
Development of a New 
High-Temperature Solder System 

Sacrificial metal coating technique as opposed to plating 
opens a completely new range of metal-to-metal joining 
possibilities 

BY A. E. SCHWANEKE. W. L. FALKE A N D O. K. CROSSER 

ABSTRACT. A new high-temper
ature soldering system has been de
veloped for use on copper, copper 
alloys, and low-carbon steel. The 
method is applicable to automobile 
radiators and home appliances. The 
system uses a unique sacrificial 
metal coating method to promote 
spontaneous wett ing and spreading 
of zinc and zinc alloy solders on me
tallic substrates. The 1 0 - 5 to 10" 6 cm 
thick, electroplated or sputtered, sac
rificial nickel coating is absorbed by 
the molten fi l ler alloy during solder
ing and produces a direct solder-sub
strate metallic bond. Preliminary 
measurements on butt joints w i th 
copper members g ive tens i le 
strengths over 32,000 psi at room 
temperature using 95Zn-5AI alloy as 
solder. Spontaneous wet t ing, spread
ing, and capillary penetration are 
extremely rapid and produce joints 
as easily as 50-50 t in-lead solders. 
Recrystallization or annealing of the 
wrought copper joint members is neg
ligible at the soldering temperatures 
of 450 to 490 C and lower. A list of 
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typical fluxes and solder alloys is 
included. 

In t roduct ion 

For the past 50 to 60 years at
tempts have been made to close the 
so-called "solder gap." Maximum 
practical operating temperatures for 
t in-lead solders are below 284 F 
(140 C),1 and lowest practical braz
ing temperatures are around 1,000 F 
(538 C). Between these l imit ing tem
peratures no practical solders or sol
dering systems exist for use w i th 
copper, copper alloys and iron alloys. 
This range of temperatures can be 
designated as the "solder gap." 

Both solders, consisting primarily 
of t in-lead alloys, and brazing fi l ler 

Editor's Note: The authors have graciously 
consented to changes involving AWS 
terminology. Thus, tin-lead "soft-solders" 
and silver-copper "hard solders" were 
changed to "solders" and "brazing filler 
metals" respectively. The expression 
"high-temperature solder system" might 
well have been stated "low-temperature 
brazing system" were it not for the authors' 
contention that their contribution sug
gests a need for new thinking in this field 
of joining. 

metals, mainly silver-copper alloys, 
work best when used in the form of 
pure binary alloys. Although solder 
alloys having melt ing points above 
360 F have been developed,2 none 
have received wide acceptance in in
dustry. Many of these higher melt ing 
point alloys have very l imited applica
tion. Solder producers consider that 
any modification of the basic binary 
is just adding impurit ies to the alloy.3 

Although lead, cadmium, aluminum, 
and zinc base alloys have melt ing 
points in the range required, they are 
unsatisfactory fo r so lder uses 
because they do not wet or spread 
on substrates such as copper, brass, 
and iron when standard soldering 
methods are used. 

Extensive research in the past in 
an attempt to develop either higher 
temperature solders or lower temp
erature brazing alloys has been di
rected mainly toward development of 
alloys starting from the tin-lead sol
der base, or from the silver-copper 
brazing fi l ler metal base.4 The solder
ing research started several years 
ago on these same lines. Since then, 
however, the approach to the prob
lem of higher temperature solders 
has changed completely. 

The present approach is based on 
two fundamental hypotheses: (1) The 
filler metal (solder) in a soldered 
joint must fulf i l l the requirements of 
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Fig. 1 — Typical results for spread tests 
without fluxes — in bell jar system (X 1.5): 
(a) zinc pellet on copper plate, 250 torr; 
(b) 50-50 tin-lead on copper, 10 4 torr; 
(c) zinc on nickel coated copper, 250 torr; 
(d) 95 Zn-5 AI alloy on nickel coated cop
per, 250 torr; (e) same as (d) except mem
brane around drop broken with tongs 

Fig. 2 — Schematic drawing of zinc pellet melted on copper plate. 
(For explanation of lettered phases see text and Table 1) 

an adhesive.5 Therefore, it must 
make intimate contact to the metallic 
substrate; in other words, it must 
" w e t " and spontaneously spread on 
the substrates or members to form 
the joint. (2) Any liquid metal or alloy 
should wet and adhere to the surface 
of any other metal or alloy that melts 
at a higher temperature provided 
proper conditions for intimate liquid-
metal to solid-metal contact exist. 

The term " w e t t i n g " here used 
does not imply the need for substan

tial alloying at the interface, but does 
admit that intimate association of 
metal cations wi l l result in interpene-
tration of the two materials (metal 
and solder). This may be referred to 
as a solution action, or even alloying, 
but not in the usual metallurgical 
connotation involving substantial al
loying or diffusion processes. The 
first premise has received incidental 
recognition, and the second fol lows 
from the basic quantum mechanical 
definit ions of the structure of metals. 

Literature on wett ing and solder
ing states either that zinc wi l l not 
wet copper or that zinc in solders re
duces the wett ing abilit ies of solders 
conspicuously,3,6 (p. 2 of ref. 2). A 
sacrificial metal coating system for 
promoting wet t ing and spontaneous 
spreading has opened a completely 
new realm for soldering develop
ment. The purpose of this report is to 
outline the salient facts leading to 
the development of the system, to de
scribe some of its probable capa
bilities, and to indicate the present 
status of the research. 

Experimental Work 
Because the initial requirement for 

a solder is that it spontaneously wet 
and adhere to the metallic substrate 
to wh ich it is applied, the research 
started wi th tests for wett ing and 
spreading. 

Earlier work w i th t in-lead solders 
has been reported previously7 where 
a simple wett ing test for t in-lead 
alloys on copper is described. 
"Wet t i ng " used here was defined as 
the initial stage when a small meas
ured quantity of molten metal or 
alloy applied to a solid metal surface 
clings and spreads over the surface 
rapidly and eventually adheres to 
withstand tensile or shear forces of 
the order of 1,000 psi or better at 
room temperature. It is not nec
essary to subject each wett ing test 
(essentially a sessile drop test) to 
such forces. Wi th a sessile drop rest
ing on a substrate, wet t ing can be re
lated to the contact angle between 
the substrate and the free surface of 
the drop measured inside the drop. 
An angle of less than 90° designates 
some degree of wet t ing; more than 
90° implies nonwett ing. In addition 
to the contact angle, a quantitative 
measure of the amount of wett ing 
can be determined by measuring the 
area over which the molten drop (a 
controlled amount of mate r ia l ) 
spreads on the substrate; that is, if 
wett ing occurs. 

The first experiments were per
formed inside a vacuum bell jar sys
tem. The substrates were TVi-in. 
squares of 1/1 6-in. thick, rolled, oxy
gen-free, high-conductivity copper. 
The soldering materials were either 
commercial solders (tin-lead) or al
loys prepared from high-purity ma
terials in the foundry. The soldering 
materials were rolled into strips 
having a standard thickness of 0.100 
in., and 3 /16 - i n . diam pellets were 
punched from the strip to furnish the 
controlled amount of material for 
each spread test. Al l procedures ob
served the necessary precautions for 
handling high-purity materials. 

Various methods were used to 
prepare the surfaces of the copper 
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Table 1 -

Element 

Zn 
Cu 

-Con- posi t ion of 

A 

0 
100 

Ph ases in Figure 

Bottom 

60.3 
39.7 

2 by Zones 

B 
Center 

61.9 
38.1 

Top 

8 5 8 
14.2 

C 

36.7 
6 3 3 

D 

9 8 5 
1.5 

E 

83.7 
16.3 

Cu-Zn 

L Msn^sMnnffl 
Fig. 3 — Micrograph of zinc pellet spread 
on nickel coated copper. (X 500, reduced 
40%). See Fig. 4 for details of phases 
shown. 

67% Zn 
33 % Cu 

A B C 

Fig. 4 — Schematic drawing of sections of zinc spread on nickel-coated copper plate without 
flux at 250 torr. (approx. X 75): (a) near edge of spread area; (b) about midway between edge 
and center of spread area; (c) center of spread area 

plates for wet t ing tests — acid clean
ing and etching, ion bombardment, 
electrolytic polishing, mechanical 
polishing, electroplating and vacuum 
sputtering. Wi th t in- lead solders the 
wett ing tests were performed at 
about 10~5 torr vacuum, and wi thout 
using fluxes. Wi th zinc and zinc 
alloys the tests were performed in 
an atmosphere of high-purity de
oxidized helium at about 250 torr. 

The copper plates were heated by 
placing them on an electrically 
heated, solid copper hotplate inside 
the bell jar system. As proper 
conditions for a test were obtained, 
the solder pellet was placed in the 
center of the test plate and al lowed 
to melt. Af ter the necessary t ime se
lected for the experiment had 
elapsed, the test plate was removed 
carefully from the hotplate and set 
aside on another metal block to cool. 
Spread areas were measured by cir
cumscribing the drop 10 t imes w i th 
a planimeter. Where necessary to 
prevent scratching, a 1:1 reproduc
t ion of the plate was made on the 
proper paper and this image was 
measured w i th a planimeter. 

Spread tests were also performed 
in the open atmosphere using var i 
ous fluxing mediums. The procedures 
were about the same as those used 
inside the bell jar system. The hot
plate, a nickel alloy, was heated w i t h 
a propane-air burner. 

After a method for using zinc and 
zinc alloys as solders in the open at
mosphere was developed, various 
joint forms were made in the labora
tory. These assemblies were usually 
heated w i th a small hand-held pro
pane-oxygen torch. 

Results 
Spread Tests in Vacuum System 

Fig. 1(A) verifies that zinc wi l l not 
wet copper. This characteristic form 
has been designated as the " f r ied-
egg-effect," because the central dull-
zinc-colored pellet is surrounded by a 
bright silver r ing, wh ich is in turn 
surrounded by a bright yel low (brass-
colored) ring. Surrounding this, the 
surface has varying shades of brass 
coloring out to the edges of the plate. 

Fig. 2 is a cross-section schematic 
drawing of a typical zinc pellet al
lowed to melt on a copper plate. 
Microprobe analyses of the compon
ents of the drop are given in Table 1. 
Of main interest are the yel low ring 
(zone C, Fig. 2) and the silver-colored 
ring (zone B). The analyses showed 
that zone C, an cc-brass, completely 
separated the drop f rom the copper 
plate. Copper was found, to some ex
tent, in all five phases. This shows 
that copper readily diffuses into the 
zinc from the plate. Diffusion and 
alloying, as opposed to wet t ing, 
seem to be the predominant mechan
isms in this system. The test was 
performed at 600 C in a 250-torr 
helium atmosphere. The zinc drop 
was retained in the molten state for 
about 8 minutes. 

For comparison. Fig. 1(B) shows 
the spread of the same quantity of 
50-50 t in- lead solder on a copper 
plate at 10~4 torr. 

Fig. 1(C) shows the spread of zinc 
on a nickel-coated copper plate at 
250 torr and 914 F (490 C). The 
coating of nickel, applied by electro
plating, was approximately I O ' 5 cm 
thick. The contact angle for zinc on 
copper was reduced from approx

imately 65 deg., Fig. 1(A), to essen
tially zero deg. by the addition of the 
th in nickel coating. The spreading of 
the zinc over the plate was quite 
rapid; complete spreading was at
tained w i th in 30 seconds after melt
ing started. 

A micrograph of the interfacial re
gion of a typical spread test of zinc 
on nickel-coated copper is shown in 
Fig. 3. The micrograph was not taken 
at the center of the drop. Schematic 
diagrams of cross-sections of zinc 
spread on nickel-coated copper are 
shown in Fig. 4. The data for this 
drawing were taken from microprobe 
analyses. Fig. 4(A), a cross section 
near the edge of the drop, shows 
that the zinc f lowed out beneath the 
nickel coating to join w i th the copper 
plate and form a brass alloy. Fig. 4(B) 
shows the cross section about one-
half the distance from the center of 
the plate to where Fig. 4(A) was 
made. Here sufficient zinc was avail
able to dissolve the nickel, and the 
nickel appears as a dispersed second 
phase in the zinc. The height of the 
drop at this point is about 0.003 in. A 
th in layer of brass about 0.0015- in. 
thick has formed at the copper-zinc 
interface. This brass layer is cont inu
ous through the spread drop. Fig. 
4(C) is the cross section at the center 
of the drop. Maximum thickness of 
the drop is about 0.011 in. 

The 67Zn-33Cu, or brass, zone is 
shown w i th sharp edges. Actually 
the composition varies as the edges 
of the zone interface w i th the other 
constituents. The etching procedures 
to delineate the various zones of the 
cross section for metallography pro
duce the sharp lines. Other brass 
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Fig. 5—Typical results for spread tests with fluxes in open atmosphere. (X 1.5). (a) Zinc 
on nickel-coated copper plate; (b) 50-50 tin-lead solder on copper; (c) Zinc on bare 
copper, nickel in flux; (d) Flux containing nickel salts, heated to 400C on copper plate; (4) 
95 Zn-5 Al on nickel-coated copper plate; (f) 95 Zn-5 Al on bare copper, nickel in flux 

b 

phase diagram could occur. 
The microprobe analyses of the 

interfacial regions show that the cop
per and zinc have alloyed and that 
the nickel has been absorbed into 
the zinc. The nickel coating that pro
moted the wet t ing has been dis
placed, al lowing a metal-metal bond 
to form between the copper and zinc. 
Thus the term "sacrif icial metal coat
ing" has been applied to this system. 
It is important to note that the nickel 
coating must be th in , of the order of 
10"4 to 1 0 - 5 cm thick. Experiments 
have shown that 1><10-5 cm thick
ness is sufficient to promote com
plete spontaneous wet t ing in the bell 
jar system where the spread takes 
place wi thout fluxes. 

Al though pure zinc may have some 
applications as a solder, it has some 
disadvantages. Therefore, the re
search turned toward alloys of zinc, 
mainly the 95 Zn-5 Al and other zinc 
die casting alloys. Pure zinc becomes 
brittle at low temperatures and ex
hibits excessive creep at tempera
tures not too far above room temp
erature. The die casting alloys, al
though somewhat britt le, are much 
stronger and more ductile at low 
temperatures than pure zinc. 

Upon testing the 95Zn-5AI alloys 
for wet t ing in the bell jar system, a 
tenacious f i lm or membrane, prob
ably aluminum oxide, formed around 
the molten alloy drop and prevented 
it from contacting and spreading. 
Typical results are shown in Fig. 
1(D). If the membrane surrounding 
the drop was broken mechanically, 
the molten alloy would run out and 
wet the plate as shown in Fig. 1(E). 
The spread area in Fig. 1(E) is rela
tively small , but if the membrane 
was broken quickly enough as the 
pellet melted, much larger spreads 
could often be obtained. 

Many other details of the prop
erties of the sacrif icial coating 
method were investigated using dif
ferent substrates (brass, low carbon 
steel, etc.), and other zinc-base 
alloys for the solder. Even some sol
dered joints, typically a butt jo int be
tween a plate and a 3/s-in. diam cyl in
der, have been made in the bell jar 
system. However, these studies in 
special atmospheres and wi thout 
fluxes are not generally applicable to 
oractical soldering operations. 

Fig. 6—Plate to cylinder solder joints, (a) Zinc solder on nickel-coated copper; 
(b) Zinc solder on bare copper, nickel in flux 

compositions occur as the 67Zn-33 
Cu blends into the two separate 
metals. For example, the lower edge 
of the 67-33 brass zone may gradual
ly blend through a -brass (30Zn-70 
Cu) toward the substrate (100Cu). 
The other side of the band may show 

areas of E -brass (85Zn-15Cu) or 
even an 85Zn-1 5Ni alloy or a ternary 
of Zn-Cu-Ni. The second phase scat
tered throughout the zinc, often 
floated up to the top of the bubble, 
is usually about 85Zn-1 5Ni. Al l possi
bilities shown on the copper-nickel-

Wetting Tests in the Open 
Atmosphere 

With proper fluxes the sacrificial 
metal coating system should work in 
the open atmosphere. Spread tests 
wi th commercial brazing fluxes ver i 
fied this possibility. Fig. 5(A) shows a 
typical spread test using a zinc pellet 
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on a nickel-coated copper plate w i th 
flux containing metal f luorides. 
Fluxes consisting of mixtures of 
metal chlorides and fluorides wi l l 
also produce the required wett ing 
and spreading of zinc on nickel-coat
ed copper. For comparison, Fig. 5(B) 
is typical of a spread test made w i th 
50-50 t in-lead solder on an uncoated 
copper plate w i th a zinc chlor ide-am
monium chloride mixture for the flux. 

Earlier studies on s o l d e r i n g 7 

showed that when ammonium chlo
ride-zinc chloride fluxes are used 
wi th t in-lead solders on copper the 
solder actually spreads on a th in 
layer of t in deposited or plated out 
ahead of the spreading solder. This 
plating action involves tin chloride 
ions developed by reaction between 
the t in in the solder and the flux. 
Nickel salts added to the fluxes for 
the zinc soldering system produce a 
similar effect as shown in Fig. 5(C). 
The spread is not as good as that ob
tained w i th the precoated copper, 
but is applicable where repairs to 
previously so lde red assemb l ies 
might be required. That the plating 
action truly takes place is shown in 
Fig. 5(D). Here a flux w i th added 
nickel salts was heated on a clean 
copper plate and al lowed to cool. The 
nickel coating on the copper was 
verified by microprobe analysis. This 
experiment was performed in the 
open atmosphere w i th the plate held 
at 400 C for about 1 minute. The 
plate did not recrystallize or anneal 
in this t ime and retained practically 
its original wrought strength. 

The only obstacle to the spreading 
of the 95Zn-5AI alloy on the nickel-
coated copper is the oxide mem
brane that forms around the molten 
drop. Act ive fluxes can rupture this 
membrane so that the drop can 
spread. This is shown in Fig. 5(E). 
Fig. 5(F) shows that the flux contain
ing nickel salts wi l l also work w i th 
Zn-AI alloys. 

Solder Joints 

Fig. 6(A) shows a butt joint be
tween a copper cylinder and a 
spread plate. After the flux and the 
nickel-coated 3/s-in. diam cylinder 
were placed on the plate, the pellet 
of zinc to be used as the solder was 
placed beside the cylinder. The as
sembly was heated w i th a small pro
pane-oxygen torch from below the 
plate or from above diametrically op
posite the pellet w i th the f lame d i 
rected to strike the juncture of the 
cylinder and plate. When the pellet 
melted, the molten solder immediate
ly f lowed around and under the cyl
inder. In many of these tests, the 
capillary action of the molten zinc 

was great enough to float the cyl in
der above the plate and move it a 
short distance across the plate. The 
wett ing was instantaneous upon 
melting of the pellet. A few seconds 
only were required to form a smooth 
joint. Fig. 6(B) shows a joint made 
without initial plating, but using flux 
containing nickel salts. The rate of 
wett ing was not as rapid, and the 
final appearance of a joint made 
wi th the nickel in the flux was not as 
good as that of the one made w i th 
precoated members. 

Joints have also been made wi th 
brass members. Fig. 7(B) shows a 
cross section of a zinc-soldered joint 
between a Vs-in. diam brass rod 
(nickel-coated) and a nickel-coated 
brass plate. Note that the rod was 
floated up slightly f rom the surface 
by the molten solder. The small void 
at the bottom of the rod is due to a 
small bubble of flux trapped beneath 
the rod. Al l solder joints have vary
ing amounts of porosity depending 
upon the fluidity or mobil ity of the 
flux, -heating t ime, and other vari
ables. 

Fig. 7(A) is a joint made the same 
way as that shown in 7(B) except the 
parts are copper. The joint shown in 
Fig. 7(C) was made wi th brass parts 
but using 50-50 t in-lead solder and 
zinc chlor ide-ammonium chloride 
flux. A l l the joints show the usual 
small voids typical of soldering prac
tice. 

Fig. 8(A) is a cross section of a 
lock-seam joint using nickel-coated 
brass sheet, zinc solder, and fluoride 
fluxes. The brass sheet was 0.0162-
in. thick. The solder (zinc) was intro
duced on only one side of the joint. 
Capillary action carried it through to 
the other side. Fig. 8(B) is a brass 
lock seam without prel iminary nickel 
coating, but soldered w i th flux con
taining added nickel salts. The solder 
was zinc. 

Fig. 9 shows a micrograph of a 
joint as pictured in Fig. 6(A). The 
lower interface is that between the 
plate and the solder. The upper inter
face is that between the solder and 
the bottom end of the %- in . diam 
cylinder. The lower joint is properly 
made because the nickel coating 
was th in enough to be penetrated 
and displaced by the molten solder. 
The plating on the cylinder was too 
thick, and so a layer of nickel re
mains attached to the cylinder face. 
The strength of this upper interface 
wi l l be low because it depends upon 
the bond between the copper and 
the nickel plating. This bond wi l l give 
way before the bulk of the solder. The 
dark line across the upper interface 
resulted from the polishing and etch
ing. The residual nickel layer is faint
ly visible above the dark area. 

The bond to the copper, when 

•SHU 

Fig. 7—Cross section of solder joints 
(approx. X 5); (a) Copper parts with zinc 
solder; (b) Brass parts with zinc solder; (c) 
Brass parts with 50-50 tin-lead solder 

properly made, is stronger than the 
bulk of the solder, and the joint w i l l 
fracture in the solder instead of at 
one of the interfaces. 

Microprobe analyses of the plate 
to solder interface, on the side 
where the joint was properly made, 
gave the fol lowing compositions: 

A. 100%copper 
B. 67% zinc-33% copper 
C. 85%zinc-15% nickel 
D. 100% zinc (with dispersed 
particles of 85 Zn-1 5 Ni). 

The analyses show that the zinc has 
f lowed beneath the nickel, washed it 
away, and alloyed w i th the copper to 
form a brass bond w i th the substrate. 

A cross-section of the fi l let at the 
edge of the cylinder is shown in Fig. 
10. The contact angles are essen
tially zero degrees. Crude tests w i th 
a bench vise and a pair of pliers have 
shown that, although the soldering 
temperatures were close to 900 F 
(about 4 6 0 C), the copper plate was 
not annealed. Yet, w i th properly 
made joints (both interfaces), it was 
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Table 2 —Zinc-base Solder Alloys for Sacrificial Metal Coating System 

Alloy 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 

14 
15 
16 
17 
18 

19 

20 

Zn 

100 

95 
90 
78 
70 
95.96 
94.89 
90.5 

89 
75 
95 
94.96 
98 

98 
75 
60 
70 
80 

43 

99.1 

Al loy composit ion, 

A l 

— 
5 

10 
22 
30 

4 
5 
5.1 

7 
20 

4 
4 

~ 
— 
— 
— 
— 
~ 

weight-percent 

Cu 

— 

— 
— 
— 
— 
— 
0.1 

4 
5 
1 
1 
2 

— 
— 
— 
— 

— 

— 

Other 

— 
— 
— 
— 
— 

0.04 Mg 
.1 1 Ti 

4.3 Fe 

— 
— 
— 

.04 Mg 

— 

2 Cd 
25 Cd 

40 Cd 
30 Sn 
20 Pb 
14 Cd ) 
35 Sn Jv 

8 PbJ 
.9 Ag 

Spread on 
Ni-coated 
Cu, etc. 

Excellent 
Excellent 
Excellent 
Excellent 
Excellent 
Excellent 
Excellent 
Excellent 

Excellent 
Excellent 
Excellent 
Excellent 
G o o d . . . 

Excellent 
Very good 

Fa i r . . . 
Excellent 
Excellent 

Excellent 

Fair to 
poor 

Remarks 

Spontaneous wet t ing 
Spontaneous wet t ing 
Spontaneous wet t ing 
Spontaneous wet t ing 
Spontaneous wet t ing 
Spontaneous wet t ing 
Spontaneous wet t ing 
Extremely bright, 
Spontaneous wet t ing 
Spontaneous wet t ing 
Spontaneous wet t ing 
Spontaneous wet t ing 
Spontaneous wet t ing 
Sluggish — not 
spontaneous 
Spontaneous wet t ing 
Less spread than above 

Spread not as good 
Spontaneous wet t ing 
Spontaneous wet t ing 

Spontaneous wet t ing 

Sluggish, small spread 

necessary to bend the plate to peel 
the cylinder away from the plate. 

To obtain more quantitative data 
on the strengths of the joints, espe
cially those wi th 95Zn-5AI solder, 

butt joints of copper were made and 
tested in a standard tensile testing 
machine. The specimens were made 
from two pieces of copper rod, % - i n . 
in diameter. The pieces of rod were 

Fig. 8 — Cross-section of soldered lock seam (approx. X 8): (a) nickel-coated brass parts, 
zinc solder; (b) brass parts, nickel in flux, zinc solder. (Upper surface of seam during solder
ing is shown at the top) 

turned down to have a Vi- in. diam 
section about V/A in. long for the 
joint and a 3/s-in. diam shoulder for 
gripping in the tensile machine. 

If the plating or coating has the 
proper thickness (or thinness in this 
case), and the flux has sufficient ac
tivity and fluidity, a good joint may be 
obtained. Preliminary work on these 
butt joints, performed primari ly to de
velop methods and procedures, has 
produced tensile joints that fracture 
two ways. Where the nickel plating 
is too thick (10" 3 cm or more), the 
joint fails at the plating interface. 
The fracture face is smooth and 
shows the machining marks on the 
face of the part. Fig. 11(A) is typical 
of this type of fracture. Tensile 
strength is usually around 12,000 to 
13,000 psi at room temperature. If 
the nickel plating is th in enough to 
be displaced, a requirement of th is 
soldering system, the joint wi l l frac
ture in the fi l ler metal, leaving a 
rough surface as shown in Fig. 11(B). 
Properly made joints have recently 
shown tensi le s t r eng ths f r o m 
28,000 to over 36,000 psi at room 
temperature. The joint spacing be
fore soldering was usually set at 
0.025 in. when cold. The f inal thick
ness of the joint varied somewhat as 
the result of the method of holding 
the joint pieces and the expansion of 
the copper during heating. A f inal 
method for heating and a fixture for 
holding the joints have not yet been 
developed. 
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Table 3 — Fluxes for Sacr i f ic ia l Me ta l Coat ing Sys tem 

Composit ion, weight-percent Flux 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

10 

11 

12 
13 
14 

15 

16 
17 
18 

19 

KCI NaF " LiCI LiF " ZnCI NH CI 
2 4 

For Use on IMi-coated Copper 

As 
shown 

NaCl 

48.0 
28.0 
31.0 
32.6 
33.0 
37.0 
10.0 
30.0 

— 

— 

— 

— 
— 
— 

32.55 

32.75 
32.4 
— 

9.5 
6.0 
5.0 
5.3 
5.3 
5.0 
4.0 
2.0 

— 

— 

— 

— 
— 

5.25 

5.3 
— 
— 

3 1 0 
42.0 
16.0 
16.8 
17.0 
15.0 
30.0 
16.0 

1.0 

2.0 

— 

— 
— 

ForU 

16.8 

17.0 
17.0 
— 

— 
— 
— 
— 
— 
— 
— 
— 

2.0 

1.0 

2.0 

4.0 
8.0 
6.0 

se on U 

— 

— 
4.0 

11.5 
24.0 
37.0 
39.0 
39.4 
33.0 
50.0 
44.0 

89.0 

89.0 

90.0 

88.0 
84.0 
70.0 

— 
— 
5.0 
— 
5.3 

10.0 
6.0 
8.0 

8.0 

8.0 

8.0 

8.0 
8.0 

24.0 

ncoated Copper 

38.85 

39.0 
42.0 
85.2 

5.25 

5.3 
8.0 

10.0 

— 
— 
6.0 
6.3 
— 
— 
— 
— 

— 

— 

— 

— 
— 

NiCI 

1.30 

.65 

.6 

.8 

Approximate 
liquidus, 

° C 

330 
337 
330 

250 

255 
260 

327 

260 

91.4 8.0 .6 

Remarks* 

Good HRT 
Good HRT 
Fair HRT—removes Ni 
Poor HRT 
Good HRT—removes Ni 
Poor HRT—removes Ni 
Poor 
Good LRT—removes 
some Ni 
Good LRT for A l 
alloys 
Excellent for A l 
alloys 
Excellent LRT—no Ni 
removal 
Excellent LRT—no Ni 
removal 
Good LRT—some Ni 
removal 

Good HRT—Ni coat too 
heavy 
Excellent but HRT 
Poor 
Poor—Ni coat 
inadequate 
Poor 

*HRT means high reaction temperature; LRT means low reaction temperature. 
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Fig. 9 — Micrograph of solder joint (X 500). Plate-cylinder joint-
lower interface is nickel-coated copper plate, upper interface is 
nickel-coated copper cylinder. Approx compositions: A — 700% 
Cu; B — 67 Zn-33 Cu; C— 85 Zn-15 Ni; D —- 100%, Zn (containing Fig. 10 — Cross-section of fillet at edge of plate-cylinder joint 
85 Zn-15 Ni particles). (X 75). (Part of joint shown in Fig. 9.) 
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For purposes of comparison, the 
tensile strength of butt joints made 
w i th 50-50 t in- lead solders averaged 
around 18,000 to 20,000 psi at room 
temperature.7 A listing of some of 
the alloys that have been used for 
solders is contained in Table 2. A 
representative list of fluxes is given 
in Table 3. Many other alloys and 
fluxes have been used successfully. 

The actual thickness of the sacrif i
cial coating of nickel on the sub
strate is not critical providing the sol
der penetrates the coating and 
makes contact to the substrate 
metal. Three methods of coating 
have been tried, but only two have 
been useful so far. Most coatings for 
this work have been electroplated 
from standard nickel electroplating 
solutions. Coatings applied by sput
tering in a vacuum system have 
given results equally as good as the 
electroplated coatings. Standard pro
cedures for sputtered coatings, such 
as etching, cleaning, and ion bom
barding, have been used. Chemical 
deposition, or electroless plating, 
has not proved successful for this sol
dering system up to the present 
t ime. The electroless methods avail
able deposit a compound or mixture 
of nickel w i th other elements and so 
purely metallic interactions seem to 
be absent. 

Experiments on the required thick
ness for wett ing and spreading in 
the open atmosphere using fluxes 
have shown that a coating as th in as 
1 0 - e cm is sufficient to produce good 
wett ing. This is in contrast to the 
10" 5 cm thickness required in the 
bell jar experiments wi thout fluxes. 

Discussion 

The sacrificial metal coating sys
tem for soldering is truly a break
through in this f ield. The results of 
this work suggest the need for a re
assessment of the tradit ional ap
proaches to solder development. 
Plating surfaces of so-called unsol-
derable metals to make them sol-
derable is used extensively.8 Actual
ly, the "unsolderable" metal is not 
made solderable wi th his approach. 
Instead, a bond is made to the plat
ing only, and the strength of the joint 
becomes the strength of the sub
strate-plating bond as shown in Fig. 
11(A). The point here is not that 
plating methods are necesarily inferi
or, but that the plating approach is 
l imited. Wett ing of the substrate is 
prevented by plating, and the user is 
always cautioned to be sure that the 
plating is thick enough to prevent 
penetration8 (p. 5). The sacrificial 
metal coating technique opens a 
completely new range of metal-
metal bonding possibilities that re 

quire thorough investigation. 
Some references in the literature 

suggest that improvements in solder 
technology are the result of the 
cleaning action of the flux or solder; 
for example, the use of reactive 
fluxes for aluminum,9*10 or the addi
t ion of t i tanium to the solder alloy as 
an oxide scavenger. The fluxes used 
w i th the precoated metal may have 
these same reactions. The sacrificial 
metal coating system might con
ceivably be called an additional 
fluxing action of some nature. It 
might also be characterized as a cap
illary penetration action. Other refer
ences in the literature assert that the 
solder alloy should be improved by 
the addition of metals w i th appro
priate solubility behavior to improve 
wettabil i ty. As an example, Klein-
Wassink11 reports wet t ing enhance
ment for silver on iron w i th the addi
t ion of palladium. Greater wett ing is 
achieved, accord ing to K l e i n -
Wassink, because palladium is sol
uble in both iron and silver, whi le si l 
ver is not soluble in iron. The same 
thinking is implied in his mention of 
the addition of copper to silver 
brazing alloys for use on iron. 

In the system here, zinc is soluble 
in both nickel and copper to about 
the same degree, forming the same 
type of alloys, whereas nickel and 
copper are completely soluble in 
each other. Thus, the solubility rela
t ionship noted by Klein-Wassink 
does not appear to be the most im
portant feature in this application. 
Also, it is known that lead added to 
t in as the basis for solders enhances 
the wett ing of copper by t in , where
as lead is completely insoluble in 
copper.12 (Solubility here is used in 
the normal connotation for metal
lurgy and does not f i t the statement 
of the original hypotheses in the 
introduction of this report.) The 
entire l iterature on th is subject im
plies that it is the composit ion of the 
solder alloy that solves the wett ing 
problem, but the reports indicate that 
extensive search for the answer 
through alloy studies has not been 
successful.4 
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Fig. 11 — Fractured tensile specimens 
(X 2.5). (a) Fracture at plating inter
face; (b) Fracture in filler metal. Sol
dered with 95 Zn-5 Al alloy on nickel-
coated copper 

An example of a study that had 
results somewhat similar to these 
early experiments is that by Kag-
eyama.13 Kageyama showed how 
coatings of cadmium, silver, copper, 
and nickel (by electroplating) en
hanced the spread of soft solders. He 
even reported on the effects of a th in 
layer of t in electroplated on copper 
and steel and noted that it spread 
better when the coating lifted off the 
substrate13 (p. 12). However, he did 
not realize the possibil it ies of apply
ing this technique to spreading by 
other metals or alloys. 

Basic research on the spontane
ous wet t ing, spreading and adhesion 
in metal-metal systems has been cur
rently recessed in favor of further de
velopment work on the present Zn-
Cu-Ni system to make it practical for 
general use. The research is con
t inuing toward developing better 
fluxes, developing more fi l ler alloys 
based mainly on zinc, and further 
testing of the capabilities of the sys
tem. Many areas remain to be in
vestigated: 

1. Fluxes w i th greater fluidity and 
activity at lower temperatures are 
needed. Ammonium chloride lowers 
the operating temperatures of fluxes, 
in general, but attacks the nickel 
coating to some extent and prevents 
the necessary spreading. 

2. Al though the system has been 
used on low-carbon steel, t ime has 
not been available to make quantita
tive measurements. 

3. The corrosion and fatigue prop
erties are yet to be measured. 

4. Application to o ther f i l l e r 
metals and systems is yet to be 
investigated. 

REFERENCES 

1. R. W. Mebs and William F. Roeser: Solders and 
Soldering. NBS Circ 492. 1950. p 8 

2 N. F Lashko and S V. Lashko-Avakyan. Paika 
Metallov (Brazing and Soldering ol Metals), Israel Pro
gram for Scientific Translations, Jerusalem, Israel, 
1961, pp. 50 1 13. 

3 Clifford L. Barber: Solder Its Fundamentals 
and Usage, 2nd ed., pp 8 15, Kester Solder Co, Chi 
cago. III., 1961. 

4 A Clyde Willhelm: Development of Heat Resist 
ant Soft Solders. Southern Res. Inst., Birmingham, Ala , 
1966, pp 2-3 (available from International Copper Re
search Association, New York). 

5. Louis H. Sharpe, Harold Schonhorn, and Charles 
J Lynch: Internat Set and Techno!., No 28, April 
1964, pp, 26-37 

6 F. N Rhines and W. A Anderson: Metals and 
Alloys, v. 14, 1941. pp. 704-711. 

7. V R Miller, A E. Schwaneke, and J. W Jensen 
BuMines Rept of Inv 6963, 1967, p 16 

8 Clifford L Barber: Brazing and Soldering Sympo 
slum. Cleveland, Ohio, February 1970, American So 
ciety for Metals, Metals Park, Ohio, pp. 4-5. 

9. Howard H Mamko: Solders and Soldering 
McGraw-Hill Book Co., Inc., New York, 1964, p, 282 

10 E E. Weismantel and K C. Taber: Welding, v 43. 
No 2. 1964, pp. 57-62 

11. R J Klein-Wassink J. Inst Metals, v. 95, 1967. 
pp. 38-43 

12 A Latin: Trans, of the Faraday Soc . v 34, No 2 
1938, pp 1384-1395. 

13. Nobuo Kageyama Rev ot the Electrical Comrnu 
nication Lab . Nippon Telegraph and Telephone Public 
Corp.. v 1 3, No 1 -2. 1 965, pp 1 -24 

368-s I J U L Y 1 9 7 2 


