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Keywords Abstract
Wettabl!lty, The wettability of liquid Mg and AZ91 alloy on bulk Ti6AI4V alloy was investigated in
Magnesium alloys, the current study. Wetting experiments were conducted by gradually heating the samples
T|6AI4_1V alloy, to 800°C for 30 minutes. A CCD camera was used to capture the morphological changes
Scanning electron in the droplet during contact angle measurements. Additionally, a scanning electron
MIcroscope. microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS) was used

to analyze the morphology and microstructure of the wetted surfaces of the Ti6AI4V
alloy. X-ray diffraction analysis (XRD) was performed so as to examine the phase
constituents in the reaction layer of the Ti-alloy substrate and magnesium and AZ91
alloy.

1. Introduction

The manufacturing of titanium-magnesium composites, which are highly desirable because of their exceptional
mechanical properties and their uses in lightweight structural designs, depends mainly on the wetting behavior
of liquid magnesium on titanium alloys. The capacity of a liquid to spread across a solid surface is known as
wetting. It directly affects the interfacial interactions between titanium and magnesium, which in turn affects the
microstructure and bonding strength of the resulting composite materials [1]. Optimizing titanium-magnesium
composites' manufacturing processes and enhancing their performance in a variety of industries, including the
biomedical, aerospace, automotive, and energy sectors, require an extensive understanding of these wetting
properties [2].

The limitations of conventional metallic biomaterials are intended to be addressed by the production of innovative
functional metal-metal composites. In order to preserve mechanical stability, degradable metals are frequently
mixed with non-degradable metals because they lose their structural integrity as they corrode [3]. For example,
titanium-magnesium bioactive composite produced by hot extrusion demonstrated fatigue limits that were
appropriate for dental implants [4]. According to in vitro tests, magnesium corroded with time and increased
surface roughness. The findings revealed that these bioactive composites could be used as dental implants because
they provide improved bioactivity and mechanical compatibility. Moreover, Jiang et al. used the infiltration
casting approach to create a magnesium-based composite by infiltrating molten magnesium into a porous titanium
framework [5]. According to their research, these composites' mechanical properties were similar to those of
cortical bone, indicating that titanium-magnesium composites hold a lot of promise for load-bearing biomedical
applications [5]. Furthermore, Ti6Al4V-Mg and Ti6Al4V-AZ91 composites were manufactured by Esen et al.
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for use in biomedical applications [6]. The Ti6Al4V-Mg composite failed as a result of galvanic corrosion caused
by the combination of unalloyed magnesium and Ti6Al4V. However, because of the AZ91 alloy's low rate of
corrosion and the formation of TiAlz at the interface layer, Ti6Al4V-AZ91 composites maintained their
mechanical integrity.

In order to better understand the interface formation behavior, which is essential for the design and optimization
of the manufacturing of titanium—magnesium composites, the wettability of magnesium on titanium alloy is
examined in the present study. The presence of intermetallic phases at the interface between Mg and AZ91 alloy
and the Ti6Al4V substrate is investigated, and the change in contact angle is measured.

2. Materials and Method

Bulk Ti6Al4V alloy bars with a diameter of 5.5 mm were obtained from Philly Materials. The chemical
composition of titanium alloys meeting the ASTM F 1580-01 standard [7] consists of 6.20% Aluminum (Al),
4.10% Vanadium (V), 0.06% Iron (Fe), 0.01% Carbon (C), 0.004% Hydrogen (H), 0.1% Nitrogen (N), 0.1%
Oxygen (O), and balance Ti in wt.%.

As-cast bulk samples of pure magnesium and AZ91 alloy were sourced from the Changchun Institute of Applied
Chemistry, Chinese Academy of Sciences, China. Pure Mg consists of 0.025% Al, 0.057% Zinc (Zn), 0.071%
Manganese (Mn), 0.027% Neodimyum (Nd), 0.0356% Copper (Cu), 0.0176% Fe, 0.072% Nickel (Ni), 0.035%
Silicon (Si), and 99.50% Mg, in wt.%, and AZ91 alloy contains 9.0% Al, 0.8% Zn, 0.2% Mn, and 90% Mg in
wt.%.

Magnesium's wettability and any possible chemical interactions at the interface between liquid magnesium and
titanium alloy substrates were evaluated using contact angle measurements. An atmosphere-controlled tube
furnace was built for the wetting studies. The Ti6Al4V alloy substrate was 16 mm in diameter and 4 mm in
height, whilst the bulk Mg and AZ91 alloys were 6 mm in diameter and 4 mm in height. The samples were heated
in a high-purity argon (Ar) gas atmosphere at a rate of 10°C/min until they reached 800°C. During the contact
angle measurements, the morphological changes in the droplet were observed using a CCD camera. The
morphology and microstructure of the wetted surfaces of the Ti6Al4V alloy were analyzed using a scanning
electron microscope (SEM), FEI 430 Nano Scanning Electron Microscope, equipped with energy-dispersive X-
ray spectroscopy (EDS). The surface roughness of the Ti6AI4V alloy was investigated via Atomic Force
Microscope (AFM, Veeco MultiMode V) in tapping mode. X-ray diffractometer (XRD) measurements were
carried out using a Rigaku D/Max 2200/PC (Tokyo, Japan) equipped with Cu Ka radiation, at 30 mA current and
40 kV voltage. The scanning rate is 2°/min between 10° to 90°.

3. Results

The morphological change of magnesium on the Ti6Al4V substrate at different exposure times to 800°C is given
in Figure 1. During the first five minutes (t2) of the experiment, there was no observable change in the
magnesium's shape. Within seconds, the centers of the sample rapidly collapsed inward after melting at the center
(t3). Then, at t6, the whole magnesium quickly wetted the surface of Ti6Al4V. It is known that up to about 450°C,
magnesium oxidizes quite slowly; after that, oxidation speeds up considerably, according to Kumar et al. [8]. In
the current study, the reason for the observed delay in melting could be the development of an oxide layer on the
solid magnesium. Before the molten magnesium completely spread throughout the titanium surface (t8), the outer
shell, which likely consisted of magnesium oxide, stayed unaffected for a while (from t3 to t6), even though the
samples started to collapse from the center, in Figure 1.
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Figure 1. Shape changes of Mg in titanium alloy substrate at different time intervals.
(t1: 0 min., t2: 5.5 min., t3: 5.58 min., t4: 6.02 min., t5: 6.07 min., t6: 6.12 min., t7: 7.45 min., t8: 8.09 min.)

t5

Three separate stages, shown in Figure 2, represent the variation in contact angles of liquid magnesium. The
wetting angle stayed almost constant for the first five minutes, as also observed in Figure 1. Kondoh et al. [9]
reported a similar observation. According to their explanation, the early stability of the contact angle was caused
by liquid magnesium reducing the native TiO: layer on pure titanium [9—10]. Within a minute, the contact angle
in the second stage fell abruptly to about 12°, as shown in Figure 2. Following that it stayed steady following this
abrupt drop. The unexpected flow of liquid magnesium was attributed to this dramatic drop as a result of the
cracking of the oxide layer surrounding the molten metal [9,11]. The titanium alloy substrate was almost
completely wetted as the liquid magnesium spread. Nevertheless, as already shown in earlier research, the contact
angles are directly impacted by the sudden evaporation of pure magnesium [9-11].

Moreover, the diameter of pure magnesium remained steady during the early stage, aligning with a stable contact
angle. However, as soon as the contact angle started to change suddenly, a sharp rise in diameter was seen in
Figure 2. It is also stated that pure magnesium's high vapor pressure at 800°C can cause the molten droplet to
expand when it evaporates at high temperatures [9]. In line with these results, the current investigation found
significant variations in wetting behavior and droplet size that occurred when magnesium melted and evaporated
simultaneously.
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Figure 2. The change in the diameter and the contact angle of M at 800°C.

It is known that the substrate's surface condition has a direct impact on the liquid's wetting behavior [12]. Thus,
the average surface roughness of the starting Ti6Al4V alloy was measured as 146 + 40 nm by AFM. SEM pictures
of the reaction layer that forms on solid Ti6Al4V alloy when it comes into contact with liquid magnesium are
shown in Figure 3. This layer was 2—5 pm thick and showed a porous texture. EDS spot analysis revealed that its
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main constituents were 13.40 wt.% O and 5.6 wt.% Mg. These components' presence on the Ti-alloy surface
supports the theory that MgO is formed when liquid magnesium reduces TiO». Only a-Ti and the titanium oxide

phase, TiO, which was most likely generated during the cooling stage, were found in the reaction layers according
to XRD analysis, Figure 4(a).

Ti6Al4V

Figure 3. (a) SEM and (b) EDS spot analysis shown by X, (c)EDS line, and (d) EDS map scan analysis of
reaction layer.
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Figure 4. XRD results of titanium alloy substrate wetted by (a) Mg, and (b) AZ91 alloy.

The structure change of the AZ91 alloy on the Ti6AI4V substrate during the soaking test is depicted in Figure 5.
The moment AZ91 alloy began to melt was taken as the reference point (t1=0 minutes). The Ti6Al4V surface
was evenly wetted by the liquid AZ91 alloy after 22 minutes. The contact angle between the liquid AZ91 alloy
and the Ti6AIl4V alloy progressively reduced in comparison with pure magnesium. According to Q. Tan et al.,
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Zn lowers the oxidation resistance of magnesium alloys, and substantial magnesium evaporation may result from
the existence of Mg-Zn intermetallic phases with low melting temperatures [13]. They also stated that Zn tends
to sublime, which speeds up the cracking of the oxide layer. In the current study, because of the broken oxide
layer that covers liquid magnesium, the melt pool of AZ91 alloy emerged earlier in the wetting experiment
compared to pure Mg.

Figure 6 depicts the measured wetting angle values after the AZ91 alloy had melted completely. The liquid AZ91
alloy's contact angle was decreasing over time. The liquid AZ91 droplet wetted the Ti6Al4V surface after 22
minutes at a contact angle of around 12°, which is close to that of pure magnesium. Yet in contrast to pure
magnesium, the melt pool diameter contracted, likely due to the higher evaporation rate of magnesium caused by
the presence of Zn.

t5 t6 t7
Figure 5. Shape changes of AZ91 alloy in titanium alloy substrate at different time intervals.
(t1: 0 min., t2: 5 min., t3: 10 min., t4: 12 min., t5: 14 min., t6: 18 min., t7: 20 min., t8: 22 min.)
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Figure 6. The change in the diameter and the contact angle of liquid AZ91 alloy at 800°C.

The SEM image of the reaction layer that developed after the wetting experiment, in which the liquid AZ91 alloy
came into contact with the titanium alloy substrate, is given in Figure 7(a). Ti6Al4V alloy exhibits a V-rich -
phase (bright areas) and an Al-rich a-phase (dark areas) in the microstructure. In contrast to magnesium, a
distinctive reaction layer was seen on the surface of the Ti-alloy, which had a thickness of about 70 um.
Additionally, EDS map analysis, Figure 7(b), revealed that this porous reaction layer was richer in titanium and
aluminum. Moreover, Ti- and Al-enriched phases are thought to have formed as a result of aluminum from the
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AZ91 alloy diffusing into the Ti6Al4V substrate at elevated temperatures. The presence of a TiAl; phase was
identified as a likely product of this reaction, which was also confirmed by XRD analysis, Figure 4(b).
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Figure 7. (a) SEM and (b) EDS spot analysis shown by X, and EDS map analysis of the reaction layer.

4. Conclusions

Based on the wetting test result, liquid magnesium and AZ91 alloy have favorable wetting behavior on the
surface of Ti6Al4V alloy. Both magnesium and the AZ91 alloy have observed equilibrium contact angles of
about 12°. Following liquid magnesium wetting on the Ti6AIl4V substrate, TiO, reduction by liquid Mg caused
MgO formation in addition to the TiszO phase at the interface. The TiAls phase, along with the TiO and MgO
phases, was formed as a result of the AZ91 alloy diffusing into the titanium substrate. These results demonstrate
that liquid magnesium and its alloy can effectively infiltrate the Ti6AI4V structure, highlighting its potential for
use in the fabrication of Ti-Mg composites.
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