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Abstract 

The sessile drop method was applied to the experimental investigation of the wetting and spreading behaviors of liquid Mg drops on 
pure Ni substrates. For comparison, the experiments were performed in two variants: (1) using the Capillary Purification (CP) procedure, 
which allows the non-contact heating and squeezing of a pure oxide-free Mg drop; (2) by classical Contact Heating (CH) procedure. The 
high-temperature tests were performed under isothermal conditions (CP: 760 °C for 30 s; CH: 715 °C for 300 s) using Ar + 5 wt% 

H2 atmosphere. During the sessile drop tests, images of the Mg/Ni couples were recorded by CCD cameras (57 fps), which were then 
applied to calculate the contact angles of metal/substrate couples. Scanning and transmission electron microscopy analyses, both coupled 
with energy-dispersive X-ray spectroscopy, were used for detailed structural characterization of the solidified couples. 

It was found that an oxide-free Mg drop obtained by the CP procedure showed a wetting phenomenon on the Ni substrate (an average 
contact angle θ < 90 ° in < 1 s), followed by fast spreading and good wetting over the Ni substrate ( θ (CP) ∼ 20 ° in 5 s) to form a final 
contact angle of θ f(CP) ∼ 18 °. In contrast, a different wetting behavior was observed for the CH procedure, where the unavoidable primary 
oxide film on the Mg surface blocked the spreading of liquid Mg showing apparently non-wetting behavior after 300 s contact at the test 
temperature. 

However, in both cases, the deep craters formed in the Ni substrates under the Mg drops and significant change in the structure of initially 
pure Mg drops to Mg-Ni alloys suggest a strong dissolution of Ni in liquid Mg and apparent values of the final contact angles measured for 
the Mg/Ni system. 
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Understanding the high-temperature wetting behavior in
iquid metal/solid substrate systems is of practical interest
o improve industrial processes and the quality of the prod-
cts obtained, especially when supported by the liquid phase.
herefore, knowledge of the high-temperature interactions of

iquid metals with dissimilar solid materials is one of the most
mportant scientific aspects required in modern metallurgy and
oundry engineering [1] . Methodological discrepancies and in-
onsistencies in the characterization of liquid metal/substrate
ettability between different laboratories and research groups
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re the main sources of disagreement in the measurements of
hermophysical properties, i.e. surface tension of molten met-
ls and alloys, contact angle or work of adhesion between
issimilar materials. The high sensitivity of these parameters
o test conditions leads to significant differences between test
ata for a given system obtained by various researchers [1–4] .

In addition, the wrong choice of container during the
reparation of alloys and new metal matrix composite ma-
erials by liquid-assisted techniques can result in their con-
amination during manufacturing. Consequently, it can cause
tructural defects in final products (cracks, inhomogeneity,
egregation, porosity, etc.), while their properties become un-
atisfactory and the tests performed on them give unreliable
esults and lead to erroneous conclusions. Therefore, reliable
ata on thermophysical properties should allow optimization
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f the selection of refractory materials used in casting pro-
esses (e.g., crucibles or molds) [ 1 , 2 , 5–7 ]. In addition, today’s
dvanced materials engineering is based on computer simu-
ations and predictions, and reliable simulations can be made
nly when accurate thermophysical data are available [1] . 

Magnesium and its alloys have a wide range of appli-
ations in various industries and daily life [8] . They are
ightweight and strong materials with better ductility and
astability than aluminum and steel [ 8 , 9 ]. The current trend is
o replace structural materials, i.e. steel, with strong materials
n hybrid structures. Steel and magnesium are known to be
mmiscible and unreactive, even in the liquid state, making
t challenging to combine these two materials [10] . Conse-
uently, their industrial applications are limited. To join such
issimilar materials as Mg to steel or Ti, it is necessary to
se technologies coatings, which play the role of intermediate
ayers, that are wetted by liquid Mg [10–14] . According to the
iterature, the addition of an interlayer, such as Ni [ 10 , 13 , 14 ],
ncreases the wettability and allows the permanent bonding
f Mg to materials that normally cannot be joined by liquid-
ssisted techniques without an interlayer because they do not
xhibit wetting behavior with liquid Mg, such as steel. 

It should be highlighted that there is limited available in-
ormation about the high-temperature interaction between Mg
nd dissimilar materials with only a few papers. The first
ioneering study was reported by Kondoh et al. [15] , who
erformed a systematic analysis of factors affecting the wet-
ing and spreading behaviors of liquid Mg on pure Ti and
iO2 -coated Ti substrates at 800 °C using the classical con-

act heating procedure of the sessile drop method. Despite the
btained unique experimental data, the temperature used by
ondoh et al. [15] was too high and far from those of practi-
al importance, while their results were strongly affected by
he evaporation of Mg that takes place at such high temper-
tures. 

Therefore, the main objective of this work is to determine,
or the first time, the high-temperature behavior of liquid mag-
esium in contact with a pure nickel substrate by the sessile
rop method at temperatures of 760 °C and 715 °C, using two
ifferent testing procedures: (1) capillary purification coupled
ith non-contact heating and (2) classical contact heating to

he test temperature, respectively. The results obtained enrich
he limited information available on the high-temperature in-
eractions of liquid Mg with various materials [ 8 , 9 , 16 ]. Fur-
hermore, Ni is one of the most widely used alloying additives
or steel to increase its corrosion resistance. Furthermore, in-
estigating the interaction between molten Mg and solid Ni
s of practical importance for the determination of whether
ickel-based or nickel-rich alloys, i.e., stainless steel or In-
onel, can be used as materials for casting and fabrication of
g alloys. 

. Experimental procedures 

.1. Wettability tests 

The study of wetting and reactivity phenomena between
iquid magnesium ( ≥ 99.99 wt%) and solid nickel substrate
99.9 wt%) was performed by the sessile drop method using
 unique apparatus, described in detail in a previous paper
9] . Two testing procedures were applied in this study for
eal-time observation of melting Mg, its wetting and spread-
ng behaviors over Ni substrate at the test temperature, and
nal solidification of Mg/Ni couples produced in the sessile
rop tests: Capillary Purification (CP) and classical Contact
eating (CH). The advantage of the CP procedure over the
H procedure is that it allows non-contact heating of the liq-
id drop material and substrates to the experimental temper-
ture, thus avoiding the heating history of the Mg/Ni couple.
n addition, by squeezing the liquid metal out of a graphite
apillary placed above the substrate, the CP procedure
akes possible mechanical cleaning of the Mg drops from

he native oxide film directly in the experimental chamber
 5 , 9 , 16 , 17 ]. 

A magnesium rod ( ≥ 99.99 wt%) with a diameter of
1 mm and a height of 14 mm was used for the CP procedure,
he surface of which was polished with sandpaper before the
easurements and then cleaned in pure isopropanol for about

5 min in an ultrasonic bath. Then, the cleaned rod was im-
ediately inserted into a graphite capillary that was placed

n the vacuum chamber and the device was pumped down. In
he case of the CH test, an irregular piece of Mg rod with the
imensions shown in Fig. 1 c was taken from the same ma-
erial used for the CP measurement. The surface of such an

g half rod was then cleaned analogously to the Mg used in
he CP procedure. The final material was carefully placed in
he center of the polished Ni substrate, as shown in Fig. 1 c,
nd inserted into the cold measurement furnace. The shape
f the Mg sample, as well as its positioning, was deliberately
hosen so that the melting moment of the sample could be
learly observed. 

It should be highlighted that the Ni substrates used in
his study had dissimilar surface finish, i.e. in the CP test
 Fig. 1 a), it was not subjected to polishing before the mea-
urement. However, it was cleaned for around 15 min in an
ltrasonic bath containing pure isopropyl alcohol. In contrast,
n the test performed using the CH procedure, the surface of
he Ni substrate was polished with sandpaper (gradation 220–
000) and with diamond pastes (3–1/4 μm) and nano-SiO2 

uspension according to the procedure specifications [7] . The
i substrate prepared in this way ( Fig. 1 b) was washed in
ure isopropanol for about 20 min in an ultrasonic cleaner. 

Then, after the Mg sample and Ni substrate were placed in
he measurement chamber (regardless of the procedure used),
he device was pumped to a pressure of 10−6 mbar. Next, a
owing inert gas (a mixture of Ar + 5 wt% H2 ) was intro-
uced into the chamber, and when the gas pressure reached
.10 × 103 mbar, the chamber was pumped again to a vacuum
f 10−6 . This operation was performed to clean the chamber.
fter the high vacuum was reached, the Ni substrate and Mg

ample were isothermally heated to about 400 °C to remove,
mong other things, residual water vapor and other volatile
ubstances from the Ni and Mg surfaces. Finally, a gas mix-
ure of Ar + 5 wt% H2 was again introduced into the test
hamber (up to 1.10 × 103 mbar) and heating was continued
o the desired test temperature. 
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Fig. 1. Top-view photos of the nickel substrate before (a), (b), (c), and after the sessile drop experiments (d) using CP procedure: 760 °C/Ar + 5 wt% H2 , 
and (e) using CH procedure: 715 °C/ Ar + 5 wt% H2 . 
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In the case of the sessile drop test with the CP procedure,
he Mg drop was deposited on the Ni substrate at a temper-
ture of Texp(CP) = 760 °C and next, the Mg/Ni couple was
sotermally heated for 30 s only. For the CH test, the ap-
lied temperature was lower, i.e. Texp(CH) = 715 °C, and after
eaching this temperature, the Mg/Ni couple was held for a
ime of 300 s. It should be highlighted that from our pre-
ious experience with testing liquid Mg, its test temperature
hould not be increased above 715 °C when longer contact
ime is needed (e.g. in our CH test) because of the very evap-
ration of Mg that may affect the substrate surface chemistry
nd may cause contamination or even damage of equipment
omponents. For both CP and CH tests, the heating rate was
0 °C/min and they were performed in the presence of Ti
99.99 wt%) chips and sponge, which were placed next to
he Ni substrate to function as oxygen absorbers [ 1 , 9 ]. More-
ver, immediately after the test but still at the measurement
emperature, both the CP and CH Mg/Ni couples were quickly
emoved from the furnace chamber into the delivery cham-
er located next to the furnace [9] , where the temperature is
lose to room temperature, thus somehow freezing the struc-
ure of the Mg/Ni couples. Fig. 1 d and e show the Mg/Ni
ouples after high-temperature tests. During the test, continu-
us imaging of Mg/Ni couples was recorded using high-speed
nd high-resolution digital CCD cameras with a rate of 57
rames per second. The collected images were undergo com-
uter image analysis using specialized DROP software [18] .
his software was used to calculate the contact angle ( θ ) and
ettability kinetics θ = f ( t ) of the investigated system. 

.2. Microstructure observations 

.2.1. Scanning electron microscopy observations 
Detailed microstructural studies were carried out on so-

idified Mg/Ni couples after the high-temperature tests. An
EI E-SEM XL30 scanning electron microscope (SEM) was
sed for this purpose. This microscope is equipped with an
DAX GEMINI 4000 energy dispersive X-ray spectrometer

EDS) for chemical composition analysis. A top view of the
ouples was taken first, followed by a cross-sectional exam-
nation. For the latter, metallographic specimens were pre-
ared by embedding the sessile drop Mg/Ni couples in epoxy
esin, cutting them, then polishing with the use of sandpa-
ers (gradation from 220 to 7000) and anhydrous diamond
astes (3–1/4 μm) and finishing with a nano-SiO2 suspension
o obtain a mirror-like surface. A thin layer of amorphous
arbon was deposited on the metallographic samples to en-
ure good electrical conductivity during SEM studies and to
revent oxidation [ 9 , 17 ]. All microstructure observations and
hemical composition analyses were conducted with an accel-
rating voltage of 15 kV with a spot size of 5.0 and a working
istance of 10 μm. The images were recorded at magnifica-
ions from 50 × to 5 000 × . The observations were made
sing a backscattered electron (BSE) detector. 
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Fig. 2. Images recorded by the CCD camera during the sessile drop tests of Mg/Ni couple under flowing mixture of gases Ar + 5 wt% H2 :(a) using CP 
procedure, (b) using CH procedure; the last image for both sets corresponds to the end of the test after isothermal contact for (a) 30 s and (b) 300 s. 
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.2.2. Transmission electron microscopy observations 
More detailed microstructure investigations, as well as

hase and chemical analysis, were performed with FEI Tecnai
2 200 kV transmission electron microscope equipped with
IS MegaView III CCD camera for recording microstructure
hotographs diffraction patterns. The chemical composition
as determined with EDAX energy dispersive X-ray spec-

rometer (EDS). The phase analysis was done through in-
exing of selected area electron diffraction (SAED) patterns
ith Carine computer software. The TEM analysis was done
n the thin foils having ∼100 nm in thickness to secure the
ransparency for the electron beam. They were prepared from
he bulk samples with the use of the focused ion beam (FIB)
echnique (Ga+ ion beam) and a ThermoFisher Scios 2 Dual
eam microscope equipped with an EasyLift nanomanipula-

or. 

. Results and discussion 

A selection of images of the liquid Mg/Ni couples can be
een in Fig. 2 . They were captured by the high-speed dig-
tal CCD camera at 57 frames per second. The images in
ig. 2 a show the characteristic steps of the sessile drop test
sing the CP procedure (drop squeezing, drop deposition, the
elease of the graphite capillary from the drop, drop dissolu-
ion and spreading, end of test) taken while held at Texp(CP) in
n atmosphere of Ar + 5 wt% H2 mixture for 30 s. Mean-
hile, Fig. 2 b illustrates the stages of the classical contact
eating procedure test (before heating, during heating and
eaching magnesium melting point, end of test), recorded dur-
ng heating to Texp(CH) , where the Mg/Ni couple was held for
bout 300 s. 

The changes in the values of the left contact angle ( θ l ),
he right contact angle ( θ r ), and their average values ( θ av ) as
 function of time, i.e. the wetting kinetics curves for high-
emperature measurements for Mg/Ni couples, are shown in
ig. 3 . 

Fig. 3 a shows the wetting kinetics results recorded during
 30 s measurement using the advanced CP procedure, while
ig. 3 b represents the wetting kinetics curve for the couple
btained during the test with the use of the conventional CH
rocedure. The values of contact angles were calculated at
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Fig. 3. Wetting kinetics of liquid Mg on the Ni substrates registered during the sessile drop test by (a) the CP procedure (760 °C/Ar + 5 wt% H2 ) for the 
30 s with 0.5 s interval, (b) the CH procedure (715 °C/Ar + 5 wt% H2 ) for 300 s with 5 s interval, (c,d) QR codes for real-time video of the wettability 
test, (c) for CP procedure, (d) for CH procedure, respectively. 
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f  
.5 s intervals for the CP test, whereas for the CH procedure,
he estimated contact angle values were determined at 5 s
ntervals. In addition, real-time videos of sessile drop tests
f Mg/Ni couples using the CP and CH procedures can be
atched by scanning the QR codes shown in Fig. 3 c and d,

espectively. 
By analyzing Figs. 2 and 3 , it can be observed that the first

verage contact angle formed immediately after the drop is
eposited on the substrate ( t = 0 s) is equal to θ0(CP) = 152 °
 Fig. 3 a). However, due to the continuous and rapid spread-
ng of the liquid Mg over the substrate, its value steadily
nd rapidly decreased in about 5 s when the contact angle
eached an average value of θ av(CP) ∼ 21 °. Further holding
he Mg/Ni couple at Texp(CP) did not cause any additional sig-
ificant changes in the value of the contact angle, and finally,
he average value of the contact angle stabilized at θ f(CP) ∼
8 °. The wetting kinetics curve indicates that under the CP
esting conditions, nickel shows a good wetting by liquid Mg
 θ << 90 °). 

In the CH test, the melting of the irregular Mg piece placed
n the Ni substrate ( Fig. 1 c) became visible in the contact-
ng area at T ∼ 667 °C ( Fig. 2 b). When the couple is fur-
her heated, and the measurement temperature is raised, the
hick oxide film surrounding the Mg sample breaks and liq-
id pure magnesium can be seen underneath. In this measure-
ent, heating the sample from room temperature (RT) to the
easurement temperature makes the Mg piece act as a getter,

bsorbing residual oxygen from the measurement chamber.
hus, secondary oxidation of the primary oxide film exists on

he surface of the Mg piece, which grows and increases its
hickness. The thermal expansion of MgO oxide is less than
wice that of pure Mg, especially at the temperature at which

g transforms from a solid to a liquid state [ 19 , 20 ]. Further-
ore, the volume of Mg quickly increases during melting. As
 result, the oxide film surrounding the Mg sample cracks and
oses its continuity while the separated oxide pieces are scat-
ered from the original surface. Under such circumstances, a
rue contact between the liquid Mg and the Ni substrate can
e established is clearly demonstrated in the side-view images
f the CH couple ( Fig. 2 ) and the real-time video ( Fig. 3 d). 

Moreover, the oxide film that still covers the CH drop sur-
ace avoids the formation of a symmetrical drop shape, acts
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Fig. 4. SEM images of the cross-sectioned Mg/Ni couple obtained by the sessile drop method using the CP procedure (760 °C; 30 s), taken with the BSE 

detector at different magnifications: (a) general view (100 ×); (b,c) left and right edges; (d) interface in the central part of the drop; (e) the top surface of the 
drop; (b)–(e) magnification (1000 ×); (c) inserted image shows the magnified fragment of the corner of (c) under a 5000 × magnification. 
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s a barrier for a free spreading of molten Mg and it also
revents from freely interaction with the Ni substrate. Thus,
hese factors affect the wetting and spreading behaviors of the
rop [ 1 , 5 , 7 , 9 ]. Applying the CH procedure makes it difficult
ot only to properly measure wetting characteristics but also
o correctly interpret wetting kinetics. Through this, it should
e emphasized that the contact angle values shown in Fig. 3 b
annot be considered as true contact angles, but only as an
ttempt to determine the relationship between the liquid Mg
nd the Ni substrate under this specific measurement con-
itions, when the surface of Mg is oxidized. Therefore, the
easured angles indicate the non-wetting behavior of such a

ouple. On the other hand, because of the nature of the con-
actless heating process and the mechanical removal of the
xide film, the CP test produces an oxide-free Mg drop al-
owing its fast wetting and spreading accompanied with the
apid dissolution of the Ni substrate. These phenomena cause
he drop to reach a saturated state very quickly due to the
ery large contact area and the fast mass transfer across the
nterface. 

Considering the findings presented above, the significant
ifference in wetting behavior for the same couple of ma-
erials using different test procedures is mainly due to the
resence of a primary thick oxide film on the surface of the
sed Mg piece when the CH procedure was applied. Such an
xide film is well-distinguished on the drop surface due to
ifference in brightness, i.e. matte oxidized surface vs bright
xide-free surface, as shown in Figs. 1 e and 2 b. Contrary to
his, in the CP procedure, the molten metal squeezed from the
ole in a graphite capillary is free from the native oxide film.
onsequently, it allows for rapid and direct contact between

he liquid metal and the substrate, and thus its reaction and
issolution, as proven by the contact angle values far below
<< 90 ° [ 1 , 4 , 9 ]. 
The slight fluctuations in the contact angle values seen in

ig. 3 can be caused by oscillation and movement of the Mg
rops due to the intense evaporation of Mg (see real-time
ideo) [17] . 

Similar results on the high-temperature interaction between
iquid Mg and Ni substrate using the same measurement
ethod and CH procedure were reported by Kudyba et al.

7] for the measurements performed at 700 °C and t = 300 s
n Ar (99.999 wt%) flowing gas. Table 1 presents the com-
arison between the results obtained in this study and those
n Ref. [7] . 

In contrast to the results presented in this work obtained
sing the CH procedure, in the study of [7] the liquid mag-
esium spread over the surface of the Ni substrate after melt-
ng and the final contact angle was almost the same as that
btained in this work using the CP procedure for the same
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Fig. 5. SEM images of the cross-sectioned Mg/Ni couple obtained by the sessile drop method using the CH procedure (715 °C, 300 s), taken with the BSE 

detector at different magnifications: (a) general view (50 ×); (b,c) left and right edges; (d) interface in the central part of the drop; (e) central part of the 
drop; (f) the top surface of the drop; (b)–(f) magnification 500 × . 
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ouple of materials. However, it should be emphasized that
n the test performed by Kudyba et al. [7] , the Mg sample on
he Ni substrate was introduced directly into the hot furnace
t the experimental temperature and in an atmosphere of pure
rgon; then, after a certain period of time, the test couple was
mmediately removed to the cold part of the test chamber af-
er the wettability tests, which is crucial here. Thus, the Mg
ample introduced in this way reached its melting point in a
ery short time, and the primary Mg oxide film quickly lost
ts continuity and cracked due to the volume expansion of the
g sample during its transition from the solid to the liquid
tate. Next, the formed liquid could have leaked through the
iscontinuities in the primary oxide film, locally pushed the
xide fragments from the drop surface, near the triple point
here the oxide-free liquid Mg drop was able to have a true

ontact with the Ni substrate, and finally to wet, spread, and
eact with it. In this way, the authors [7] avoided in their
H test the effect of secondary oxidation of the Mg sample
overed with primary oxide film. Comparable observations
f self-cleaning of the drop surface in high-temperature tests
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Table 1 
Comparison of the sessile drop tests for Mg/Ni couples measured in this study and in Ref. [7] . 

Procedure Texp [ °C] Atmosphere Time at Texp 

[s] 
Heating rate 
[ °/min] 

Cooling rate 
[ °/min] 

θ [ °] Remarks Ref. 

CP 760 Ar + 5 % H2 30 – 200 11 Unpolished Ni substrate. 
Separate heating to Texp ; Mg 
drop deposited at Texp 

This study 

CH 715 Ar + 5 % H2 300 10 140 132 ∗
26 ∗∗

Polished Ni substrate. 
Contact heating from RT 

with a rate of 10 °C/min 
CH 700 Pure Ar 

(99.999 wt%) 
300 ∼28 – 18 Polished Ni substrate. 

The couple was introduced 
into the furnace already 
preheated to Texp 

[7] 

∗ This value should not be taken as the true contact angle because of the lack of formation of a symmetrical liquid Mg drop due to its oxidation. 
∗∗ The average value of contact angle estimated from the SEM image ( Fig. 6 ) for the interaction between oxide-free liquid Mg drop and oxide-free pure Ni 

substrate. 

Fig. 6. (a) SEM image for the area seen in Fig. 5 b. at a magnification of 1000 ×; (b-c) maps of the distribution of the elements: (b) Mg and (c) Ni. 
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sing the CH procedure have been reported in the literature
or metals such as Sn, Cu, or Al and their alloys [ 1 , 21 ]. In
he CH test of the present study, the Mg sample on the Ni
ubstrate was heated to the tested temperature from room tem-
erature, first in a high vacuum, and then in an atmosphere
f a gas mixture of Ar + 5 wt% H2 . Such a procedure sig-
ificantly affected the thickness of the oxide film on the Mg
rop, which prevented both the spreading of liquid Mg on
he substrate and the formation of a symmetrical liquid drop.
ll these observations prove that methodological aspects, es-
ecially differences in testing procedures and conditions, are
rucial in the measurements of the wetting properties of Mg
n contact with different metallic substrates. 

Figs. 4 and 5 show representative results of the microstruc-
ural analysis of the cross-sectioned Mg/Ni couples obtained
y the sessile drop method with two different test procedures,
P and CH, respectively. 

SEM observations of the Mg/Ni couple obtained by the
P procedure, shown in Fig. 4 , confirmed a very good wet-
ing and spreading of the molten Mg drops on the nickel
ubstrate at 760 °C, due to the very strong chemical inter-
ction between them [ 17 , 22 , 23 ]. Although the test was very
hort ( ∼30 s), a crater ( ∼100 μm), characteristic of reactive
ystems [ 17 , 22 , 23 ], formed in the substrate under the drop,
esulting from the dissolution of nickel in liquid magnesium.
he formation of such a crater may suggest that the contact
ngles calculated from the side-view images of the drop are
pparent [ 9 , 22 ]. 

In addition, the initially pure Mg drop has a multiphase
omposition after the CP test with the Ni substrate and sub-
equent solidification. The structure seen in Fig. 4 consists of
 continuous light gray layer of a new phase formed at the
nterface between the drop and the Ni substrate, extending
rom the left to the right edge of the drop. This phase re-
eases a large number of gray and long primary crystals with
 well-developed surface, surrounded by a component with a
haracteristic eutectic structure. In addition, it can be observed
 Fig. 4 a) that the crystals of the new phase show directional
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Table 2 
Results of EDS analysis of CP couple for phases marked in Fig. 4 b–e. 

Figure no. Point no. Composition in marked 
points 

Phases 

Mg [at.%] Ni [at.%] 

4b 1 29.0 71.0 MgNi2 
2 27.0 73.0 MgNi2 

4c 3 19.9 80.1 MgNi2 
4 38.3 61.7 MgNi2 

4d 5 77.9 22.1 (Mg + Mg2 Ni)eut 

6 30.4 69.6 MgNi2 
4e 7 39.8 60.2 MgNi2 

8 78.6 21.4 (Mg + Mg2 Ni)eut 
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Table 3 
Results of EDS analysis of CH couple for phases marked in Fig. 5 b–f. 

Figure no. Point no. Composition in marked 
points 

Phases 

Mg [at.%] Ni [at.%] 

5b 1 64.6 35.4 Mg2 Ni 
2 85.5 14.5 (Mg + Mg2 Ni)eut 

3 64.7 35.3 Mg2 Ni 
5c 4 64.4 35.6 Mg2 Ni 

5 86.4 13.6 (Mg + Mg2 Ni)eut 

5d 6 85.6 14.5 (Mg + Mg2 Ni)eut 

7 64.2 35.7 Mg2 Ni 
5e 8 100.0 0 Mg 

9 86.5 13.5 (Mg + Mg2 Ni)eut 

5f 10 100.0 0 Mg 
11 79.0 21.0 (Mg + Mg2 Ni)eut 

Table 4 
Results of EDS analysis of area presented in Fig. 6 . 

Point no. Composition in marked points Phases 

Mg [at.%] Ni [at.%] 

1 63.9 36.1 Mg2 Ni 
2 64.7 35.3 Mg2 Ni 
3 64.5 35.5 Mg2 Ni 
4 83.8 16.2 (Mg + Mg2 Ni)eut 

5 85.3 14.7 (Mg + Mg2 Ni)eut 
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olidification perpendicular to the substrate surface, i.e. in the
irection of the heat flow [24] . A detailed SEM/EDS analysis
f a CP couple showed that the continuous light gray phase
onsists of 38 at.% Mg and 62 at.% Ni, the light crystals have
n average of 29 at.% Mg and 71 at.% Ni, while the Ni and
g contents in the dark gray phase with a eutectic structure

re 78 at.% and 22 at.% ( Fig. 4 b–e points 1–8, Table 2 ). As
an be seen, the solidified Mg drop contains a large amount
f Ni coming from the substrate, which clearly indicates the
issolution of the Ni substrate in the Mg drop. 

The microstructure of the Mg/Ni couple obtained by the
H procedure is different from that of the CP couple made
y the CP procedure. In this couple, a crater is also visible
n the substrate under the drop, which is characteristic for
eactive systems, but in this case, the crater is about four
imes larger ( ∼400 μm) than in the CP couple. Most likely,
uch a large crater was formed because the primary oxide film
overing the surface of the Mg sample blocked the ability
f the liquid Mg to spread over the Ni substrate. Thus, the
issolution of nickel in the liquid magnesium according to the
issolve mechanism and the reaction between the components
ould only take place deep in the substrate. Again, it can be
ssumed that the actual and final contact angles calculated
rom the side-view images of the drop taken during the sessile
rop test are apparent. However contrary to the CP procedure,
hese CH values are overestimated because of the presence of
urface oxide film on the Mg drop. 

As for the results of the microstructural analysis of the
H couple, three zones appearing on the solidified side of

he drop can be distinguished, where the gradient of the Ni
istribution is clearly visible. The first is located at the inter-
ace between the drop and the substrate and consists of light
ray crystals of different sizes. Between the crystals, a second
onstituent with a eutectic structure is observed, which con-
inues homogeneously up to about one-third of the height of
he Mg sample. The final region, extending to the top of the
rop, consists of a dark gray phase surrounded by remnants
f the eutectic mixture from the second region. In addition, a
reak/discontinuity between the substrate and the drop is very
learly seen running along the interface of the entire Mg/Ni
ouple from left to right of the drop edge. This discontinuity
s probably due to Mg-Ni drop solidification. The results of
ocal SEM/EDS chemical composition analyses at the loca-
ions shown in Fig. 5 b–f and listed in Table 3 indicate that
he light gray crystals contain 65 at.% Mg and 35 at.% Ni,
he eutectic mixture has 85 at.% Mg and 15 at.% Ni, while
he dark gray phase extending to the top of the drop contains
00 at.% Mg. 

As compared to the CP couple ( Fig. 4 a), a much smaller
ontact area between the molten Mg and the Ni substrate
an be seen in Fig. 5 b. The enlarged part of the Mg/Ni in-
erface in the vicinity of the triple point of the Mg drop in
ig. 6 shows the small drop on the left side of the main Mg
rop. Obviously, this “daughter” droplet was formed during
he wettability test. Most likely it came out from under the
xide film of the main Mg drop and it is oxide-free, sim-
lar to the CP process. Thus we may conclude that in this
ase, the interaction of the Mg droplet with the Ni substrate
orresponds to the situation of oxide-free liquid Mg on oxide-
ree Ni . Structural and phase analysis of the interface formed
ith small Mg droplet showed that the light gray crystallites

merging from the Ni substrate have a similar composition
o the crystals from the crater in the CH couple ( Table 4 ),
nd above them is a region with a typical eutectic structure.
 small crater resulting from the high reactivity between the

omponents is also observed here. The manually determined
ontact angles from the SEM image (i.e. for already solidified
roplet after testing at Texp(CH) = 715 °C) show the average
alue of θ ∼ 29 °. This value is significantly smaller than
hat for the CH couple (i.e. for the case of oxidized drop on
he oxide-free substrate ) and slightly larger than for the CP
ouple obtained at a higher temperature of Texp(CP) = 760 °C
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Fig. 7. Phase diagram of the Mg-Ni system [25] ; the insert in (a) corresponds to the magnified region shown in (b). 
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i.e. for the case of oxide-free drop on the oxidized substrate ).
hese findings suggest that the possible shrinkage of the Mg-
i droplet upon its solidification has a negligible effect on

he contact angle value. 
It should be emphasized that the SEM observations made

n the Mg/Ni couples obtained in the high-temperature sessile
rop tests performed by two different procedures were carried
ut on solidified drops, the structure of which is strongly de-
endent on the heating, cooling, and solidification history (in
he case of the CP procedure, only the last two parameters are
ecisive [9] ). Therefore, in order to clarify the main steps of
he high-temperature interaction between the liquid Mg drop
nd the Ni substrate during the wettability test, the detailed
EM/EDS characterization of the cross-sectioned Mg/Ni cou-
le ( Table 2 ) was supported by the analysis of the Mg-Ni
hase diagram ( Fig. 7 ) obtained using the FactSage software
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Fig. 8. TEM/BF images and corresponding SAED patterns acquired from the cross-sectioned Mg/Ni couple obtained by the sessile drop method using the 
CP procedure: (a) interface between Ni substrate and solidified Mg drop with (b) maps of elements distribution and (c) eutectic mixture with (d) maps of 
elements distribution. 
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Fig. 9. TEM/BF images and corresponding SAED patterns acquired from the cross-sectioned Mg/Ni couple obtained by the sessile drop method using the 
CH procedure: (a) Mg + Mg2 Ni eutectic mixture adjacent to Mg2 Ni crystal (close to the substrate material) with (b) maps of elements distribution and (c) 
Mg + Mg2 Ni eutectic mixture adjacent to pure magnesium (farther from the substrate material) with (d) maps of elements distribution. 
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nd the FTlite database [25] . Because the two sessile drop
g/Ni couples were obtained at dissimilar temperatures and

sing different test procedures, the interpretation of the re-
ults using the phase diagram is different for each of the
rop/substrate couples. 

From the EDS results and the Mg-Ni phase diagram
 Fig. 7 ), it can be concluded that in the case of the Mg/Ni
ouple obtained at a higher temperature of 760 °C by the
P procedure, the composition of the continuous light gray
nd light long crystals on the substrate side corresponds to
he MgNi2 phase, while the dark gray region is eutectic
Mg + Mg2 Ni)eut . 

In contrast, for the Mg/Ni couple obtained at a lower tem-
erature of 715 °C by the CH procedure, it can be assumed
hat the chemical composition of the light crystals ( Fig. 5 b–
, points 1,3–4,7 and Fig. 6 points 1–3) corresponds to the
g2 Ni phase that may have formed on the drop side at the
easurement temperature. The second constituent ( Fig. 5 b–

, points 2,5–6,9,11 and Fig. 6 points 4–5) surrounding the
arge crystals can be identified as (Mg + Mg2 Ni)eut , which
urrounds the remaining pure magnesium at the top of the
rop ( Fig. 5 f). 

In both cases, according to the Mg-Ni phase diagram
 Fig. 7 ), reactive wetting between liquid Mg and Ni sub-
trate is possible by two mechanisms, i.e., dissolutive wet-
ing and formation of wettable interfacial reaction products.
urthermore, it is believed that in both cases, the first con-

act angle measured at t = 0 s, which is θ0(CP) = 152 ° and
0(CH) = 160 °, respectively, corresponds to the contact angle
ormed by pure Mg on the Ni substrate. This is followed by
he dissolution of Ni in liquid Mg, as at the test temperatures
715 °C and 760 °C), liquid Mg can dissolve approximately
0 at.% and 30 at.% of Ni, respectively, resulting in a decrease
n the contact angle. During sessile drop tests by both test-
ng procedures at two dissimilar temperatures, initially, pure

g drop is alloyed with Ni resulting in the conversion of
he Mg/Ni couple to a new one (Mg-Ni)alloy/Ni. In the final
tep in the interaction between the Ni substrate and the liquid

g drops saturated with Ni after isothermal heating at the
est temperature is the formation or growth of a continuous

gNi2 phase layer for the CP procedure and a Mg2 Ni phase
or the CH procedure at the Mg/Ni interface. 

Because in both tests, the couples were quickly removed
rom the test furnace, non-equilibrium solidification occurred.
he cooling rate for the CP couple was ∼200 °C/min and for

he CH couple about 140 °C/min. As a result, the solubility of
i in liquid magnesium rapidly decreases, the structure inside

he drops freezes, and a hypereutectic alloy is formed. There-
ore, the contents of the individual components ( Tables 2–4 )
n the phases visible in Figs. 4–6 are higher than indicated
y the Mg-Ni phase equilibrium diagram ( Fig. 7 ). 

Moreover, careful observation of the structure of the bright
rystals in Figs. 4 and 5 shows that the intermetallic phases
ormed at the interface, although seem to be similar at first
iew, have different morphologies. The nickel-rich MgNi2 
hase in the CP couple ( Fig. 4 ) is definitely more rounded
nd not as angular, sharp, and needle-like as the magnesium-
ich Mg2 Ni phase. Furthermore, numerous cracks and gouges
an be seen in the structure of the MgNi2 phase, indicat-
ng that a partial peritectic reaction (L + MgNi2 → Mg2 Ni)
robably takes place during cooling in a very short time (the
P measurement was performed practically at the temperature
f this transformation). This results in the partial disappear-
nce of the MgNi2 phase and makes the MgNi2 crystals more
ounded, chipped, and fractured. 

The analysis of the SEM/EDS results and the Mg-Ni phase
iagram ( Fig. 7 ) were also supported by transmission mi-
roscopy observations. The FIB sample cut out from the
ross-sectioned CP couple in the area close to the substrate
howed a wavy interface between pure Ni material and solid-
fied Mg droplet ( Fig. 8 a). Farther fragments of the reacted

g drop are separated from the substrate by the thin layer ( <
 μm in thickness) of Ni-rich intermetallic phase. Indexing
f the SAED patterns allowed to confirm it to be the MgNi2 
hase. The neighboring area, seen in the TEM/BF mode in
he form of uniform contrast (with the occasional presence of
ending contours), was proven to be the Mg2 Ni intermetallics.
he TEM/BF imaging has also been performed in the area of

he eutectic mixture and its constituents were confirmed by
AED as Mg + Mg2 Ni ( Fig. 8 c). In turn, Fig. 9 shows the
EM/BF microstructure images and SAED patterns acquired

rom the cross-sectioned CH couple. The presence of two ar-
as filled with Mg + Mg2 Ni eutectic mixtures was confirmed,
.e. close to the substrate ( Fig. 9 a) and farther away from it
 Fig. 9 c). In the first case, it is adjacent to the Mg2 Ni crystals,
hile for the latter – to pure magnesium. 

. Conclusions 

For the first time, the high-temperature interaction of liq-
id magnesium with Ni substrate was studied experimentally
sing the sessile drop method and two different testing pro-
edures: classical contact heating (CH) and non-contact heat-
ng of the Mg/Ni couple combined with capillary purification
CP) of the Mg drop from a native oxide film directly during
ettability test. 
Under the conditions of this study, in the case of the CP

rocedure, an oxide-free Mg drop showed the appearance of
 wetting phenomenon on the Ni substrate in a sub-second
ime (an average contact angle θ < 90 ° in < 1 s), followed
y fast spreading and good wetting on the Ni substrate ( θ (CP) 

20 ° in 5 s) to form a final contact angle of θ f(CP) ∼ 18 °. 
The SEM/EDS analysis of the cross-sectioned sessile drop

ouples revealed that the rapid spreading of liquid Mg over
he Ni substrate is related to the reactive wetting, in which
he dominant role is played by the dissolutive mechanism. It
esults in significant structural changes upon solidification of
nitially pure Mg that during the wettability test, was con-
erted to Ni-saturated Mg alloy to form a complex solidi-
ed structure composed of Ni-rich MgNi2 crystals surrounded
ith a small amount of the Mg2 Ni + Mg eutectic and reac-

ively formed interfacial MgNi2 layer. 
Contrary to the Mg/Ni couple obtained by the CP pro-

edure, the same couple of materials studied by the CH
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rocedure showed dissimilar wetting and spreading behav-
ors, as well as the effects of substrate dissolution and mass
ransfer through the interface. The main reason for them
s related to the presence of a thick oxide film on the Mg
ample, preventing the formation of a symmetrical Mg drop
nd its spreading over the Ni substrate. Finally, it results in
n apparently large contact angle mistakenly suggesting a
on-wetting system. These findings confirm that the oxidation
f the components and the presence of the native oxide film
n the surface of contacting materials have a significant
nfluence on the wetting behavior, spreading, and mutual
issolution of different materials at high temperatures. 

The structural characterizations of the Mg/Ni couples
howed that the reactive wetting between liquid Mg and Ni
ubstrate is possible by two mechanisms: the dissolution of Ni
n liquid Mg and the formation of new reaction products and
he interfaces, however, the dissolutive wetting is the domi-
ant one. 

Moreover, the results of high-temperature interaction in the
g/Ni couple obtained in this study by dissimilar CP and CH

rocedures show that pure Ni and Ni-rich alloys are not suit-
ble as materials for direct long-term contact with liquid mag-
esium, e.g. as containers, crucibles, and other metallurgical
ppliances or parts of the devices used for high-temperature
esting of molten Mg and its alloys. On the other hand, good
etting and fast spreading of liquid Mg in contact with solid
i suggest Ni as a good candidate for use as a technological

oating in joining Mg with dissimilar non-wettable materials,
s well as in the synthesis of cast Mg-matrix composites. 
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