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The formation of a precursor film (PF) is always coupled with better wettability; thus, clarifying the formation mecha-
nism is required to optimize the interfacial structures. However, recent research focuses on inert wetting systems at
room temperature, which cannot guide practical material processing at high temperatures. In this review, PF forma-
tion mechanisms at high temperatures were reviewed. The mechanisms are surface diffusion, evaporation—conden-
sation, subcutaneous infiltration, and rapid absorption and film overflow. In experimental metal/metal systems, the
most probable mechanism is subcutaneous infiltration, related to the apparent contact angle, radius, and height of
the gap between the substrate metal and the oxide film. The rapid absorption and film overflow mechanism usually
occurs in metal/ceramic systems. The PF appearance for the adsorption mechanism must satisfy the paradox, that is,
the relative inertial and high-affinity liquid/solid interface. Finally, another possible mechanism of PF appearance for
the reactive wetting system at high temperatures was proposed, that is, the thin-surface transport mechanism. The
PF formation is sensitive to external conditions. Therefore, it is necessary to develop thermodynamic and dynamic

1 Introduction

A precursor film (PF) is a thin film that emanates from
the three-phase contact-line region and spreads ahead of
the latter at a significantly higher speed. In the literature,
it is also called “halo” [1], “wetting foot” [2], and “diffus-
ing band” [3]. Since Hardy first predicted and observed
the existence of PFs [4], numerous theoretical and experi-
mental studies have been conducted [5-8]. The molecu-
larly thin film in the wetting of an organic fluid, even
thinner, typically appears in hydrodynamic models for
fixing the singularity between the slip length and the bulk
drop [9]. Significant efforts have been made to detect thin
films using ellipsometry, X-ray reflectometry, and inter-
ferometry techniques [10, 11]. The related mechanisms
have been clarified, mainly related to the Van der Waals
disjoining pressure [12]. The categories of PFs are well
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defined, such as adiabatic and diffusive films [11]. For
a mesoscopic thick PF, it also satisfies hydrodynamics,
even on a macroscopic scale [13]. However, the results
obtained in these studies were aimed at inert wetting sys-
tems. Only a few studies were directly related to PFs in
a reactive wetting system. In particular, for liquid metal
systems, the properties of atomic fluids are significantly
different from those of molecular fluids. Without the
interaction of dispersion forces, the Van der Waals force
in the liquid, the mass transition at the interface signifi-
cantly improves because of thermal activation.

The pioneer work on PFs at high temperatures was
reported by Radigan et al. [5] in 1974. For a viscous
fluid (molten glass in their study) on metal, the authors
believe that the spreading would be viscously resisted
by the bulk cap of the liquid, and thus, a thin film with
a height of ~1 pm can be formed. However, the interface
remains inert. The mechanism of PF formation has not
been clarified. A thickness in a molecular scale or higher
typically corresponds to an inert formation mechanism.
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Although no specific definition was made based on the
difference in thickness, the typical thickness of PFs for
the non-inert (or reactive) formation mechanism is in the
micron-scale order or lower. At high temperatures, this
condition becomes complex. Metal/metal and metal/
ceramic couples are widely used. The intensive mass
transition at the interface and the interfacial interactions
are different from those of inert wetting systems at room
temperature. For example, Singler et al. [13] found that
PFs with segregated Pb and Sn alloy components were
formed, owing to the composition gradients caused by
the spreading sequence. Xian [14] reported that PF is an
active adsorbed film on the micron scale, and only spe-
cific active elements can induce PF formation. Tanaka
[15] observed 0.5 nm thick PF spreading ahead of the
AgCuTi alloy on SiC at 1073 K and suggested that the dif-
fusion of Ti atoms from molten AgCuTi alloys beyond the
triple line generated the PFs. The mechanism of PF for-
mation remains unclear. Wang et al. [16] investigated PF
formation in reactive wetting systems for Al-Cu/Ni and
Al-Ni/Ni couples using molecular dynamics simulation.
They found that the PFs were suppressed by the disso-
lution reaction. Bredzs and Schwartzbart [17] reported
that PF formation depended on the chemical composi-
tion of the substrate; in their study of a Cu/steel system,
the PF width increased with the carbon concentration in
the steel. In summary, almost no common regularity was
observed. On the one hand, PFs can be a rate-limiting
factor for bulk wetting; on the other hand, PF formation
is always associated with excellent wettability. Therefore,
revealing the formation mechanism is crucial for the fun-
damental theory and material process in the industry.

Based on the different interfacial interactions, two
main categories of PF formation were focused on in this
review: metal/metal systems and metal/ceramic systems.
The interfacial interaction in metal/metal systems is typi-
cally stronger than in metal/ceramic systems. Although
there are many types of ceramics, such as oxides, nitrides,
borides, and carbides, the dominant chemical bonds are
typically non-metallic. Therefore, in the following sec-
tions, we focus on these two categories.

2 General Formation Mechanisms

Generally, PFs in wetting systems at high temperatures
should satisfy no significant mass transition at the lig-
uid/solid interface; otherwise, PF formation will be
suppressed. Based on this, the existing PF formation
mechanisms can be summarized as follows:

1) In the surface diffusion mechanism, PFs are typically
found in a viscous nonvolatile liquid. Spreading is
based on the diffusion of the first (or thicker) molec-
ular layer on the solid, as posited by Bascom et al.
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[10], Cherry and Holmes [18], Blake and Haynes [19],
and Ruckenstein and Dunn [20].

2) In the evaporation-condensation mechanism, PF for-
mation requires the presence of a volatile liquid or
condensable vapor. Spreading occurs because of the
condensation of an absorbed film beyond the mac-
roscopic triple line. This viewpoint was proposed by
Hardy [4], who pioneered the observations in 1919.

3) In the subcutaneous infiltration mechanism pro-
posed by Zhuang and Lugscheider [21], the liquid
metal is sucked into the possible gap between the
oxide film, owing to the capillary force. Thus, a thin
film is formed beyond the triple line.

4) In the rapid absorption and film overflow mechanism
proposed by Xian [14], the formation depends on
the segregation of active addition beyond the mac-
roscopic triple line. Thus, a portion of the liquid is
attracted to form the PE.

The schematics for these mechanisms are shown in
Figure 1.

The first two mechanisms are mainly controlled by a
physical driving force, such as the disjoining pressure
or surface tension gradient. As defined by de Gennes
[7], the excess energy of a film on a substrate varies
with the film thickness (Ae in Figure 1(a)). The disjoin-
ing pressure is the derivative of this energy, expressed
as a function of thickness. When the excess energy is
a decreasing function of the thickness (favoring a thick
film), the disjoining pressure is positive, and the film
is stable. Therefore, the difference in intermolecular
forces between the liquid/liquid and liquid/solid inter-
faces may generate disjoining pressure gradients, owing
to the film stability, forming the PF. The thickness may
be thinner than one micron. Film propagation is typi-
cally controlled by the diffusion of such a thin layer on
a solid substrate, as shown in Figure 1(a).

The factors that cause surface tension gradients
might be the temperature gradients or the evaporation
of a volatile component in the spreading direction. The
temperature gradient factor is pellucid because surface
tension is a temperature-dependent parameter. For
evaporation of a volatile component, at least two effects
are considered. One effect is the variation in the com-
position of the local zone, owing to the evaporation of
the volatile component, which may induce a composi-
tion gradient in that local zone. It is known that surface
tension also depends on the specific chemical composi-
tion. The other effect is that the condensed component
on the solid surface beyond the triple line changes the
surface energy of the solid and induces a tension gradi-
ent [4, 10, 22-27].
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Figure 1 Schematics for (a) surface diffusion mechanism, (b) evaporation-condensation mechanism, (c) subcutaneous infiltration mechanism, and

3 Precursor Films in Metal/Metal Couples

The theories for identifying the mechanism govern-
ing the spreading behaviors of the first two mecha-
nisms are satisfactory, both theoretical predictions
and experimental observations. Both mechanisms are
mainly based on the properties of the liquid. Moreover,
the physical driving force typically corresponds to the
organic fluid and the physical interaction at the inter-
face. However, for some metallic systems, research-
ers have suggested that PF formation is related to the
first two mechanisms. For example, in a Zr-based alloy
(Zr35 85 Ti10.90Cuy 1 4gNig 77Ben3 9;Nbs gg) on the W surface
at 1173 K, Li et al. [28] found that the PF and the bulk
melt were relatively independent of each other. Thus,
they considered the spreading to be similar to that at
room temperature. The PF length increased linearly with
£'/2. Hence, they consider that PF is generated through
diffusion. In the wetting of W by Zr-based alloys, the
W-oxides are volatilized because of the relatively high
vapor pressure of W-oxides at the test temperatures
and atmosphere, and the oxide-free surface of W can be
obtained. Moon et al. [29] observed the diffusion mecha-
nism of metallic PF in Pb/Cu and Pb-Bi/Cu systems. They
reported that the macroscopic contact angle is insensi-
tive to the temperature or composition within the inves-
tigated ranges. Although the oxide films on Cu may have
influenced the results, the authors performed the tests

in an ultrahigh vacuum environment using Ar ion-sput-
tering cleaning to minimize the effect of the oxide film.
Molecular dynamic (MD) simulation for a metallic fluid
on a solid metallic substrate also supports this mecha-
nism [30]. As shown in Figure 2, the results for Pb on Cu
(1 11)and (1 00) surfaces were obtained by Webb III

DEEETTRE 3
E\ - Cu (100) surface at 0.5 ns N
(c)

R SRR RN N
E Cu (100) surface at 3.6 ns \
Figure 2 Snapshots from simulations of Pb on Cu surface: (a) Pb on
Cu (111) surface at 0.5 ns, (b) Pb on Cu (100) surface at 0.5 ns, (c) Pb
on Cu (100) surface at 3.6 ns [30]
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et al. [30]. The PF (~ 2.6-2.8 A in thickness) was formed
ahead of the triple line during the spreading of Pb on
the Cu (1 1 1) surface and formed after the equilibrium
state for Pb on the Cu (1 0 0) surface. The variation in
the PF contact radius over time followed a linear pattern
for R(t)—t"%; thus, the surface diffusion mechanism was
observed. However, from an experimental viewpoint,
the ideal situation cannot proceed because of the inevi-
table effect of the oxide film on solid metals unless spe-
cial methods have been applied during the experiment to
obtain an oxide-free surface under an extremely low par-
tial pressure of oxygen (for example, Ar ion-sputtering
cleaning or in a dry-H, atmosphere). Therefore, under
nonideal or practical conditions, the formation of PFs in
metallic systems tends toward the third mechanism.

3.1 Precursor Films in Ideal (Oxide-Free) Systems
Numerous studies have been conducted under ideal
conditions based on MD simulations to investigate PF,
usually found in metallic systems [31-41]. Typically,
these systems are classified as nonreactive or reactive.
Although Webb III et al. [30] claims that an atomistic PF,
which extends in front of the triple line, can be observed
in both reactive and nonreactive systems, PFs are more
evident in nonreactive systems than in reactive systems.
For example, in the Ag/Cu (1 0 0) system (a reactive
system), dissolution occurs when the couple is in con-
tact. No PF with a certain width is formed beyond the
triple line. In nonreactive couples (Table 1), PF is easily
observed in the MD simulations. These researchers [30,
36, 42-46] observed a significant effect of substrate ori-
entation on PF formation. Even no oval shape of PF can
be induced, owing to the different substrate orientation
[44-46], as in Cu/W (1 0 0), Li/Fe (1 1 2), and Li/Cu (1
1 0). However, most MD simulations of wetting systems
have focused on the scaling law of R(¢)~t" for both PF
and the primary drop to reveal PF formation ahead of
the primary drop. Generally, R(¢) for PF satisfies R(£)~t!?
(30, 32, 34, 37, 38, 43, 47], whereas R(¢) for the primary
drop satisfies R(¢)~t'"”. Exceptions exist for the drop that
spreads with R(£)~t''? for a PF and R(£)~t*° for the pri-
mary drop and for a PF that spreads with R(t)~t"* [43].
It should be noted that almost all PFs spread faster than
the primary drop and thus can be ahead of the triple line.
Web III et al. [30] further suggested that the spreading
of the PF film may dominate wetting kinetics. To verify
this viewpoint, they simulated the spreading of a Pd drop
on a Pb-prewetted Cu (1 0 0) substrate (prewetted layer
with a thickness of two atoms). Their results demon-
strated that the presence of a prewetting film accelerated
the spreading of the Pd drop. Although most MD simula-
tions involved simple liquids (that is, pure metals), some
systems with alloy drops or alloy substrates have also
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Table 1 Liquid/solid couples in MD simulations with PF

formation
L/S systems ef, (kJ/mol) sfs e§s A [54]
(kJ/mol) (kJ/mol) (kJ/mol)

Pb/Cu [30] — 356 — 462 — 632 32
Ag/Cu (111) [32] — 510 — 562 — 632 9
In/Cu [39] — 460 — 548 — 632 -2
Cu/Ta [40] — 632 — 1044 — 1472 9
Cu/Mo [41] — 632 — 1757 — 1200 75
Ag/Mo [41] — 510 — 1562 — 1200 148
Pb/Ni [43] — 356 — 500 — 756 56
Li/Cu [44] — 294 — 481 — 632 —18
Cu/W [45] — 632 — 1047 — 1642 90
Li/Fe [46] — 294 — 398 — 694 96
Ag/Ni [47] — 510 — 571 — 756 62
Li/W [55] — 294 — 781 — 1642 187

5= (e | +&¥ s5)/2+ A

been investigated (for example, Ag-Cu/Ni [36], AgCuTi/
Cu [48], Al/NiAl [49], and Al/Ni;Al [49]), and no PF for-
mation mechanism was observed. Moreover, the num-
ber of atoms is very few in MD simulations (typically,
10° atoms) compared with that in a typical experimental
system (~10% atoms), which might cause the time scales
for the spreading in MD simulations to be significantly
below that in experimental nonreactive metallic wetting
systems. The time takes nanoseconds or picoseconds for
MD simulations but tens to hundreds of milliseconds for
a practical system under existing experimental conditions
(that is, an oxygen-free or reducing atmosphere) [50]. In
these nonreactive metallic systems, the consensus points
can be summarized as follows: the strong interaction at
the interface, relatively weak interaction of the liquid,
and high surface energy of the metallic substrate. Based
on the relationship between the bond energy (¢) and
the heat of evaporation (H,,,) (that is, H,,, = —ZN,e/2
[50], where Z is the number of nearest neighbors in the
bulk crystal, and N, is the Avogadro constant), the bond
energy can be obtained from H,,, in terms of the molar
unit, that is, assuming ¢ = ZN,e. The interaction char-
acteristics of the metallic systems with PF formation, as
indicated by the MD simulation, are presented in Table 1.
ef1L, €ls and eg¢ are the bond energy parameters for the
liquid, liquid/solid interface, and solid, respectively.
Almost all values of A are positive, where A is the inter-
action coefficient. A positive A value indicates that liquid
and solid metals in the couple are thermodynamically
repulsive and vice versa. Thermodynamic repulsion does
not imply weak interfacial interactions. All absolute val-
ues of &f'g are higher than &{;, indicating that the interfa-
cial interaction is stronger than the liquid. Moreover, this
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suggests that a contact angle below 90° should be formed
in these couples. Therefore, the strong interfacial inter-
action, relatively weak interaction of the liquid (or higher
surface energy of the solid metal), and thermodynamic
repulsion in the couple may combine to induce PF forma-
tion. Moreover, the couples listed in Table 1 are immisci-
ble systems. Furthermore, the results may be predicted,
and PFs would appear in similar immiscible systems, for
example, Pb/Fe, Pb/Mo, Sn/Mo, Ga/Mo, Ag/Ta, In/Ta,
Ag/V, Ag/W, and Au/W. Web III et al. [30], Benhassine
et al. [41, 51], and Blake and De Coninck [52, 53] used
the molecular kinetic theory (MKT) of wetting to fit MD
simulation results. The results show that not only does
the MKT fit the data, but the fitting has a physical inter-
pretation and accurately depicts the dynamics. The MKT
was developed by Eyring and coworkers of the absolute
reaction rate theory. This theory focuses on the adsorp-
tion and desorption occurring at the microscopic and
even atomic levels around the triple solid/liquid/vapor
junction. In MD simulations of metallic systems, the PF
may correspond to an adsorbed film ahead of the triple
line. The formation mechanism may be closed but differ-
ent from the fourth case depicted in Figure 1(d). There-
fore, PFs may tend toward adsorbed films in metallic
systems under ideal conditions; however, the exact for-
mation mechanism of PF formation is still unclear.

3.2 Precursor Films in Nonideal (Affected by Oxide Films)
Systems

The metallic surface of a substrate with high surface
energy always adsorbs oxygen or any other gas in the air
and forms a thin oxide film (typically on the nanoscale).
This factor cannot be prevented even when noble metals,
which are insensitive to oxygen, are used as substrates.
For example, Ag forms Ag,O, which reduces to Ag when
the temperature exceeds ~204 °C in the air [56]. Under
common experimental conditions, for example, in a high-
vacuum atmosphere or a purified Ar atmosphere, the
partial pressure of oxygen in the furnace generally ranges
from 107> to 107! Pa. The deoxidation (or dissociation)
of the oxide film is difficult.

Generally, a metallic substrate with an oxide film
causes PF formation in the third mechanism, that is, the
subcutaneous infiltration mechanism. As reported in
our papers on the wetting of mild steel, Ti, and Ti alloys
by Al alloys [57, 58], a thin film with a microscale thick-
ness from the macroscopic triple line appears, as shown
in Figures 3 and 4. At the experimental temperatures,
the deoxidation of Fe-O oxide or Ti-O oxides occurs at
an oxygen partial pressure as low as 107'° or 107% Pa.
From the viewpoint of kinetic conditions, the loose struc-
tures of the Fe-O oxide film and the solid dissolution of
oxygen from the Ti-O oxide film into the Ti matrix make
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Precursor film

Figure 3 Appearance of representative sessile drop samples after
wetting experiments in vacuum: (a)-(c) Al 4043 sample at 650,
700, and 750 °G; (d)-(f) Al 6061 sample at 600, 650, and 700 °C; (g)
Top view at close of triple line for Al 6061 sample at 650 °C and (h)
details for edge of PF; (i) Three-dimensional reconstruction of PF;
(j) Cross-sectional view of position at close of triple line for Al 6061
sample at 600 °C

_
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Triple line
¥

TC4 alloy. 300 um

Figure 4 Appearance of representative sessile drop samples and
cross-sectional view of AI-Si/Ti6AI4V system after isothermal wetting
at 650 °C: (a) sessile drop samples, (b) top view of PF, (c) details of
rectangle in (b), and (d) cross-sectional view

the oxide layer insufficient as a barrier to spreading. The
macroscopic appearances of the mild steel after wetting
by Al alloys at 600-750 °C are shown in Figure 3(a)—(f).
The samples in the first row without an obvious PF cor-
respond to the Al-Si alloys in the couples. Compared
to Al-Mg alloys in the wetting couples, the PF from the
macroscopic triple line for the couples is significant
after isothermal wetting at 600 and 650 °C (Figure 3(g)—
(j))- The PF in a reactive metallic system is an extended
reaction layer. The typical characteristics of the PF in
the reactive metallic system (that is, the Al-Si/Ti6Al4V
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system) are shown in Figure 4. PF is an extended reaction
layer, and similar results have been obtained for AgCuTi/
Ti6Al4V [59], AgCu/Ti6Al4V [60], and SAC305/Cu sys-
tems [61]. Therefore, the characteristics that lead to PF
formation in the subcutaneous infiltration mechanism
are summarized as follows. First, the subcutaneous infil-
tration mechanism requires the existence of a thin film.
Second, a sufficient gap and capillary force can suction
the liquid metals. Third, the intrinsic final wettability is
blocked by the oxide film. As detailed by the ideal sche-
matic depicted in (Figure 5), the solid substrate dissolved
in the liquid or the element in the liquid diffuses into the
solid, inducing a variation in the substrate volume in the
local contact area and creating a gap between the oxide
film and the substrate metal.

When a liquid metal is suctioned into the gap, two
issues must be considered: the condition in which the liq-
uid permeates the gap and the distance (or length) that
can be permeated. It is known that an oxide film induces
poor wettability; the contact angle is denoted 0, in Fig-
ure 5(b). The contact angle of the solid metal with the liq-
uid metal is denoted 6, in Figure 5(b). The driving force
per distance (dF/dx) can be expressed as follows [50]:

dF/dx = (051 — Osv)metal — (Osi — Osv)oxides (1)

where o, and o, are the interfacial tensions of solid/liq-
uid and solid/vapor interfaces, respectively. Based on the
equilibrium condition (dF/dx = 0) and by substituting
this into Young’s equation, a simple conclusion can be
derived, that is 8, + 6, = 180°. The condition for the lig-
uid to advance into the narrow slit is 8, < 180° — 6,. For a
clean metallic surface, 0, is typically lower than 50°, and
the consequent permeation should satisfy 6, < 130°; thus,
most oxide films can satisfy this condition. Generally, the
contact angle should be lower than 90° for permeation. In
this case, a slit does not need to have a wettable surface
or a nonwettable counterpart.

For the second issue, the distance (D) can be analyzed
using the capillary pressure equation:

D «x AP, = 20y,(cost) — cosby)/h — (o1,c080, + 0g) /27 R,

()

Figure 5 (a) Ideal schematic for subcutaneous infiltration
mechanism and (b) cross-sectional view of (a)
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where AP, is the capillary pressure, 8, is the appar-
ent contact angle, R is the contact radius of the primary
drop, 4 is the height of the gap between the surface cou-
ple, and R>h. For some systems, the permeation dis-
tance depends on /4, 6, and R. As expressed by Eq. (2), a
decrease in / increases D. A similar trend can be caused
by an increase in R. Conversely, a decrease in 8, decreases
D, indicating that if the apparent contact angle is close to
the intrinsic final wettability of the solid metal surface, PF
formation in the subcutaneous infiltration mechanism
will be suppressed further. However, some contradictions
may be observed. An increase in R decreases 8, in the
intrinsic final wettability. In actual situations, the influ-
ence of R is more significant than 6, when R and 6, simul-
taneously act on D. Thus, better wettability, compared
to the wider PF, is usually observed. In reactive metallic
systems, the permeated liquid reacts with the solid, and
the intermetallics (IMCs) in the slit can precipitate and
crack the oxide film [62]. However, substrate dissolution
can provide a larger space for the permeation of a liq-
uid metal. In other words, the surface capillaries (grain
boundaries, where the large surface-area-to-volume ratio
amplifies the dissolution effects) under the oxide film are
enhanced [13]. The solid solution of the liquid metal in
the solid substrate can also result in variation in the solid
substrate volume, accelerating the oxide film cracking.
Excessive dissolution of the substrate further suppresses
PF formation [16]. The IMC precipitation process typi-
cally takes only dozens of milliseconds, comparable to
the capillary penetration rate; however, it is significantly
more rapid than oxide film cracking in advancing the tri-
ple line. The subcutaneous infiltration mechanism can
also be observed for metal/ceramic systems, in which the
ceramic is sensitive to oxygen, for example, in the reac-
tive wetting of the SiC surface by molten Ag-Cu-Ti alloy.
The authors observed a similar infiltration mechanism
around the triple line in situ at an atomic scale using a
high-resolution transmission electron microscope [63].
A thin amorphous layer (~1-1.5 nm thick) on the (0006)
plane of SiC was removed through the infiltration of the
reactant, forming an extended reaction layer (that is, the
PF), as shown in Figure 6. Where the arrows denote the
tip of the PF. Mass transfer in the film removes a surface
amorphous layer.

4 Precursor Films in Metal/Ceramic Couples

Metal/ceramic systems, particularly oxide ceramics,
without the effect of the oxide film, the mechanism is
significantly different from that of metallic systems. In
the wetting of oxide ceramics by Sn-based active sol-
ders, Xian [14] found that PFs always form together with
improved wettability. The typical characteristics of the
study can be summarized as follows [14]: PF formation is
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Figure 6 High-resolution images of tip of spreading molten alloy
captured at approximately 800 °C: (@) 0.0's, (b) 3.2's,(c) 44 s,(d) 7.8 s
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Figure 7 Top-view macrographs of solidified drops for (a) Zrs,Cusy/
Z1C, (b) Zr5qCu oAl o/ ZrC, and (€) ZrgsCuspAl oNis/ZrC, (d) typical
cross-sectional interface of ZrysCusoAl;oNis/ZrC, and (e) and (f)

X-ray diffraction results obtained for PFs in ZrsoCuyeAl;o/ZrC and
Zr55Cu30Al o Nis/ZrC, respectively

related to the added active elements, such as Ti, Zr, and
Hf, but V, Nb, and Ta cannot trigger PF formation; PF
formation is sensitive to the experimental temperature,
substrate material, and specific composition of the solder.
Moreover, Xian proposed three conditions: a fresh drop
surface, specific transport rate of active addition, and
specific interfacial reaction rate. Based on these assump-
tions, Xian proposed a rapid absorption and film over-
flow mechanism (Figure 1(d)). However, PF formation in
metal/ceramic couples has not been sufficiently clarified.

The general characteristics of adsorption films have
been refined further. In our previous study on the wet-
ting of ceramics by Zr-based alloys [64—66], PF not only
appeared in metal/oxide ceramic couples but also in
metal/carbide ceramic couples (Figure 7(a)—(c)). This
case is different from the Cu—Ag-Ti/SiC system. No vis-
ible reaction layer was found in ZrgCusyAl;(Nis/ZrC,
indicating weak reactivity (Figure 7(d)). With the addition
of Al and Nj, the main compositions of the PF are almost
invariant, corresponding to Cu-Zr IMCs (as identified by
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the microarea X-ray diffraction in Figure 7(e) and (f)). In
this case, the surface diffusion mechanism and evapora-
tion—condensation mechanism can be excluded because
of the more rapid diffusion rate of Al than Cu and Zr and
the low vapor pressure at the experimental temperatures.
The formation of the PF (or adsorption film) depends on
interfacial interaction. A summary of the results of our
previous studies is presented in Table 1. Improved wet-
tability is accompanied by widened PFs, consistent with
the findings of Xian [14]. Furthermore, weak interfacial
reactivity for maintaining the relative inertia of the liq-
uid/solid interface is an essential prerequisite. The posi-
tive or negative but close to zero Gibbs free energies per
mole reactant (AG?(1mol)) indicate weak interfacial
reactivity (Table 1). For the metallic systems listed in
Table 1, refractory metals are the substrates, although the
oxide film might affect the PF formation. As mentioned
above, the oxides of these refractory metals exhibit high
volatility in a high vacuum (10 Pa) atmosphere, and the
separate dripping method can eliminate the effect of the
oxide film. Among these systems, the positive interaction
coefficient (1) between the main composition (Zr) and
the refractory metal substrate indicates a weak interfacial
interaction compared to reactive systems, and a higher
positive value of A corresponds to a wider PF (Table 1).
However, the nominal chemical bond energy between
the main composition (Zr) and refractory metal sub-
strate (¢, , in Table 2; the higher negative value sug-
gests a higher affinity or stronger interfacial interaction)
indicates that PF formation should also satisfy the higher
affinity than the liquid metal. The paradox, relative iner-
tia, and strong interfacial interaction explain why the PF
appearance is sensitive to the interfacial nature, tempera-
ture, and specific liquid metal composition. For example,
the PF was on a very thin reaction layer (ZrC layer) in
Zry:CusyAl, (Nis/WC [67], and the PF in Zr;;Cus,Al; (Nis/
Mo was formed at only 1113 K [68] because of the rel-
atively significant solid solubility of Zr in Mo when the
temperature was raised, and the inertia of the liquid/solid
interface deteriorated. For Sn-5Ti-xMe (Me=Ag, Cu, and
Ni) on the surface of the Sialon ceramic [69], Me is within
a specific concentration range that can enhance the PF or
else would suppress the PF; this is because Ti in the alloys
exists in a specific interfacial activity range to main-
tain the adsorption state. Moreover, the third addition
changed the interfacial activity of Ti. Other elements in
the same group, such as Zr and Hf, also produce similar
effects. The chemical adsorption at the interface always
occurs before the precipitation of the reaction product.
When the activity exceeds a critical value, the interfacial
reaction accompanying the precipitation of the product
breaks the adsorption state.
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Table 2 PF widths, contact angles, and thermodynamic parameters for various systems
Metal/Metal system [64] 6, (°) Width A s;,_sub
(kJ/mol) (kJ/mol)
ZrssCuzAligNis/Ta 0 2mm 1 — 1317
at1113-1213K
ZrssCuzpAl Nig/Nb 2-3 1mm 4 — 1259
at 1113-1213K
ZrgsCusoAl o Nig/Mo™ 4-7 500 um —25 — 1215
at 1113-1213K
ZrssCuzpAl; oNig/W 4-1 ~100 um —365 — 1416
at1123-1173K
ZresCuzpAl; Nig/Fe 14-24 0 —-1015 —1015
at1113-1213K
Metal/Ceramic system 6,(°) Width AG?(1mol)
(kJ/mol)
Zr5CuzAl, Nig/Zr0, [64] 46-83 0 <0
at 1133-1473K
Zr5CuzoAl Nig/Y,0; [64] 30-41 0 <0
Zr6sCUzoAl Nig/SIO, [64] 32-50 0 <0
at 1133-1253K
Zr5sCsoAl Nie/SIC [64] 3 0 <0
at 1133-1253K
Zr5sCsoAl Nis/B,C [64] 30 0 — 180,610
at 1133-1253K
Zr5sCusoAl oNig/TiC [64] 10-14 0 — 8053
at 1133-1253K
Zr5sCuzoAl oNis/WCF [64] 11-19 <100 pm — 75457
at 1133-1253K
Zr5sCuspAl oNis/AlLO; [64) 0 >100 pm — 5869
at 1133-1193K
Zr55Cu30Al o Nis/ZrC [70] 0 ~2mm 0
Zr5oCuyoAl;o/ZrC [70] 2 ~1mm -
Zr5yCusy/ZIC [70] 14 0 -

*PF appearance only at an experimental temperature of 1113 K; *PF above the ZrC reaction layer

For the wetting of graphite by Cu-20Sn-1Cr ternary
alloys, we proposed another possible mechanism of PF
formation, that is, the thin-surface transport mecha-
nism [71]. In this case, it is a typical reactive system (Fig-
ure 8). A visible PF from the triple line can be observed
in Figure 8(a)—(c). PF is an extended reaction layer, and
this property is similar to the subcutaneous infiltration
mechanism. However, no oxide film is affected in this
case. The PF formed in this mechanism is also sensitive
to the chemical composition. When the Sn concentra-
tion exceeds the critical value, the PF disappears; a typi-
cal couple (Cu-50Sn-1Cr/Cyyyppiee) is shown in Figure 8(e)
and (e-1). Sn in Cu-20Sn-1Cr decreases the surface ten-
sion of the liquid, suggesting that Sn segregates to the
surface. The surface tension of the molten Cu-20Sn-1Cr
alloy was evaluated using the axisymmetric droplet shape
analysis method, and the value was ~855+25 mN/m at
1100 °C (Figure 8(f)). Compared to the surface tension
of pure copper at the melting point (~1303 mN/m), the

Triple line  ©17C:

CrC:

<, B
Precursor film *

e Hooum

Cu-508n-1Cr/Cgrapnite

200 pm,

0;,~8554+25 mN/m

Triple line %

‘ 3

tetallie drop. 80 um ey |
Figure 8 (a) Top view of macroscopic appearance for Cu-20Sn-1Cr/
Cgraph\te after wetting, (b) Cross-sectional interfacial microstructures
at close of triple line, (c) Top view of details at close of triple line, (d)
Detailed microstructures of PF in (c), () microstructures at close of
triple line and (e-1) Top view of macroscopic appearance for half of
Cu-505n-1Cr/Cyponie SAMPple, () image of drop for surface tension
evaluation
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C
Graphite substrate

Reaction layer

Figure 9 (a) Bead of Cu-20Sn-1Cr after arc melting, and (b)

schematic of possible spreading mode

decrease in the surface tension by Sn is significant. As
shown in Figure 9(a), the metallic bead of Cu-20Sn-1Cr
after arc melting shows no copper color but a bright
color, demonstrating Sn segregation during the alloying
process. During the wetting process, the active addition
of Cr segregates into the Sn segregated layer, owing to the
difference in the chemical potential between Cr in liquid
Cu and Cr in liquid Sn. Cr in the thin liquid Sn film reacts
with the graphite substrate and forms a reaction layer
from the triple line (Figure 9(b)). Based on the analysis
of spreading dynamics, the calculated diffusion rate of
Cr in liquid is significantly higher than that without Sn
[72], supporting the transport mechanism of the thin lig-
uid film. Moreover, when the Sn concentration in the liq-
uid increases, the thin Sn film disappears, and no PF is
formed.

5 Conclusions and Future Outlook

1) The formation mechanisms of PF at high tempera-
tures, that is, surface diffusion, evaporation-conden-
sation, subcutaneous infiltration, and rapid absorp-
tion and film overflow mechanisms, were reviewed.
Each mechanism has unique characteristics and for-
mation conditions.

2) In experimental metallic systems, the most probable
mechanism is infiltration under the oxide film (that
is, the subcutaneous infiltration mechanism). The
formation conditions, which are easily satisfied for
a solid metal with an oxide film, are discussed. The
permeated distance depends on the apparent contact
angle, radius, and height of the gap between the sub-
strate metal and oxide film.

3) In metal/ceramic systems, the most likely mecha-
nism is an active adsorption film (that is, the rapid
absorption and film overflow mechanism). The PF
appearance must satisfy the paradox, that is, the rela-
tive inertia and high-affinity liquid/solid interface.
This property is also suitable for oxide-free metallic
systems, commonly observed in MD simulations.

4) Finally, we propose another possible mechanism for
the appearance of PF in reactive wetting systems at
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high temperatures, that is, the thin-surface transport
mechanism.

5) In future studies, additional experimental cases are
required to comprehensively review the PF forma-
tion mechanism at high temperatures. All slight
variations in experimental conditions may lead to
the disappearance of PF or cause different formation
mechanisms; thus, data collection should be han-
dled cautiously. Based on further experiments, it will
be possible to establish a thermodynamic model to
describe the PF formation mechanism.
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