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Abstract Effects of Si addition on mechanical properties
of severely deformed copper by accumulative roll-bonding
(ARB) have been investigated. Tensile tests and strain-rate
jump tests have been carried out at room temperature. For
annealed coarse-grained polycrystals, the difference in
yield stress g, between pure copper and a Cu—1.64at.%Si
alloy was only about 15 MPa while the difference became
170 MPa after the ARB process by six cycles. The strain-
rate sensitivity m of pure copper increased with increasing
the number N of the ARB cycles for N > 5. However, the
increase in m becomes less significant for Cu-Si alloys.
These findings have been discussed in terms of thermally
activated dislocation processes.

Introduction

Ultrafine grains (UFGs) in the range of 100 nm—1 pum are
often formed by severe plastic deformation (SPD) [1, 2].
Enhanced mechanical properties and higher strain-rate
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dependence of flow stress ¢ for UFG FCC metals com-
pared with those for coarse-grained (CG) counterparts have
been the subjects of extensive studies [3—11]. However,
little is known about the effects of solute atoms on
mechanical properties prepared by SPD. In particular, the
effects of solute addition on the strain-rate dependence of
the flow stress ¢ have not been studied in detail for UFG
materials. The purpose of this article is to investigate the
effects of Si addition on mechanical properties of severely
deformed copper by the accumulative roll-bonding (ARB)
[12, 13].

Experimental procedure

Copper and Cu-Si solid-solution alloys, i.e., pure copper of
99.99% purity (4NCu), a Cu-0.41at.%Si alloy (Cu0.4Si1)
and a Cu-1.64at.%Si alloy (Cul.6Si) were chosen for
experiments. Annealed and CG polycrystalline sheets were
used as primary materials. The ARB processes giving an
equivalent strain of 0.8 per one cycle [13] were performed
at room temperature (RT). The numbers N of the ARB
cycles were up to N = 8 (4NCu), N = 10 (Cu0.4Si), and
N = 6 (Cul.6Si). Because of the initiation of large cracks
at the edges of specimens, it was impossible to continue
ARB processes after the above cycles. Tensile specimens
with 10-mm gauge length, 3-mm gauge width, and 1-mm
gauge thickness were cut from the ARB processed speci-
mens with an electro discharge machine. For comparison,
specimens cut from the annealed CG polycrystalline sheets
before ARB were also prepared. Tensile tests were carried
out at RT with an Instron-type testing machine at a base
strain rate & of 8.3 x 107> s~ '. Strain-rate jump tests were
performed to evaluate the strain-rate sensitivity m defined
by
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When a strain-rate jump from & =83 x 107 s to
& =83 x 10~* s~! causes the change in the flow stress
from o, to g5, m can be written as

(02 —01)
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The microstructural characterization of the ARB
processed specimens was carried out by electron
backscattering diffraction pattern (EBSP) measurements
with a field emission type scanning electron microscope
(FE-SEM). The microstructures of the ARB processed
specimens were observed from the transverse direction
(TD) of the sheet. Boundaries with a misorientation angle 6
smaller than 2° were neglected.

Results

Microstructure of ARB processed copper and Cu-Si
alloy

Figure 1 shows grain-boundary maps obtained by the
EBSP measurements of the ARB processed (a) 4NCu for
N =7 and (b) Cu0.4Si for N = 6. Green and red lines
indicate high- (0 > 15°) and low-angle (0 < 15°) bound-
aries, respectively. In Fig. 1, ultrafine lamellar boundary
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Fig. 1 Boundary maps of ARB processed a 4NCu with N = 7 and
b Cu0.4Si with N = 6 obtained by EBSP measurement. In this
boundary maps, red lines indicate the misorientation of 2° < 6 < 15°,
while green lines indicate the one of 6 > 15°. RD and ND are the
rolling and normal directions of the ARB process, respectively. For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article

structures formed by high-angle boundaries were found in
both 4NCu and Cu0.4Si. The morphology of the micro-
structure observed in the ARB processed Cu0.4Si with
N = 6 was quite similar to that of the ARB processed
4NCu with N =7. The microstructural parameters
obtained from the EBSP measurements were summarized
in Table 1, where dyagp is the mean spacing of the high-
angle boundaries along the normal direction (ND) and
fuacs the fraction of high-angle boundaries. As shown in
Table 1, dyags and fiyags for the ARB processed 4NCu
and Cu0.4Si were almost the same.

Effects of Si addition on the stress—strain curves

Figure 2 shows the true stress—true strain (o—¢) curves at
RT for the ARB processed specimens with N = 6 of 4NCu,
Cu0.4Si, and Cul.6Si. These results were obtained by the
tensile tests under a base strain rate & of 8.3 x 107> s~
The true stress—true strain (6—¢) curves were obtained from
the nominal stress—nominal strain curves by assuming
uniform deformation. Remarkable changes in ductility and
strain-hardening rate with Si addition have not been
observed in this study. The steps on the o—¢ curves are the
changes Ao in the flow stress ¢ caused by the strain-rate
jump tests between 8.3 x 107> s~! and 8.3 x 107* s\,
The changes Ao associated with the strain-rate jump are

Table 1 Microstructural parameters obtained from the EBSP mea-
surements of the ARB processed specimens

Specimens dyacs (nm) Suacs (%)
4NCu for N =17 370 56
Cu0.4Si for N =6 320 54
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Fig. 2 The true stress—true strain (o—¢) curves at RT for the ARB
processed specimens with N = 6 of 4NCu and Cu-Si alloys. The steps
on the o—¢ curves are the changes in the flow stress ¢ caused by the
strain-rate jump tests between 8.3 x 107> s™' and 8.3 x 107* s~
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Fig. 4 Effects of the Si concentration ¢ on the yield stress o, of the
annealed CG polycrystalline specimens and ARB processed speci-
mens with N = 6 tensile tested at RT under a strain rate & of
83 x 107%™

about 14 MPa for 4NCu, 12 MPa for Cu0.4Si, and 14 MPa
for Cul.6Si at a true plastic strain of ¢ ~ 0.01.

Figure 3 shows the variation of the yield stress g, as a
function of the number N of ARB cycles. The yield stress
of 4NCu increases with increasing N to N = 2 and stays at
about 400 MPa for N larger than 2, in good agreement with
the previous report by Takata et al. [14]. On the other hand,
the yield stresses ¢, of Cu0.4Si and Cul.6Si continue to
increase with increasing N. These results indicate that the
Si addition has large effects on the increase in the yield
stresses g, of the ARB processed copper.

Figure 4 shows the effects of the Si concentration ¢ on
the yield stress g, of the annealed CG specimens and the

@ Springer

ARB processed specimens with N = 6. For the CG spec-
imens, the difference Aoy, in 65, between 4NCu and
Cul.6Si is about 15 MPa. This amount of Agg, can be
understood reasonably as a result of the usual solid-solution
strengthening caused by the interaction between disloca-
tions and solute atoms [15]. However, the ARB process
significantly increases both ¢y, and Aggy, of the Cu-Si
alloys and Agg, becomes as large as 170 MPa. This large
increase in Aoy, cannot be understood as a result of the
usual solid-solution strengthening. As shown in Fig. 1 and
Table 1, the Si addition does not significantly change the
mean spacing of the high-angle boundaries of the ARB
processed specimens. Therefore, neither the solid-solution
strengthening nor the spacing of the high-angle boundaries
can explain the large difference in Ao, of the ARB pro-
cessed specimens with and without the Si addition.

Effects of Si addition on the strain-rate sensitivity

Figure 5 shows the relationships between true stress ¢ and
calculated strain-rate sensitivity m using Eq. 2. For CG
4NCu (open squares), m is nearly constant even when ¢
increases by strain hardening during tensile deformation.
This result has been understood as the Cottrell-Stokes law
[8, 11, 16—18]. The data points shown by open circles and
triangles are the results of the ARB processed low-cycle
(from N =1 to 4) and high-cycle (from N =135 to 8)
specimens of 4NCu, respectively. As can be seen, the
strain-rate sensitivity m of 4NCu increases with increasing
the ARB cycles N from m ~ 0.005 (CG) to m =~ 0.018
(N = 8). The increase in the strain-rate dependence of flow
stress is one of the characteristic features of FCC pure
metals after SPD [3-11].
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Fig. 5 The relationships between the true stress ¢ and the strain-rate
sensitivity m at RT for the annealed CG polycrystalline specimens
and ARB processed specimens of 4NCu and Cu-Si alloys



J Mater Sci (2011) 46:4290-4295

4293

Effects of the Si addition on the strain-rate sensitivity
m have also been investigated. The variation of m in CG
Cu0.4Si (closed squares) is almost the same as that in CG
4NCu when ¢ is about 200-300 MPa as shown in Fig. 5.
The data points shown by closed circles and triangles are
the results of ARB processed Cu0.4Si. It is true that the
ARB process increases m, but m is at most 0.013 even for
the ARB processed specimen with N = 10 of Cu0.4Si, as
compared to 0.018 for 4NCu. Similarly, m is at most 0.011
in the ARB processed Cul.6Si. From the above experi-
mental results, we conclude that the Si addition suppresses
the increase of m with increasing N.

Discussion

Rate-controlling deformation mechanism and activation
volume

A deformation mechanism map for FCC metals as a
function of grain size has been given by Cheng et al. [19].
Although both grain-boundary and intragranular disloca-
tion sources operate, intragranular deformation mecha-
nisms are much more dominant in CG metals [19]. On the
other hand, dislocation sources at grain boundaries become
more dominant as grain size falls into UFG and nano-
crystalline regimes [19]. Generation of dislocations at grain
boundaries and their successive motion in UFG pure metals
has been studied [20, 21].

Let us now consider the activation volume V*, which is
an effective parameter to examine the rate-controlling
deformation mechanism. It is written as a function of
m [11],

Vi = M—, (3)

where M is the Taylor factor of 3.06 for FCC metals, k the
Boltzmann constant, and T the absolute temperature. In this
study, V* was evaluated from m in Fig. 5 using Eq. 3.
Figure 6 shows the activation volume V* as a function
of ¢ at RT for the ARB processed specimens used in this
study. The vertical axis of Fig. 6 indicates V* normalized
by b, where b = 0.25 nm is the magnitude of the Burgers
vector for Cu. We can see that the data points of CG (open
squares) and ARB processed 4NCu with N = 1 to 4 (open
circles) lie on a single straight line with a slope of —1, i.e.,
the upper broken line in the log—log plot in Fig. 6. This
o—V* relationship is explained with the Taylor equation
when the rate-controlling deformation mechanism is the
cutting of forest dislocations by moving dislocations in the
grain interior [11]. For the severely deformed 4NCu with
N =5 to 8 (open triangles), obvious deviation from the
above straight line is found. This behavior has been
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Fig. 6 The activation volume V* as a function of the true stress ¢ at
RT for the annealed CG polycrystalline specimens and the ARB
processed specimens of 4NCu and Cu-Si alloys. The vertical axis
indicates V* normalized by b®, where b = 0.25 nm is the magnitude
of the Burgers vector for Cu

explained by the transition of the rate-controlling defor-
mation mechanism from that in the grain interior to that at
grain boundaries [11, 20, 21].

Effects of Si addition on strength

In Fig. 6, we find that the data points of the CG Cu0.4Si
(closed squares) are on the same broken line with the slope
of —1. The Si addition to CG specimens does not change
the o—V* relationship. When the strengthening is explained
by the Taylor equation, we have

o =aMub\/p, (4)

where « is a constant (0.3-0.6), u the shear modulus, b the
magnitude of Burgers vector, and p the dislocation density
in the grain interior. Gubicza et al. [22, 23] have reported
that the addition of small amount of Mg significantly
increases the strength of SPD Al by equal-channel angular
pressing (ECAP). According to them, the addition of Mg
suppresses the annihilation of dislocations in the Al matrix
during SPD and increases the dislocation density p in the
grain interior [23]. From the Taylor equation, one may
think that the present strengthening by the Si addition is
also due to the increase in p. One of the reasons of the
increase in p is the decrease in the stacking fault energy
(SFE). Effects of Si addition on SFE have been discussed
in previous studies [24-26]. The values of SFE for Cu [27]
and Cu-1.7at%Si alloy [26] have been reported as 45 and
35 mJ m~ 2, respectively. The Si addition decreases SFE
generally and may cause the increase in p. Then, the large
increase in Aag, from 15 to 170 MPa (Fig. 4) may well be
reasonably explained if an appropriate increase in p is
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assumed for UFG Si-containing alloys. However, we
believe this interpretation leaves room for improvement to
understand the present results.

If the strengthening by the Si addition is explained by
Eq. 4, we can expect that the results of the o—V* rela-
tionships lie on the line with a slope of —1 [11]. However,
SPD changes this situation. The data points shown by
closed symbols in Fig. 6 are the results of the ARB pro-
cessed specimens for Cu0.4Si with N =2 to 6 (closed
circles) and with N = 10 (closed triangles). These results
of the ARB processed Cu-Si alloys deviate from the line
depending on the degree of SPD. The same is true for the
ARB processed Cul.6Si from N = 3 to 6. The deviation is
significant for the severely ARB processed alloys. This
means that the large difference in Agy , in Fig. 4 cannot be
due solely to the effect of the increase in dislocation den-
sity by the Si addition. One important thing we notice from
Fig. 6 is that the deviation from the straight line occurs less
significantly at higher stresses as Si content becomes
higher. To understand these results, only the consideration
of the dislocation—dislocation interactions in the grain
interior is not sufficient.

Effects of Si addition on rate-controlling deformation
mechanism

Similar to the case of copper [11, 20, 21], the deviation of
the —V* relationship from the straight line with the slope
of —1 in the UFG Cu-Si alloys may be explained by the
transition of the rate-controlling deformation mechanism
from that in the grain interior to that at grain boundaries. In
pure copper with UFGs, emission and bow out of dislo-
cations are considered to be the mechanism at grain
boundaries [19-21]. From this point of view, the o—V*
relationships for the Cu-Si alloys in Fig. 6 suggest that the
Si addition causes the transition of the dominant mecha-
nisms at higher o. It is probable that the dislocation—dis-
location interactions in grain interior and the dislocation
reactions at grain boundaries coexist and which is more
important depends on the Si content and the number of the
ARB cycles.

As a reason of this effect of the Si addition, we can point
out the suppression of dislocation reactions at grain
boundaries by segregation of Si atoms. It is well known
that marked grain-boundary segregation of solute atoms
occurs in the UFG and nanocrystalline materials [28-31].
The segregated atoms can act as additional obstacles for
grain-boundary dislocations to bow out into grain interiors,
resulting in higher stresses necessary for the initiation of
the dislocation bow out. Therefore, if the dislocation
reactions at grain boundaries are suppressed by the Si
segregation, it is natural that the transition to the grain-
boundary mechanism is more retarded with increasing the

@ Springer

Si content. In fact, the required higher stresses caused by
the retardation effect are not inconsistent with the observed
much larger value of Aagg, in UFG alloys. Although further
studies are needed, theses interpretations reasonably
explain the results of the o—V* relationships shown in
Fig. 6.

Conclusions

Effects of Si addition on mechanical properties of severely
deformed copper by ARB have been investigated at RT.
The important findings of this study are:

(1) For annealed coarse-grained polycrystals, the differ-
ence in yield stress gg, between pure copper and a
Cu-1.64at.%Si alloy was only about 15 MPa while
the difference in oy, became 170 MPa after the ARB
process by six cycles.

(2) The strain-rate sensitivity m of pure copper increased
with increasing the number N of ARB cycles for
N > 5. However, the increase in m becomes less
significant for Cu-Si alloys.

(3) The relationships between the activation volume V*
and the flow stress ¢ for both pure copper and Cu-Si
alloys with coarse grains are explained by a single
straight line with a slope of —1 in the log—log plot.
Although the deviation from the straight line occurs
for both the severely ARB processed pure Cu and Cu—
Si alloys, it occurs at higher ¢ as Si content becomes
higher.
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