
Arch. Metall. Mater. 71 (2026), 3, 751-763

DOI: https://doi.org/10.24425/amm.2026.1964

S. Terlicka 1*, K. Janus 2*, A. Jarzębska 1, J.J. Sobczak 2, N. Sobczak 1

High-Temperature Interactions between Molten Mg-10Ca Alloy and Ti Substrate  
under Different Atmospheric Conditions

This work investigates the combined effects of atmosphere and alloying with calcium on the high-temperature interaction 
between a molten Mg-10Ca alloy and a polished titanium substrate. The sessile drop method was employed with non-contact hea
ting and capillary purification, enabling the generation of an oxide-free Mg-10Ca drop. Experiments were conducted isothermally 
at 700°C under two flowing atmospheres: (i) pure Ar and (ii) Ar + 5 wt.% H2.

In pure Ar, the evolution of the average contact angle results from both evaporation of the oxide-free Mg-10Ca alloy and 
chemical interaction between Mg-Ca vapor and the oxidized Ti surface. Initially, non-wetting behavior (θ > 90°) was observed. 
A non-wetting-to-wetting transition occurred at ~200 s (θ = 90°), followed by progressive improvement in wettability, reaching an 
average final contact angle of ~70° at 300 s. 

SEM/BSE/EDS analysis of the Mg-10Ca/Ti couple formed in pure Ar revealed interfacial discontinuities, absence of permanent 
bonding, and pronounced triple-line pinning, which led to an asymmetric drop geometry arising from the inhomogeneous structure 
and chemistry of the Ti surface. In contrast, excellent wettability and bonding were obtained under the Ar + 5 wt.% H2 atmosphere. 
Under identical testing conditions, the contact angle decreased rapidly from 19° to 11° within ~50 s and remained nearly constant 
during holding at 700 °C up to 300 s, with a final contact angle of ~9° at the end of the test. The results of structural characterization 
suggest that the remarkable improvement in wettability arises from the synergistic effect of several factors: (1) alloying magnesium 
with calcium, (2) presence of hydrogen in the surrounding atmosphere, (3) the evaporation of both Mg and Ca from the drop and 
(4) the enhanced chemical interaction between the Mg-Ca alloy and the Ti substrate in the presence of hydrogen. 
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Highlights

•	 The wettability of molten Mg-10Ca alloy on Ti at 700°C was examined under two atmospheres (pure Ar and Ar + 5 wt.% H2) 
using the sessile drop method combined with non‑contact heating to eliminate heating‑history effects, and capillary purification 
to produce an oxide‑free Mg-10Ca drop ensuring reliable contact‑angle measurements.

•	 In pure Ar, the contact angle evolution is governed by evaporation of the oxide‑free Mg-10Ca alloy and subsequent chemical 
interaction between Mg-Ca vapor and the oxidized Ti surface.

•	 Two distinct wetting stages were identified in pure Ar: an initial non‑wetting regime (θ > 90°), followed by a non‑wetting‑to‑wet-
ting transition at ~200 s (θ = 90°), and progressive improvement to an average final contact angle of ~70° at 300 s.

•	 Adding 5 wt.% H2 to Ar dramatically enhances wetting, reducing the contact angle from 19° to 11° within ~50 s and maintain-
ing excellent wettability at 700°C with a final contact angle of 9° at the end of the test.

•	S ynergistic effects markedly improved wetting of Mg-Ca alloy on titanium.

1. Introduction

Metallic biomaterials play a fundamental role in modern or-
thopedic and dental surgery owing to their excellent mechanical 
performance, corrosion resistance, and biocompatibility. Among 
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currently available metallic implant materials, titanium and its 
alloys are considered the benchmark for long-term load-bearing 
applications because of their high specific strength, excellent 
corrosion resistance, and outstanding biological response. 
Nevertheless, their elastic modulus remains significantly higher 
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than that of natural bone, which may lead to stress shielding 
and progressive bone resorption. Although β-type titanium al-
loys containing Nb, Ta, Zr, Mo, or Sn have been developed to 
reduce the elastic modulus, their production generally requires 
expensive alloying elements and complex thermomechanical 
processing routes, limiting their broader application [1-7].

In contrast, magnesium and its alloys have attracted con-
siderable attention as biodegradable biomaterials because their 
density and elastic modulus are much closer to those of human 
bone than those of conventional implant metals. Furthermore, 
magnesium gradually dissolves under physiological conditions, 
eliminating the need for secondary implant-removal surgery. 
Among biodegradable magnesium alloys, Mg-Ca alloys are 
regarded as particularly promising because calcium is an es-
sential constituent of the human body and improves both the 
mechanical properties and corrosion behavior of magnesium 
alloys. Depending on calcium content, Mg-Ca alloys exhibit 
elastic moduli approaching those of cortical bone while maintain-
ing excellent biocompatibility [8-14]. However, their relatively 
rapid degradation and accompanying hydrogen evolution remain 
important challenges that limit their use as stand-alone structural 
implant materials [14].

Rather than replacing one biomaterial with another, increas-
ing attention has recently been devoted to the development of 
hybrid materials, such as Mg-Ti, designed to combine the long-
term mechanical stability and corrosion resistance of titanium 
with the favorable biomechanical compatibility and controlled 
biodegradability of magnesium alloys [15]. Such hybrid concepts 
may enable the design of implants exhibiting improved me-
chanical compatibility with bone while simultaneously providing 
localized biodegradation and enhanced biological performance. 
The successful fabrication of these hybrid systems, however, re-
quires the formation of a reliable metallurgical interface between 
titanium and magnesium-based materials.

Currently, most attempts to synthesize Mg-Ti materials 
have been based on solid-state processing techniques, including 
powder metallurgy, mechanical alloying, and related consolida-
tion methods [16,17]. Liang and Schulz [16] demonstrated that 
mechanical alloying can produce nanocrystalline Mg-Ti alloys 
exhibiting an extended solid solubility of titanium in magne-
sium beyond equilibrium conditions. Similarly, Zhou et al. [17] 
reported the successful synthesis of nanocrystalline Mg-based 
composite powders reinforced with finely dispersed titanium 
particles through mechanical milling. These studies, primar-
ily focused on phase formation and microstructural evolution, 
confirmed that Mg-Ti materials can be successfully fabricated 
using solid-state routes. However, available literature data pro-
vide limited information regarding the mechanisms governing 
liquid-assisted synthesis, where bonding is controlled by wetting, 
spreading, and interfacial reactions occurring between molten 
magnesium alloys and titanium substrates.

Compared with solid-state processing, investigations of 
liquid-phase interactions between magnesium alloys and titanium 
remain limited, despite their direct relevance to liquid-assisted 
manufacturing technologies, coating processes, infiltration, 

brazing and reactive joining. In such processes, the formation 
of a stable interface depends primarily on the wetting behavior 
of the liquid metal, the kinetics of spreading and the physico-
chemical reactions occurring at the liquid/solid interface [18-21]. 
Previous studies have shown that these phenomena are strongly 
affected by alloy composition, substrate chemistry, surface 
condition and processing atmosphere [18-20]. Understanding 
the interplay between these factors is therefore essential for the 
design of reliable liquid-assisted routes for manufacturing Mg-Ti 
hybrid materials.

Despite the increasing interest in liquid-assisted synthesis 
of Mg-Ti materials, wetting of molten magnesium on titanium 
remains inherently poor. Our previous systematic studies with 
pure Mg have shown that, under identical testing conditions, 
oxide-free liquid Mg exhibits non-wetting behavior not only on 
commercially pure Ti and Ti-26Nb biomedical alloys [21,22], but 
also on several refractory metals, including W, Mo, Ta and Nb, 
as well as on stainless steel and cast iron [22-25]. These obser-
vations indicate that, for applied conditions, metals exhibiting 
negligible chemical affinity toward magnesium generally do 
not promote spontaneous spreading and metallurgical bonding. 
Consequently, improving the wettability of magnesium on tita-
nium requires modification of the interfacial chemistry rather 
than optimization of processing conditions alone.

Various approaches have been proposed to overcome the 
poor wettability of Mg-based alloys, including alloying addi-
tions, surface modification, and atmosphere control. Among 
the alloying elements used in biodegradable magnesium alloys, 
calcium is particularly attractive. Besides its well-established 
biological compatibility [9-13], calcium modifies the surface 
tension and thermodynamic activity of magnesium, influences 
oxidation processes, and affects the formation of interfacial 
reaction products [26-30]. Moreover, previous studies have 
demonstrated that the processing atmosphere may strongly in-
fluence the stability of oxide films, hydrogen evolution, and the 
chemical reactions occurring during high-temperature interaction 
of Mg-Ca alloys with metallic substrates (e.g., steel [31]). These 
observations suggest that calcium alloying combined with ap-
propriate atmosphere control may provide an effective strategy 
for improving the wetting and bonding behavior of magnesium 
on titanium. Nevertheless, despite the growing interest in Mg-Ti 
materials, systematic investigations of the wetting behavior and 
interfacial reactions of Mg-Ca alloys on titanium under different 
atmospheres are still missing.

Therefore, the present work investigates, for the first time, 
the high-temperature interaction between a molten Mg-10Ca 
alloy and commercially pure titanium under different process-
ing atmospheres during isothermal exposure at 700°C. Real-
time sessile-drop experiments were complemented by detailed 
microstructural characterization to understand the mechanisms 
governing spreading, interfacial reactions and metallurgical 
bonding. Particular attention was devoted to understanding the 
synergistic effects of calcium alloying, titanium reactivity and 
atmosphere on the formation and evolution of the Mg-10Ca/Ti 
interface.
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2. Materials and experimental procedure

The Mg-10Ca alloy with 10 wt.% Ca used in the high-
temperature study has been previously characterized by Terlicka 
et al. [31]. The commercial bulk titanium grade 2 ASTM was 
used as the substrate. Before the wettability experiments, the Mg-
10Ca cylinder was machined, and the Ti substrate was ground 
and polished with the nano-SiO2 suspension. Subsequently, both 
the Mg-10Ca alloy cylinder and Ti substrate were ultrasoni-
cally cleaned several times in isopropanol (STANLAB, p.a.) to 
remove contaminants. In addition, the surface roughness (Ra) 
of the polished Ti substrate was measured to be 250 nm using 
a 3D surface analyzer (KEYENCE VHX-7000N series digital 
optical microscope, Japan). 

The sessile drop method with non-contact heating and 
capillarity purification (CP) procedure has been used to study 
the high-temperature interactions between molten Mg-10Ca 
alloy and a Ti substrate. This procedure significantly reduces 
the effect of the heating history of the samples and removes 
the native oxide film from the Mg-10Ca alloy surface to obtain 
a clean and symmetrical drop [18,20,23]. The experiments 
were performed using a unique device described in detail in the 
previous work [23]. Before the wettability tests, the Mg-10Ca 
alloy cylinder was placed inside a graphite capillary in the meas-
urement chamber. At the same time, a Ti substrate was put on 
a holder inside a storage chamber of the device [23], which had 
the same controlled atmosphere as the experimental chamber 
but remained at approximately room temperature throughout 
the test. Titanium chips and sponge pieces were placed near the 
substrate to function as oxygen getters during the experiment. 
It should be emphasized that under the testing conditions ap-
plied in this study, neither Mg nor Ca exhibits any measurable 
reactivity toward graphite [29].

The apparatus preparation and purification procedure were 
identical to those described in detail in our previous study [31]. 
After assembling the experimental setup, the chamber was 
evacuated to approximately 10–6 mbar and heated to 400°C. This 
temperature was maintained for 10 min to outgas the chamber 
and remove contaminants adsorbed on the graphite capillary 
and the internal surfaces of the apparatus. Subsequently, the 
chamber was filled with the selected protective atmosphere: 
(i) pure Ar (99.9999 wt.%) or (ii) a mixture of Ar + 5 wt.% H2, 
to a pressure of 1.10×103 mbar and heated to the experimental 
temperature of 700°C. After the temperature and gas atmosphere 
had stabilized, the Ti substrate was introduced into the measure-
ment chamber. Once isothermal conditions were re-established, 
the wettability test was initiated. 

Apart from metallographic polishing to a mirror-like finish, 
no further cleaning of the Ti substrate was carried out before the 
wettability test. Nevertheless, titanium is well-known to oxidize 
rapidly even at room temperature and under very low oxygen 
partial pressures, leading to the formation of a nanometer-scale 
oxide film whose thickness depends on local temperature and 
oxygen availability [32]. According to literature data [33], 
titanium can dissolve a substantial amount of oxygen to form 

a solid solution even at room temperature. Therefore, despite 
its bright, metallic appearance before testing, the Ti substrate 
was expected to contain oxygen and to be partially oxidized 
before the wettability experiments. 

Once the temperature stabilized at 700 °C, the liquid Mg-
10Ca alloy was extruded from the capillary and deposited onto 
the surface of the Ti substrate. In sessile drop tests, the images 
of Mg-10Ca alloy/Ti couples were recorded using two perpen-
dicularly oriented CCD cameras [23] at a speed of 60 frames per 
second from the two directions of the quartz glass observation 
window for 300 s. After completion of the wettability tests, the 
left (θl), right (θr), and average (θav) contact angles were deter-
mined from the recorded images using the DROP software [34].

Microstructural observations and chemical composition 
analyses of the sessile drop couples were performed using an FEI 
E-SEM XL30 scanning electron microscope (SEM) equipped 
with an EDAX GEMINI 4000 energy dispersive X-ray spectrom-
eter (EDS) and an FEI Quanta 3D 200i FEG-SEM microscope 
equipped with an EDAX OIM TSL EBSD system ver. 7.0. For 
the top-view and cross-sectional observations, secondary elec-
tron (SE) and backscatter electron (BSE) detectors were used in 
Z-contrast with an accelerating voltage of 15 kV. For detailed 
cross-sectional SEM observations of the Mg-Ca/Ti couples, the 
specimens were embedded in an epoxy resin and cut perpendicu-
lar to the interface using an electric cut-off wheel with a diamond 
disk and polished with a diamond and silica suspension similar 
to previous work [31]. 

3. Results

3.1. Mg-10Ca alloy characterization

As was previously observed in our study of the wettabil-
ity of steel by the same hypoeutectic Mg-10Ca alloy [31], the 
as-cast microstructure is composed of primary dendrites of the 
α(Mg) phase and a eutectic mixture containing the intermetallic 
Mg2Ca phase and the α(Mg) phase in the interdendritic channels. 
In addition, the α(Mg) dendrites and the eutectic mixture exhibit 
a relatively fragmented structure.

3.2. Contact angle measurements

Fig. 1 and Fig. 2 show the wetting kinetics curves of the 
molten Mg-10Ca alloy on the polished Ti substrate at 700°C 
under two different atmospheric conditions. The first experi-
ment was performed in pure argon (Fig. 1a) and the second one 
in a gas mixture of Ar + 5 wt.% H2 (Fig. 1b). Real-time videos 
of the sessile drop tests using the CP procedure were recorded 
and made available via the QR codes provided in Fig. 1a and 
Fig. 1b. In addition, Fig. 2 presents a comparison of θav between 
Mg-10Ca/Ti couples exposed to 700°C under both atmospheric 
conditions. Contact angle calculations using the DROP software 
[34] were performed at 2-second intervals.
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The variation in contact angle values over time reveals two 
different wetting behaviors as shown in Fig. 2. 

During the examination of the Mg-10Ca/Ti couple un-
der a pure Ar atmosphere, the initial contact angle measured 

immediately after drop deposition (θ0 at t = 0 s) was approxi-
mately 110°, indicating non‑wetting behavior. As the interaction 
progressed, a non‑monotonic decrease in the contact angle was 
observed, and after ~200 s a non‑wetting‑to‑wetting transition 
occurred (θ < 90°), followed by a further gradual decrease in 
the contact angle to a final value of about θf ~ 70° at the end 
of the test. 

In contrast, excellent wettability and bonding were obtained 
under the Ar + 5 wt.% H2 atmosphere. Under identical testing 
conditions, the contact angle decreased rapidly from θ0 ~19° 
to 11° within ~50 s and remained almost unchanged during 
holding at 700°C up to 300 s (θf ~9°).

3.3. Microstructure characterization 

Fig. 3 shows top-view photos of the Ti substrates before 
and after wettability tests, along with images of the Mg-10Ca/
Ti couples after experiments conducted under both Ar (Fig. 
3a,b) and Ar + 5 wt.% H2 (Fig. 3c,d) atmospheres. These photos 
evidence that, before the high-temperature tests, the polished 
surfaces of both Ti substrates appeared bright and metallic, 
with no visible oxide films, despite the fact that the substrates 

Fig. 2. Comparison of the average contact angle values (θav) recorded 
between Mg-10Ca alloy and Ti substrates in the sessile drop test at 
700°C under pure Ar vs Ar + 5 wt.% H2 mixture

Fig. 1. The wetting kinetics observed during sessile drop tests of Mg-10Ca/Ti couples using the CP procedure at 700℃ for 300 s under different 
atmospheres: a) in pure Ar, and b) in Ar + 5 wt.% H2 mixture, along with QR codes linking to real-time videos recorded during the wettability tests 
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were expected to contain oxygen and be partially oxidized, as 
discussed above. Examining the Mg-10Ca/Ti couple after the 
wettability test in the Ar atmosphere (Fig. 3b), it is observed that 
the surface of the Mg-10Ca drop is not perfectly shiny, and its 
secondary surface oxidation is evident. This phenomenon may 
occur during the wettability test conducted in pure Ar, arising 
from the reaction of Mg or Ca with trace oxygen‑bearing species 
(O2, H2O, CO2) unavoidably present in the gas stream or released 
from the chamber walls, which were not completely removed  
or reduced. 

In contrast, during the wettability test performed in the 
Ar + 5 wt.% H2 atmosphere, the Mg-10Ca drop spreads much 
more effectively, covering a significantly larger area of the Ti sub-
strate. In fact, partial runoff of the molten alloy onto the side wall 
of the substrate, as shown in Fig. 3d, most likely occurs during 
transfer of the couple to the colder region of the storage chamber. 
This behavior further indicates a markedly enhanced spreading 
tendency of the Mg-10Ca alloy under reducing conditions. 

It should be highlighted that under testing conditions ap-
plied in this study, the Ti surface can also react with residual 
oxygen present in the chamber. This effect is visible in Fig. 3b 
and Fig. 3d, where the oxidized regions of the Ti surface exhibit 
a characteristic brown to dark‑blue coloration. Notably, after 
the wettability test in pure Ar, the Ti surface is fully oxidized. 
In contrast, after the test in a reducing Ar + 5 wt.% H2 atmos-
phere, the Ti substrate is only partially oxidized (dark blue 
area), leaving the large portion of the Ti substrate (white area) 
unoxidized. This substantial reduction in secondary oxidation of 
the Ti substrate is attributed to the presence of hydrogen in the 
experimental atmosphere, which continuously lowers the oxy-
gen partial pressure in the chamber and acts as a reducing agent  
[18,20,23,31].

Top-view SEM/BSE observations provide additional 
information on the reactivity of the Mg-10Ca alloy in both Ar 
(Fig. 4) and Ar + 5 wt.% H2 (Fig. 5) atmospheres. After testing 

in pure Ar, the surface of the solidified drop is relatively clean 
and smooth. However, detailed microstructural characterization 
(Fig. 4b and Fig. 4c) reveals bright or light gray precipitates 
forming a continuous film on the surface of the Mg-10Ca drop. 
This film was also observed in Fig. 3. It appears that these pre-
cipitates likely originate from pure Mg or the Mg2Ca eutectic 
phase, which may have undergone partial oxidation after the 
wetting tests, once the sample was removed from the vacuum 
chamber and exposed to air. 

After testing in Ar + 5 wt.% H₂, the solidified Mg-10Ca 
drop exhibits extensive spreading, covering a large area of the Ti 
substrate (Fig. 5a). Light-gray precipitates, several micrometers 
in size, are visible on the drop surface (Fig. 5b and Fig. 5c). These 
precipitates may correspond to Mg2Ca eutectic phase, similar to 
those observed in the Mg-10Ca/Ti couple after testing in pure 
Ar. However, according to the detailed study by Terlicka et al. 
[31], high‑temperature interaction of molten Mg-10Ca alloy with 

Fig. 4. The top-view SEM/BSE images show the surface of the Mg-10Ca/Ti couple after the wettability test at 700°C in a pure Ar atmosphere. 
The images were taken at different magnifications: a) 50×, b) 2000×, and c) 5000×

Fig. 3. Top-view photos of Ti substrates (a, c), along with photos of the 
Mg-10Ca/Ti couples (b, d) before and after wettability tests at 700°C, 
respectively, in the pure Ar (a, b) and Ar + 5 wt.% H2 (c, d) atmospheres
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a steel substrate under identical measurement conditions revealed 
that such light‑gray precipitates can be identified as Ca(OH)2 
based on X-ray diffraction analysis.

In the present work, the XRD pattern obtained from the top 
region of the Mg-10Ca/Ti couple tested in Ar + 5 wt.% H2 (Fig. 6) 
confirms that, following the high-temperature wettability experi-
ment, Ca(OH)2, Mg, Mg2Ca, and CaO are present on the surface 
of the Mg-10Ca drop, as well as within the subsurface region 
extending a few micrometers below it. These findings indicate 
that Ca(OH)2 forms through a two-stage process involving the 
Ar + H2 atmosphere during testing and subsequent exposure to 
air. First, during high-temperature contact of the Mg-Ca alloy 
with both steel [31] and Ti [this work] substrates, Ca reacts with 
H2 from from surrounding mixture of Ar + H2 to produce CaH2. 
Subsequently, CaH2 reacts with residual water vapor present in 

the chamber, generating a thin Ca(OH)2 film on the surface of 
the Mg-10Ca drop. After removal of the couple from the cham-
ber, this film further thickens due to immediate interaction with 
water vapor in ambient air. In the present study, the light-gray 
Ca(OH)2 precipitates appear fragmented because of the extensive 
spreading of the Mg-10Ca drop on the Ti substrate during the 
high-temperature wettability test.

Detailed SEM/BSE observations of the cross-sectioned Mg-
10Ca/Ti couples reveal clear differences in the high-temperature 
interaction of the alloy with the Ti substrate depending on the 
testing atmosphere. In pure Ar (Fig. 7a-e), the solidified couple 
exhibited extensive debonding along the drop/substrate interface 
at low magnification (Fig. 7a). However, high magnification 
images (Fig. 7c-d) show that the debonding has a mixed char-
acter, as residual fragments of the drop with varying thickness 
remain well bonded to the substrate surface, indicating that local 
separation occurred within the metal drop itself, in the vicinity 
of the drop/substrate interface. These observations suggest that 
debonding occurred during sectioning of the solidified couple 
and was facilitated by the inherently weak bonding between the 
Mg-10Ca alloy and titanium. These findings are consistent with 
analyses of the Mg-Ti and Ca-Ti phase diagrams [35], which 
indicate a weak physicochemical interaction of Ti with both 
Mg and Ca, arising from the lack of mutual dissolution and the 
absence of reactively formed phases between them.

In contrast, the solidified and cross-sectioned couple 
produced in the Ar atmosphere containing hydrogen was free 
of structural defects (cracks, voids, or discontinuities at the 
interface) and consequently exhibited the formation of a perma-
nent metallurgical bond (Fig. 8a,c-e). The excellent interfacial 
integrity agrees with the wetting kinetics (Figs. 1 and 2) and the 
top-view SEM observations (Fig. 5), which showed enhanced 
spreading of the molten Mg-10Ca alloy on the Ti substrate under 
the hydrogen-containing atmosphere. Moreover, in this couple, 

Fig. 5. The top-view SEM/BSE images show the surface of the Mg-10Ca/Ti couple after the wettability test at 700°C in Ar + 5 wt.% H2 atmos-
phere. The arrow indicates light-gray precipitates of Ca(OH)2. The images were taken at different magnifications: a) 50×, b) 1000×, and c) 5000×

Fig. 6. The XRD diffraction pattern from the Mg-10Ca drop surface 
after wettability test at 700°C in Ar + 5 wt.% H2 atmosphere
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nucleation of the α(Mg) phase occurred directly at the Ti substrate 
surface, followed by the growth of α(Mg) dendrites perpendicular 
to the substrate, consistent with the direction of heat transfer. 
This specific microstructure, characterized by directionally so-
lidified α(Mg) precipitates reinforcing the Mg-10Ca alloy in the 
vicinity of the drop/substrate interface, additionally contributes 
to the higher mechanical strength of the couple compared with 
that produced in pure Ar.

In both atmospheres, a thin dark-grey film was observed on 
the upper surface of the solidified drop (white arrows in Figs. 7b 

and 8b). Similar surface films were previously reported for the 
Mg-10Ca/steel system [31] and were tentatively identified as 
Ca(OH)2. However, only the sample tested in the Ar + 5 wt.% 
H2 atmosphere exhibited an additional continuous dark-grey 
subsurface layer approximately 23 μm thick beneath the drop 
surface (Fig. 8b). Its composition was investigated by detailed 
SEM/BSE observations combined with EDS line-scan analysis 
(Fig. 9). The line profiles showed that the drop core was domi-
nated by Mg and Ca, while oxygen was practically absent up 
to a distance of approximately 4 μm from the surface. Beyond 

Fig. 7. SEM/BSE images of the cross-sectioned Mg-Ca/Ti couple after wettability test at 700°C in the pure Ar atmosphere: (a) the general view 
(magnification 50×), (b) the top of the drop surface, (c) the drop/substrate interface, (d, e) left and right drop edges (triple line), respectively; 
(b-e) magnification 1000×
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this point, oxygen concentration increased rapidly, accompanied 
by a corresponding decrease in the Mg content, whereas the Ca 
concentration remained nearly constant throughout the analyzed 
region. These results suggest that the subsurface layer consists of 
a mixture of α(Mg), Mg2Ca, and CaO formed as a consequence 
of secondary oxidation of the Ca-containing alloy.

A similar oxygen-rich layer was also detected at the Mg-
10Ca/Ti interface (Fig. 10a). Elemental mapping (Fig. 10c-f) 
confirmed that this interfacial layer is enriched in oxygen and 
depleted in magnesium while maintaining a relatively uniform 

calcium distribution, indicating the presence of a continuous CaO 
layer approximately 5 μm thick. Furthermore, isolated Ti-rich 
particles were observed within the Mg-10Ca alloy adjacent to the 
interface (Fig. 10b,d), although no continuous reaction layer or 
measurable interdiffusion between the alloy and the substrate was 
detected. An additional noteworthy observation is the increased 
oxygen concentration within the titanium substrate immediately 
beneath the interface (Fig. 10e), suggesting that oxygen transport 
toward the substrate occurred during the high-temperature test 
in the hydrogen-containing atmosphere.

Fig. 8. SEM/BSE images of the cross-sectioned Mg-Ca/Ti couple after wettability test at 700°C in Ar + 5 wt.% H2 atmosphere: (a) the general 
view (magnification 50×), (b) the top of the drop surface, (c) the drop/substrate interface, (d, e) left and right drop edges (triple line), respectively; 
(b-e) magnification 1000×

Fig. 9. (a) SEM cross-sectional microphotograph of the interface of the Mg-10Ca/Ti couple after the wettability test at 700°C in Ar + 5 wt.% H2 
atmosphere, and (b) EDS line scan results obtained from analysis marked as the white solid line of the cross-section
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Overall, the results demonstrate that the addition of hy-
drogen to the protective atmosphere fundamentally changes the 
interfacial behavior of the Mg-10Ca/Ti system. While no new 
reaction products between Mg-10Ca and Ti were identified in 
this study, the hydrogen-containing atmosphere promoted ex-
cellent wetting, permanent bonding, directional solidification 
of the Mg-rich phase at the interface, and the development of 
oxygen-rich CaO layers on both the free surface of the drop and 
at the Mg-10Ca/Ti interface. These microstructural changes are 
consistent with the significantly improved integrity of the bonded 
couple compared with that produced in pure argon.

4. Discussion

4.1. Wetting behavior and interfacial reaction

The wetting kinetics of the Mg-10Ca/Ti couple carried 
out in a pure Ar atmosphere at a temperature of 700°C are 
shown in Fig. 1. Based on these results, the left (θl), right (θr) 
and average (θav) contact angles after 200 seconds of the wet-
tability test indicated that the Mg-10Ca/Ti system is wetted, as 
these values were below 90°. The wetting behavior during the 
wettability test of the Mg-10Ca/Ti couple was also captured 
using two different high-speed CCD cameras: one positioned 
parallel (camera (i) – Fig. 11) and the other perpendicular (cam-
era (ii) – Fig. 12) to the cross-section of the apparatus. These 
cameras were crucial for capturing the dynamic wetting behavior 
of the Mg-10Ca/Ti system as described in [23]. Selected images 
from the high-temperature observations with camera (i) at four 
different stages of the sessile drop test (1 s, 50 s, 150 s and 300 s 
after deposition) confirmed that the average contact angle (θav) 
changes from a non-wetting to a wetting system (Fig. 11a-d). At 

the end of the test, both the left and right contact angles were less 
than 90°. However, when analyzing the selected images at the 
same intervals using camera (ii), it is clearly visible that at the 
end of the sessile drop test, the left, right, and average contact 
angles are higher than 90°. Thus, from this perspective, the Mg-
10Ca/Ti system is apparently not wetted after the wettability test 
performed in a pure Ar atmosphere at 700°C. It is also important 
to note the dynamic effects, such as the evaporation of the Mg-
10Ca alloy (Fig. 12b-d). This evaporation leads to a decrease 
in the contact angle (Fig. 1), consistent with the observations 
in Fig. 12, and a decrease in the height of the liquid Mg-10Ca 
drop (H > H *) (Fig. 12a and d). Furthermore, in pure Ar, the drop 
progressively loses its symmetry, resulting in noticeable differ-
ences between the left and right contact angles. Such asymmetric 
spreading indicates that the drop encounters locally different wet-
ting conditions along the triple line. During the high-temperature 
experiment, the chemical environment is continuously evolving 
because of the evaporation of liquid alloy. Magnesium evapora-
tion under close experimental conditions has been directly visual-
ized previously using improved illumination of the object under 
examination (Fig. 13), where a dense vapor cloud surrounding 
the liquid Mg drop is observed before contact with the substrate. 
Although this visualization was obtained for a pure Mg drop 
during its deposition on a pure Al substrate, it demonstrates that 
significant evaporation occurs throughout the experiment. In the 
Mg-10Ca alloy, both Mg and Ca are expected to contribute to the 
vapor phase because of their relatively high vapor pressures at 
700°C. Consequently, the titanium surface is exposed to reactive 
metallic vapors before and during liquid contact, meaning that 
the chemistry and roughness of the substrate can be continuously 
modified rather than remaining identical to its initial state. Under 
a neutral pure Ar atmosphere, local variations in oxygen partial 
pressure together with transport of metal vapors by the flowing 

Fig. 10. (a, b) SEM/BSE cross-sectional microphotograph of the Mg-10Ca/Ti interface after wettability test in Ar +5 wt.% H2 atmosphere, as 
well as the EDS maps from Fig. 10b showing distribution of Ca (c), Ti (d), O (e) and Mg (f)
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gas may produce spatially non-uniform heterogeneous surface 
conditions. Since wetting is extremely sensitive to even minor 
variations in surface chemistry and roughness, such heterogene-
ity provides a plausible explanation for the preferential spreading 
observed in one direction and the resulting differences between 
the left and right contact angles. In contrast, the Ar + 5 wt.% H2 
atmosphere promotes a more uniform reducing environment 
over the entire substrate surface, resulting in nearly symmetric 
spreading and considerably lower contact angles.

Another piece of evidence for the role of the atmosphere 
is provided by the compression trial performed on the couple 
after the wettability test before its removal from the experimen-
tal chamber (Fig. 14). Immediately after capillary purification 
(Fig. 11a and Fig. 12a), the liquid alloy exhibited a bright metallic 
surface characteristic of an oxide-free melt. During isothermal 
holding in pure Ar, however, the drop gradually lost its metallic 
appearance and became matte (Fig. 11c,d). Mechanical com-
pression of the drop, shown in Fig. 14a,b, caused fracture of the 
surface film, indicating that a visually continuous surface film 
had developed during the experiment. In contrast, no comparable 
behavior was observed in the Ar + 5 wt.% H2 atmosphere, where 
the drop spread immediately after extrusion without evidence of 
surface film fracture. These observations indicate that secondary 

oxidation of the liquid surface is substantially suppressed under 
reducing conditions of a hydrogen-containing atmosphere, allow-
ing the liquid alloy to preserve its high spreading ability through-
out the experiment. Together, the observations demonstrate that 
wetting of the Mg-10Ca/Ti couple is governed by continuously 
evolving physicochemical processes involving evaporation from 
the drop, gas-surface interactions, and atmosphere-dependent 
modification of both the liquid alloy and the titanium substrate, 
rather than by the initial surface condition alone.

What is more, under conditions used in our previous and this 
study, pure Mg, even when oxide-free, does not wet Ti or steel at 
700°C [22,24] because both substrates remain covered by stable 
native oxides which maintain high interfacial energies. Alloying 
Mg with Ca fundamentally changes the interfacial behavior: Ca 
lowers the surface tension [29,30] of the melt and simultane-
ously deoxidizes TiOx through formation and decomposition of 
Ca-Ti-O and CaO, progressively exposing metallic Ti. In pure 
Ar, this leads to delayed wetting, whereas in Ar + 5 wt.% H2, the 
Ca‑driven deoxidation is strongly accelerated and stabilized by 
hydrogen, producing an immediate and very low contact angle. 
Thus, for the Mg-10Ca/Ti couple, wetting of Ti is not an intrinsic 
property of Mg, but a synergistic effect arising only when Ca is 
present and operates under reducing conditions.

Fig. 11. Images recorded with the camera (i) with external LED lighting during the CP sessile drop test of the Mg-10Ca/Ti couple at 700°C under 
flowing Ar atmosphere after different times from drop deposition: a) 1 s, b) 50 s, c) 150 s, d) 300 s 

Fig. 12. Images recorded with the camera (ii) without external LED lighting during the CP sessile drop test of the Mg-10Ca/Ti couple at 700°C 
under flowing Ar atmosphere after different times from drop deposition: a) 1 s, b) 50 s, c) 150 s, d) 300 s 

Fig. 13. The phenomenon shows the transport of metal vapors from the droplet and atmospheric constituents into the Al 1050 substrate during 
high-temperature testing at 700°C under a reactive atmosphere.
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In the case of Ar + 5 wt.% H2, the fragmented Ca(OH)2 
and the dark gray CaO layer were observed on the surface of 
the Mg-10Ca drop after the high-temperature wettability test 
(Fig. 8 and Fig. 9). As mentioned in our previous work [31], the 
surface reaction product of Ca(OH)2 on the Mg-10Ca drop is 
most likely formed by the reaction of CaH2 with residual water 
vapor from the chamber atmosphere during cooling, forming 
a thin film of Ca(OH)2. The Ca(OH)2 fragments were detected 
and shown in Fig. 8b and confirmed by XRD measurements in 
Fig. 6. In addition, oxygen was identified in the dark gray layer 
a few micrometers into the drop surface (Fig. 9). The dark gray 
layer is most likely composed of CaO, α(Mg), and a Ca-depleted 
eutectic mixture. CaO, as a component of the eutectic mixture, 
can form both during and after the high-temperature test. Ini-
tially, during the high-temperature test at 700°C, considering the 
presence of residual oxides in the chamber or oxides originating 
from the Ti substrate, and with 10 wt.% Ca in Mg-10Ca, liquid 
Mg-10Ca and CaO coexist at this temperature [27,28]. On cool-
ing after the high-temperature test, α(Mg), Mg2Ca, and CaO are 
formed from the liquid Mg-10Ca and CaO. This phenomenon 
was observed in our study, as confirmed by the results shown 

in Fig. 9. Consequently, Ca(OH)2 and the layer containing the 
eutectic mixture of CaO, α(Mg), and Mg2Ca were detected on 
the drop surface under an Ar + 5 wt.% H2 atmosphere after the 
high-temperature wettability test. Based on literature data [38], 
the formation of Ca(OH)2 on the drop surface is most likely 
associated with post-experimental reactions occurring during 
cooling and subsequent exposure of the sample to residual 
moisture. In particular, CaH2 formed under the hydrogen-con-
taining atmosphere may react with residual water vapor during 
cooling after the wettability test, resulting in the formation of 
Ca(OH)2. Therefore, Ca(OH)2 is not considered to be a primary 
high-temperature reaction product formed at 700°C, but rather 
a secondary product generated after testing

To better understand the wetting behavior of the Mg-10Ca/
Ti system at a temperature of 700°C in an atmosphere consisting 
of a mixture of Ar + 5 wt.% H2, the adsorption kinetics described 
by the Dezellus model were applied to explain the rapid spread-
ing stage visible in Fig. 2b during the first 70 seconds of the 
wettability test. This model can be described with the following 
equation [19,37]:

    0cos cos cos cos expe d e kt        	 (1)

where θe, θd and θ0 are the equilibrium, dynamic, and initial 
(after deposition of drop on the substrate) contact angles, re-
spectively, k is the kinetic constant and t is the time in seconds. 
Following to the above equation, the time is linearly related to 
the Napierian logarithm (cosθe – cosθd), and the slope is equal 
to –k. The ln(cosθe – cosθd)  in the function of time was estab-
lished, and the fitting results are shown in Fig. 15. The good fit 
for the contact angle marked by the red line (R2 = 0.90) is visible 
during the initially rapid spreading stage lasting through 73 s. 
However, the small value of k equal to 0.03 in the Dezellus 
model suggests that the physical or chemical processes occur-
ring during the spreading of the liquid drop of Mg-10Ca alloy on 
the Ti surface are slow since the change in the dependent value 
(contact angle) is very small as a function of the independent 
value (time). Considering the results of the microstructure ob-
servations shown in Fig. 10, which highlight a CaO layer with 
5 µm width separations of Ti configurations at the Mg-10Ca/Ti 
interface, it can be concluded that the displacement of the con-
tact angle (spreading kinetics during the first 73s) is controlled 

Fig. 14. Images recorded with: a) the camera (ii), and b) the camera (i) with external LED lighting during the CP sessile drop tests of the Mg-
10Ca/Ti couple at 700°C under Ar atmosphere after 300 s of the high-temperature wettability test 

Fig. 15. Napierian logarithm of (cosθe – cosθd) in the function of time 
experiment for the Mg-10Ca/Ti couple obtained under an atmosphere 
consisting of a mixture of Ar and 5 wt.% H2.
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by the physicochemical reaction at the drop/surface interface, 
which is emphasized by Eustathopoulos [37]. This layer is simi-
lar to that observed at the drop surface, so it can be argued that 
it is a eutectic mixture consisting of CaO, α(Mg), and Mg2Ca 
intermetallic phases. However, it should be noted that inside 
the Mg-10Ca drop near the Mg-10Ca/Ti interface, Ti segrega-
tions were observed, as confirmed with elemental distribution 
mapping (Fig. 10). In the under-discussed consideration, where 
a reactive atmosphere was used, significant chemical reactions 
can be recognized. 

Further systematic studies combining detailed structural 
characterization of the interfaces with advanced thermodynamic 
modelling that accounts for the various factors influencing chem-
ical reactions in the Mg-Ca-Ti-O-H system, particularly under 
dynamic conditions involving flowing gas, are required to fully 
elucidate the complex phenomena occurring during the sessile 
drop test of the Mg-10Ca/Ti couple in a hydrogen-containing 
atmosphere. Although the exact mechanisms remain to be clari-
fied, the present results suggest that the remarkable improvement 
in wettability arises from the synergistic effect of several fac-
tors: (1) alloying magnesium with calcium, (2) the presence of 
hydrogen in the surrounding atmosphere, (3) evaporation of both 
Mg and Ca from the drop, and (4) enhanced chemical interaction 
between the Mg-Ca alloy and the titanium substrate.

5. Conclusions

The wetting behaviors and interface characteristics of the 
Mg-10Ca/Ti couples by the sessile drop method combined with 
non-contact and a capillarity purification procedure at 700°C were 
studied in two different atmospheres: (i) pure Ar and (ii) a mixture 
of Ar + 5 wt.% H2. The following conclusions were obtained:
1.	 The atmosphere has a decisive influence on the wetting 

behavior and interfacial bonding of the Mg-10Ca/Ti system. 
Under pure Ar, the liquid alloy spread asymmetrically while 
the contact angle gradually decreased to values below 90° 
up to a final average value of 70°. In contrast, testing under 
an Ar + 5 wt.% H2 atmosphere resulted in immediate good 
wetting (θ0 ~ 19°), rapid spreading to a final contact angle 
of ~9°, accompanied by the formation of a continuous, 
defect-free interface and good bonding. 

2.	 Microstructural and chemical characterization revealed 
distinct oxygen‑containing reaction products under the 
two atmospheres. The improved wettability and inter-
facial bonding obtained under the hydrogen-containing 
atmosphere are attributed to the synergistic combination 
of calcium alloying, the reducing atmosphere, and high-
temperature interfacial interactions. Although the precise 
reaction mechanism requires further investigation, the 
present results demonstrate that controlling both alloy com-
position and processing atmosphere provides an effective 
strategy for promoting wetting and metallurgical bonding 
between magnesium alloys and titanium.
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