
The Mechanism of Tough-Pitch Copper 
Embrittlement by Silver Brazing Alloys 

The roles of zinc and cadmium in grain boundary 
embrittlement are clarified 
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ABSTRACT. Tough-pitch copper can be 
embrittled by silver brazing alloys when 
the brazing is carried out at excessively 
high temperatures and for prolonged 
times. In the present investigation, the 
mechanism of embrittlement was investi
gated by reacting zinc and cadmium with 
tough-pitch copper (UNS C11000) in an 
argon atmosphere, without flux. At 750°C 
(1382°F) and above, both the zinc and the 
cadmium caused grain boundary voids. 
The mechanism of embrittlement was 
concluded to be analogous to hydrogen 
embrittlement of tough-pitch copper 
wherein the cuprous oxides are reduced 
at the grain boundaries. Both zinc and 
cadmium, being thermodynamically capa
ble of reducing CU2O, were found to be 
present in the grain boundaries in large 
amounts. Silver, unable to reduce copper 
oxides, does not yield grain boundary 
damage when ETP copper is brazed with 
L-Ag72 (72Ag-28Cu eutectic alloy), affirm
ing this embrittling mechanism. 

Introduction 

Embrittlement of oxygen-bearing cop
pers when brazed at temperatures above 
700°C (1292°F) for prolonged times was 
mentioned by Butts (Ref. 1) in 1954. 
Details concerning the actual conditions 
for embrittlement were absent, although 
the phenomenon was described as oxide 
segregation to the grain boundaries. Bel-
kin and Nagata (Ref. 2) interpreted the re
sults of their investigation as a case of 
classic hydrogen embrittlement of tough-
pitch copper, the hydrogen presumably 
originating in the water of crystallization of 
the borax in the flux. Recent work (Refs. 
3, 4) has shown, however, that the em
brittling mechanism consisted probably of 
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the reduction of cuprous oxide by zinc or 
cadmium, or both, when they are present 
in the silver brazing alloys. This mechanism 
is analogous to the well established one of 
hydrogen embrittlement, whereby the 
high-pressure steam formed by the reduc
tion of CU2O by hydrogen bursts open the 
grain boundaries. Embrittlement by silver 
brazing alloys containing zinc and cad
mium was found to be strongly tempera
ture- and time-dependent (Refs. 3, 4) and 
occurred quite rapidly at 750°C (1382°F) 
and above. 

This paper describes the results of a 
laboratory investigation designed to fur
ther clarify the embrittling mechanism, 
particularly with respect to the role of zinc 
and cadmium. 

Experimental Approach 

The experimental program was de
signed to isolate the effects of zinc and 
cadmium as the cause of grain boundary 
embrittlement. It was noted, in addition, 
that although the cuprous oxide in the 
rolled sheet or drawn rod is strung out in 
the working direction, without regard to 
the grain boundaries, the embrittlement is 
manifested by grain boundary voids. An 
insight into the sequence of events lead
ing to grain boundary embrittlement was 
therefore also sought. 

The interaction of zinc and cadmium 
with oxygen-bearing copper was brought 
about by melting these elements sepa
rately on the surface of clean electrolytic 
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tough-pitch (ETP) copper strip in a purified 
argon atmosphere. Examination of the 
copper cross-section by scanning electron 
microscopy (SEM) and energy dispersive 
x-ray (EDX) analysis supplemented con
ventional optical microscopy. 

Further confirmation of the mechanism 
involving zinc and cadmium was sought 
by conducting brazing experiments with a 
silver brazing alloy containing neither cad
mium nor zinc (72Ag-28Cu). 

Experimental Details 

The substrate in all experiments was 
electrolytic tough-pitch copper (UNS 
C11000) sheet in the annealed condition. 
Specimens measuring 10 X 15 X 1.5 mm 
(0.4 X 0.6 X 0.06 in.) were prepared for 
the experiments by wire brushing. 

Metallic zinc or metallic cadmium, as 
required, was placed on the upper surface 
of the copper specimen, which was im
mediately transferred to a small vacuum 
furnace. The vacuum in the furnace was 
pumped down to about 10"2 torr, and 
purified argon was then introduced. This 
procedure was repeated three times. Sub
sequently, the furnace was heated to the 
working temperature (measured with a 
thermocouple touching the specimen), 
held for the desired time, and cooled to 
room temperature before the specimen 
was removed. 

The specimens, etched with the com
mon NH4OH + H 2 0 2 reagent, were ex
amined by optical metallography. For the 
SEM examination a Jeol T-200 microscope 
was used, with a Link 2000 EDX for 
microanalysis. 

Results 

The results of the experiments show 
that both the zinc and the cadmium metal 
caused severe embrittlement, manifested 
by separation of the grain boundaries in a 
manner resembling hydrogen embrittle
ment of tough-pitch copper. Figure 1 is an 
example of the microstructure resulting 
from reacting the copper with zinc at 
800°C (1472°F) for 1 h. Notice that the 
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Fig. 1 — Optical micrograph showing embrittlement by zinc at 800°C 
for 7 h. 

grain boundaries have become outlined, 
but the pattern of the original cuprous 
oxide within the grains is retained. This ef
fect was not observed in the specimens 
reacted with cadmium. 

The results of the SEM examinations are 
shown in Figs. 2 and 3 for zinc and in Fig. 
4 for cadmium. Figure 2 is a general view 
of the copper-zinc reaction zone. It shows 
the zinc (right-hand side), a two-phase 
copper-zinc alloy, a copper-zinc solid so
lution, and finally the copper containing a 
few open grain boundaries. The overall 
picture indicates that the zinc diffused 
over a planar front as well as along the 
grain boundaries. 

Figure 3A shows one of the open grain 
boundaries and to its left, a boundary that 

has apparently not completely opened 
over its length. Figure 3B shows a portion 
of the smaller grain boundary at higher 
magnification, indicating that, in fact, the 
boundary has completely opened, but 
that there are narrow and wide portions. 
The significance of this topography is 
considered in the discussion section. 

An EDX line scan across the copper 
shows in Fig. 3C a qualitative jump in the 
zinc concentration of the open grain 
boundary. Figure 3D is an SEM micrograph 
of still higher magnification, in the same 
area, together with a point analysis as in
dicated by the intersecting white lines. 
The zinc content at that point was 19% by 
weight. Note also the presence of small 
white specks sprinkled along the bound-

Fig. 2-SEM 
micrograph of the 
overall copper zinc 
reaction zone. 

ary in this area. 
Another area in the same specimen is 

shown in Figs. 3E and 3F. In Fig. 3E the grain 
boundary is not continuously opened, as 
can be seen from the higher-magnification 
micrograph in Fig. 3F. The line scan in Fig. 
3F indicates that the zinc concentration 
increases in this type of open grain bound
ary, as well as in the intact ones. 

The SEM micrographs of cadmium re
acted with ETP copper are shown in Fig. 4. 
In Figs. 4A and 4B a grain boundary is seen 
that resembles that in Fig. 3E; namely, a 
discontinuous series of voids around the 
former grain boundary. The line scan, Fig. 
4C, shows the presence of cadmium in the 
grain boundary. 

The effects of reacting ETP copper with 

Fig. 3 - SEM micrographs showing embrittlement by zinc at 800°C for 1 h in an argon atmosphere (lightly etched with NH4OH + H202J; 
A-A large open grain boundary (right) and a grain boundary with a necklace pattern of voids; B - The necklace pattern of A; C- line 
scan for zinc in the large open grain boundary; D -point analysis in the large open grain boundary; f - another area showing the necklace 
morphology; F — line scan for zinc in the grain boundary of E. 
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Fig. 4 —SEM micrographs showing embrittlement by cadmium at 800°C for 1 h in an argon atmosphere (lightly etched with 
NH4OH + H2O2); A —Necklace pattern of voids in the grain boundaries; B and C — another area on the same specimen at higher mag
nification and line scan, showing cadmium in the grain boundary. 

a brazing alloy not containing zinc or cad
mium is illustrated in the photomicrograph 
of Fig. 5. Because the copper has been in 
contact with the brazing alloy for 30 min 
at 830°C (1526°F), it has been eroded by 
the brazing alloy, but no grain boundary 
attack is discernible. 

Discussion 

Other investigations (Refs. 1-3) have 
confirmed that ETP copper can be em
brittled by brazing alloys containing zinc 
or cadmium. The present investigation has 
shown quite clearly that these elements 
will react with the copper at high temper
atures, at which the copper is still solid, but 
the zinc or the cadmium is liquid. 

Although the result is the same, there 
are differences in the way these elements 
interact with copper. In both cases, how
ever, the fundamental mechanism in
volves the reduction of Cu 2 0 by zinc or 
cadmium, analogous to the mechanism 
for hydrogen embrittlement. The Elling-
ham diagram, Fig. 6, indicates that the re
duction of cuprous oxide by zinc and 
cadmium is thermodynamically possible. 
The graph also shows that phosphorus 
will act in the same way, and therefore 

explains the embrittlement caused by 
brazing with phosphorus-copper alloys. 

A logical sequence of events of the 
embrittlement phenomenon is as follows: 

1) Liquid zinc or cadmium diffuses along 
the grain boundaries to a small depth. 

2) The Cu 2 0 in the grains is decom
posed, the driving force being the poten
tial for forming the thermodynamically 
more stable ZnO or CdO. This occurs by 
dissolution of the oxygen atom and its ad
vance toward the zinc at the grain bound
ary, eventually reacting with it: 

Cu20 -* 2 Cu + [O] 
[O] + Zn — ZnO 

Cu20 + Zn — Cu + ZnO 

In hydrogen embrittlement, it is gener
ally agreed that the high-pressure steam 
created by the reaction opens up the 
boundaries. It is not clear at this point that 
the ZnO molecule is sufficiently large to 
have caused any of the boundaries to 
open up. Nevertheless, once there is 
some expansion at the grain boundary, 
more molten zinc enters freely, and the 
diffusion process continues as at the start 
of the process. The longer the copper is 
allowed to react with the zinc, the deeper 

will be the grain boundary attack. 
The presence of ZnO or CdO in the 

grain boundaries could not be confirmed 
by EDX, as the method is not capable of 
detecting oxygen. The white specks ob
served in the grain boundary of Fig. 3B 
could be ZnO. However, further investi
gation by other instrumentation, such as 
Auger spectrography, is required in order 
to establish the location of ZnO. 

The thermodynamic driving force for 
embrittlement by cadmium is smaller than 
that for zinc, as is seen from the Ellingham 
diagram. The SEM micrographs show a 
similar grain boundary attack. However, 
one effect, clearly seen in the optical mi
crograph of the attack by zinc, was not 
found in the copper attacked by cad
mium: with zinc the pattern of the original 
copper oxides is retained, while with cad
mium it is not. The explanation is as 
follows: in Fig. 2 we see that the zinc has 
continued to diffuse over a planar front 
after it has diffused along the grain bound
aries. The forward part shows a copper-
zinc solid solution, which according to the 
phase diagram can contain up to about 
35% zinc (the yellow brass color is evident 
in the optical microscope). Presumably, 
some of the Cu 2 0 at the center of the 
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Fig. 5-ETP copper brazed with L-Ag72 (72Ag-28Cu eutectic alloy) at 
830°C for 30 min (optical microscopy). The copper (left) is eroded by the 
brazing alloy but grain boundary embrittlement does not occur. 
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Fig. 6 — Ellingham diagram for reduction of cuprous oxide by hydrogen 
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grains has not decomposed under the in
fluence of grain boundary Zn, before 
some of the zinc in solid solution has 
reacted with it in its place, leaving evi
dence of the original strung-out pattern. In 
the case of cadmium, which has a very 
low solubility in copper, the bulk diffusion 
is much lower than that of zinc, resulting 
in the reduction of Cu 2 0 taking place en
tirely at the grain boundary. 

Finally, confirmation that the mecha
nism of embrittlement by silver brazing al
loys involves zinc and cadmium, is seen in 
Fig. 5. When only copper and silver were 
present in the brazing alloy, no embrittle
ment occurred (72Ag-28Cu eutectic alloy, 
830°C for 30 min). Despite the high tem
perature and the long time of exposure, 
which resulted in copper grain growth 
(left side of the micrograph), the cuprous 
oxides are still in their original positions. 
The optical micrograph provides some 
evidence of the formation of an interlayer 
of a copper-rich Ag-Cu composition, 
which is better characterized in SEM. Fig
ure 7A is an overall view of the brazed 
area, copper being on the left, eutectic 
Ag-Cu on the right, and in between, a 
copper-rich Ag-Cu interlayer formed dur
ing the process. A line scan for Ag of the 
interface is presented in Fig. 7B. The 
abrupt compositional changes result from 
the microstructure, which consists of cop
per-rich dendrites embedded in a eutectic 
matrix. The classic eutectic structure of the 
original brazing alloy, as it appears on the 
right side of Fig. 7A, shows up at a larger 
magnification in Fig. 7C. The interlayer mi
crostructure appearing adjacent to the 
copper is shown in Fig. 7D and is line-scan 
analyzed for both Ag and Cu in Fig. 7E, 
showing copper-rich dendrites embed
ded in a eutectic matrix. The same inter
layer, adjacent to the solder, is shown in 
Fig. 7F, its line-scan analysis for Cu, being 
shown in Fig. 7G. The detailed analysis of 
this brazed sample is evidence of the 
interdiffusion of silver and copper, result
ing in a definite zone of transition, similar 
to that obtained with zinc on copper. The 
difference is that the Ag atoms have a very 
low affinity for oxygen and therefore do 
not provide a thermodynamic sink, capa
ble of copper oxide decomposition. 

Conclusions 

1. The embrittlement of oxygen-bear
ing copper when being brazed with alloys 
containing zinc or cadmium is caused by 
the reduction of the cuprous oxides dur
ing high-temperature and longtime expo
sure to the brazing alloy. 

2. The mechanism of the embrittle
ment by Zn and Cd is analogous to that by 
hydrogen, but no hydrogen from any 
source, such as water or flux, is required 
for Zn or Cd embrittlement to occur. 

3. Copper brazed with alloys not con-
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taining elements capable of reducing cu
prous oxide do not cause embrittlement. 

4. By analogy, other elements capable 
of reducing cuprous oxide, such as phos
phorus, can cause embrittlement by the 
same mechanism. 

5. ETP copper brazed with L-Ag72 (eu
tectic alloy) does not yield grain boundary 
damage. 
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