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Abstract: The preferred internal oxidation of aluminum in Cu Al alloy was used to obtain imrsitu Al, O;/ Cu
composites . The reinforce ment particles were mainly ¥- Al, O; , some 6- Al, O; and a little a- Al, O; . Thermody-
namics analyses show that the che mical reactions are 3Cu, O + 2Al = 6Cu + Al, O; or 3CuO + 2Al =3Cu +

Al O; . A related equilibrium diagram was drawn. The experiments and investigation show that the formation

rate of Al, O; was controlled by the diffusion of oxygen in matrix .
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1 INTRODUCTION

Pure copper and its alloys have good electri-
cal and heat conductivity and poor mechanical
properties so that they cannot often meet the
needs of modern industry. In the condition of
keeping high conductivity , how to improve the
mechanical properties , especially hot strength
and thermostability , is one of the important
proble ms that many researchers are paying close

[1~5]

attention to Now the related research

mainly concentrates on second phase dispersive
strengthening[6 71

Oxide dispersive strengthening( ODS) uses
tiny oxide particles as reinforcers. The volume
fraction of the oxides is only a few percent . The
oxides used have good thermostability , which do
not dissolve even heating at a te mperature near
the metal matrix melting point. Therefore, the
dispersive oxides have good dispersive strength-
ening effect at an elevating te mperature[8 U 1n
this paper imrsitu Al, O;/ Cu composites are pre-
pared by means of internal oxidation in nitrogen
base atmosphere. The microstructure of the

composites is analyzed. The thermodynamics
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and kinetics on the internal oxidation of alu-
minum are discussed .

2  EXPERIMENTAL METHODS AND RE
SULTS

Cu Al alloy powder and oxidizer CuO and
Cu, O powder are heated at 900 C to take oxida-
tion and reduction reaction so that aluminum is
oxidized to get imrsitu Al,O;. The process flow
to fabricate the composites is as follows ,

atomization Cu- Al powder

+ blending —~
oxidizer CuO or Cu, O powder

internal oxidation — reduction —

press- moulding —sintering

Fig .1 is the transmission electron micro-
scope image of Al, O;/ Cu composites. From Fig .
1(a) it can be seen that Al, O; particles uniformly
distribute over the copper matrix . The shape of
Al, O; particles is spherical or elliptical[lz] . Their
size is usually 5 ~ 10 nm, the average distance
between the particles is about 30 nm. Fig.1(b)
is electron diffraction pattern corresponding to
Fig .1(a) . Indexed result of the diffraction spots
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is shown in Fig.1(c) . The analysis results show
that the particles in the Fig.1(a) are ¥ Al,O;,
their crystal structure is nearly face center cubic.
In Fig .1(b) , the regular spots represent copper
matrix and the round rings stand for the disper-
sive Al, Oy particles. The X ray diffraction pat-
tern of the extraction powder of the composites
by thick nitric acid is shown in Fig .2 . Investiga-
tion shows that the extraction powder mainly
consists of ¥ Al,O;, a little & Al,O; and &
Al,O; . The results support the results of the

electron diffraction above .

3 THERMODYNAMICS OF ALUMINUM
OXIDATION

Up to now using oxide powder as oxidizer is
the most common and the best method of inter
nal oxidation'*"7. Generally , after Cu Al alloy
and oxidizer powder are blended, the mixture is
sealed into a vacuum container. The oxidizer will
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reduce to get off active oxygen to oxidize alu-
minum into Al, O; at heating . Possible che mical

reactions are as follows! 37,

2Cu0~ Cu, 0+ (1/2) 0, (1)
CuO~Cu+(1/2)0, (2)
Cu,0~2Cu+(1/2) 0, (3)
4A1+30,~2A1,0 (4)
3Cu, 0 +2Al »6Cu + Al O, (5)
3CuO+2Al ~3Cu+ Al, O, (6)

According to che mical thermodyna mics , the
free energy change of che mical reaction is

AG = AGy + RTanp
where QP is the concentration product of
che mical reaction. When a chemical reaction
reaches to equilibrium A G=0, that is

A Gy =- RTln QP

From Eqn.(1) , we can get

A Gy =- (1/2) RTIn( poy/ pon)

Applicating of related thermodynamic data
and simplifying , above equation can be converted
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Fig.1 Structure of Al,O;/ Cu composites
(a) —TEM image of Al, O;/ Cu composites; (b) —Electron diffraction pattern; (c¢) — Diffraction index
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Fig.2 X ray diffraction pattern of extraction powder of composites

to:

@ for Eqn.(1) (CuO Cu,0) ,

lgpo, = - 15254 .9545/ T+16.5372

@ similarly , for Eqn.(2) ( CuO Cu) ,

lgpo, = -16435.148/ T+14.7245

® for Eqn.(3) (Cu, O Cu) ,

lgpo,=-17615.33/ T+16 91138

@for Eqn.(4) ( Al,O5 Al) ,

lgpo, = - 58353.4676/ T+15.9150
where the unit of oxygen partial pressure and
te mperature is Pa and K respectively .

Based on the four equations above an equi-
librium diagram is drawn as Fig .3, which shows
the equilibrium state at different condition. Ac-
cording to Fig.3, CuO or Cu,O will reduce to
give off active oxygen to oxidize aluminum pro-
vided the oxygen partial pressure is controlled in
some range at a certain te mperature . The higher
the heating te mperature , the higher the oxygen
partial pressure at which oxidizer can reduce to
oxidize aluminum. Eqns.(5) and (6) given
above are possible based on the thermodynamics .

4 KINETICS ON INTERNAL OXIDATION
OF ALUMINUM

4.1 Relation between thickness of Al, Q;/ Cu
layer and oxidation time

Fig.3 Equilibrium diagram of related
reaction direction

Because the diffusion coefficient of oxygen
in copper is far larger than that of aluminum,
the diffusion of Al atoms in copper can be ne-
glected at forming Al,O; . The concentration dis-
tribution of Al, Oin the matrix is shown in Fig .
4. The concentration of oxygen on the interface
between CuO( Cu, O) and Cu Al, Oy is C, . The
concentration of oxygen on the interface bet ween
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Cu- Al matrix and Cu Al,O; is C,. The concen-
tration difference AC= G, - C, is a constant at
a given temperature . According to Fick’ s first
law, the diffusion flow of oxygen

dm _ 5 G- Gy

ar = Do x (7)
where  x is the thickness of internal oxidation
layer, t is the time of internal oxidation, m is
the mass of oxygen in the Cu- Al,O; layer, d m is
an incre ment of m within d¢ time incre ment .

CuO, Cu,O
dx
Ca z

2

Concentration
@)

Cu-Al

Co

Distance

Fig .4 Model of oxygen diffusion

Because d m is directly proportional to the
increase in the thickness of the internal oxidation
layer dx , that is dx = Kd m( K is a constant) ,

dx = - KDOATCdt (8)
When Eqn.(8) is solved, we can obtain

xr= Kt (9)
where K’ is the parabolic rate coefficient, K’
=2 KDy( C,, - () .Fig.5 shows the influence
of internal oxidation conditions on the thickness
of internal oxidation layer. It is clear that there
is a parabolic rule between the time of internal
oxidation and the thickness of internal oxidation
layer. Therefore, the longer the time, the
thicker the internal oxidation layer.

4 .2 Effect of internal oxidation temperature
The parabolic rate coefficient K’ relate to

the concentration difference A C, the diffusion

coefficient of oxygen in Cu Al, O; layer and the

Fig.5b Effect of time on thickness of internal
oxidation layer

aluminum concentration C, at the interface be-
tween the Cu Al, O; layer and Cu Al matrix . Be-
cause the diffusion coefficient of oxygen in the
matrix is much greater than that of aluminum in
the matrix , the diffusion of aluminum in the ma-
trix can be ignored. Cy can be taken as a con-
stant that equals the aluminum concentration of
Cur Al alloy . The parabolic rate coefficient K is
mainly affected by C, and the temperature
which change obviously the concentration differ-
ence A C, oxygen diffusion coefficient D, . Be-
cause C,» Cy, so C,- G= C,, K =
2 KD, C,, .

For Cu Al, O; alloy syste mt'#] ,

Dy=0.017exp ( - 8052/ T)

C,=26exp (-15199/ 1)

Dy C, =0 .442exp( - 23251/ T) (10)
where C, is an oxygen concentration equili-
brated with CuO or Cu,O. D, is the diffusion
coefficient of oxygen in Cu Al alloy. So D, C,
value directly reflects the internal oxidation rate,
cm?/s . Take logarithm for Eqn.(10) ,there is

lg Dy C,;= -10098/ T- 0.335 (11)
Eqn.(11) shows that Ig Dy C,, has linear relation
with 1/ T. Elevating the te mperature is benefi-
cial to the diffusion of oxygen and forming
Al, Oy .
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4.3 Kinetics model of internal oxidation of
Cu Al alloy

According to experiments and discussion
above , internal oxidation is controlled by O atom
diffusion in copper matrix. Assume the Cu Al
powder is spherical , as shown in Fig.6 . The ra-
dius of the sphere is R, A; and A, is a part of
inside and outside sphere surface separately, x is
the thickness of internal oxidation layer, dx is
an increment of x. C, and C, are the oxygen
concentration on A; and A, respectively. The
concentration of aluminum in Cu Al alloy is Cy,
Dy is the diffusion coefficient of oxygen in Cu Al
alloy. The oxygen entered into volume unit
( Aydx) through diffusion is

G- C

- m CmD
S 2, AldtzT"Aldt (12)

In the volume unit the mass of aluminum is
Ca Aydx, which needs oxygen of 1 .5 Cy A,dx
to obtain aluminum oxide. Thus
Cm DO
x Aldt= 1.5 CAlAzdx (13)
The radius of A, sphere is R, that of A,is R-
x . Solving Eqn .(12) following result can be ob-
tained
8C,D
=
Ca
When internal oxidation is finished and x = R
8 Cm DO
R* = —2—1¢ 15
e, (15)

Substitute C,, Dyand C, with the experimen-

(14)

tal data , a relationship among the radius R,
time t and te mperature T is obtained as follows ,
t = 0.003959 RzeXp(23 239/ T) (16)
Eqn.(16) is the result of an ideal spherical

Fig.6 Kinetic model of internal oxidation

diffusion. In this case Cu- Al particles would be
surrounded by the oxidizer powder, as shown in
Fig .7 . But it is not the case because the oxidizer
powder is not small and much enough to sur
round Cu- Al particles . In fact, O atoms that ox-
idizer get off cannot be wholly absorbed by Al.
Therefore , Eqn.(14) can be written as follows
) aC, D,
x° = 7CA[ t (17)
where a is a factor that is less than 8 . When the
internal oxidation goes to the end, the diffusion
distance is R, thus

g2 = Do, 18
- CA[ ( )

Oxidizer

Cu-Al particle

{a) (b) (c)

Fig.7 Cu Al particle surrounding by
oxidizer powder

Substitute C,, Dyand Cy with the experi-
mental data, a relationship among the radius R,
time t and temperature T is obtained as follow-
ing equation,

t, = bRexp(23251/T) (19)
where b is a constant. For Cu-0.6 % Al( mass
fraction, %) alloy, Cu =0.013 998, assuming
R=-0.0123cm( - 60 mesh) . According to E-
qns .(16) , and (19) (taking b=0.06) , the re-
lation curves bet ween internal oxidation te mpera-
ture and needed time can be drawn as shown in
Fig .8 . Comparing these curves it is clear that
sphere diffusion needs shorter time or lower te m-
perature . The electrical resistance is measured
after different oxidation time . The property will
be near steady after a period of time, which
shows that the internal oxidation process has
been close to complete . The experi mental result
is also marked in the Fig.8 . The predicting re-
sult has same tendency as the experimental
result .
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Fig.8 Relationship between te mperature and
time at certain oxidation layer depth

5 CONCLUSIONS

(1) The reinforce ment particles that inter
nal oxidation obtains mainly ¥- Al,0;, a little ¢
Al, Oy and a- Al, O; . The Al, O; particles uniform-
ly distribute in the copper matrix . The shape of
Al, O particles is spherical or elliptical . The size
of themis 5 ~10nm, the average distance of the
particles is about 30 nm .

(2) CuO or Cu, O will reduce to give off ac-
tive oxygen to oxidize aluminum provided the
oxygen partial pressure is lower than their de-
composition pressure. Using CuO as oxidizer,
the che mical reaction is 3CuO + 2Al = 3Cu +
Al, Oy . If Cu, O is used as oxidizer the che mical
reaction is 3Cu, O+ 2Al = 6Cu + Al,O; . Accord
ing to thermodynamics, CuO is an ideal oxidiz-
er.

(3) The formation rate of Al,O; is con-
trolled by the diffusion of oxygen in Cu Al, O,
layer. There is a parabolic relation between the
thickness of the internal oxidation layer and in-
ternal oxidation time . Elevating the te mperature
and prolonging the time of internal oxidation are
helpful to oxygen diffusion and the formation of
Al, O; . The theoretical predicting values with
the mechanism coincide well with the experi-
mental results .
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