this study, immediately after contact
with the Ag substrate, liquid oxide-free Mg drop showed good
wetting and fast spreading over the substrate to form the final
contact angle of ~ 31°. However, this value should be
considered as an apparent one because of the formation of a
deep crater (200 um) in the substrate under the drop due to the
dissolution of Ag in the Mg drop. The SEM/EDS analysis of
cross-sectioned couples evidenced the presence of a continuous
layer of intermetallic phase (B-AgMg) at the Mg/Ag interface
while the structure of initially pure Mg drop changed to that of
Mg-Ag alloy.

Structural observations show a good agreement with the Ag-
Mg phase diagram: the first-phase B-AgMg forms a continuous
layer of varying chemical composition due to its large solubility
range, depending on the temperature. In the final stage of drop
solidification, according to the course of the liquidus line, a
eutectic (Mg) + AgMg, is formed between the crystals of the &-
phase and in the central part of the solidified drop.

Comparison of the results of structural observations with the
Mg-Ag phase diagram suggests that a very good wetting and
fast spreading observed experimentally for the Mg/Ag couple is
caused by high reactivity between liquid Mg and Ag substrate
leading to the combined effect of two reactive wetting
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mechanisms, i.e. through dissolutive wetting and wetting
through the formation of the interfacial reaction product, most
likely the B-AgMg phase.
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