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Embrittlement of Copper Wire Due to Oxygen

Krhkost bakra zaradi kisika

L. Kosec, V. Gontarev, B. Kosec, FNT, Odsek za metalurgijo in materiale, Ljubljana

N. Miakar, Kolektor, Idrija

An example of the reversible oxygen embrittlement of copper is described in the paper.
This phenomenon is combined with the drastic reduction of ductility and workability. It
appeared at the low temperature annealing (500°C) of copper in the nitrogen
atmosphere with a low oxygen concentration (5 ... 6 ppm), when diffusion of oxygen in
copper took place preferentially on grain boundaries. During the cooling to the
surroundings temperature oxygen precipitated from the saturated solution in the form of
copper oxide (Cu,0) on the grain boundaries, thus the conditions for the intergranular

dimple fracture have been created.

Key words: oxygen, grain boundary diffusion, supersaturation, precipitation,
intergranular dimple rupture, reversible embrittiement due to oxygen.

V prispevku je opisan primer reverzibilne krhkosti bakra zaradi kisika. Pojav je povezan
Z drasticnim zmanjsanjem duktilnosti in preoblikovalne sposobnosti bakra. Nastal je pri
nizkotemperaturnem (500°C) Zarenju bakra v dusiku z majhno koncentracijo kisika

(5 ... 6 ppm), med katerimi je prislo do prednostne difuzije kisika po kristalnih mejah
bakra. Med ohlajanjem na temperaturo okolice je kisik iz nasi¢ene raztopine precipitiral
v obliki bakrovega oksida (Cu,0) na kristalnih mejah in ustvaril pogoje za interkristalni

prelom z jamicami.

Kljucne besede: kisik, difuzija po kristalnih mejah, prenasicenje, izlo¢anje,
intergranularni jamicasti lom, krhkost zaradi kisika.

1. Introduction

Copper and some its allays represent of high ductile and well
cold workable materials. These properties can be usually ob-
tained by annealing in the protective atmosphere. But there exist
frequent exceptions. They are numerous since many products
are made by advanced technology of the bulk shaping instead of
machining. Limited ductility in the bulk shaping allowed only &
certain amount of plastic deformation. Further plastic deforma-
tion initated cracking tll final fracture of matenial (Fig.1).

These problems are often caused by oxygen which concen-
tration could be detected by the metallographic analyse of oxide
inclusions or chemical™*'. The copper oxide inclusions well fol-
low the deformation of metal if extreme degrees are not exceed-
ed.

Oxygen in the solid solution which simultaneously hardens
copper and reduces its ductility is harmful. In some cases the
chemically measured differences in the oxygen concentration
between ductile and brittle copper are very small, even within the
measuring error. In such cases oxygen is expected to be concen-
trated on certain sites in the microstructure, for instance on the
grain boundaries, but it could be detected only by an analitical in
situ method.

Before rolling. the copper wire of 12.8 mm in diameter have
been annealed for | hour at S(0FC in the nitrogen atmosphere
with 5 . 6 ppm of oxygen. During the annealing proces the av-
erage concentration of oxyvgen in the copper increased from ap-
proximately 0.001% 1o approximately 0.002%.

Already after first or second pass through the grooved roll
(round - square} the surface cracked. It was an obviously sign
that further rolling was not possible any more. The cracks were
approximately in the radial direction with characteristic changes
of directions on the short sections. In single areas the surface
damages were so intensive that even some small metalic parti-
cles split off. The wire with the limited ductility had the same
strength and the yield stress as that which was be shaped into the
demanding sections. The reduced ducnlity was explained by
fracture surfaces and by the careful analysis of the microstruc-
ture. The contraction of the copper wire before annealing was ap-
proximately 90%, and it was reduced to less than 30% after the
annealing process. Essential difference between the two wires
was in the form of fracture. Not annealed copper wire exhibited
ductile transgranular dimpled fracture with characteristic deep
unidirected dimples (Fig. 6). On the fracture surface of the test
bar broken in the air, the adsorbed carbon and oxygen have been
measured (Fig. 9). After anncaling the ductility was rapidly re-
duced while the fracture was completely mtercrystalline.
Intergranular fracture surface consisted of many fine and shal-
low dimples with inclusions of copper oxyde (Fig. 2-3).

High oxygen concentration on that fracture surface was
proved by the AES analysis. Oxygen was distributed obviously
deeper under the fracture surface when compared with the no-
tannealed copper (Fig. 10)

The oxygen concentration on the surface corresponded to the
composition Cu,0O and was rapidly reduced away from the grain
boundaries. The initiation of cracks in the annealed copper is
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Figure 1: Cracks on copper wire surface alter cold rolling (hiest step Figure 3: Intergranuliar dimple rupture in copper wire resulting fros
of reduction); 100x microvoids coalescence at gramn boundaries (7 = 25% 12 200y
Slika 1: PoveSing bakrene zice 2 razpokami po prvi redukeip Shika 3: Intergranulama jmmcasta povrsim preloma
qm valjanju: 100y bakrene Zice (Z. = 25% ), 20y

b 02

Figure 2: Inergranular dimple rupture in copper wire resulting from Figure 4: Detail of intergranular rupture surface with copper oxy de
microvoids coalescence at grain boundanes; 100x inclusions in dimples (fig.3): 6000x
Slika 2: Intergranulama jammicasta poveSina preloma Slika 4: Detaly intergranularne prelomne povrsine 2 vkluch Cu. 0
valjane bakrene zice; 100y v jamicah (sL3) 6000



L. Kosee, V. Gontarey, B. Kosee, N, Mlakar: Embrittlement of Copper Wire Due to Oxygen

Figure 5: Smull cracks on gram boundines and copper
onyde precipatates: 200x

Shika 5: Krutke razpoke na Keistalnih mejah s precipitati
bakrovega oksida; 200x

Figure 6: ¢ opper oxyde precipitates on gram boundary: 6000

Shika 6: Precipitan bakrovega oksida na knsialnn meji: 6000x

connected with the inclusions of copper oxide on the grain
boundaries (Fig, 3.5). As reference. also the surface of copper
wire which has been covered with thin laver of cormrosive prod
uets during storing has been analysed. The composition wis not
the same on the whole surface. On one section of the surface the
chemical composition of the corrosive products corresponded 1o
the CoO copper oxide (Fig. 13). The layer is thin and it adheres
1o the unchanged metal at a high oxygen concentration gradient.
In the other surface area. there was found a layer with high car-
bon concentration and it was thicker than that rich n oxygen
(Fig. 14). The oxygen embrittlement of copper exhibited re
versibility. Annealing in the vacuum  (5.10%mbar, 850°C. 10
hours) essemttaly increased (Z = 75% ) the copper ductility. The
fracture surtace of that annealed copper was predominantly
transgranular dimpled ductile fractured with & very small amoum
of residual intergranular dimpled fracture (Fig. 8). The chosen
anncaling conditions in the vacuum were obviously not so

S LL. 2 Y g

Figure 7: Ductile fracture of copper wire (7= 9046y 1000y
Stika 7: Duktdng prelom bakrene Zice (7 = 0% 1 1000y

Figure 8: Fracture surface of copper wire after vacuum annealing
(Z = N¥EE ) 200x

Slika 8: Prelomng poveing 2ice po Zarenju v vakuumuy
(7 = 75% ) 200x

favourable enough to remove all the oxygen accumulated i the
copper dunng the annealing in the nitrogen atmosphere, The not
uniform removal of oxygen was proved also by the AES analy-
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Figure 9: Copper. oxygen and carbon concentration distribution on
fracture surfaces of high ductility copper (Z = 904
Slika 9: Profil koncentraci) bakra, kisika in ogljika na prelomu bakra
2 veliko duktilnostjo (2 = 90¢% )
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Figure 10: Copper and oxygen concentration distribution on fracture
surface of copper after anncaling in nitrogen (5 ... 6 ppm O2)
Slika 10: Profil koncentracij Kisika in bakra na prelomu bakra
z maghno duktilnostjo po Zarjenju v vakuumu (5 ... 6 ppm O2)

i temperaturi S0°C

sis of oxygen and ol other elements on the tracture surtace. The
effect of the oxygen removal by the annealing in vacuum has
been estimated by the comparison of the oxygen concentration
on the fracture of the vacuum annealed copper wire and those
when the fracture surface of the brittle copper was annealed in
vacuum (Fig. 12,13). During the vacuum annealing much more
oxygen has been removed from the fracture surface than from the
bulk wire sample.

2. The Mechanism of the Copper Embrittlement

ALSOOC, the grain boundary diffusion in the copper is pref-
crential to the diffusion inside grains'™.

The solubility of oxygen in copper is about 10 ppm' at
500°C. At the annealing temperature of S0'C the grain bound-
ary diffusion rate of oxygen is higher for few orders of magni-
tude 1o the bulk diffusion rate inside grains, Thus mainly grain
boundaries become enriched with oxygen. After completed an-
nealing the temperature of copper droped to the surroundings
temperature, Major amount of oxygen was precipitated in form
of the copper oxide Cu,0 on the grain boundaries. The precipi-
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Figure 11: Copper, oxygen and other elements concentrution
distribution on fracture surface of copper after vacuum annedling
(fracture after anncaling )

Slika 11: Profil koncentracij bakra, Kisika in drugih elementoy i
prelomu bakra z maghno duktilnostjo po Zarjenju v vakuumu
(prelomljeno po zarjenju v vakuumu)
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dgure 12: Cooper. oxygen and other elements distribution on fracture
surface after vacuum anncaling (fracture betore annecaling)
Stika 12: Profil koncentraciy bakra, Kisika in drugih elementoy na
prelomu bakra z majhno duktilnostjo po Zargenju v vakuumu:
(prelombjeno pred Zarenjem v vakuumu)

tation from solid solution is characterized by the formation of
many fine particles distributed on the grain boundaries. At suit-
able stresses or deformation, pores appear on the boundary be
tween the precipitates of the copper oxide and the metal matrix
along the grain boundaries. Since precipitates are numerous the
dimples are small and shallow, The oxygen embrittlement is a re-
versible phenomenon if oxygen enriched copper is annealed un-
der the condinons which enables the oxygen removal below the
solubility limit at the surroundings temperature.

3. Conclusions

In anncaling copper in the atmosphere with a very low par-
tial pressure of oxygen at a temperature favourable for the grain
boundary diffusion, higher oxygen concentrations has been de-
tected only on grain boundaries. During the cooling to the sur-
roundings temperature oxygen precipitated from the metal in the
form of the copper oxide (Cu,0). Such & formation of the copper
oxide favours the formaiion of a great number of fine precipi-
tates. On the boundary between the precipitates and the metal
matrix pores appear at a suitable high deformation. and they
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Figure 13: Copper and oxygen distribution on wire surface before
annealing in nitrogen
Slika 13: Profil koncentracij Kisiki in bakra ns povesini bakrene zice
pred Zanenjem v dudiky
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Figure 14: Oxygen. copper and other elements concentration
distribution on wire surface before annealing in nitrogen
Slika 14: Profil Koncentract) kisiku, bakrs in dragih clementov na
povrsini bakrene 2ice pred Zarjenjem v dudiku

propagate into o intergranular fracture with the small micro-
scopic and macroscopic degree of deformation. The phenome-
non of the oxygen embrittlement of copper is reversible, If the
oxygen is removed from the metal below the solubility limit at

-
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Figure 15: Mechanism sequences of copper wire embrittlement
Slika 15: Mchanizem krhkosti bakrene Zice

the surroundings temperature, there exist conditions for the for-
mation of the intergranular dimpled fracture. In the analyzed
case the oxygen was found to be distributed uncvenly in the met-
al and predominantly on the grain boundaries. Thus it is essen-
tial the reduced oxygen concentration on the grain houndaries
and not the average oxygen concentration in the bulk metal,
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