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Abstract

In the present study, we fabricated the ultra-fine grained (UFG) Cu-Cr-Zr alloy
including fine second phase particles through the accumulative roll bonding (ARB)
process and subsequent aging treatment. The nano-sized precipitates dispersing
within the UFG matrix significantly enhanced strain hardening, resulting in the

simultaneous improvement of uniform elongation and tensile strength.
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It is generally known that severe plastic deformation (SPD) of metallic materials
results in ultra-fine grained (UFG) microstructure with mean grain size much smaller
than 1 um [1]. The bulky UFG materials are attractive for engineering application
because they perform 3-4 times higher strength than that of the same materials with
conventional grain sizes of 10-100 um [1-5]. However, the ductility (especially, uniform
elongation) is significantly limited in the UFG materials, which is the critical issue for
the practical application of the UFG materials. The limited uniform elongation of the
UFG materials can be simply understood in terms of early plastic instability. It is well
known that the uniform elongation in tensile test is determined by plastic instability, in
other word, necking condition. Considére criterion for plastic instability in

rate-insensitive materials is expressed as

o> (‘;'I“j (1)
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where o and & are true stress and true strain, respectively, so that (dofle) is strain
hardening rate. When the strain-hardening rate coincides with the flow stress, plastic
instability (macroscopic necking) starts in the tensile test, which determines the
uniform elongation. The limited uniform elongation in the UFG materials is
attributed to high yield strength and poor strain hardening in such microstructures [5].
At the same time, however, eq.(1) represents that it is possible to increase the uniform
elongation if the strain hardening rate can be increased. One of possible ways to
enhance strain hardening is to introduce fine dispersoids within the UFG
microstructure for accumulating an excessively large number of dislocations. In the
present study, we have found that it is actually possible to manage both high strength
and adequate ductility in the UFG Cu alloy by introducing fine precipitates within the
UFGs.

The material used in this study is a Cu-0.85wt%Cr-0.07wt%Zr alloy. The Cu-Cr-Zr
alloy is well known as a commercial precipitation hardened material. This alloy is
used in some applications where high mechanical strength and electrical (or thermal)
conductivity are concurrently required, such as electrodes for point welding, and heat

exchangers [e.g. 6]. An ingot of the Cu-0.85wt%Cr-0.07wt%Zr alloy was firstly solution



treated at 1000 for 6.6 ks and quenched. The solution-treated material was cold
rolled to a reduction of 80% (equivalent strain: 1.9). The cold-rolled sheet with 1 mm in
thickness was used as the starting sheet for the ARB process. The principle and
detailed processing procedures of the ARB process have been reported previously [2-4].
The ARB process using 50% reduction per cycle was carried out up to an equivalent
strain of 4.8 (6 ARB cycles) with lubrication at room temperature. Total equivalent
strain accumulated in the initial cold-rolled and ARB was therefore 6.7. The ARB
processed sheet was aged at 450 for 2ks. This optimum aging condition for high
strength has been found in the preliminary investigation for the ARB specimen aged at
various temperatures [7]. The microstructural characterization of the specimens was
carried out by electron backscattering diffraction pattern (EBSD) measurement in a
field emission type scanning electron microscope (FE-SEM) and by transmission
electron microscopy (TEM). For EBSD measurement, the sections perpendicular to
transverse direction (TD) of the sheet were mechanically polished with sandpapers and
then electro-polished in a solution of phosphoric acid and water of 3: 7 in volume. The
EBSD measurements were carried out by the use of FE-SEM (FEI Philips XL30)
equipped with TSL-OIM (Orientation Imaging Microscopy) system at an accelerate
voltage of 15 kV. The step size used in the EBSD measurements was 0.05 um. For
TEM observations, thin specimens perpendicular to TD of the sheet were mechanically
polished to approximately 50 um in thickness and then electro-polished in the same
solution as that for the EBSD specimen. The TEM observations were carried out with
Hitachi H-800 operated at 200 kVV. The tensile test of each specimen was carried out at
an initial strain rate of 1.0 x 10-3s'1 at room temperature.

Figure 1 shows grain boundary maps obtained from the EBSD measurement of the
as cold-rolled (0-cycle ARB) and 6-cycle ARB processed Cu-Cr-Zr alloy specimens.
These images were obtained at the quarter thickness location on the longitudinal
section of the ARB processed sheets. In the figures, green lines indicate high angle
boundaries whose misorientation is larger than 15 degrees, while red lines low angle
boundaries with misorientation ranging from 2 degrees to 15 degrees. The boundaries

having misorientation smaller than 2 degrees were cut off, in order to remove the



inaccuracy in EBSD measurement and analysis. The microstructural parameters
obtained from the EBSD measurements were summarized in Table 1. The EBSD
measurement revealed that significant grain refinement was achieved by 6-cycle ARB.
The 0O-cycle specimen (80% cold-rolled) showed a typical deformation microstructure
where initial grains involving substructures were elongated to the rolling direction (RD).
After 6-cycle ARB, the ultra-fine lamellar boundary structure including high density of
high angle boundaries was found in Fig.1(b). The mean spacing of the high angle
boundaries along ND was 0.24 um and the fraction of high angle boundaries was 64%.
The morphology of the microstructure observed in the Cu-Cr-Zr alloy severely deformed
by the ARB was quite similar to those of the ARB processed pure Cu and Cu alloys
previously reported [8,9].

Figure 2 shows TEM microstructures of the 6-cycle ARB processed specimen (a) and
that subsequently aged at 450  for 2 ks (b),(c). In the 6-cycle ARB specimen (Fig.2(a)),
the ultra-fine lamellar boundary structure corresponding to Fig.1(a) was observed.
There are dislocations of high density within the ultra-fine lamellas. The ultra-fine
lamellar structure was maintained even after aging at 450 for 2ks, as shown in
Fig.2(b). The fraction of high angle boundary and mean spacing of high angle
boundaries in the aged specimen, which were checked by EBSD measurement, were
almost the same as those of the as-ARB processed specimen (Table 1). While the
dislocation substructure scarcely changed after the aging, fine precipitates appeared in
the UFG microstructure of the aged specimen, as shown in Fig.2 (c). It should be
emphasized that the nano-sized precipitates whose size is less than 10 nm distributed
within the ultra-fine lamellar grains as well as on grain boundaries. In our previous
study on the ARB processed and aged Al-2wt%Cu alloy, the precipitates are
predominantly localized at grain boundaries of the UFG microstructure and coarsened
much faster than those in the coarse grained materials [10]. The present precipitation
behavior is fairly different from that reported in the Al-Cu system [10], though the
precipitation on grain boundaries is also recognized. Such an in-grain precipitation in
the UFG microstructure fabricated by SPD processes has been reported in a few papers

[11-13]. For example, Horita et al. [13] have reported precipitation of fine Ag particles



within UFGs in an ECAP (equal channel angular pressing) processed Al-Ag alloy.
However, the Al-Ag system has a large solubility of Ag and they used an alloy with high
concentration of Ag (Al-10.8wt%Ag). It should be noted that the Cu-Cr-Zr alloy used in
this study do not have high concentration of alloying elements (0.85wt%Cr-0.07wt%Zr).
It has been known that in ternary Cu-Cr-Zr alloy, the precipitation of CusZr
intermetallic compound occurs at about 450° C [14,15]. Although the precipitates
observed in the present study have not been identified, the stable fine precipitates
within the ultra-fine lamellar grains in present Cu-Cr-Zr alloy are considered as CusZr
particles. It has been also reported that Zr containing particles were finely dispersed
in the UFG Cu matrix of the Cu-Zr alloy [16] and the Cu-Cr-Zr alloy [17] ECAP
processed and subsequently heat treated. It can be therefore considered that the
addition of trace Zr element results in the stable Zr containing particles within the UFG
Cu matrix. The stability for fine precipitates is presumably attributed to low
diffusivity of Zr atoms in Cu matrix.

Figure 3 shows nominal stress-strain curves of the Cu-Cr-Zr specimens at various
stages of the treatments. The mechanical properties obtained from the stress-strain
curves are summarized in Table 2. The 6-cycle ARB processed specimen performed
higher strength than that of the 0-cycle specimen (80% cold-rolled). This result clearly
shows that the evolution of the UFG microstructure by ultrahigh straining results in
the significant strengthening. It is interesting that the total elongation of the 6-cycle
ARB specimen is larger than that of the O-cycle specimen. However, the uniform
elongation of the 6-cycle ARB specimen is only 1.9% that is typical for SPD/UFG
materials [5], though the macroscopic necking after the peak stress is not so significant
compared with the O-cycle specimen. The aged ARB specimen exhibited both higher
strength and larger elongation than those of the as-ARB processed specimen. It should
be emphasized that the improvement of ductility is owing to an increase in the uniform
elongation, as shown in Table 2. This ductility increase is quite different from those
previously reported in SPD/UFG materials where ductility is improved by a significant
loss of their strength in annealing [5]. It can be considered that the fine precipitates

within the UFGs of the Cu-Cr-Zr alloy play a significant role for the increase in both



strength and ductility.

In order to understand the concurrent improvement of strength and ductility,
mechanical property of the materials is discussed in terms of the plastic instability
based on Eq.(1). Figure 4 shows the true stress-true strain curves and strain
hardening rate - true strain curves obtained from the results of the tensile test for each
specimens. The point at which two curves meet agrees well with the uniform
elongation measured from the nominal stress-strain curves in each specimen (Table 2),
which indicates that Considére criterion (eq.(1)) stands for the present materials.
Figure 4 represents that the aged ARB specimen exhibits higher strain-hardening rate
than that of the as-ARB processed specimen, especially at later stage of tensile
deformation. This obviously indicates that the strain hardening is enhanced by
homogenously dispersed nano-precipitates within the UFG matrix introduced by aging.
It can be considered that the precipitates can act as obstacles for dislocation motion
although precipitate on grain boundary cannot play a role of barrier for dislocations.
High density dislocations accumulated within the UFGs provide a significant strain
hardening, resulting in large uniform elongation accompanied with high tensile
strength. It can be therefore concluded that enhancing strain-hardening by dispersing
fine second-phase particles is effective to prevent the occurrence of early plastic
instability to realize adequate tensile ductility without a loss of strength in the UFG

Cu-Cr-Zr alloy. Such an approach would be applicable to other alloy systems as well.
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(a) 0-cycle ARB
(80% cold-rolled)

(b) 6-cycles ARB
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Fig.1 Boundary maps of 80% cold rolled Cu-Cr-Zr alloy (0-cycle ARB) (a), Cu-Cr-Zr ARB
processed by 6 cycles (b). In boundary maps, red lines represent the misorientation (g)

of 20 < <150, while green lines represent 150 <¢.



6-cycles ARB 6-cyclesARB + Aged at 450 for 2 ks

Fig.2 TEM microstructures of the ARB processed Cu-Cr-Zr alloy (a) and the Cu-Cr-Zr

alloy 6-cycle ARB processed and aged at 450  for 2 ks (b)(c).
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Fig.3 Nominal stress-strain curves of the 80% cold-rolled Cu-Cr-Zr alloy (0-cycle ARB),
the ARB processed Cu-Cr-Zr alloy and the Cu-Cr-Zr alloy ARB processed by 6 cycles and

subsequently aged at 450 for 2 ks.
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Fig.4 True stress-true strain curves and work hardening rate-true strain of the 80%
cold-rolled Cu-Cr-Zr alloy (0-cycle ARB), the ARB processed Cu-Cr-Zr alloy and the

Cu-Cr-Zr alloy ARB processed and subsequent aged at 450  for 2 ks.

-10 -



Tablel Microstructural

parameters obtained from EBSD measurement of the

specimens.
Mean spacing of Fraction of high
high angle | Grain Aspect ratio boundaries
boundaries  along
ND (um)
0-cycle ARB 4.3 - 20.6
(as-80% cold rolled )
6-cycle ARB 0.23 4.1 63.1
6-cycle ARB + Aged 0.26 4.0 67.4
at450 for 2 ks
Table2 Mechanical properties of the specimens.
0.2% proof Tensile Uniform Total
strength (MPa) | strength (MPa) | elongation (%) | elongation (%)
0-cycle ARB
(as-80% cold 459 464 0.6 8.7
rolled )
6-cycle ARB 542 573 1.9 10.5
6-cycle ARB + 608 625 7.6 14.3
Aged at 450
for 2 ks
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