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ABSTRACT

A Cu–Cr–Zr alloy was subjected to severe warm rolling, and the effects of

processing temperature and strain on the precipitation and microstructures

were systematically studied. The results show that the nucleation and growth of

precipitates interact with the deformation-induced defects, and therefore, the

distribution precipitates vary with the different warm rolling processes. This

leads to a significant impact on mechanical and electrical properties. In detail,

the size of the precipitates is coarser, but the number density is lower as the

applied strain (after each annealing treatment) and temperature are higher. And

therefore, the UTS is lower, but the electrical conductivity is higher in rolled

sheets under higher strain and temperature. Moreover, the present process

could improve the comprehensive properties of Cu–Cr–Zr alloys, and an

excellent combination of high UTS of 586 MPa and good electrical conductivity

of 78.2%IACS was achieved in the sample of RRA * 723 K. (The sample was

subjected to intermediate annealing treatment at 723 K between each of two

rolling passes.)

Introduction

Cu–Cr–Zr alloys are one of the most researched

materials for electrical applications due to their

excellent electrical and thermal conductivities, out-

standing tribological characteristics, and high

mechanical strength [1–5]. In the last several decades,

severe plastic deformation (SPD) has usually been

implemented before aging to refine the grain size and

obtain better performance, and a series of encourag-

ing results have been obtained using this process

flow [6–14]. For example, an ultra-fine-grained Cu–

1Cr–0.1Zr (wt%) alloy prepared by equal-channel

angular pressing (ECAP), followed by aging treat-

ment, demonstrated an excellent combination of a

high electrical conductivity and high tensile strength
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[6]. Zhang et al. [13] reported that Cu–Cr–Zr strips

obtained a high strength and high electrical conduc-

tivity by a novel two-stage cryorolling (rolling at

liquid nitrogen temperature) process with an inter-

mediate aging treatment.

It is generally accepted that besides the develop-

ment of ultrafine-grained structures and high dislo-

cation densities [15–18], the yield strength (YS) and

ultimate tensile strength (UTS) of Cu–Cr–Zr alloys

processed by SPD can be can be enhanced by

nanoscale Cr or Heusler phase (CrCu2Zr) particles

through dispersion strengthening [19, 20], which

were induced by the precipitation of solute atoms.

The size and the number density of the precipitates

play an important role in strengthening effect.

Additionally, the volume fraction of the precipitates

plays a critical role in determining the electrical

conductivity of Cu–Cr–Zr alloys [21, 22]. Specifically,

the higher the precipitates volume fraction, the lower

the solute atoms remained in the matrix, thereby

reducing the effect of electron scattering caused by

solutes atoms and increasing the electrical conduc-

tivity. Therefore, it is very important to control the

behavior of the precipitation. However, up to now,

one-step aging treatments followed with severe

plastic deformation are the main methods for

inducing precipitates and therefore to obtain excel-

lent combination properties with high strength and

high electrical conductivity in Cu–Cr–Zr alloys

[23, 24]. Previous studies [25–27] have shown that

deformation straining at elevated temperatures can

change the precipitation behavior in steel and Al

alloys, which indicated that the shear bands and

dislocation substructures produced by intensive

straining could change precipitation kinetics during

deformation, due to the reason that the shear bands

and dislocations can serve as pathways for short-cut

diffusion with lower diffusion activation energy [28].

Therefore, the precipitates that originated from

deformation strain at elevated temperatures were

different from the precipitates formed under static

conditions [29]. The above process could be regarded

as a method for modifying the precipitation behavior,

but few studies have been conducted on strain-in-

duced precipitation in Cu–Cr–Zr alloys at elevated

temperatures. Therefore, in the present study, the

effect of strain and temperature of warm rolling on

the precipitation and microstructure was studied.

Method

A commercial C18150 with 1.0 wt% Cr and 0.1 wt%

Zr alloy was chosen in the present work and firstly

subjected to solution treatment, which was heated at

1000 �C for 1 h and immediately quenched in cold

water. Then, it was cut into specimens by wire-elec-

trode cutting with the size of 40 mm 9 40 mm 9 80

mm. And the samples were subjected to six-pass

warm rolling with a total strain of 97%, and finally,

stain of 97% in total of a thin sheet with the thickness

of 1.25 mm has been obtained. The roll diameter and

roll speed were 105 mm and 30 rpm, respectively.

Two of the samples were subjected to annealing at

723 K or 753 K for 10 min before each of two rolling

passes, and are labeled as RRA * 723 K and

RRA * 753 K, respectively. The detailed routes are

illustrated in Fig. 1a. While for another two samples,

the annealing treatment (at 723 K or 753 K for

10 min) is applied before each of rolling passes, and

samples are labeled as RRA * 723 K and

RRA *753 K, as shown in Fig. 1b. And finally, the

samples were cooled in air after the final pass.

The samples characterized by scanning electron

microscopy (SEM) and electron back-scattered

diffraction (EBSD) were prepared by mechanical

grinding and polishing, followed by electro-polish-

ing. And the step size of 140 nm was chosen for all

EBSD scans. The microscopic structure parameters

like distribution of grain size and grain boundary

misorientation were analyzed by TSL OIM software.

And the distribution of grain size was measured

using the linear intercept method. The microstructure

of the Cu–Cr–Zr alloy was also characterized using a

Jeol-4000FX transmission electron microscope (TEM)

with an operating voltage of 200 kV. Thin foils for

TEM were prepared by mechanical polishing and

twin jet polished using a solution of HNO3 and

methanol (1:3) at -20 �C and 15 V. Electrical testing

was performed by an intelligent eddy current low-

resistance tester. The tensile test samples were

designed to be flat with a gauge length of 5 mm, and

tensile tests were performed on an IDW-200H uni-

versal testing machine with an initial strain rate of

5 9 10–3 mm/s. Three samples were tested for each

material condition to ensure the reproducibility of

strength and elongation measurements.
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Results

Mechanical properties and electrical
conductivity

Figure 2 shows the tensile curves of the Cu–Cr–Zr

alloy after different severe warm rolling treatments.

The tensile strengths and uniform elongations of the

prepared samples varied depending on which warm

rolling processes (RRA or RA) and annealing tem-

perature (723 K or 753 K) were applied. In detail,

under the same annealing temperature, compared

with the process of RRA, the ultimate tensile strength

(UTS) is higher in the samples applied by RA. For

example, the UTS of RRA * 723 K is about 586 MPa,

which is lower than RA * 723 K (approximately

645 MPa), while under the same rolling process, the

lower the annealing temperature (723 K), the higher

the UTS. However, the elongation at fracture has no

clear correlations with temperature or strain rate. In

detail, under the annealing temperature of 723 K,

compared with the process of RRA, the elongation at

fracture is lower in the samples applied by RA.

However, under the higher temperature of 753 K, the

elongation at break of samples obtained by RRA is

much lower than RA. The reasons for the above

phenomena may be related to the dislocation density,

grain size as well as the size and distribution of

precipitates. Relevant studies have shown that the

elongation of deformed metals decreases with the

decrease in grain size [6]. Under 723 K, the grain size

obtained by RRA is smaller than RA. Thus, its elon-

gation at break should be lower, but the result is

Figure 1 Schematic

illustration of the severe warm

rolling experiments.

Figure 2 The engineering stress–strain curves of Cu–Cr–Zr

alloys subjected to severe warm rolling.
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exactly the opposite, as shown in Fig. 2. Therefore, it

is plausible to suppose that the size and distribution

of the precipitates affect the elongation. Under 723 K,

due to lower density of the precipitates in the sample

applied by RRA, more dislocations can slide freely in

the copper matrix, resulting in higher elongation,

while under the higher 753 K, the elongation of the

sample obtained by RRA is very poor and much

lower than that the sample applied by RA. This is

caused by mainly two factors. On the one hand, the

grain size of the sample processed by RRA is smaller.

On the other hand, the size of precipitates in the

sample of RRA is much larger and its distribution is

not uniform, which will cause stress concentration

near the precipitates. This means that microcracks

tend to form near the precipitates and thus have a

negative impact on its elongation.

Figure 3 shows the electrical conductivities of

RRA * 723 K, RA * 723 K, RRA * 753 K, and

RA * 753 K, compared with the as-soluted (ST)

coarse-grained materials subjected to annealing at

723 K and 725 K for 15 min, 30 min and 60 min,

respectively. The ST showed a rapid increase in its

electrical conductivity at the early aging stage due to

the decomposition of the supersaturated solid solu-

tion. Then, the conductivity increased more slowly

with longer annealing times as the solute concentra-

tion in the matrix approached equilibrium. Accord-

ing to the processes given in Fig. 1, the annealing

times for RRA * 723 K, RRA * 723 K, RRA * 753

K, and RA * 753 K were 30 min, 60 min, 30 min,

and 60 min, respectively. It is interesting to observe

that the electrical conductivity of the solution-treated

Cu–Cr–Zr alloy subjected to severe warm rolling is

higher than the ST annealed for the same time and at

the same temperature. For example, the electrical

conductivity of RRA * 753 K was 83.2%IACS, which

was much higher than the electrical conductivity of

the ST alloy annealed at 753 K for 30 min

(63.0%IACS). In addition, the results indicate that the

electrical conductivity varies with the different warm

rolling processes. Specifically, under the same

annealing temperature, compared with the process of

RA, the electrical conductivity is higher in the sam-

ples applied by RRA. For example, the electrical

conductivity of RRA * 723 K was 78.2%IACS, which

is much higher than RA * 723 K (approximately

70.2%IACS), while under the same rolling process,

the lower the annealing temperature (723 K), the

lower the electrical conductivity.

Microstructure

The results indicate that the microstructure of the

initial as-soluted Cu–Cr–Zr alloy consists mainly of

the equiaxed coarse grains, as shown in Fig. 4a. In

addition, there are few Cr-rich particles in the matrix,

which means most of Cr has been dissolved into Cu

matrix, as shown in Fig. 4b. The microstructures

evolved into lamella structures after severe warm

rolling, as shown in Figs. 5a–d and 6a–d. The elon-

gation of original grains along the rolling direction is

separated from each other by mainly HAGBs. And in

the interior of elongation grains, there are some

LAGBs and the elongation grains are further divided

into subgrains, as shown in Fig. 6a–d. The structural

information such as grain size and misorientation

distributions was obtained by analyzing the data of

EBSD, as shown in Fig. 6e–m. The results indicate

that the grain size and misorientation distribution

vary with rolling processes (RRA or RA) and

annealing temperature (723 K or 753 K). Specifically,

under the same annealing temperature, compared by

the process of RA, the grain size is smaller, but the

fraction of HAGBs is higher in the samples applied

by RRA. For example, the average grain size and the

fraction of RRA * 723 K are 1.69 lm and 55.2%,

respectively, while the mean grain size of RA *723

K increased to 1.98 lm, and the fraction of HAGBs

reduced to 52.8%. This phenomenon is more obvious

Figure 3 The electrical conductivity of as-soluted Cu–Cr–Zr

alloys subjected to severe warm rolling compared with the

samples annealed at 723 K and 753 K for 15 min, 30 min, and

60 min, respectively.
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at higher annealing temperatures. For example, the

average grain size and the fraction of HAGBs of

RRA * 753 K are 2.12 lm and 43.0%, respectively,

while the grain size of RA * 753 K increased to

4.85 lm and the fraction of the HAGBs reduced to

38.6%. However, under the same rolling process, the

lower the annealing temperature (723 K), the smaller

but the higher the fraction of HAGBs.

The previous study reveals that the microstructural

evolution in the Cu–Cr–Zr alloy induced by defor-

mation at elevated temperature and those of pure

copper subjected to intense plastic straining at

ambient temperature [30, 31] are nearly the same.

With the increase in strain, the grain refinement

process includes: (1) the formation of dislocation

cells; (2) the evolution of dislocation walls into

LAGBs and thereby dividing the original grains into

several single subgrains; (3) the transformation of

LAGBs into HAGBs. Therefore, the warm rolling

strain increases the evolution of dislocation walls into

LAGBs and further evolves into HAGBs. Under the

same annealing temperature, although the total strain

of RRA and RA is the same, the continuous two

rolling passes are carried out after annealing treat-

ment and therefore the applied strain after annealing

is higher than that RA. In addition, the total anneal-

ing time of RRA is 30 min, which is much lower than

RA (60 min), so it is more likely to form and retain

the deformation-induced HAGBs. Under the same

rolling process, the lower the temperature, the lower

the dynamic recovery, and this is beneficial to the

accumulation of dislocations and the evolution of the

HAGBs.

Figure 4 a Typical EBSD

orientation maps and b SEM

micrographs of as-soluted

alloys.

Figure 5 a–d The cross-sectional TEM images and e–h the TEM micrographs illustrating the precipitates.
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The morphology and distribution
of Precipitates

Figure 7a–d shows the distribution of precipitated

chromium particles in RRA * 723 K, RA * 723 K,

RRA * 753 K, and RA * 753 K samples, respec-

tively. The morphologies of chromium particles in

the above samples are shown in Fig. 7e–h. Based on

the SEM images in Fig. 7a–d, the sizes of Cr particles

coarser than 200 nm were measured three times by

the software of Image J, and the corresponding size

distribution is shown in Fig. 8a. In addition, the sta-

tistical results such as the mean sizes and densities of

particles are shown in the inset image in Fig. 8a. The

results indicate that the morphology, size, and the

number density of the precipitated Cr particles vary

with the different warm rolling processes. Specifi-

cally, under the same annealing temperature, the

mean size of particles is larger, but the number

density is lower in the samples applied by RRA than

RA. For example, the average size and the number

density of particles in RRA * 723 K are

0.62 ± 0.06 lm and (1.82 ± 0.04) 9 104/m2, while

the corresponding data in RA * 723 K are

0.54 ± 0.04 lm and (2.78 ± 0.08) 9 104/m2, respec-

tively. This phenomenon is particularly evident at

753 K. The average particle size of RRA * 753 K is

approximately 1.0 ± 0.12 lm, and some abnormal

coarser particles larger than 5 lm are observed

(Fig. 7c), which is much larger than RA * 753 K

(0.59 ± 0.04 lm). And the number density of parti-

cles is also as low as (1.05 ± 0.04) 9 104 /m2, which

is much lower than RA * 753 K

((3.57 ± 0.11) 9 104/m2). Under the same process

(RRA or RA), compared with the samples annealed at

723 K, the mean size of precipitates is larger, but the

bFigure 6 a–d Typical deformation microstructures of

RRA * 723 K, RA * 723 K, RRA * 753 K, and

RA * 753 K samples, respectively. The white and black lines

indicate the low-angle (h\ 15�) and high-angle (h C 15�)

boundaries, respectively. The inverse pole figures are shown for

the rolling direction (RD) and normal direction (ND) of the rolled

samples. e–h Corresponding grain size distributions; i–l the

misorientation distributions; m as well as the mean size and the

fraction of HAGBs.

Figure 7 a–d SEM micrographs showing the distribution of Cr

particles in the samples of RRA * 723 K, RA * 723 K,

RRA * 753 K, and RA * 753 K, respectively; e–

h corresponding morphologies of the above samples; and i–

l corresponding precipitate distribution characterized by STEM.
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number density is lower in the samples annealed at

753 K. In addition, the morphology of chromium

particles is also affected by different processes and

annealing temperatures. For example, most of Cr

particles in RRA * 723 K, RA * 723 K, and

RA *753 K are mostly spherical, while most of the

particles in RRA * 753 K were irregular, as shown

in Fig. 7g.

Aside from the precipitated chromium particles,

there are nanoscaled precipitates with various num-

ber density according to the samples, as shown in

Fig. 5e–h. The precipitates exhibit various contrasts

and are easily entangled with dislocations in bright-

field TEM images, making it difficult to get their

statistical information. Therefore, the STEM images

were further collected, as shown in Fig. 7i–l. The size

distribution and number density of precipitates were

measured through STEM images. And the sizes and

number of precipitates smaller than 50 nm were

counted with two times by the software of Image J,

and the corresponding grain size distribution is

shown in Fig. 8b. In addition, the statistical analysis

of the mean sizes and densities of precipitates is

shown in the inset image. The results indicate that the

size and the number density of the precipitates also

vary with the different warm rolling processes and

annealing temperature, and the trend is similar to Cr

particles. In detail, under the same annealing tem-

perature, the mean size of particles is larger, but the

number density is lower in the samples applied by

RRA than RA. For example, the average size and the

number density of precipitates in RRA * 723 K are

6.0 ± 0.4 nm and (2.9 ± 0.11) 9 1015/m2, while the

corresponding data in RA * 723 K are 2.78 nm and

7.64 9 1015 /m2, respectively. This phenomenon is

particularly evident at 753 K. The average size of

precipitates in RRA * 753 K is approximately

12.4 nm, and some abnormal coarser particles larger

than 20 nm were observed (Fig. 5k), which is much

larger than RA * 753 K (3.4 ± 0.2 nm). And the

number density of particles is also as low as

(0.54 ± 0.05) 9 1015/m2, which is much lower than

RA * 753 K ((2.56 ± 0.12) 9 1015/m2). Under the

same process (RRA or RA), compared with the

samples annealed at 723 K, the mean size of precip-

itates is larger, but the number density is lower in the

samples annealed at 753 K. For example, the average

precipitates size and the number density of

RRA *723 K are 6.0 ± 0.4 nm and (2.9 ± 0.11) 9

1015/m2, while the corresponding data in RRA *

753 K are 12.4 nm and 0.54 9 1015/m2, respectively.

As discussed above, the size distribution and number

density of precipitates could be affected by the rolling

temperature and processes. It should be noticed that

the RRA-753 samples are significantly coarsened and

their density decreases significantly, as shown in the

figure. It should be noted that a number of precipi-

tates adhere to each other or have been grown in the

sample of RRA-753, as shown in Fig. 7k. This sug-

gests that the new precipitates may nucleate and

grow near the original precipitates.

Discussion

The effect of severe warm rolling
on precipitation

Experiments showed that the distribution of chro-

mium particles and precipitates vary with the dif-

ferent warm rolling processes. Essentially, this is

caused by the interaction between the nucleation and

growth of precipitates with the warm deformation-

induced defects. As is well known, the nucleation

barrier (DG*) for classical nucleation of precipitates

can be expressed as follows:

Figure 8 a Size distribution,

mean size, and number density

(as shown in the inset image)

of particles larger than

200 nm; b and for precipitates

smaller than 100 nm in

RRA * 723 K,

RA * 723 K,

RRA * 753 K, and

RA * 753 K, respectively.
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DG� ¼
16p

3

c3

ðDgn þ DgeÞ
2

ð1Þ

where Dgn, Dgn, and c are the driving force, elastic

energy of the precipitates, and the interfacial energy,

respectively. The dislocations and vacancy clusters

induced by warm rolling can decrease the interfacial

and elastic energies of the precipitates [26]. In addi-

tion, the ‘‘Cottrell atmosphere’’ effect caused by dis-

locations can induce the segregation of solute atoms

and increase the concentration of solute atoms near

dislocations. The dislocations could then act as dif-

fusion tubes with lower diffusion activation energies,

and the nucleation could be accelerated by the pipe

diffusion of solute atoms through dislocations [28].

Therefore, the nucleation of precipitates is more

likely to occur at sites containing a large amount of

crystal defects, such as dislocations and vacancy

clusters. Based on the above discussion, we proposed

an explanation why the size and number density of

the Cr particles and precipitates vary with the dif-

ferent warm rolling processes. Under the same

annealing temperature, although the total strain of

RRA and RA is the same, the continuous two rolling

passes are carried out after annealing treatment in

RRA and therefore, the applied strain after annealing

is higher than that RA. Therefore, after each anneal-

ing treatment, the RRA exerts a higher strain level

than the RA, which continuously produces higher

density defects such as dislocations, dislocation

walls, and vacancy clusters, thereby the speed of

nucleation and growth of precipitates is higher,

which means that the precipitated Cr particles and

precipitates are more likely to be coarsened. The

coarsening of the precipitated phase could accom-

pany by the combination of precipitates and form the

solute atoms depleted region, and therefore, the

number density is relatively lower. Hence, under the

same annealing temperature, compared with RA, the

mean size of particles and precipitates is larger, but

the number density is lower in the samples applied

by RRA. Similarly, under the same process (RRA or

RA), compared with the samples warm rolling after

annealed at 723 K, the diffusion coefficient of sample

warm rolling after annealed at 753 K is higher,

thereby the growth speed of precipitates is higher.

Thus, as talked above, the size of the particles and

precipitates is larger, but the number density is

lower.

As talked above, the nucleation and growth of

precipitates interact with the deformation-induced

defects. However, the evolution of precipitates dur-

ing the process of warm rolling is not clear. In the

present study, the precipitate is further analyzed by

high-resolution transmission electron microscope

(HRTEM) and tries to explain the evolution rule of

precipitates according to the observed phenomenon.

A high-resolution TEM (HRTEM) image shows

two kinds of typical Cr-rich precipitates, as shown in

Figs. 9 and 10. The first one shows a rod-shaped

morphology when observed under [011] zone axis

conditions. By indexing the diffraction patterns in

Fig. 9b, the precipitate was verified to show Kurdju-

mov–Sachs orientation relationships with copper

matrix [32]. The second kind of precipitate exhibits

pea-shaped contrast, which is a typical coherent

precipitate [32, 33]. And there are no diffraction spots

other than copper in the diffraction spots, as shown

in Fig. 10b, which is also a typical feature of the

coherent precipitate [32, 33]. In addition, a certain

density of dislocations was observed around the

precipitates (Figs. 9 and 10), which were caused by a

misfit between the precipitates and Cu matrix.

The results further verify that the dislocations were

introduced by warm rolling interactions with the

precipitates. The evolution rule of precipitates inter-

acts with the warm rolling-induced defects can be

interpreted with the following model, as shown in

Fig. 11:

1. The dislocations introduced by warm rolling act

as diffusion tube and draw solute atoms to these

sites which induce the segregation of Cr atoms

near dislocations. The diffusion coefficient of Cu

in bcc Cr at 713 K (4.1 9 10–17 cm2 s-1 [34]) is two

orders of magnitude smaller than that of Cr in fcc

Cu (1.5 9 10–15 cm2 s-1 [35]). The rolling temper-

atures in the present work were, respectively,

723 K and 753 K, which are near 713 K. Thus,

compared with the migration rate of Cu atoms,

the ejections of Cr atoms from the Cu matrix will

require less time to migrate to dislocations, and

the segregation of Cr atoms occurs more easily.

2. Regions with enriched solute atoms are formed

near dislocations due to the segregation of Cr

atoms, which promotes the nucleation and

growth of embryos and stable precipitates. Due

to the misfit between embryos and precipitates

and the Cu matrix (Fig. 9 and 10), the embryos
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and precipitates acted as an effective barrier for

dislocation glide and therefore accumulate high

density dislocations. These dislocations further

induced the segregation of solute atoms toward

these dislocation structures.

3. Many newly nucleated precipitates appeared

near the original precipitates because of the

interaction between dislocations and precipitates.

4. Due to the formation of many precipitates, the

precipitates coalesced and formed coarser pre-

cipitates. It should be noted that due to the large

number of precipitates formed near dislocations,

it is inevitable to form Cr poor area, which would

resulting in a sharp decline in the number density

of precipitates in Cr poor area. The RRA * 753 K

sample is the most typical case, as shown in

Fig. 7k.

The effect of severe warm rolling
on electrical conductivity and mechanical
properties

The present experiments showed that the electrical

conductivity and mechanical properties vary with

different warm rolling processes. Essentially, this is

caused by different microstructures and the precipi-

tation features after different deformation conditions.

Although higher density of grain boundaries and

dislocations were induced by severe warm rolling,

the electrical conductivities of RRA * 723 K, RA

* 723 K, RRA * 753 K, and RA * 753 K alloys are

higher than the ST subjected to annealing for the

same time at an identical temperature. Considering

the fact that there is a strong negative correlation

between the content of solute atoms and the electrical

resistivity [4], the higher electrical conductivity of the

warm-rolled samples is caused by the lower solute

atoms content. That is to say, severe warm rolling

could accelerate the progress of solid solution

decomposition and precipitation. In addition, the

Figure 9 a HRTEM image of

the first type of precipitate

embedded in the Cu matrix, b

fast Fourier transform (FFT)

corresponding to (a), inverse

fast Fourier transform (IFFT)

images, c using only (111Þ and

d using only (111) reflection.
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above results also indicate that under the same

annealing temperature, compared with the process of

RA, the electrical conductivity is higher in the sam-

ples applied by RRA even though the total annealing

time is much shorter. Similarly, under the same

process (RRA or RA), compared annealed at 723 K,

the electrical conductivity is higher in the samples

annealed at 753 K. Therefore, it can be inferred again

that the speed of precipitation is higher at higher

strain and higher temperatures. This is consistent

with the phenomenon observed above, i.e., the Cr

particles and precipitates are coarser in the sample

applied by RRA and annealed at higher temperature.

Figure 10 a HRTEM image

of the second type of

precipitate embedded in the Cu

matrix, b fast Fourier

transform (FFT) corresponding

to (a), inverse fast Fourier

transform (IFFT) images, c

using only (111Þ and d using

only (111) reflection.

Figure 11 Schematic

illustration of the dislocation

interaction with the precipitate.
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The evolution of UTS is similar to electrical con-

ductivities. That is, compared with the process of

RRA, the UTS is higher in the samples applied by RA

under the same annealing temperature even though

the average grain size is smaller. This phenomenon is

partly caused the different features of precipitates.

Previous study claimed the increase in the yield

strength caused by precipitation strengthening can be

expressed by Orowan bowing [36]:

rp ¼ 0:84 MGb=k ð2Þ

where k is the inter-particle spacing. In the present

study, the results show that compared with the

samples applied by RA, the precipitates are coarser,

but the number density is lower in the sample

applied by RRA under the same annealing tempera-

ture. Therefore, the value of k is higher and therefore

the effect of precipitation strengthening is lower in

the sample applied after RRA. In addition, under the

same process (RRA or RA), compared with the

samples annealed at 753 K, the UTS is higher

annealed at 753 K. The result is expected due to the

reason that compared with the samples annealed at

753 K, the grain size and precipitates are finer in the

samples annealed at 723 K.

The effect of severe hot rolling on electrical
conductivity

As talked above, under the same annealing condi-

tions, compared with the as-soluted sample, the

electrical conductivity of the RRA * 723, RA * 723,

RRA * 753, and RA * 753 is higher. As is well

known, the electrical resistivity of Cu–Cr–Zr alloy

can be expressed based on the Matthiessen’s rule:

q ¼ q0 þ DqS þ DqD þ DqB ð3Þ

where q0 is the electrical resistivity of the ideally pure

Cu, DqS, DqD, and DqB are the residual resistivity

caused by solute atoms, dislocation, and grain

boundary, respectively. Related studies have also

shown that the content of residual solute atoms is

closely related to the electrical resistivity [4]. And

generally, compared with defect structure like

vacancies, dislocations, and grain boundaries, it has a

much greater influence on it [4]. As we known,

compared with annealed ST sample, the higher

density of grain boundaries and dislocations were

inevitable induced by above severe warm rolling

processes. That means the electrical conductivity of

the samples applied by severe warm rolling would be

lower than annealed ST sample due to electron scat-

tering caused by defect structures under the condi-

tion that the electrical resistivity caused by solute

atoms is the same, but the results are counter to what

would be expected. Therefore, it is reasonable to infer

that the enhanced electrical conductivity in the severe

warm rolling samples is caused by lower content of

solute atoms. That is to say, the process of sever

warm rolling can accelerate the speed of decompo-

sition from supersaturated matrix. In addition, the

results also indicate that under the same annealing

temperature, compared with the process of RA, the

electrical conductivity is higher in the samples

applied by RRA. Similarly, this means the residual

solute atoms in the sample applied by RRA is lower

than RA. In other words, compared with the process

of RA, the process of RRA can further accelerate the

speed of precipitation.

Conclusion

The developed microstructures, the evolution of

precipitates, and mechanical properties of Cu–1%Cr–

0.1%Zr alloy subjected to multiple warm rolling at

723 K and 753 K were investigated. The main results

are summarized as follows:

The distribution of chromium particles and pre-

cipitates varies with the different warm rolling pro-

cesses. In detail, under the same annealing

temperature, compared with RA, the mean size of

particles and precipitates is larger, but the number

density is lower in the samples applied by RRA.

Similarly, under the same process (RRA or RA),

compared with the samples warm rolling after

annealed at 723 K, the particles and precipitates are

coarser, but the number density is lower in the

sample annealed at 753 K. To be more precise, the

size of the precipitates is finer, but the number den-

sity is higher as the applied strain (after each

annealing treatment) and temperature decreased.

Moreover, the size distribution and number density

of the precipitates are further influencing the

mechanical and electrical properties. And the UTS is

lower, but the electrical conductivity is higher in

rolled sheets under lower strain and temperature.
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