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Abstract—Regularitics and mechanisms of the creep of submicrocrystalline copper and Cu-1.1 vol % Al,O3
dispersion-hardened powder composite in a temperature range of (0.2-0.35)7;, -, have been investigated. The
role that the grain-boundary state and dispersion-hardening material with Al,O5 nanosized (1040 nm) particles
plays in the development of plastic deformation during creep is analyzed.
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INTRODUCTION

Many studies [1, 2] show that the submicrocrystal-
line (SMC) structure of metallic materials, which was
formed by methods of intensive plastic deformation
(IPD), is, in addition to their small grain sizes, charac-
terized by the nonequilibrium state of their boundary
(GB). These grains have a heightened energy and
excess volume in comparison with the crystallographic
necessary one under given conditions and form long-
range fields of elastic stresses and distortions of the lat-
tice in the boundary region. It is known [1, 3, 4] that the
heightened diffusion permeability, the reduced migra-
tion resistance, and the reduced shearing resistance are
inherent in nonequilibrium GBs and not to equilibrium
ones. Therefore, the nonequilibrium state of GBs can
still negatively affect the development of plastic defor-
mation in SMC polycrystals, which have a great exten-
sion of grain boundaries, in the course of the creep even
at low homologous temperatures.

One effective way to enhance the migration resis-
tance of GBs and the creeping resistance over them is
dispersion hardening [5]. This suggests that the disper-
sion-hardened SMC-metals with nonequilibrium GBs
can have a stable structure and a high level of mechan-
ical properties under the conditions of the creep.

Therefore, it is of interest is to study the effect of the
dispersion hardening with nanosized (1040 nm) particles

of the second phase upon the regularities and mechanisms
of the creep of SMC-metals obtained by IPD methods.

MATERIALS
AND INVESTIGATION TECHNIQUES

As objects to investigate, we use copper (99.97%)
and the dispersion-hardened composite material (CM)
of Cu-1.1 vol % Al,O, composition, which is produced
by the consolidation and internal oxidation of Glide
Cop Al-25 (US) powders [6]. The SMC-structure in
copper and the composite was obtained by torsion
(5 rotations) under pressure (5 GPa). Electron-micro-
scopic studies of fine foils showed [7, 8] that, as a result
of the mentioned treatment, in copper and the CM, a
SMC-structure is formed whose averaged size of the
elements of the grain—subgrain structure is ~0.25 pm.
In the SMC-composite, particles of Al,O; 10—40 nm in
size are uniformly distributed throughout the volume
and are contained both on boundaries and within
grains. Also, single coarser (50-100 nm) particles of
Al,O5 are observed, which is inevitable with powder
method for obtaining dispersion-hardened CMs. The
SMC-structure of copper is stable up to a temperature
of 473 K; one of the copper matrixes of the composite
is stable to 673 K. In the course of pre-recrystallization
annealings in them, return processes develop inten-
sively, which is evidenced by the variation of the spe-
cific resistivity [1]. Annealings in a range of 7' = 293—
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Fig. 1. Curve of the creep of submicrocrystalline (/) copper and (2) Cu-1.1 vol % Al,O5 composite at T =423 K and (a) 6 = 150

and (b) 285 MPa.

1073 K do not vary the sizes of hardening particles of
Al,O; or their distribution on the volume of the CM.

Creep tests in a temperature range of (0.2-0.35)T,, ¢,
were performed in vacuum (1072 Pa) with a PV-3012M
testing machine. The samples were cut out by the electro-
spark method to obtain the shape of a double shovel.
Before the test, the ~50-um-thick layer was removed from
the sample surface by mechanical grinding and electro-
lytic postpolishing. The relative deformation was mea-
sured using a KM-6 optical cathetometer with an accuracy
of no worse than 0.1%. The deformation relief of the sam-
ple surface after creep was studied with the use of a Philips
SEM 515 scanning electron microscope.

The value of the apparent activation energy (Q,) of
creep was determined by the method of the temperature
jump (AT = 10 K) in the course of tests, and its value
was computed by the formula [9]

0. = RIn(&,/¢)/(1/T, - 1/T,), (1)

where ¢, and €, are rates of the stable creep before and

after the temperature change, respectively; R is the gas
constant; and 7, and 7, are absolute temperatures.

RESULTS AND DISCUSSION

Figure 1a shows a typical curve of the creep for sub-
microcristalline copper and a Cu-1.1 vol % Al,O; com-
posite at T =423 K and the stress ¢ = 150 MPa (0.46,,
of SMC-copper). On the graph corresponding to SMC-
copper, three stages of creep are observed: transitional,
stationary, and accelerated. For the SMC-composite
under the mentioned conditions of the test, the creep is
not stated by the used method of the measurement of its
rate. With the increase of the applied stress to 285 MPa
(0.40, of the SMC-CM), only the accelerated stage of
creep is on the curve for SMC-copper (see Fig. 1b); for
the composite, all three are characteristic: transitional,
stationary, and accelerated. From Fig. 1b it is evident
that, at 7= 423 K and ¢ = 285 MPa, the time and defor-

mation before the destruction of the SMC-CM are a
factor of ~90 and 2, respectively, more than for
SMC-copper.

Preliminary pre-recrystallization annealings lead to

an increase in the rate of the steady-state creep (€) for
submicrocristalline copper and composite; however, it
appears differently for them. For example, after prelim-
inary annealing at 7 =423 K for T =1 h, the value of ¢
for SMC-copper at 7 = 423 K and ¢ = 150 MPa
increases from 1.4 x 1010 6.3 x 107 s7!; for the SMC-
composite at the same temperature and ¢ = 285 MPa, it
increases from 4.3 x 107 to 8.3 x 1077 7',

The results of experimental investigations for deter-
mining the stress dependence of the rate of the steady-
state creep of SMC-copper in double logarithmical
coordinates log ¢ —logo are presented in Fig. 2, where,
for comparison, we give similar dependences computed
by Koble models [10], grain-boundary creeping (GBC)
[11], and dislocation creep [12]. From data of Fig. 2, it
follows that the experimental ¢ dependence of the
value € for SMC-copper is described by a power law
with the factor n ~ 6.5 of the stress sensitivity; this is
close to the value n ~ 7, which is characteristic for
coarse-grained copper under the conditions at which
the creep is achieved through the dislocation motion
and controlled through diffusion along dislocation
tubes [12]. However, the rates of the steady-state creep
of SMC-copper, which are observed by the experimen-
tal method, are higher than values predicted by the
Koble theory of dislocation creep and GBC.

The parameter that indicates the deformation mecha-

nism and determines the value ¢ is the activation energy
of creep. Further, we give the values of the apparent acti-
vation energy of creep (Q. and Q) and the activation
energies of volume diffusion (Q,) and diffusion along
dislocation tubes (Q,) and on grain boundaries (Q;, and

;) for coarse-grained (CG), nanocristalline (NC), and
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Fig. 2. (1-3) Theoretical and (4, 5) experimental stress
dependences of steady-state creep for (/—4, T=398 K) sub-
microcrystalline copper and (5, T = 423 K) Cu-1.1 vol %
Al,O4 composite.

submicrocristalline (SMC) copper at T = 373-423 K,
which are expressed in kJ/mol:

0¥ (SMC) [exp. data] 71-75
0. (CG) [10-12] 117-186
0,(CG) [10] 196
0, (CG) [10] 117
Q, (CG) [10] 104
Q; (NC)[14] 61.8

It is evident that the measured values of Q* are a fac-
tor of 1.5-2.5 less than Q., which is evidence of the change
of either the main mechanism of deformation on creep or
the diffusion process governing them during the transfer
from the coarse-grained structure to the SMC-one.

In the considered temperature interval, copper
deformation in the CG-state on creep happens due to
the dislocation motion and is governed, according to
different data [9, 12—14], by the volume diffusion or
diffusion along dislocation tubes. In this case, the value
Q. is close to the activation energy, either that of the
volume self-diffusion (Q,,) of copper or the diffusion
(Q,p along dislocation tubes, respectively. The compar-

ison of measured values of Q* with known Q. and Q,

and, consequently, a decrease in @ can be related only

to the change in the diffusion mechanism governing the
dislocation motion from the volume diffusion to the dif-
fusion along dislocation tubes.

It is known [15] that, in materials in the nonequilib-
rium state (submicrocristalline obtained by IPD methods
fall into this category), the dislocation motion is difficult;
therefore, the largest contribution to total deformation
should be the mesoscopic mechanisms of the plastic

flow: the grain-boundary creeping and the development
of localized deformation bands, along the boundary of
which the cooperative GBC is possible. As is known,
GBC is governed by diffusion along grain boundaries,
the activation energy (Q,) of which for coarse-grained
polycrystals is less than the corresponding values for the
diffusion along dislocation tubes (Q,) by a factor of
1.2-1.3. For copper in the SMC-state, the difference

between values Qf and Q, is evidently higher than for

coarse-grain one. For example, the value QjF of
NC-copper is approximately half Q, [16]. Because of

this, an increase in the contribution of the GBC in the
total deformation of SMC-copper on creep should lead

to a decrease in @ up to a value close to the value of
the activation energy for grain-boundary diffusion,
which is supported by foregoing data: Q* ~ Q; (71-75
and 61.8 kJ/mol). This gives grounds to suppose that the
GBC make a significant contribution to the total defor-

mation of SMC-copper on the creep in the temperature
range of (0.2-0.35)T,, c,-

The possibility of a noticeable contribution of GBC
in the total deformation of NC- and SMC-materials at
low homologous temperatures (T < 0.37,) was shown
theoretically by authors [17]. The development of the
GBS in the course of deformation at the room temper-
ature of SMC-copper obtained by the IPD was estab-
lished experimentally in paper [18], where the contri-
bution of GBC was ~20%.

Figure 3a presented the typical view of the deforma-
tion relief of the surface of SMC-copper after creep at the
steady-state stage at T = 423 K. You can see clearly the
formation of regions of localized deformation bands with
steps (shown by arrows) on the boundaries indicating the
development of the cooperative GBS. After pre-recrystal-
lization annealings that lead to a decrease in degree of
nonequilibrium of grain boundaries, and the evolution of
the deformation tensor of the surface of the SMC-coper is
qualitatively retained; however, the density and degree of
relief of the bands of localized deformation decrease.
After recrystallization of the SMC-structure, the forma-
tion of deformation bands in the course of creep at the
copper surface is not observed (see Fig. 3b) and the value
of the apparent activation energy of creep increases to
102 kJ/mol.

In conditions of the inhibitory effect of particles of
the hardening phase on the developme Al,O4
SMC-composite, localized deformation bands on the
sample surface also don’t appear (see fig. 3c). In this

case, the value of Q¥ is 127 kJ/mol, which is a factor
of ~1.7 larger than for SMC-copper (71 kJ/mol).

The stress dependence of steady-state creep for the
Cu-1.1vol % Al,O, SMC-composite, like for
SMC-copper, is described by the power law of creep;

however, its sensitivity factor of n ~ 30 is higher by a
factor of 4.5 than for SMC-copper. To explain the
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Fig. 4. Comparison of models of the creep of dispersion-
hardened CMs with the experimental stress dependence of
the rate of steady-state creep of the Cu—1.1 vol % Al,O4
SMC-composite. (/) computation by Eq. (2) at &, = 0.75;
(2) computation by Eq. (3) at k;, = 0.95; (3) experiment at
T=423 K.

values of factor n in both cases are similar: ~35 and
~30, respectively.

CONCLUSIONS

It was established that the largest peculiarity of the
deformation mechanism of submicrocrystalline copper
with nonequilibrium boundaries of grains at the steady-
state stage of creep in the temperature interval (0.2—
0.35)T,, c,—unlike with the deformation of copper with
equilibrium boundaries—is the development of grain-
boundary creeping and bands of localized deformation.
The presence of hardening nanosized oxide particles at
nonequilibrium boundaries of grains in the course of
creep prevents not only the development of GBC, but
also the localization of plastic deformation in the dis-
persion-hardened SMC-copper. This leads to an
increase in the resistance to creep and deformation
before disruption. In conditions of the inhibitory effect
of nanosized oxide particles on the development of the
GBC, the most likely mechanism of the deformation of
dispersion-hardened SMC-copper with nonequilibrium
boundaries of grains in the temperature interval (0.2—
0.35)T,, ¢, 1s dislocation creep governed by diffusion
along dislocation tubes. At the same time, the mecha-
nism that determines the stress dependence of the rate
of steady-state creep is local creeping and the conse-
quent thermally active separation of dislocations from
hardening particles.
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