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Wettability of Metallic Glass Alloys 
by Two Tin-Based Solders 

The feasibility of using soldering as a joining technique 
for metallic glasses is examined 

BY P. T. VIANCO, F. M. HOSKING AND J. A. REJENT 

ABSTRACT. The wettability of 95Sn-5Sb 
(wt-%) and 96.5Sn-3.5Ag solder alloys 
on rapidly solidified metal ribbons of 
compositions: 92Fe-3B-5Si, 81Co-4Fe-
1Ni-4Mo-3B-7Si, and 82Co-5Fe-1 Ni-
3B-9Si was analyzed by the meniscome-
ter/wetting balance technique. Two 
organic acid fluxes and an inorganic acid 
flux were evaluated. The substrate sur
faces received only a solvent degreasing 
treatment. The 96.5Sn-3.5Ag and 95Sn-
5Sb solders exhibited fair to good wetting 
with contact angles of 32 to 62 deg and 
25 to 60 deg, respectively. The contact 
angle values were similar with the two 
organic acid fluxes and slightly lower 
with the inorganic acid solution. Al
though the surface morphology was dif
ferent on the two faces of the ribbons, the 
contact angles of either surface for each 
ribbon were similar. The quality of the 
solder film remaining on the samples was 
largely dependent upon the particular 
solder-flux-substrate system with the ex
ception of the inorganic flux for which 
dewetting was always observed. The sol
der-flux interfacial tension values de
pended upon the flux and solder alloy. 
Thermal annealing of the metallic glass 
caused a deterioration in wettability. Un
detected changes to the thickness of the 
.native surface oxide layer, or the ther-
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mally relaxed structure resulting from the 
heat treatment, were likely sources of the 
increased contact angle. 

Introduction 

Metallic Glasses 

Rapidly solidified amorphous metals 
(or metallic glasses) have demonstrated 
commercial success in the fabrication of 
low loss transformer cores and magnetic 
shielding components (Refs. 1, 2). The 
variety of metal compositions available 
for fabrication has been largely responsi
ble for the range of applications. The use 
of these materials wi l l grow as other 
properties such as excellent wear and 

KEY WORDS 

Soldering 
Tin-Based Solders 
Wettability 
Metallic Glass Alloy 
Structural Relaxation 
Organic Acid Flux 
Inorganic Acid Flux 
Contact Angle 
Morphology 
Surface Cleaning 

corrosion resistance become fully real
ized. 

Metallic glass ribbons are fabricated 
by depositing a stream of molten alloy 
onto a rapidly spinning wheel — Fig. 1 A. 
The wheel quenches the metal at rates 
approaching 106°C/s. The individual 
atoms are literally frozen into a random 
arrangement characteristic of the liquid 
state. This is compared to the long-range 
order of the crystalline state (Fig. 1 B), 
which characterizes most metal alloys. 
The typical shape of the solidified metal
lic glass is that of a foil with dimensions 
0.0025 cm (0.001 in.) thick and widths in 
the range of 0.3 to 15 cm (0.1 2 to 6 in.). 
The thickness of the ribbon is limited to 
less than 0.01 cm (0.004 in.); otherwise, 
the molten stream is not solidified rapidly 
enough to retain the amorphous struc
ture. 

The amorphous structure of these ma
terials is metastable; that is, under the ap
plication of heat, the atoms wi l l re
arrange themselves so as to increase the 
short range order within the structure, but 
still retain the amorphous state. This 
process is termed "structural relaxation." 
If the temperature is great enough, how
ever, the atoms wi l l further change their 
configuration so as to finally develop the 
long-range order of the crystalline state 
— Fig. 1B. The atomic rearrangements 
which comprise structural relaxation and 
crystallization cause changes to the me
chanical, physical, and electromagnetic 
properties of these materials. 
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Fig. I — A — Melt spinning technique used to fabricate the metallic glass ribbons; B — schematic diagram of the atomic arrangements in the amor
phous and crystalline solid states. 

O n e cons idera t ion for the in t roduc
t ion of meta l l ic glasses into engineered 
assembl ies is j o i n i n g . As ide f r o m me
chan ica l fastening techniques, candidate 
processes are l imi ted to those invo lv ing 
re la t ive ly l o w temperatures due to the 
t h e r m a l i ns tab i l i t y of the a m o r p h o u s 
structure. Therefore, a study was ini t iated 
to examine solder ing as a j o i n i ng tech
n ique for meta l l ic glasses. The first goal 
o f this invest igat ion was to establish the 
so lderabi l i ty of meta l l ic glasses as a func 
t i on of so lder a l loy , f l u x , and sur face 
preparat ion procedures. The second goal 
was to examine the effect of structural re
laxat ion on the we t t i ng propert ies; this 
p h e n o m e n a was o f in terest f r o m the 
v i e w p o i n t of surface sc ience as w e l l as 

f r om a more pract ica l s tandpo in t . N u 
merous eng ineer ing propert ies of meta l 
l ic glasses (e.g., magnet ic suscept ib i l i ty 
and hardness) are op t im i zed by speci f ic 
t he rma l a n n e a l i n g t rea tments p r i o r to 
their use. 

Analysis of W e t t a b i l i t y 

Calculating the Wettability Parameters 

The w e t t a b i l i t y o f so lder a l loys on 
meta l l i c glass substrates was quan t i t a 
t ive ly assessed by measurements of the 
contact angle, 9C, f o rmed at the solder-
substrate-f lux t r ip le po in t of a substrate 
c o u p o n immersed edge-on into a bath of 
m o l t e n so lde r — Fig. 2 . The c o n t a c t 

angle is de termined by the equ i l i b r i um 
balance of the three interfacial tensions: 
substrate (S)-f lux (F), TSF; substrate (S)-
mo l ten solder (L), YSL; and mo l ten solder 
(L)-flux (F), \ F ; th rough Young's equat ion 
shown at the bo t tom of the f igure. A c o n 
sequence of the process used to fabr icate 
the r ibbons is that the surface w h i c h c o n 
tacted the copper whee l ( "wheel side") 
exhib i ts a surface morpho logy w h i c h is 
di f ferent f rom that of the "exposed s ide." 
The d i f fe rences may be s t r ic t ly in the 
physical topo logy, as i l lustrated in Fig. 3, 
or i n c l u d e a t o m i c s t ruc ture var ia t ions 
such as degrees of short range order or 
chemica l segregat ion. Both surfaces pos
sessed striations in the casting d i rec t i on ; 
the scale of these features was m u c h f iner 

SOLID (sample coupon) 

,FLUX 

-1 -. LIQUID (solder alloy) 

•, u_ « * , j ^ , 

V • -

Fig. 2 —Schematic diagram of the equilibrium geometry between the 
interfacial tensions and the contact angle at the solder-substrate-flux 
triple point. Below the figure is Young's equation. 

Fig. 3 — Optical micrographs of a sample of the 2705M cobalt-based 
metallic glass ribbon. Top — Wheel side; Bottom — exposed side. 
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Fig. 4 — Schematic diagram of wetting with nonsymmetric meniscus 
heights. 

Fig. 5 — Typical wetting curve of meniscus weight as a function of time, 
depicting the manner in which the wetting rate and wetting time are 
identified. 

on the wheel side than the exposed side 
of the foils. It was conceivable that the 
solder meniscus would not rise equally 
on both sides of the ribbon — Fig 4. Nev
ertheless, Young's equation would apply 
to either face of the coupon. 

Analytical expressions were devel
oped which would calculate the contact 
angles, 0 c l , and, 6c2, from the three ex
perimentally measured parameters: H,, 
H2, and the combined weight of the two 
menisci, W. A derivation of the analyti
cal expression required the assumption 
that the solder-flux interfacial tension, TLr, 
be the same around the entire sample 
perimeter. The factors which influence 
the value of TLF are 1) the solder compo
sition, 2) the type of flux coating, and to 
a lesser extent, 3) the by-products gener
ated by the fluxing action. Since the same 
flux and solder is present on the two sides 
of the coupon, only point three needed 
to be considered for the validity of the as
sumption. Visual examination of the flux 
fi lm on the sample was made prior to im
mersion and after completion of the test. 
No differences in the color or clarity of 
the coatings on either side of the speci
mens, were observed. Therefore, it was 
assumed tha t \ F was similar on both sur
faces of a particular sample. 

The expressions for the contact angles 
wi l l now be developed. First, the cross-
sectional area of the meniscus on either 
side of the sample is given by (Ref. 3): 

' 2 
4 7. LF 

P§ 
•Hi 

where i=1, 2 designates the two sample 
faces. The symbol, p, is the solder density 
and g is the acceleration due to gravity. 
The weight of each meniscus is deter
mined by multiplying A; by pg(P/2) where 
P is the sample perimeter. The solder 
meniscus along the sample thickness was 
assumed to exhibit an "average" behav
ior between those on the two broad 
faces. The total weight of Jthe meniscus 
on the immersed sample, W, is given by: 

W-- pgP 
. J^-H? + 

Pg 

H *YLF 

Pg 
Ho 

(2) 

Equation 2 is solved transcendentally for 
the value of \ f . This parameter was then 
used to calculate the contact angles, 6 r , 
and 0( 2 from the fol lowing expression 
(Ref. 4): 

= sin I-
27LF 

(1) 

(3) 

Finally, the wetting curves of meniscus 
weight vs. time were analyzed to deter
mine the value of tw, the time to req,ch the 
maximum meniscus weight and W, the 
rate of meniscus rise on the coupon. These 
two parameters are measured as illustrated 
on the exemplary wetting curve in Fig. 5. 
The wetting rate measurements cannot 
distinguish the rates of meniscus rise on ei
ther of the two ribbon surfaces. Therefore, 

this data represent an average measure
ment and were used only for relative com
parisons between the sample sets. 

Tilt of the Sample Caused by the 
Nonsymmetric Meniscus Rise 

The different meniscus dimensions 
shown in Fig. 4 place a torque on the 
sample, causing it to tilt from the vertical 
plane. The rotation causes the true con
tact angles to be different from the "ap
parent" values calculated with H,, H2, 
and W using Equation 3. The magnitude 
of the rotation depends upon the centroid 
coordinates and the weight of the two 
menisci. An analysis was performed 
which generated the equations for the 
meniscus centroid coordinates. These 
expressions were then used to derive the 
tilt angle of a coupon caused by the non-
symmetric meniscus rise. A summary of 
those computations appears below. 

The calculation of the tilt angle begins 
with determining the expressions for the 
x and y coordinates of the centroid of the 
meniscus profile (see Fig. 1 for the orien
tation of the x and y axes). The equation 
for the x coordinate of the centroid, x,, as 
measured from x = 0 at the coupon sur
face, is given as (Ref. 5): 

A, 
jxdA 

(4) 

where Aj is the cross-sectional area of the 
meniscus as given in Equation 1. The 
meniscus profile is described by the func
tion x(y) (Ref. 4): 

W E L D I N G RESEARCH SUPPLEMENT I 155-s 



2~Jk 

i+e 
W(1-
Wf1-

-ky2) 

-ky2) 

-kH2) 

yy 
fyy* 
h-kH' 

(5) 

where k is the constant, (pg)/4vLF. The ex
pression for the di f ferent ial area, dA, is 
g iven as x(y)dy. Therefore, the equat ion 
to determine Xi is: 

1 rH, 

2A: * CW) <>y 
(6) 

The expression for the x coord ina te of the 
cent ro id is: 

X; = -^-yhn2 

4kA, 3 ' (7) 

The y coord ina te of the solder meniscus 
cen t ro id , y], measured f r o m y = 0 as de
f ined by the undis turbed solder level , is 
de te rmined by the equa t ion : 

1 lr'}]x{' A Jo ) ] * 
(8) 

where A; is descr ibed by Equat ion 1 . The 
expression for y, is g iven as: 

y,-
1 

3kHj 

kH; 

2, 1-*H 

1 
+ -

2 \ 2 

(9) 

Listed in Table 1 are values for x and y de
t e r m i n e d f r o m va lues o f p, H , and TLF 

w h i c h are c o m m o n l y observed in eng i 
neer ing solder systems. The first t w o sets 
of data c lear ly show that increasing the 
va lue of H; decreases x and increases y ; 
the change is smal ler for x relat ive to y. 
The roles of solder densi ty and interfacial 
tension are i l lustrated in the accompany 
ing data sets. 

The w e i g h t o f each men i scus , W; , 
w h i c h is located at the cen t ro id coo rd i 
nates, (X|, y,), generates a to rque on the 
sample. The t i l t angle of the c o u p o n f rom 
the vert ical p lane, 8, is de te rmined by the 

Table 1 — Coordinates of the Meniscus Center of Gravity as a Function of Typical Solder 
Density, Interfacial Tension, and Meniscus Height Values 

Solder 
Density 
(g/cm3) 

7.28 
7.28 
7.28 
8.49 
8.49 

Solder-Flux 
Interfacial Tension 

(dyne/cm) 

400 
400 
700 
400 
700 

Meniscus 
Height 
(cm) 

0.170 
0.230 
0.170 
0.230 
0.230 

X 
(cm) 

0.232 
0.228 
0.309 
0.210 
0.283 

y 
(cm) 

0.0410 
0.0533 
0.0417 
0.0523 
0.0549 

Table 2 — Effect of Typical Solder Properties on the Sample Tilt for a Nonsymmetric Meniscus 
Rise (L3 = 2.54 cm) 

Solder 
Density 
(g/cm3) 

7.28 
7.28 
8.49 
8.49 

equilibrium 

7LF 
(dyne/cm) 

400 
700 
400 
700 

Hi 
(cm) 

0.170 
0.170 
0.170 
0.170 

balance between the torques tilt 

H2 

(cm) 

0.230 
0.230 
0.230 
0.230 

angle, 8: 

IHj-Hj] 
(cm) 

0.050 
0.050 
0.050 
0.050 

Tilt 
Angle 
(deg) 

0.693 
1.084 
0.594 
0.971 

f rom the t w o men isc i . A schemat ic d ia 
gram of the l oad -momen t arm geometry 
is i l lustrated in Fig. 6. In the der ivat ion of 
the expression for 8, it was assumed that 
1) the t i l t angle was smal l so that changes 
in the cent ro id locat ion were negl ig ib le , 
and 2) the sample rotated as a r igid struc
ture about the hinge po in t . Both assump
t ions w i l l cause a smal l overest imat ion of 
the t i l t angle. A more precise compu ta 
t ion w o u l d necessari ly invo lve an analy
sis of the mechan ics of large def lect ions 
in th in plates. 

Several t r i gonomet r i c man ipu la t i ons 
result in the f o l l o w i n g expression for the 

8 = tan 

W2x2-
[L3 -ID)(W] +W2)-W-\y-[ -W2y2 

(10) 
The parameter , L3, represents the d is 
tance f rom the "h inge p o i n t " to the bot
t o m of the c o u p o n (Fig. 6), and ID is the 
immers ion dep th . Shortening the va lue of 
L3 increases the va lue of 8. 

Shown in Table 2 are values of the t i l t 
angle as a func t ion of typ ica l solder d e n 
sities, solder- f lux interfacial tensions, and 

HINGE 
POINT 

SAMPLE 
COUPON 

Fig. 6 — Schematic 
diagram of the load-
moment geometry caused 
by the nonsymmetric 
meniscus rise. 
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Table 3 — Chemical Composition and 
Crystallization Temperature of the Metallic 
Glass Alloys 

Table 4 — Meniscus Height as a Function of Sample Orientation Relative to the Immersion 
Direction 

Meniscus Height and Sample Orientation 
Metallic 

Glass 
Alloy 

2605S-2 
2705M 

2714A 

Nominal 
Composition 

(wt/%) 

92Fe-3B-5Si 
81Co-4Fe-1 

Ni-4Mo-3B-7Si 
82Co-5Fe-1 

Ni-3B-9Si 

the meniscus heights. The 

H 2 , \ F , and p represent the 

Crystallization 
Temperature 

(C) 

550 
520 

550 

values of H, , 
range ant ic i -

Alloy, Solder, Flux 

2714A 
96.5Sn-3.5Ag 
A260HF 
2705M 
95Sn-5Sb 
A260HF 
2605S-2 
95Sn-5Sb 
A260HF 

Vertical 
H (exposed) H (wheel) 

(cm) (cm) 

0.248 ± 0.009 0.248 ± 0.009 

0.197 ± 0.006 0.217 ± 0.010 

0.159 ± 0.016 0.137 ± 0.010 

Horiz 
H (exposed) 

(cm) 

0.202 ± 0.005 

0.161 ± 0.004 

0.137 ± 0.014 

ontal 
H (wheel) 

(cm) 

0.262 ± 0.008 

0.236 ± 0.006 

0.155 ± 0.010 

pated for this study. The value of L3 was 
2.54 cm (1 in.). The maximum value of 8 
was 1.08 deg, which is well within the 
experimental error of testing apparatus 
(±1.3 deg). Therefore, although the wet
ting performance anticipated from the 
tests in this study was not expected to dif
fer significantly from those used to cal
culated the values in Table 2, computa
tions were performed with actual 
experimental data to confirm this as
sumption. 

Experimental 

The metallic glasses examined in this 
study were taken from commercial prod
uct made by Metglas™ Div., Allied Signal 
Corp. The alloys were those designated 
as (1) 2605S-2, (2) 2714A, and (3) 
2705M. The nominal compositions and 
crystallization temperatures of the alloys 
are listed in Table 3. These particular al
loys were selected in order to evaluate 
wetting on both iron- and cobalt-based 
amorphous materials. The two cobalt-
based substrates were chosen in order to 
examine whether differences in alloy 
composition affect the wetting behavior. 
The sample coupons, which measured 
0.0025 ±0.0002 x 2.54 ±0.002 x 2.54 
±0.002 cm, were cleaned by degreasing 
for 5 min in a trichloroethylene ultra
sonic rinse (25°C; 77°F), followed by a 2 
min. rinse in isopropyl alcohol (25°C). 
The samples were then dried in a stream 
of N2 gas after which they were immedi
ately coated with the appropriate flux. 

The two solders tested were 96.5Sn-
3.5Ag (wt-%) with a eutectic temperature 
of 221 °C (430°F), and 95Sn-5Sb having a 
liquidus temperature of 240°C (464°F) 
and a solidus temperature of 232°C 
(450°F). Each solder was used at a tem
perature of 267° ±1 °C. 

The fluxes used to coat the coupons 
included: 1) Alpha™260HF (abbreviated 
A260HF) (Ref. 6), an alcohol-based, or
ganic acid; 2) Blackstone™1452 (B1452) 

(Ref. 7), a water-based, organic acid; and 
3) Alpha™200L (A200L), an inorganic 
acid1. Each of the fluxes was used at full 
strength. 

The experimental tests were com
prised of measuring: 1) the meniscus 
heights on the two faces of the coupons 
and 2) the total weight of the solder 
meniscus. The methodology for analyz
ing a homogeneous sample is described 
in Ref. 3. The samples were immersed 
into the solder pots with the casting di
rection parallel to the immersion direc
t ion. The meniscus heights were deter
mined with a meniscometer, which is a 
precision traveling microscope. The 
meniscus weight data were acquired by 
the wetting balance technique. The wet
ting balance apparatus used a computer-
controlled stepper motor to raise the sol
der pot at a rate of 1.3 cm/s (3.3 in./s) 
until the sample had been immersed to 
0.4 cm (0.16 in.). The samples were then 
automatically withdrawn after 20 s. The 
data, which are described by meniscus 
weight vs. time (Fig. 5), were stored in a 
microcomputer. The maximum meniscus 
weight, W, was determined from each of 
these curves. A total of 10 samples was 
used in the meniscometer tests, five each 
to determine the menisci heights on the 
two surfaces of the coupon (H, and H2). 
The meniscus weight was the average of 
data taken from six coupons. The para
meters, TLF, 9C,, and 9c2, were determined 
from the mean values of H,, H2, and W 
using Equations 2 and 3. An error inter
val was developed for the contact angles 
and interfacial tension as follows: A max
imum-minimum value range was defined 
for each of H,, H2, and W as plus-or-
minus one standard deviation about the 
respective means. The maximum and 
minimum values of H,, H2, and W were 
then introduced into Equations 2 and 3 in 
combinations that gave the maximum 
and minimum values of \fl 9C], and 6C 

which defined the (i 
mean values. 

) error terms for the 

1. No endorsement is made for the use of these commercial products. Their selection was based 
upon their different activities relative to the more common rosin-based fluxes. 

Results and Discussion 

Dependence of Meniscus Height 
on Sample Orientation 

The effect of the orientation of the sur
face features was investigated by mea
suring the solder meniscus height on 
both sides of samples with the casting di
rection oriented either vertically or hori
zontally with respect to the immersion 
direction. Each of the three alloys was 
tested with the same flux, A260HF, and 
either one of the two solders. The results 
are summarized in Table 4. The two 
cobalt-based alloys exhibited a signifi
cant decrease and increase of the ex
posed and wheel side meniscus heights, 
respectively, going from the vertical to 
the horizontal orientation. For these two 
metallic glass alloys, the change was ap
proximately 18 to 19% for the exposed 
surface and 5 to 8% on the wheel side. A 
similar trend was observed in the mean 
values of the meniscus heights of the 
iron-based alloy (2605S-2); however, the 
error band obscured the statistical signif
icance of the trend. 

The two likely causes of the 
anisotropic wetting were 1) the surface 
topography and 2) a variation in the ma
terial properties across the ribbon width. 
The unidirectional nature of wetting in 
the immersion procedure causes the 
meniscus height measurement to be po
tentially sensitive to the surface mor
phology. The striations or channels, de
pending upon their depth, wi l l enhance 
wetting (i.e., increase the meniscus 
height) if they run parallel to the wetting 
direction, or they wil l hinder the wetting 
process if perpendicular to the wetting 
direction. It appeared that the effect of 
surface topography was not a probable 
source of the wetting behavior described 
by the data in Table 4 because opposing 
trends were observed on the wheel and 
exposed surfaces, despite the surface stri
ations having had the same orientation. 

Experiments by other investigators 
provide evidence that the orientation-de
pendent meniscus heights were caused 
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Fig. 7 — Meniscus heights on the wheel and exposed surfaces of the various metallic glass alloys, 
using 96.5Sn-3.5Ag solder and each of the flux candidates. 

by variations in material properties 
across the ribbon wid th . Qualitative 
Auger depth profile analysis performed 
on 2705M and 2605S-2 samples did not 
show a significant variation in the large-
scale chemical composit ion from the 
edge toward the center of the samples. 
Although not evaluated as part of this 
study, other investigators have observed 
variations of the more subtle short-range 
order (which includes both chemical and 
geometric atomic arrangements) across 
the ribbon width (Ref. 8). These varia
tions can be caused by slight differences 
in the quenching rate across the ribbon 
geometry (Refs. 9, 10). Also, short-range 
structural changes have been detected 
between the wheel and exposed surfaces 
(Ref. 11). 

In the case of the 2705M samples, 
wetting balance tests were performed for 
both orientations. The value of \ F was 
calculated to be 485 dyne/cm and 515 
dyne/cm for the vertical and horizontal 
orientations, respectively. These values 
are well within experimental error and 
confirmed that the solder-flux interfacial 
tension was insensitive to sample orien
tation. 

As noted earlier, all of the subsequent 
data in this report were taken from sam
ples tested with the casting direction in 
the vertical orientation for procedural 
consistency. 

Meniscus Heights and Tilt of the Coupon 

The magnitude of the tilt angle caused 
by nonhomogeneous wetting was as
sessed from the experimental data. The 
meniscus heights of 96.5Sn-3.5Ag solder 

for each of the metallic glass alloys and 
fluxes are shown in Fig. 7. The values of 
H, and H2 were most dissimilar for the 
2714A when tested with the B1452 flux. 
Given a value of 2.54 cm for L3, the tilt 
angle, 8, for this data set was computed 
to be 0.93 deg, a magnitude which is well 
within the normal experimental error of 
sample alignment. In conclusion, the dif
ferences, if any, between the two menis
cus heights formed on the metallic glass 
samples were not large enough to affect 
the wettability parameters in this study. 
The meniscus heights and associated 
values of 5 for the 95Sn-5Sb solder alloy 
demonstrated similar variations. 

Solderability Parameters 

The wetting balance curves demon
strated varying degrees of negative 
meniscus weights which occur just after 
immersion. Data from the tests: 95Sn-
5Sb, A260HF, 2705M; and 95Sn-5Sb, 
A260HF, 2714A appear in Fig. 8. A sur
vey of this behavior clearly indicated that 
it was dependent upon all three factors: 
flux, solder, and substrate alloy. Most in
teresting was a distinguishable difference 
between the cobalt-based alloys, 2714A 
and 2705M. In fact, the 2714A material 
showed no negative meniscus at the start 
of testing, irrespective of the solder or 
flux. These observations illustrate the ef
fect of Mo additions on the wetting be
havior. The role of Mo on the speed with 
which wett ing takes place may arise 
through differences in the atomic struc
ture of the metallic glass alloy, or by in
direct effects which the structure may 
have through oxide film formation or sur

face chemistry. 
The values of the contact angles, 6 c l 

and 9c2 for the 95Sn-5Sb solder are 
shown in Fig. 9. The 2714A alloy was not 
tested with the inorganic acid flux. The 
midpoint of each bar is the average con
tact angle; the length of the bar is the 
scatter range as defined earlier. The con
tact angles were similar for a given metal
lic glass alloy when coated with either of 
the organic acid fluxes (A260HF and 
B1452). The two surfaces of each sub
strate foil showed similar contact angles 
except in the case when A200L was used 
on 2605S-2. In this instance, a meniscus 
height difference of 0.03 cm caused the 
mean contact angles to differ by 6 deg. 
Overall, the values of the contact angles 
tended to be si ightly lower on the cobalt-
based ribbons than on the iron-based 
material. The A200L flux caused a slight 
decrease in the contact angles on the 
2605S-2 alloy. However, a large drop in 
the mean contact angle to values of be
tween 25 and 27 deg was recorded on 
the cobalt-based 2705M material with 
the A200L flux when compared to tests 
that used the organic acid fluxes. 

Qualitatively, the data in Fig. 9 show 
a number of interesting points. First, the 
magnitude of the contact angles were 
compared to those of the more traditional 
solder-substrate systems. For example, 
the contact angle of 60Sn-40Pb solder on 
chemically etched oxygen-free, high-
conductivity copper (OFHC) using the 
flux A260HF is 33 ±5 deg (Ref. 12). Using 
a mi ldly activated, rosin-based (RMA) 
flux, the value drops to 23 ±5 deg. 60Sn-
40Pb solder on electropolished 29Ni-
1 7Co-bal Fe alloy exhibits contact angles 
of 37 ±2 deg and 30 ±5 deg with A260HF 
and B1452, respectively (Ref. 3). The ex
amples cited here represent "very good" 
to "excellent" wetting. The contact angle 
values for the metallic glass alloys (Fig. 9) 
are "fair" to "good." These results are in
teresting given that the substrate compo
sitions contain cobalt, iron, nickel, and 
si l icon. Typical crystalline materials 
which contain these elements form tena
cious surface oxides that prevent solder 
wetting unless very aggressive cleaning 
procedures (such as chemical stripping 
or electropolishing) are performed on the 
material prior to solder coating. A second 
observation arising from Fig. 9 is that the 
A200L flux caused lower contact angles 
than did the organic acid fluxes. This 
trend suggests that the corrosive A200L 
flux more effectively increases the value 
of TSF or decreases the value of \ F , or both, 
when compared to the less corrosive, or
ganic acid fluxes. The role of"LF wi l l be 
further discussed later in the text. More
over, the decrease was greater with the 
95Sn-5Sb solder on the cobalt-based 
metallic glass (2705M) than on the iron-
based metallic glass (260SS-2); illustrat-
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Fig. 8 — Wetting curves using 95Sn-5Sb solder and A260HF flux. A — 2714A metallic glass; 
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• 2705M metallic glass. 

ing the synergistic role between the sub
strate and flux chemistries on the wetting 
behavior. 

The contact angle data for the 96.5Sn-
3.5Ag solder are displayed in Fig. 10. The 
only significant difference between the 
contact angle values of the wheel and ex
posed ribbon surfaces was observed 
when B1452 flux was used on the 2714A 
metallic glass substrate. Use of A200L 
and 96.5Sn-3.5Ag solder on the iron-
based substrate (2605S-2) caused a dra
matic decrease in the contact angle when 
compared to tests with the organic acid 
fluxes. Conversely, only a very small im
provement in 9,, and 9c2 was observed 
with A200L on the 2705M material. 
When compared to the data in Fig. 9 for 

the 95Sn-5Sb solder and these two sub
strates, it is clear that the type of solder 
was a key factor in the apparent activity 
of the A200L flux to promote wetting. 

A comparison can be made between 
the contact angles measured for the 
96.5Sn-3.5Ag and 95Sn-5Sb solders. 
Other than the wetting behavior associ
ated with the A200L flux as described 
above, the contact angle values were 
similar between the two solders with use 
of the two organic acid fluxes. 

Neither of the two solder alloys 
demonstrated any obvious trends in the 
scatter range which accompanied the 
mean values of 6C/1 and 9C 2 as a function 
of either the flux or the metallic glass 
alloy. 

In conclusion, the data in Figs. 9 and 
1 0 demonstrate that the cobalt-based al
loys showed slightly lower values of 0 c l 

and 9c2 than did the iron-based metallic 
glass for each of the solder-flux combi
nations. The minor composition varia
tions between the two cobalt-based 
metallic glass alloys did not cause a sig
nificant difference in the values of the 
contact angles when the organic acid 
fluxes were used. In only two instances 
was an appreciable difference in the con
tact angles observed between the wheel 
and exposed surfaces of the foils: A200L, 
2605S-2 alloy, with 95Sn-5Sb solder and 
B1452, 2714A ribbon, with 96.5Sn-
3.5Ag solder. However, in neither case 
would the resulting sample tilt cause a 
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Fig. 9 — Contact angle values of95Sn-5Sb solder on the various metal
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exposed surface and "W," the wheel surface. 
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significant error in the measurements. 
Use of the A200L flux resulted in contact 
angles which depended explicitly upon 
the solder and metallic glass alloy; how
ever, the general trend was toward lower 
contact angles when compared with use 
of the organic acid fluxes. 

The solder-flux interfacial tensions 
(Fig. 11) had a significant impact on the 
contact angle values of each of the sol
der-substrate-flux systems when 9C and YLF 

were analyzed through Young's equation 
— Fig. 2. Overall, the values of \ F were 
slightly higher with the 96.5Sn-3.5Ag 
solder than with 95Sn-5Sb; the likely 
cause being the presence of Ag in the for
mer alloy which would tend to raise the 
solder's surface tension (Ref. 13). The 
B1452 flux caused significantly higher 
values of YLF for all of the solder 
alloy/metallic glass ribbon combinations 
and a larger scatter band when both sol
der alloys were used on the iron-based 
metallic glass substrate. The lowest val
ues of the solder-flux interfacial tension 
were observed with the A200L flux 
which clearly contributed to the smaller 
contact angle values associated with this 
flux (Figs. 9, 10). 

The data in Fig. 11 for the B1452 flux 
indicate that the solder-flux interfacial 

tension varies as a function of the metal
lic glass substrates. The variation was 
most pronounced between the iron-
based 2605S-2 substrate and the two 
cobalt-based substrate with the 96.5Sn-
3.5Ag solder. In the case of the 95Sn-5Sb 
solder, the values of YLF were again largest 
with the 2605S-2 substrate and declined 
in the order of 2705M and 2714A; how
ever, the spread in the values obscures 
the statistical significance of the trend. 
The variation of fu between the different 
metallic glass substrates signifies that re
action by-products created from the sub
strate surface (particularly for the iron-
based alloy) by the activity of B1452 flux, 
had a minor influence on the solder-flux 
interfacial tension. Similar behavior was 
reported by Vianco, et al. (Ref. 3), in a 
wettability analysis of 60Sn-40Pb solder 
on bare 29Ni-1 7Co-bal Fe alloy, and was 
also observed in the re-analysis of data 
for 63Sn-37Pb on copper as function of 
flux activity (Ref. 4). Therefore, although 
the solder and flux compositions were 
the principal factors which determined 
the solder-flux interfacial tension, corro
sion products generated by a particular 
flux (B1452) and substrate combination 
had a small, yet recognized effect on the 
value of Y1F. 

Table 5 -

Flux 

A260HF 
B 1452 
A200L 

A260HF 
B 1452 
A200L 

Qualitative Assessment of the Solder Films on the Metallic Glass Substrates 

2605S-2 
E 

Good 
Poor 
Dewetting 

V. Good 
Good 
Dewetting 

W 

Good 
Good 
Dewetting 

V. Good 
Excellent 
Dewetting 

2705M 
E W 

95Sn 5Sb 
Excellent Excellent 
Excellent Excellent 
Dewetting Dewetting 

96.5Sn 3.5Ag 
Excellent Excellent 
Excellent Excellent 
Dewetting Dewetting 

E 

Poor 
Poor 

— 

Good 
Good 

— 

2714A 
W 

V. Good 
Poor 

— 

Excellent 
Excellent 

— 

The wetting rate and wetting time data 
were also determined from the wetting 
curves. As noted earlier, these parameters 
include the combined behavior of both 
surfaces of the ribbon so that it is not pos
sible to distinguish the wetting perfor
mance of each of the individual sample 
faces. The wetting rate, W, was calcu
lated from the positive slope of the wet
ting curve as depicted by the schematic 
diagram in Fig. 5. The wetting time, tw, 
was determined as the elapse time re
quired for W to attain its gqui l ibr ium 
value. The mean values of W and tw for 
each of the solders, fluxes, and substrates 
are shown in Fig. 12. The error term rep
resents one standard deviation. Only the 
organic acid fluxes were analyzed. First, 
the results of the 95Sn-5Sb solder wi l l be 
reviewed. The B1452 and A260HF fluxes 
caused relative increases in the wetting 
rates in the order 2605S-2, 2705M, and 
2714A; the variation was statistically sig
nificant only between the 2605S-2 and 
271 4A data. The 95Sn-5Sb solder dis
played a significant difference in tw be
tween the two fluxes when tested with 
the 2605S-2 and 2705M substrates. The 
difference disappeared with 2714A. The 
larger mean wetting time values associ
ated with B1452 and the 2605S-2 and 
2705M substrates, when compared to 
the same flux and 2714A, reflect a com
bination of slower wetting rates and the 
presence of a negative meniscus at the 
start of the wetting curves. 

The A260HF flux caused similar wet
ting times for all three metallic glasses, in 
spite of the observed wetting rate trend. 
In fact, the absence of a negative menis
cus and a fast wetting rate which charac
terized the 2714A substrate material 
were expected to cause a significantly 
lower tvv for this particular substrate. This 
behavior was not observed because a 
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longer elapsed time was required to 
reach the larger meniscus weights asso
ciated with the 2714A substrate. 

The wetting rate data for the 96.5Sn-
3.5Ag solder exhibited no significant 
trend as a function of metallic glass alloy, 
for any particular flux or as a function of 
flux per a given substrate. A similar trend 
was observed with the tw data, as wel l . 
No particular property of the wetting 
curves was singularly responsible for the 
observed behavior. As with the 95Sn-5Sb 
solder, the decrease in tw expected by an 
absence of the negative meniscus of the 
2714A alloy, when compared to the 
other substrates, was generally negated 
by the added time necessary to reach W. 

In summary, the time-dependent wet
ting data observed with use of the 
96.5Sn-3.5Ag solder were not signifi
cantly different amongst the matrix of or
ganic acid fluxes and substrate alloys 
tested with this solder. For the 95Sn-5Sb 
solder, the trend of increasing wetting 
rate in the order of 2605S-2, 2705M, and 
271 4A for either of the organic acid 
fluxes was obscured somewhat by the 
variability in the data. However, the val
ues of tw were significantly different be
tween the two fluxes as well as the iron-
based and one of the cobalt-based 
metallic glass substrates. This result indi
cates that the time-dependent wetting 
parameters were more sensitive to the 
substrate and flux with the 95Sn-5Sb sol
der than with the 96.5Sn-3.5Ag solder. 
This is contrary to the contact angle 
trends, which generally showed little dif
ference between the two solder alloys, 
and illustrates the fact that the kinetic 
processes associated with solder wetting 
(as represented by W and tw) do not nec
essarily reflect the equilibrium behavior 
(as represented by 9C, and fLF); the con

verse being likewise true. 

Solder Film Evaluation 

Accompanying the quantitative 
analysis of the wetting performance were 
qualitative observations of the solder 
films remaining on the coupons after 
their withdrawal from the solder pot. The 
appearance of the solidified solder films 
provided a measure of the wetting per
formance, which is critical for the com
plete evaluation of any solder-substrate-
flux system. Shown in Table 5 is an 
assessment of the quality of the solder 
films remaining on the surfaces of sam
ples used in the wetting balance tests. 
The solder films' topography was found 
to be sensitive to the withdrawal rate of 
the coupons; therefore, the wetting bal
ance tests were used since they provided 
a repeatable withdrawal rate of 1.3 cm/s. 
The solder coatings were described as: 
"excellent" (complete, uniformly thick 
film), "very (v.) good," "good" (isolated 
regions of dewetting amounting to 10% 
of the immersed area), "poor" (dewetting 
over 25% of the immersed area), "dewet
t ing" (100% of the immersed surface has 
dewetted) and "nonwetting" (the solder 
did not wet the surface as verified by the 
accompanying wetting balance curve). It 
is suggested by the data in Table 5 that 
the solder film appearance was depen
dent upon each of the parameters: solder, 
flux, substrate, and the particular ribbon 
face. Two trends were most apparent in 
the data. First, both of the organic acid 
fluxes caused excellent solder films on 
the surfaces of 2705M alloy, irrespective 
of the solder alloy. The second trend was 
that, in spite of producing the lowest con
tact angles amongst the fluxes, the flux, 
A200L, resulted in the poorest solder 

fi lms. Al l of the samples coated with 
A200L showed complete dewetting on 
both ribbon surfaces. It is hypothesized 
that the dewetting resulted from the gen
eration of nonwettable areas on the sur
face by the chemical activity of the flux 
(either caused by reaction by-products or 
the exposure of nonwettable areas from 
the subsurface region). Although the wet
table areas supported the rising meniscus 
and its thicker layer of solder, those areas 
could not support the thin solder film re
maining on the sample surface after with
drawal from the solder pot (Ref. 14). Wet
ting followed by dewetting upon sample 
withdrawal has been observed previ
ously in solderability testing (Ref. 3). 

An analysis was made of sample 
cross-sections using scanning electron 
microscopy and x-ray dot map tech
niques in order to investigate the solder-
substrate interface for intermetallic com
pound formation and substrate 
dissolution. These studies were per
formed on the substrate-solder systems: 
2705M, 96.5Sn-3.5Ag; 2705M, 95Sn-
5Sb; 2605S-2, 96.5Sn-3.5Ag; and 
2605S-2, 95Sn-5Sb. In all cases, a reac
tion layer was not observed at the inter
face, in spite of the 20 s immersion time, 
which can form a significant reaction 
layer at the solder-substrate interface of 
traditional crystalline materials (e.g., 
copper and nickel). Also, metal elements 
from the metallic glass substrate were not 
detected in the solder near the interface. 

Effects of Structural Relaxation 
on Wettability 

The goal of this series of experiments 
was to examine the role of the amor
phous structure on wetting by the liquid 
solder. The data presented thus far sug-
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gest that the amorphous microstructure 
of the metallic glass alloys is responsible 
for the fair to good wetting demonstrated 
by the 95Sn-5Sb and 96.5Sn-3.5Ag sol
ders either directly through the solder-
substrate reaction as reflected by YSL, or 
indirectly by the nature of the surface 
chemistry or oxide layers (TSF). It must be 
emphasized that to hot solder coat iron-
based crystalline substrates using the rel
atively mild organic acid fluxes is impos
sible without prior surface preparation 
(e.g., chemical etching, electropolishing, 
mechanical abrasion, etc.) to remove the 
tenacious oxide layer (Ref. 3). A similar 
statement would also be applicable to 
cobalt-based materials. Moreover, the 
presence of easily oxidized constituents 
such as silicon would be expected to fur
ther deteriorate solderability. The next set 
of experiments wil l try to delineate the 
role of the metallic glass structure on sol
der wetting by changing the degree of 
randomness through structural relax
ation. 

The structural relaxation experiments 
were conducted with 95Sn-5Sb solder, 
the 2705M metallic glass alloy, and 
A260HF flux. The samples were heat 
treated in a 2 psia dry hydrogen atmos
phere for 120 min at temperatures of 
100°, 250°, 400° and 550°C (21 2°, 482°, 
752° and 1022°F). Annealing was per
formed in dry hydrogen in order to pre

vent additional oxidation of the sample 
surfaces. The crystallization temperature 
of this material is 512 ±2°C as deter
mined by differential scanning calorime
try (DSC), using a heating rate of 
10°C/min (18°F/min). The annealing con
dition of 550°C and 1 20 min crystallized 
the ribbon structure; the other heat treat
ments resulted in only structural relax
ation [i.e., an increase in short range or
dering) in the samples. Shown in Fig. 1 3A 
is the thermogram of the as-received ma
terial and in 13B, that of the specimen 
annealed at 550°C for 120 min. The 
exotherm in Fig. 13A indicates crystal
lization, but it is absent in Fig. 13B, sig
nifying that the material was already 
crystallized by the heat treatment. Struc
tural relaxation, which accompanied the 
other heat treatments, caused more sub
tle changes in the microstructure which 
were not easily distinguished on the DSC 
plots; the DSC curves for those samples 
appeared much like that of the as-re
ceived sample — Fig. 1 3A. 

Shown in Table 6 are the contact an
gles, wetting rate, and wetting time data 
for the annealed 2705M samples. The 
contact angles of the coupons annealed 
at 100° and 250°C did not change ap
preciably from values of the as-received 
substrates. However, the wetting rates 
declined by approximately 1 0% from the 
as-received value; the wetting time, tw, 

Table 6 — Solderability Parameters for 95Sn-5Sb on 2705M Metallic Glass as a Function of 
Thermal Annealing 

Annealing 
Temperature 

(C) 

As-received 
100 
250 
400 
550 

ec 
Exposed 

(deg) 

46 + 3 
42 ± 8 
52 ± 7 
<180 
180 

ec 
Wheel 
(deg) 

41 ± 4 
41 ± 8 
42 ± 7 
<180 
180 

Wetting 
Rate 

(dyne/s) 

1910 ± 150 
1640 ± 120 
1710 ± 60 

— 
— 

Wetting 
Time 

(s) 

2.9 ± 0.3 
3.6 ± 2.0 
2.9 ± 0.2 

— 
— 

did not demonstrate a similar trend. An
nealing at 400° and 550°C caused non-
wetting by the solder with contact angles 
approaching 180 deg. The wetting be
havior presented in Table 6 clearly indi
cated that the good wettability of the as-
received metallic glass deteriorated 
when the samples were heat treated. 

An Auger depth profile spectrum of 
the as-received 2705M foil appears in 
Fig. 14. The spectrum of the exposed sur
faces are presented; the wheel side had 
similar results in all cases. A significant 
amount of carbon, which is a by-product 
of the fabrication process, is retained at 
the surface. The spectra were unchanged 
(to within experimental error) for the rib
bons annealed at 100°, 250°, 400° and 
550°C. There was no evidence that an 
excessively thick oxide layer had grown 
on the surface as part of the heat treating 
process, or that constituent elements had 
migrated to the surface. Both of these 
phenomena were capable of deteriorat
ing the wetting behavior. Hydride forma
tion on the sample surface as a source of 
deteriorated wetting could not be sub
stantiated by the authors' review of the 
scientific literature. 

The effect of structural relaxation and 
crystallization on solder wettability is 
clearly established; however, a determi
nation of the root cause(s) has yet to be 
made. The mechanism(s) responsible for 
the results illustrated in Table 6 can be ei
ther a direct result of the changing struc
ture, or caused by other properties which 
are sensitive to the sample structure. 
These mechanisms are best understood 
when reference is made to Young's equa
tion — Fig. 2. For example, the direct in
fluence of the atomic structure may be 
present through the metallurgical reac
tion at the solder-substrate interface. This 
would be reflected by changes to the 
value of TSL. Assuming that YSF or YLF remain 
unchanged, then the higher contact an
gles after structural relaxation/crystalliza
tion would be caused by an increase to 
Y SL-

A direct role by YSFon wetting (with the 
other surface tensions being equal) 
would require that YSF/amorphous > 7SF/crystalline. 
Given that the amorphous structure is a 
metastable, higher energy configuration 
as compared to the crystalline structure 
(which is the reason for structural relax
ation at elevated temperatures), a rea
sonable assumption is that the surface 
energy would likewise be higher in the 
metallic glass than for its crystalline 
counterpart. If the opposite relationship 
were true, that is, Ysf/amorphous < YSF/crystaNine, 
then the direct dependence on structural 
relaxation/crystallization shown by the 
wettability behavior in Table 6 would be 
determined solely by YSL-

An indirect role played by the metal
lic glass structure on the degree of solder 
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w e t t a b i l i t y is t h r o u g h the pos t -annea l 
ox ide fo rmat ion on the sample surface. 
The o x i d e layer tends to decrease the 
va lue of TSF, hence its remova l and sub
sequent increase in YSF improves solder 
we t t i ng . Structural re laxat ion may have 
caused the fo rmat ion of a s l ight ly th icker 
ox ide layer, the d i f ference hav ing gone 
undetected by the Auger analysis. The i n 
ab i l i t y o f the f lux to remove the ox ide 
w o u l d lead to the poorer wet tab i l i t y ob 
served in the Table 6 data. This scenario 
w o u l d suppor t the earl ier p resumpt ion 
that poor so lderabi l i ty of crysta l l ine a l 
loys con ta in ing the elements i ron , cobal t , 
m o l y b d e n u m , or s i l icon was due to the 
tenac i ty of the nat ive ox ide layer fo rmed 
on the surface. 

Conc lus ions 

1) Wet tab i l i t y has been evaluated for 
95Sn-5Sb and 96.5Sn-3 .5Ag solders o n 
o n e i ron -based and t w o coba l t - based 
meta l l ic glasses, using t w o organic ac id 
f luxes and an inorganic ac id f lux . N o ex
tensive surface preparat ion beyond a sol
vent degreasing t reatment was per formed 
on the substrates. 

2) Mean contact angles were in the 
range of 25 to 60 deg, be ing somewhat 
higher for the i ron-based substrates and 
towards the lower values of the range for 
the cobal t -based mater ia l . 

3) The dist inct morpho log ies on the 
t w o r ibbon surfaces arising f rom the cast
ing process w e r e obse rved . A n a l y t i c a l 
expressions were der ived to quant i fy the 
effects o f n o n s y m m e t r i c men iscus 
heights. The analysis demonst ra ted that 
the di f ferent wet tab i l i t ies d id not s igni f i 
cant ly affect the exper imenta l measure

ments, nor the ca lcu la t ion of the contact 
angles. 

4) T h e m i n o r a l l o y d i f fe rences be
t w e e n the t w o c o b a l t - b a s e d me ta l l i c 
glasses were not ref lected in the contact 
angle data but d i d in f luence the we t t ing 
rate and wet t ing t ime results as we l l as 
the qua l i ty of the solder f i lm remain ing 
o n the specimens. 

5) Use of the inorganic f lux p roduced 
the lowes t con tac t angles, yet caused 
comple te dewe t t i ng of the solder f i lms for 
all samples, upon their w i t h d r a w a l f rom 
the solder pot. 

6) The wet tab i l i t y of the meta l l ic glass 
substrates deter iorated after thermal an
neal ing in an H 2 a tmosphere. Excessive 
ox ide fo rmat ion f rom the furnace c o n d i 
t ions or the m ig ra t i on of a l l o y i n g ele
ments w i t h i n the samples were not ob 
served us ing of Auge r d e p t h p ro f i l e 
ana lys is . The f o r m a t i o n o f an u n d e -
tec tab le o x i d e layer caused by the i n 
creased short range order (structural re
laxa t ion ) or l ong range o rde r 
(crystal l izat ion) in the annea led samples, 
or the d i rect role a l loy structure th rough 
the character o f solder-substrate interfa
cial react ion (ySL), were possible sources 
of the deter iorated wet tab i l i ty . 
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