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Precursor film of tin-based active solder 
wett ing on ceramics 
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Academia Sinica, 72 Wenhua Road, Shenyang 110 015, People's Republic of China 

The phenomenon of the precursor film in a metal-ceramics wetting system was investigated 
using tin-based active solder (active element: Ti, Zr, Nb, V, Hf or Ta, the third element Ni, Cu, 
Ag, In or AI) wetting on the ceramics (sialon, mullite, barium titanate alumina and ZTA-SiC). 
The results show that the formation of a precursor film in the wetting system is dependent on 
the following factors. (1) The active metal: the presence of titanium, zirconium or hafnium in 
the solders induced the formation of a precursor film, but niobium, vanadium and tantalum did 
not. (2) Temperature: a precursor film will not form unless the critical wetting temperature is 
reached, while a weak film will form during a second wetting at higher temperature. 
(3) Ceramics: under the same wetting conditions for Sn-4Ti solder, a precursor film forms on 
the surface of sialon, ZTA-SiC, and red alumina, but not on white alumin& mullite or barium 
titanate. (4) The third element; small amounts of nickel (1-3 at %), copper (5 at %), or silver 
(5 at %) in Sn 5 at % Ti solder will enhance the precursor film. On the other hand, small 
amounts of AI (5 at %) will completely inhibit the occurrence of precursor film. SEM 
observation reveals the precursor film to be mainly composed of a continuous film with 
segregated active metal and some small tin islands on the film. Its thickness is several 
micrometres, similar to that of the interfacial reaction layer between the solder and the 
ceramic. Two early theories for the formation of a precursor film, surface diffusion and 
evaporation-condensation, cannot explain the above phenomenon very well. A new model of 
rapid absorption then film overflow is proposed here for the first time and some problems 
with the model are also discussed. 

1. I n t r o d u c t i o n  
A recent important development in welding engineer- 
ing is the process of metal/ceramic joining because of 
the promising uses of the joints. Much effort has been 
focused on direct joining of ceramic and metal by a 
reactive brazing filler metal [1-10],  which stimulated 
research into the problem of poor wettability of metal 
wetting on ceramics, both in science and technology. 
One view which is held is that interracial chemical 
reactions between the ceramic and metal might even 
be necessary to produce any good wettability of an 
alloy on ceramic [11, 12]. Hence, it is a basic proced- 
ure to add a small amount of an active metal such as 
titanium to a brazing filler metal in order to improve 
the wettability of a convenient brazing alloy. On the 
other hand, knowledge of the processes by which a 
metal droplet spreads on the ceramic surface is still 
lacking. 

A precursor film (halo) which shows up ahead of the 
nominal contact line is a common phenomenon in 
liquid spreading on a solid [13]. In some early studies 
of wetting systems such as liquid mercury wetting on 
copper, gold or silver [14], liquid tin on iron, copper 
or nickel [15, 16], liquid lead on iron or silver [15, 
16], a precursor film has frequently been observed 
which has a fresh and bright colour ahead of the 
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spreading drop itself. Moreover, in other wetting sys- 
tems, such as water glass or other organic and in- 
organic solution solid system, the precursor film 
phenomenon has been recognized for many 
years [17-19]. Because the precursor film plays an 
important part in the liquid spreading on the solid, 
much attention has been focused on this phenomenon 
as a result. 

Based on early observations and descriptions, the 
following four basic characteristics of the precursor 
film were recognized. (1) The precursor film is not a 
general phenomenon in liquid wetting; it only occurs 
under special conditions and special wetting systems. 
(2) For metal-metal  wetting systems, a precursor film 
only exists in those binary alloy systems which have to 
form solid solutions or compounds. On the other 
hand, no precursor film exists in an immiscible binary 
system. (3) There is a critical temperature below which 
the precursor film does not form at all. (4) If a 
precursor film appears ahead of the spreading droplet, 
a better wettability of the liquid on the solid will be 
expected. 

However, in metal-ceramic wetting systems, al- 
though we found a precursor film in the wetting 
system of Cu Ti brazing alloy/sialon ceramic 
[10], relatively few details of the phenomenon have 
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so far been reported. Because the precursor film 
phenomenon is related to better wettability, it is 
technologically advantageous to induce precursor film 
formation ahead of the spreading droplet to improve 
the liquid wettability. In particular, because the 
metal-ceramic wetting system has a relatively poor  
wettability, if one can induce a precursor film ahead of 
the spreading solder on the ceramic, it should produce 
an interesting and significant improvement in the 
wettability of the solder on the ceramic. The basic idea 
in present work was to try to achieve this. 

2. Experimental procedure 
A new series of tin-based active solders, developed by 
Kapoor  and Eagar [7], was designed for observation 
of the precursor film phenomenon. The tin-based 
solders have a low melting point, so that the residual 
stress in a metal/ceramic joint will be very low. There- 
fore, tin-based active solder should have many poten- 
tial uses in some particular cases. Because pure tin 
does not wet any ceramic at all, based on an early 
thermodynamic calculation for the metal-silicon ni- 
tride system E20], a possibly active metal such as 
titanium, zirconium, niobium, vanadium, hafnium or 
tantalum was chosen as additive to promote wetting 
and spreading of the tin-based solder on the ceramic. 
Because some active metals with high melting points 
such as hafnium, tantalum and vanadium, etc., can 
hardly be dissolved into liquid tin, some intermetallic 
compounds of nickel with a eutectic composition were 
used as additives. The amount of active metal added 
was always 4 at % in order that their effects could be 
compared with each other. In order to study the effect 
of a third element on the precursor film, five passive 
metals, silver, copper, nickel, indium and aluminium, 
were chosen as the additive to Sn 5Ti active solder. The 
additive amount varied from 5-40 at % for copper, 
silver and indium from 1-20 at % for nickel, and from 
5 20 at % for aluminium. Some intermetallic alloys of 
X-Ti  (where X is copper, silver, nickel, indium or 
aluminium) were first prepared as the additive of the 
third element in the solder. 

The tin-based active solders were prepared by arc 
melting in a protective argon atmosphere. Multi- 
remelting was used to ensure the uniformity of the 
solders. The weight loss of the solders during arc 
melting was less than 1%. Details of the preparation 
of the tin-based solders was reported earlier [20]. 
Table I gives the chemical composition analysis by 
EDAX of some of the solders, which was reported 
earlier [21]. 

T A B L E  I EDAX analysis of the tin-based active solders (at %) 

Solder Sn A a Ni 

Sn-4Ti  94.37 5.01 0.62 
Sn 4Zr 96.47 2.77 0.76 
Sn -4Nb  94.61 3.95 1.44 
Sn-4V 93.17 4.52 2.31 
Sn -4Hf  94.98 4.66 0.36 
Sn-4Ta  95.15 3.37 1.48 

"A is the active metal. 

Six ceramics were prepared in order to observe their 
influence on the formation of a precursor film. The 
ceramics used in this experiment are shown in 
Table II. Of the ceramics, sialon was the most fre- 
quently used in this research (obtained from Shanghai 
Institute of Ceramics, Academia Sinica): Details of the 
ceramic were given previously [22]. The other ceram- 
ics, such as alumina and barium titanate, were com- 
mercial ceramics, and few details were supplied. 

The ceramic surface was polished using diamond 
paste, to a finish approaching optical flatness, then the 
ceramic disc and the solder nugget weighing about 
50 mg were carefully cleaned in acetone before the 
wetting test. The wetting tests were carried out in a 
water-cooled vacuum furnace with a rotary pump 
coupled to a diffusion pump. The dynamic pressure in 
the furnace chamber was kept to about 8 mPa during 
tests. The furnace chamber was rapidly heated to the 
test temperature and held there for 20 rain. After the 
specimen was cooled from the test temperature to 
room temperature, the width of the precursor film and 
the contact angle of the solders on the ceramic were 
measured using a tool maker's microscope, then its 
microstructure was observed by SEM. 

3. Results 
3.1. Macrograph of the precursor film 
Fig. l shows a set of typical macrographs of the 
precursor films in the wetting systems of Sn-Ti  X 
solder on sialon ceramic, where X is the third element 
in the solder. The colour of the precursor film is 
fresher and brighter than that of the spreading droplet 
itself, therefore the precursor film is easily distingui- 
shed from the droplet body as the brighter wetting 
band around the metal droplet. When the precursor 
film appears, the wettability of the solder on the 
ceramic is always improved. Table III gives some of 
the wetting results; details of the wetting experiment 
will be published elsewhere [20, 23]. The true contact 

T A B L E  II The ceramic materials 

Ceramic Main composition Additive Colour 

Sialon Si3N 4 A1N + Y20~  Grey 
White alumina A120 3 5% SiO 2 + CaO White 
Red alumina AI20  3 3% CrzO  3 Red 
ZTA-SiC AI20  3 + ZrO z + SiC whisker 2 . 5%Y10  3 Grey 
Mullite 3A12 O 32SiO 2 White 
Barium titanate Ba2TigO2o 2% SnO z + 0.5% AlzO 3 White 
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Figure 2 The relationship between the width of the precursor film 
and the active element in the tin-based solder on sialon at 1300 K 
for 20 min. 

Figure 1 Typical macrographs of the precursor film for tin-based 
solders wetting on sialon ceramic at I200 K for 20 min (a) 
Sn-5Ti-5Ag,  (b) Sn 5Ti-3Ni, (c) Sn-5Ti  5Cu and (d) Sn-5Ti-5In .  

T A B  L E I I I The contact angle and precursor film of the tin-based 
active solder spreading on sialon ceramic (in vacuum for 20 min) 

Alloy Contact  Width  of Test 
angle precursor film temperature (K) 
(deg) (mm) 

Sn-4Ti  20 0.30 1300 
Sn-4Zr  40 0.10 1300 
Sn 4Hf 30 0.04 1300 
Sn 4V 90 0 1300 
Sn -4Nb  105 0 1300 
Sn 4Ta 120 0 1300 
S n - 5 T i - 5 C u  25 0.22 1100 
Sn -5T i -5Ag  25 0.20 1100 
Sn-5Ti  5In 20 0.20 1100 
Sn-5Ti  5Ni 25 0.20 1100 
Sn 5Ti-5AI 75 0 1100 

angle of the precursor film on the ceramic is zero; in 
fact, the contact angle reported in this research is an 
apparent  contact angle between the droplet and the 
precursor film when the film is present. The width of 
the precursor film is not always uniform; sometimes, 
the droplet is observed to flow fast at a wider pre- 
cursor film, and relatively slowly at a narrower film, so 
that the spreading line appears in the form of an S 
configuration, as reported earlier [21]. 

A similar wetting band existing on the soldering 
seam can also be observed when soldering a ce- 
ramic/metal joint [20]. When this appears, the wet- 
tability of the solder on the ceramic and the ability of 
the solder to fill the soldering seam and to form fillet 
will be enhanced. 

3.2. Influence of active metals 
Fig. 2 shows the relationship between the width of the 
precursor film and the active metal in the solder under 
the same wetting conditions. It is clear that titanium is 
the most effective in inducing precursor film growth, 
zirconium is the second, and hafnium is the last which 
is the same order as these metals appear  in the peri- 
odic table. 

In the six active solders tested, listed in Table III, 
the precursor film appears only for Sn-Ti,  Sn -Zr  and 
S n - H f  solder. For  Sn V, S n - N b  and Sn -Ta  solder, 
no precursor film appeared. In comparison, the former 
metals wet the ceramic better and the contact angles 
of the solder on the sialon ceramic were lower than 
40 ~ at 1300 K for 20 min. However, the latter metals 
wet the ceramic poorly and the contact angle of the 
solders under the same conditions exceed 90 ~ . Details 
of the wettability of the solder on the ceramic have 
been published previously [20, 21]. 

3.3. Influence of ceramic materials 
The influence of ceramic material on the precursor 
film and the contact angle is shown in Table IV. In the 
six ceramics tested, a precursor film of the Sn-4Ti 
solder occurs only on sialon, red alumina and 
ZTA-SiC  (an A120 3 + ZrO2 composite ceramic 
strengthened with SiC whiskers); no precursor film 
was observed on mullite, white alumina and barium 
titanate. However, there does not seem to be a definite 
relationship between the width of the precursor film 
and the contact angle of the solder on the ceramics. It 
is noteworthy that, for Sn-4Ti  solder spreading on an 
alumina-type ceramic, the precursor film forms on red 
alumina, but not on white alumina; this reflects the 
dependence of the formation of a precursor film on the 
main composition of the ceramic, and also on small 
sintered additives in the ceramics. 

It is a very interesting question, based on above 
results, why ceramics that a precursor film form on 
were those containing transitional metals (i.e. had d 

T A B L E  IV The contact angle and the precursor film width of 
Sn -  4Ti solder wetting on various ceramics at 1200 K for 20 min in 
vacuum 

Ceramics Contact  angle Width of the 
(deg) precursor film (ram) 

Mullite 19.5 0 
White alumina 28.5 0 
Barium titanate 22.0 0 
Red alumina 11.0 0.21 
ZTA-SiC 15.5 0.14-0.22 
Sialon 20.0 0.15 
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electrons available: sialon has yttrium as an additive, 
red alumina has chromium as an additive, etc.), while 
those ceramics that a precursor film does not form on, 
were not doped with any transitional metal. It is 
suggested-that a basic reason to explain the phenom- 
enon warrants further study. 

3.4. Influence of the third element 
3.4. 1. Nickel  
Fig. 3 shows the effect of the third element nickel in 
the Sn Ti solder on the precursor film: it very effect- 
ively promotes precursor film formation when added 
in small amounts. The width of the precursor film 
increases from 0.08 mm to 0.36 mm when the nickel 
addition in the solder varies from 0-1 at %. However, 
with additions of more than 5 at % Ni, the precursor 
film effect decreases markedly. In the range of-test 
temperatures used, the precursor film is not present at 
all when the nickel content in the solder exceeds 10 at 
%. After the solder had been wetted on the sialon 
ceramic at 1100 K and cooled to room temperature, 
the specimen was reheated to 1200 K for 20 min in a 
vacuum. It was found that the width of the precursor 
film did not increase, but decreased, and this phenom- 
enon was also found in other wetting experiments 
performed in this study. In order to distinguish it from 
the first wetting, this was termed the second wetting. 

The strong influence of a small nickel (passive 
metal) content in the solder on precursor film forma- 
tion reflects, in fact, an impurity effect. Because nickel 
in the solder is easy to segregate from liquid tin, and 
has an affinity with titanium and is prone to form 
Ni -T i  clusters; the segregation of the active element 
on the surface and the interface would be enhanced 
when small amounts of nickel are present, as has been 
observed from X-ray mapping (Section 3.6). 

3.4.2. Copper 
Fig. 4 shows the influence of copper as the third 
element in the Sn-Ti  solder on the precursor film at 
different temperatures. The behaviour of copper in the 
solder is similar to that of nickel, and a small amount  
of copper in the Sn Ti solder can promote  growth of 
the precursor film. However, the width of the pre- 
cursor film does not increase when the copper content 
in the solder is more than 5 at %. In fact, the width of 
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Figure 3 The influence of nickel as the third element in Sn-hTi  
solder on the precursor film, wetting on sialon. ( ,)  Second wetting. 
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Figure 4 The influence of copper as the third element in Sn-hTi  
solder on the precursor film, wetting on sialon. (,) Second wetting. 

the precursor film becomes very small, when too much 
copper is added to the solder, such as Sn-5Ti -30Cu 
and Sn-5Ti-40Cu.  

3. 4.3. Silver 
Fig. 5 shows the influence of silver in the Sn-Ti  solder 
on the precursor film. Similar to that of nickel and 
copper, a small silver in the solder is effective in 
enhancing the precursor film of the solder. However, if 
the silver content is more than 10 at %, the width of 
the precursor film will decrease considerably. In the 
second wetting, the precursor film of the Sn -T i -A g  
solder becomes very small; for example, for Sn-5Ti  
10Ag solder, the width of the precursor film in the 
second wetting is only one-third that in the first 
wetting. 

3.4.4. Indium 
Fig. 6 summarizes the influence of indium in the 
Sn Ti solder on the precursor film. Unlike nickel, 
copper and silver, a small amount  of indium (5 at %) 
in the solder does not obviously affect the precursor 
film until it reaches 20 30 at %. When the content of 
indium in the solder is more than 30 at %, it was 
found that the S n - T i - I n  solder had a very poor  
flowability [23]. In fact, it was observed that there 
were two flow steps ahead of the spreading droplet. 
The outer step was related to the width of the pre- 
cursor film in this case, which was thicker than that of 
other precursor films under the tool microscope obser- 
vation. 
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Figure 5 The influence of silver as the third element in Sn 5Ti solder 
on the precursor film, wetting on sialon. ( ,)  Second wetting. 
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Figure 6 The influence of indium as the third element in Sn-5Ti  
solder on the precursor film, wetting on sialon. ( ,)  Second wetting. 

3.4.5. Aluminium 
Aluminium is a harmful element to the formation of 
precursor film; it can effectively prevent its formation. 
For  Sn-5Ti-A1 solder, it was found that the precursor 
film did not occur in any case when aluminium in the 
solder varied from 5 20 at % with wetting temper- 
atures between 800 and 1200 K. Moreover, the 
Sn-5 at % Ti-A1 solder has a poor wettability on the 
ceramic, and a layer of oxidation film on the droplet 
surface is obviously present after cooling the specimen 
in vacuum. In comparison, the contact angle of 
Sn-5 at % Ti solder on sialon ceramic at 1100 K is 
20 ~ , but it increases to about 75 ~ for Sn-5 a t %  
Ti-5 at % A1 solder under the same conditions, as 
shown in Table III. 

3.5. I n f luence  of t e m p e r a t u r e  
Fig. 7 shows the influence of temperature on the 
precursor film. When the temperature is lower, al- 
though the tin-based solders have melted completely, 
no precursor film appears at all below 1000 K. More- 
over, the contact angle of the solders on sialon ceramic 
is high below 1000 K, and the droplet has a spherical 
shape; a similar phenomenon was also observed by 
Kapoor  and Eagar [7]. The question of why the 
critical temperature phenomenon was only observed 
in the tin-baSed active solder wetting on the ceramic 
will be discussed in the next section. When the wetting 
temperature is higher than 1000 K, the contact angle 
of the Sn-Ti  solder on sialon ceramic decreases rap- 
idly, and a very narrow precursor film appears ahead 
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Figure 7 The influence of temperature on precursor film (on sialon) : 
(a) Sn-5Yi-3Ni,  (b) Sn-5Ti -5Cu ,  (c) Sn 5Ti 5Ag, (d) Sn 5Ti 5In. 

of the spreading droplet. On increasing the temper- 
ature to 1100 K, the width of the precursor film will 
increase quickly. However, it changes little with fur- 
ther increase in temperature for most cases. For  the 
second wetting at higher temperatures, mentioned 
above, the width of the precursor film of some solders 
does not increase but decreases rapidly, indicating 
that the formation of a precursor film depends not 
only on the wetting temperature but also on the 
heating history of the wetting system. 

3.6. Microstructure of the precursor film 
Fig. 8 shows scanning electron micrographs of the 
precursor film for Sn 5Ti-3Ni solder wetting on 
sialon ceramic at 1200 K for 20 min. The X-ray maps 
of the precursor film, which reveal the distribution of 
each chemical composition in the precursor film, are 
shown in Fig. 9. It is clear that the precursor film is 
composed of two parts: a layer of continuous thin film 
adhering to the ceramic, and many small islands lying 
on the film. The continuous thin film is mainly com- 
posed of the active metal titanium in the Sn-T i -X 
solder, and a small amount of tin covering part of the 
film. The small islands mainly composed of tin are 
distributed very non-uniformly, and they are isolated 
from each other. It was also found that the third 
element, nickel, in the solder also segregates on the 
precursor film, coexisting with titanium and forming 
some very small particles, which is important in un- 
derstanding why a small amount of nickel in the so][der 
can effectively strengthen the precursor film. 

Chemical composition analysis on the precursor 
film and the surface of the solder droplet was made by 
SEM EDAX; the results are shown in Table V. lit is 
easy to see that the chemical composition of the 
precursor film varies greatly; the data are so scattered 
in different positions that data cannot even be ob- 
tained from the point analysis by EDAX. However, a 
general trend is obvious, namely, the active element 
titanium in the solder segregates on both the pre- 
cursor film and the surface of the solder droplet, and 
the enriched amounts in both of them are also similar. 
The result implies that the precursor film could dir- 
ectly originate from a thin layer of liquid of the 
spreading droplet; a possible model of the active atom 
movement will be discussed in the next section. 

The small tin islands lying on the precursor film 
appear to be in a contractive state. It is interesting to 
postulate from where the small tin islands emanate. In 
the next section, it is suggested from a preliminary 
discussion that the small tin islands just signify over- 
flow of the liquid film during the formation of the 
precursor film. 

Micrographs of the precursor film for Sn 5Ti 5Cu 
solder wetting at 1200 K for 20 min, which is very 
similar to the results of Sn-5Ti-3Ni  solder, are shown 
in Fig. 10. Fig. 11 shows X-ray maps of tin, titanium 
and copper for a transverse section of the precursor 
film. It is clear that the precursor film is mainly 
composed of titanium with a covering layer of tin. The 
thickness of the precursor film is several micrometres, 
similar to that of the interracial reaction layer. In 

1023 



Figure 8 Micrographs of the precursor film for Sn 5Ti-3Ni solder wetting on sialon ceramic at 1200 K for 20 min. (a) macrograph ( x 50), (b) 
liquid surface ( x 100), (c, d), tin islands ( x 250), (e, f) tin islands ( x 500). 

appearance,  the precursor  film seems to be an epitaxy 
of  the interracial reaction layer. 

4. Discussion 
4.1. Early assumptions 
From the experimental results ment ioned above, obvi- 
ously, the behaviour  of the precursor  film found in 
meta l -ce ramic  systems in four main  areas is very 
similar to that reported in other  solid liquid wetting 
systems. This implies that  there are some general 
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characteristics in the phenomenon,  so it is valuable to 
compare  them with each other. 

An early explanation of the format ion of a p r e -  
cursor film was the evapora t ion-condensa t ion  mech- 
anism [13, 14, 17], because the earliest studied wetting 
system was one in which the spreading liquid had a 
high evaporat ion pressure, such as mercury,  water, 
and some organic or inorganic solvents. The mech- 
anism assumed that there was a local nar row liquid 
evaporat ing band at the spreading front of the droplet, 
and the liquid molecules could be condensed here by 
gas-phase t ranspor ta t ion to form a precursor film. 



This model can easily explain why a small amount of 
aluminium in the solders can strongly prevent the 
precursor film from forming, because aluminium has a 
very low evaporating pressure. 

Based on this explanation, however, some difficult- 
ies exist in understanding the following phenomena 
reported in this paper. (1) The precursor film is mainly 
composed of reactive metals such as titanium, which 
have a very low evaporating pressure. In fact, they are 
non-volatile elements at the testing temperature and 
under vacuum. (2) Liquid evaporation should be rap- 
idly enhanced at high temperature. Therefore, the 
precursor film effect at high temperature should be 
obviously strengthened; however, the experimental 

Figure 9 X-ray maps of the precursor film, ( x 400) (Sn-5Ti 3Ni 
wetting on sialon at 120 K for 20 rain). (a) Micrograph, (b) Sn X-ray 
map, (c) Ti X-ray map, (d) Ni X-ray map, (e) Si X-ray map. 

T A B L E  V EDAX analysis of the precursor film and the liquid 
surface for the Sn 5Ti-3Ni solder wetting on sialon ceramic at 
1200 K for 20 min; the data are from different positions (at %) 

Position Sn Ni Ti Si 

Liquid surface 

Precursor film 

78.02 0.47 21.51 0 
79.30 0.38 20.32 0 
69.02 0.84 22,77 7.37 
56.43 0.60 28.71 14.27 
14.64 0 12.28 73.08 
50.8t 0 27.38 21.82 
27.18 11.02 29.65 32.16 

9.81 0.86 5.45 83.88 

results of the second wetting at higher temperatures 
are not in agreement with this presumption. (3) A 
small amount of a third element with a low evapor- 
ating pressure can effectively strengthen the precursor 
film, which directly contradicts the -evapora t ion-  
condensation mechanism. (4) Using this model it is 
also difficult to explain why the ceramic materials can 
influence the formation of a precursor film, because 
the liquid evaporation and condensation mainly de- 
pend on the liquid itself instead of solid material. 

Another early explanation of the formation of a 
precursor film was the surface diffusion mech- 
anism /-16, 24]. It assumes that some active atoms in 
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Figure 10 Micrographs of the precursor film for Sn 5Ti-5Cu solder wetting on sialon ceramic at 1200 K for 20 min. (a) Macrograph ( x 50), 
(b) liquid surface ( x 500), (c) tin islands ( x 250), (d) tin islands ( x 500). 

the spreading  d rop le t  diffuse a long the solid surface, 
par t icular ly ,  a long some surface defects, such as sur- 
face channels  or  gra in  boundar ies ,  to form the pre- 
cursor  film. The mechan i sm is successful in expla ining 
why the p recursor  film is mainly  composed  of the 
active metal  in the solder; however,  it also meets with 
difficulty in expla in ing the fol lowing exper imenta l  
phenomena .  (1) As no active a tom does  not  have the 
abi l i ty  of surface diffusion, why does the precursor  film 

Figure 11 The X-ray map of the transverse section of the precursor 
film (Sn-5Ti 5Cu wetting on sialon at 1200 K for 20 min, x 400). 
(a) Sn X-ray map, (b) Ti X-ray map, (c) Cu X-ray map. 
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on the ceramic only occur in solders with titanium, 
zirconium or hafnium and not in solders with vana- 
dium, niobium or tantalum? (2) A basic hypothesis of 
the surface diffusion mechanism is that the precursor 
film shouId be in a solid state during its formation and 
movement, otherwise it would become an overflowing 
liquid instead of atom diffusion. However, with this 
assumption it is difficult to explain why many small 
tin islands exist on the precursor film and where they 
come from. (3) It is also difficult to explain with this 
mechanism why a small amount of a third element in 
the solders can strongly influence the precursor film, 
because this model assumes that film formation is only 
caused by the surface diffusion of the active element in 
the solder, instead of the passive element. (4) Finally, 
there is also difficulty in explaining the influence of 
temperature on the precursor film, because the diffu- 
sion movement is a thermal agitation process and is 
very sensitive to temperature; however, the precursor 
film behaviour does not reflect this character. 

Based on the above discussion, this early assump- 
tion of the formation of a precursor film can hardly 
explain the precursor film behaviour observed in a 
metal-ceramic wetting system, which implies that 
there are other mechanisms operating in the forma- 
tion of a precursor film in these systems. Hence, it is 
valuable to study and establish a new mechanism to 
explain how a precursor film forms in a metal ceramic 
wetting system. 

4.2. A new model for the formation of a 
precursor film by rapid adsorption 
then film overflow 

The fact that the active metal in the solders is strongly 
segregated on the precursor film indicates that the 
formation of the precursor film is dependent on the 
movement of the active atoms in the liquid. In spite of 
its importance, a clear physical model to describe how 
an active atom in the spreading droplet moves into the 
solid liquid interface is still lacking. 

There are two possible ways by which an active 
atom in a spreading droplet may move into the 
liquid-solid interface. The first is to pass directly from 
the droplet to the interface by Brownian motion. The 
active atom, after innumerable collisions with other 
atoms, may ultimately reach the solid-liquid interface. 
If the attractive force of the solid surface to the active 
atom is stronger than that of the liquid body, the 
active atom would remain on the interface. The sec- 
ond way is indirect. The active atom first reaches and 
stays at the surface of the spreading droplet (i.e. the 
liquid-gas interface) by Brownian motion, then con- 
tinues to move to the interface from the liquid surface. 
In both ways the most important factors are the 
segregating ability of the active atoms in the liquid 
and the strength of the attraction of the solid surface 
to the active atom. 

The segregating ability is mainly determined by the 
heat of solution of the active element in the liquid: the 
higher is the heat of solution of the active metal in 
the liquid, the lower is the solubility of the element in 
the liquid [25], and the stronger will be the segre- 

gating ability of the active atom [26]. On the other 
hand, the higher the Gibbs' free energy of the chemical 
reaction between the active metal and the ceramic, the 
stronger will be the attraction force of the solid surface 
to the active atom [20]. In fact, after the active atoms, 
which tend to segregate in the liquid, make an original 
movement and tend towards metastable equilibrium, 
the active atoms will occupy two positions: liquid 
surface or inside the liquid. The latter, with an ag- 
glomeration state, is in fact, a non-soluble part of the 
active element in the solder. Therefore, only these 
atoms located on the liquid surface are able to move to 
the solid liquid interface. 

Dussan and Davis [27] observed the motion of the 
liquid near the nominal contact line by marking the 
upper surface of the liquid with small spots of dye. As 
a result, they suggested a useful model of spreading 
dynamics, in which the movement of a liquid spread- 
ing on a solid is by a rolling motion like a caterpillar 
vehicle, so that the movement and arrival of the atoms 
located on the surface of the liquid to the solid-liquid 
interface will be easier than that of the atoms in the 
inside of the liquid. If the movement model is suitable 
for metal-ceramic wetting systems, the active atoms 
segregated on liquid surface could easily move to the 
solid-liquid interface in this short-circuit way. A 
schematic drawing of the model is shown in Fig. 12. 

In the wetting system of an active solder-ceramic, 
the driving force of the Dussan Davis movement 
which transfers surface atoms to the solid-liquid inter- 
face should come from the adsorption of the active 
atoms on the solid-liquid interface [28] and chemical 
reaction [20]. If there was an imbalance in atom 
numbers between the adsorption and reaction at the 
interface, the spreading of the droplet on the solid 
would vary considerably. 

Assuming that the numbers of the active atoms 
arriving at the interface, which depends on both the 
adsorption potential and the adsorption velocity by 
the interface, are more than that of the active atoms 
being consumed at the interface, which depends on the 
velocity of the interfacial reaction, a temporary stack 
of active atoms at the interface may occur. There are 
two possible ways of eliminating this dynamic stack of 
the active atoms. First, the surplus active atoms at 
solid-liquid interface may diffuse into the liquid again. 
Secondly, it would be quite possible, under the attract- 
ive field of the solid surface ahead of the spreading 
droplet, for a thin layer of liquid enriched with 1Lhe 
active metal to pass beyond the liquid gas-solid 
three-phase line, in front of the spreading droplet, 

Figure 12 A schematic diagram of how the active atoms in the 
spreading droplet move to the liquid-solid interface from the liquid 
surface by a rolling manner. 
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and overflow on to the ceramic surface to form the 
precursor film. In this case, because there is segre- 
gation of the active metal on the precursor film, the 
surface tension of the precursor film will be higher 
than that of the liquid body. From De Gennes' 
discussion [13], the chemical composition gradient in 
this area would induce a gradient of surface tension 
along the precursor film to the droplet, which would 
cause the droplet to flow along this direction. The new 
liquid solid reaction may mainly occur at the pre- 
cursor film, while a new course may begin again. In 
other words, the formation of a precursor film should 
be composed of two processes: the active elements 
quickly move to the solid-liquid interface under the 
attractive field of the interface, then the thin layer of 
liquid which had enriched the active metal overflows 
on to the surface of the ceramic. On the other hand, if 
the velocity of arrival of the active atoms at the 
interface is lower than that of the interfacial reaction, 
no precursor film could form. Even if a little liquid 
film occasionally passes beyond the liquid solid-gas 
three-phase line, a fast reaction should occur; this 
results in the formation of solid reaction products 
instead of a precursor film. In this case, the liquid 
droplet will spread homogeneously along the surface, 
or attack the solid in situ [24]. 

Based on the above discussion, there are three basic 
conditions required to form a precursor film: (1) a 
fresh liquid surface, (2) fast movement of the active 
atoms to the liquid solid interface because of the 
selective adsorption of active atoms by the interface, 
and (3) a suitable interracial reaction velocity. 

This mechanism of rapid adsorption followed by 
film overflow, which forms a new model to explain 
the formation of a precursor film, is consistent with the 
four basic characteristics mentioned earlier. First, the 
precursor film could not be a general phenomenon of 
wetting, because its formation depends on some spe- 
cial conditions in the wetting system such as rapid 
adsorption. Second, without a strong attractive force 
field of the interface (such as an immiscible system), 
the active atoms could not quickly adsorb to the 
solid-liquid interface, so that it is impossible, in this 
case, for the active atoms to make the film overflow to 
form the precursor film. Third, the selective chemical 
adsorption and reaction by the interface is sensitive to 
temperature; as a result, a critical temperature for 
precursor film formation should exist. Finally, once a 
precursor film forms ahead of the spreading droplet, it 
indicates that the active atoms in the liquid can 
quickly move to the solid liquid interface. In this case, 
the wetting driving force would be strong [28], and 
thus the wettability of the liquid on the solid would be 
improved. 

Based on above discussion, the surface of a liquid 
should play an important role in the formation of a 
precursor film. In the wetting test in Section 3.4.5, 
aluminium, a harmful element to the precursor film 
formation, reflects this importance, while analysis of 
the chemical composition of the liquid surface and the 
precursor film Table V show the model should be 
reasonable. Because aluminium in the solder can 
strongly promote the liquid surface to be oxidized, the 
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oxidized liquid surface may block the route of active 
atoms moving into the liquid-solid interface. As a 
result, it is easy to understand why it is critical in the 
oxidation of the liquid surface in both precursor film 
formation and wettability of a metal on ceramic. 

It is also interesting to discuss from where the small 
tin islands on the precursor film first observed in this 
experiment emanate. There are two possible times of 
formation of the tin islands, i.e. during liquid spread- 
ing or during cooling. 

The first possibility involves a process of automatic 
decomposition of a liquid film, which has been studied 
in other wetting systems. In thermodynamics, a super- 
thin liquid is unstable because of surface tension, 
particularly when it involves a chemical reaction. 
Aksay et aI. suggested [29] that, in non-equilibrium 
wetting, if a dropiet spreads on a solid which is too 
thin at the onset of wetting, which will not be able to 
contract to one droplet during the following second 
spreading because of chemical reaction, the super-thin 
liquid film will automatically decompose into many 
small droplets. The precursor film can be referred to as 
a super-thin film; if the above explanation is also 
suitable for the precursor film of metal ceramic wet- 
ting system, the formation of the tin islands on the film 
can be understood very well. 

It is also quite possible that the tin islands could 
arise because the tin solubility is exceeded in the liquid 
film during cooling. The liquid film with a high active 
metal content such as titanium, has a correspondingly 
high melting point. As a result, part of the liquid with 
high titanium content will first solidify at the be- 
ginning of cooling. Because the liquid with a ver~ low 
titanium content, corresponding to a low melting 
point gradually separates out from the precursor film 
on cooling, the small tin droplets will have a relatively 
poor wettability, which results in a high contact angle 
of the droplet separated out on the film, and corres- 
ponding to the contraction shape of the tin islands 
observed above. 

Although details of the formation of the small tin 
islands are not quite clear, it can now be deduced that 
the precursor film should be in a liquid state instead of 
a solid state during its formation and movement, 
which is consistent with the model of formation of a 
precursor film, suggested in this paper, i.e. rapid 
adsorption then film overflow. In other words, be- 
cause the assumption of a solid state is the basis of the 
surface diffusion mechanism [16, 24], the small tin 
islands provide good evidence for the formation mech- 
anism of the precursor film. 

4.3. Critical wetting temperature 
As a physical chemical phenomenon, the critical wet- 
ting temperature has been reported in the wetting 
system of metal-metal  [11, 30]. For example, the 
critical wetting temperature of tin on molybdenum is 
1023 K, of tin on nickel is 673 K, of bismuth on nickel 
is 923 K, and of tin, lead or bismuth on iron is 873 K, 
etc. Generally, the critical wetting temperature of a 
refractory metal such as tungsten, molybdenum or 



tantalum is roughly estimated to be about one-third of 
the melting point of the metal [11]. 

A basic cause of the existence of critical wetting 
temperature is often analysed first by thermodynam- 
ics. Consider the solid chemical reaction between 
titanium and silicon nitride ceramic 

4Ti + Si3N 4 = 4TiN + 3Si (1) 

A thermodynamic calculation [31] shows that an 
equation relating the Gibbs' free energy of the reaction 
to temperatures between 298 and 1155 K is (in kJ 
tool - 1 ) 

AG = - 6 5 1 + 0 . 7 4 3 T +  6 . 1 5 x l 0 - S T  2 

- 0 .103TINT-  4.52x 10 9T3 4- 2683/T(2) 

where AG is the Gibbs' free energy and T the absolute 
temperature. Based on this equation, the Gibbs' free 
energy of the reaction is 579 kJ mol 1 at 498 K, 
and - 556 kJ tool - j  at 1098 K. This result revealed 
that the Gibbs' free energy of the reaction varies very 
little with reaction temperature, namely, there is no 
critical point in the thermodynamics to explain the 
existence of a critical wetting temperature of the Sn Ti 
active solder on the ceramic. 

However, it was indeed found that, not only in this 
experiment but also in Kapoor 's  report, such a critical 
temperature does exist; if the test temperature is lower 
than this temperature, the melting droplet is neither 
wetting nor adhesive on the ceramic. 

Because the wetting of the active solders on the 
surface of the ceramic is in the nature of a chemical 
wetting, namely, a local chemical reaction. The exist- 
ence of the phenomenon of critical wetting temper- 
ature implies that there could be a critical reaction 
temperature between the active metal and the ceramic. 
Although the reasons for the existence of a critical 
reaction temperature are not clear, an early experi- 
ment on this assumption was made [32], in which a 
layer of pure titanium was deposited on the silicon 
nitride, then the sample was heated to various temper- 
atures. The test showed that no reaction occurred 
below 973 K, but that TiN and Tis Si3 formed from 
1073-1123 K. This result is very approximate to the 
critical wetting temperature 1000 K, which again re- 
flects that the interracial chemical reaction between 
the active metal in the solders and the ceramic is an 
essential condition in the wetting of a metal on a 
ceramic. 

On the other hand, in some of the early wetting 
systems studied, because the melting points of all the 
copper- [5, 6, 10], nickel- [33, 34], silver- [3, 9, 35, 36] 
and gold-based [37] active brazing alloys are higher 
than that of the critical reaction temperature, once the 
brazing alloy melts, they will react with and then wet 
the ceramic immediately. As a result, no critical wet- 
ting temperature was found in the early studies on 
active brazing alloys. However, the tin-based solders 
have a melting point lower than the critical reaction 
temperature, and hence the critical wetting temper- 
ature of the metal on the ceramic is only found in tin- 
based active solders. This is indeed a new interesting 
phenomenon in ceramic-metal wetting systems and is 
worthy of careful research. 

5. Conclusion 
The precursor film phenomenon in metal-ceramic 
wetting systems was investigated and described. The 
precursor film is present as a bright wetting band 
ahead of the spreading droplet. If the precursor film 
occurs in the wetting system, the wettability of the 
solder will be improved. The precursor film is mainly 
composed of two parts, a thin layer of continuous film 
enriched by the active element and adhering to the 
ceramic, and many very small tin islands lying on the 
thin film. The chemical composition of the precursor 
film is like that of the liquid surface of the solder. The 
thickness of the precursor film is several micrometres, 
similar to that of the interfacial reaction layer. By 
careful observation, it was found that the formation of 
a precursor film depends on the following factors. 
(1) The active metal: titanium, zirconium and hafnium 
in the tin-based solder were found to induce the 
formation of a precursor film, but niobium, vanadium 
and tantalum did not. (2) Temperature: no precursor 
film will appear unless the critical wetting temperature 
is reached. The effect of temperature on the precursor 
film decreases in the second wetting when the speci- 
men is reheated at a higher temperature. (3) Ceramics: 
under the same conditions as for Sn 4Ti solder, a 
precursor film will form on the surface of sialon, ZTA- 
SiC, and red alumina, but will not form on the surface 
of white alumina, mullite or barium titanate. (4) The 
third element: a small amount of Ni (1-3 at %), Cu (5 
at %), or Ag (5 at %) in Sn-5 at % Ti solder will 
enhance the effect of the precursor film. On the other 
hand the addition of a small amount of aluminium (5 
at %) will strongly prevent the occurrence of the 
precursor film. 

Two early mechanisms postulated for the formation 
of a precursor film, namely surface diffusion and 
evaporation-condensation, cannot explain the above 
mentioned phenomena very well. A new mechanism, 
of rapid adsorption followed by film overflow, to 
explain how a precursor film forms is proposed in this 
paper for the first time and several problems with the 
new model are also discussed. 
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