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Abstract
The Cu–3 wt%Ag–0.5 wt%Zr are rolled with the same reduction process at room (RT) and cryogenic (CT) temperature, 
respectively. The electron backscatter diffraction and transmission electron microscope are used to analyze and compare 
the evolutions of material microstructure and texture. The results show that the stability of as-rolled CT sheets is different 
from that of the RT samples, which can be verified by the lower temperature for the occurrence of recrystallization and 
Ag-base particles precipitation. Besides the Brass, Copper and S textures which are exhibited in the two kinds of as-rolled 
sheets, there are also Q and P texture components in the as-rolled CT sheets. The constitutive equation basing on evolution 
of dislocation mean free path (L) and dislocation cell size (dDC) with plastic strain indicates that the initial values of L, dDC 
and mobile dislocation density (ρm) are associated with annealing condition closely. Furthermore, the strain ranges of the 
stable and instable plastic deformation are related to the degree of recovery and recrystallization.
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1  Introduction

There is a significant interest in the development of severe 
plastic deformation (SPD) methods, such as cold rolling, 
equal-channel angular pressing and high-pressure torsion, 
for obtaining ultrafine grain structures [1, 2]. The grain-
refinement should be related to the high dislocation stor-
age rate and low rate dynamic recovery [2]. Therefore, it is 
believed that cryogenically deformation enhances the refine-
ment of grain size because the cryogenic temperature can 
suppress the dynamic recovery process and contribute to the 
increase of the dislocation density [3–5]. However, materi-
als prepared by SPD often possess high strength but suffer 
from poor ductility due to the low dislocation accumulation 
capacity [1, 2]. In order to improve the ductility, the SPD 
materials are treated at low temperature generally, which can 
promote formation of the multi-length scale structures [4, 5]. 

However, due to the difference of dislocation density evo-
lution in the different deformation ambient conditions, the 
texture evolution is distinct in the annealing process. Lapeire 
et al. [3] indicate that besides the texture difference between 
the RT and CT copper under deformation state, a very weak 
texture will be obtained after recrystallization process of 
CT Cu, which is contrast to the strong cube texture of RT 
Cu after recrystallization. Generally, the texture evolution in 
the annealing process is associated with the stability of the 
deformation texture. Due to the high vacancy content and 
low activation energy, the material produced by SPD at cryo-
genic temperature will access recrystallization at relatively 
low temperature [6, 7]. Even if the annealing temperature 
close to room temperature, the recrystallization microstruc-
ture may be observed in cryogenically rolled copper [6].

In addition, mechanical properties are related to the evo-
lution of dislocation configuration such as dislocation cell 
(DC) and dense dislocation walls [8–10]. Then, the differ-
ence of plastic flow stress between RT and CT samples can 
be explained by the development of dislocation cell with the 
change of annealing condition or plastic strain [11]. There-
fore, the effects of annealing process on the microstructure 
evolution of the RT and CT Cu–3 wt%Ag–0.5 wt%Zr thin 
sheets are studied in the present study. Furthermore, the 
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dependencies of the tensile plastic deformation behaviours 
on the annealing microstructures are investigated to compare 
the differences of the mechanical properties of RT and CT 
samples. The reason for employing Cu–3 wt%Ag–0.5 wt%Zr 
as research material is that this alloy was widely used in the 
thrust chambers of rocket engines and space shuttle engines 
due to their excellent strength and thermal conductivity [12, 
13].

2 � Experimental Procedure

For homogenizing the texture of the Cu–3 wt%Ag–0.5 wt%Zr 
obtained by melting and cast method, the forging process is 
used to transform the as-cast rod to disk shape at the tem-
perature between 800 and 850 °C. Many plates with thick-
ness of 2 mm cutted from disk are annealed at 940 °C for 
120 min for homogenizing components and softening the 
alloy. Then, the plates are thinned to 0.40 mm (correspond-
ing to εvM = 1.86) by rolling process which are conducted 
at room temperature and cryogenic temperature produced 
by liquid nitrogen, respectively. The as-rolled samples are 
annealed at different temperature (200, 300, 400, 450, 500 
and 600 °C) in an inert atmosphere for 1.0 h.

The Vickers microhardness (HV) measurements are 
performed on samples using a microhardness tester with a 
load of 2.94 N and dwell time of 15 s. All samples for the 
EBSD analysis are prepared by electro-polishing using a 
solution of 25% ethanol + 25% phosphoric + 50% distilled 
water. The orientation distribution function (ODF) sections 
with φ2 = 0°, 45° and 65° are presented for characterizing the 
typical texture components. For TEM analysis some samples 
were punched into a 3 mm disk and polished into a thin foil 
with a thickness of 50–70 μm. Finally, ion milling was per-
formed at 3–5 keV with continuous cooling of the sample 
by liquid nitrogen. Tensile test samples with gauge dimen-
sions of 0.4 mm × 3 mm × 12 mm were machined from the 
as-rolled sheets parallel to the rolling direction. After being 
annealed for 60 min at different temperature, the samples 
are tensiled at room temperature by an INSTRON testing 
machine with a constant loading rate of 3.6 mm/min.

3 � Results and Discussion

3.1 � Microstructure and Texture Analysis

EBSD maps shown in Fig. 1 describe the recovery and 
recrystallization of the as-rolled RT sample. The cell block 
and lots of low angle boundaries (LABs) can be found in 
Fig. 1a, which verified the texture analysis results of the 
previous studies [3, 14]. After being treated at 200–400 °C, 
many lamellar structures rounded with high angle 

boundaries (HABs) and presented in the samples shown 
in Fig. 1b–d. Due to the occurrence of the recovery pro-
cess, a large proportion of the cell and lamellar structure 
disappeared at temperature higher than 400 °C (Fig. 1d). As 
the temperature reaching to 450 °C, the equiaxed structure 
shown in Fig. 1e is the remarkable feature texture of the 
sample, which reveals the material undergo the initial stage 
of the recrystallization [15]. With the content of equiaxed 
structure increasing, the samples annealed at 500 °C consist 
of the coarse grain and a partially recovered texture which 
is described as bimodal microstructure (Fig. 1f). The micro-
structure of sample annealed at 600 °C is a coarse grain with 
few LABs (Fig. 1g), which suggests the very high recrystal-
lization degree. Figure 1h shows the variation of the fraction 
of boundaries with different mis-orientation angles as the 
annealing temperature increases. The content of LABs and 
HABs change quickly as temperature higher than 500 °C, 
which indicates the high recrystallization degree of RT 
as-rolled sample heated at 500–600 °C for 1 h. Figure 2a 
illustrates the texture of as-rolled CT sample also consists 
of lamellar structures, cell block and LABs. The lamellar 
structures almost disappear at 200 °C, which suggests that 
the lamellar structure boundary (i.e. dense dislocation wall 
and microband) are more unstable than that in RT samples. 
From Fig. 2b–d, it can be found that with annealing tem-
perature increasing, the proportion of sub-grain and cell 
block enclosed by HABs increases. As shown in Fig. 2d, 
many coarse equiaxed grains with diameter about 2–5 μm 
present in CT sample, which indicates that the recrystalliza-
tion occurs at the temperature below 400 °C. As temperature 
increasing (Fig. 2f, g), the content of HAB and size of grain 
increase. Figure 2h illustrates that the fraction of LAB drops 
quickly as temperature higher than 450 °C, which indicates 
the CT as-rolled sample is easier to recrystallize than RT 
sample.

The textures are represented by orientation distribution 
functions (ODFs) and the results are described by Figs. 3 
and 4. The main ideal orientations of face-centered cube 
(FCC) metal are shown in Fig. 3a. The texture of copper 
sheet rolled with reduction higher than 70% expresses as 
Copper type which contains Copper, Brass and S compo-
nents [3, 4, 16–18]. Some alloy elements can decrease the 
stacking fault energy (SFE) of Cu substantially [19, 20]. 
Then, the texture converts into Brass-type rolling texture 
which is characterized by Brass and Goss components [17, 
21]. Because Ag and Zr can reduce the SFE of Cu [5, 17, 
19], the main texture of as-rolled RT sample presents as 
Brass, Copper and S (Fig. 3b). After samples are treated 
at 450 °C for 1 h, the Goss, Q and P components appear 
in the texture (Fig. 3c). The Goss type texture is generally 
associated with recrystallization or development of α-fiber 
which including Brass and Goss components [4, 18]. Fig-
ure 3d illustrates the maximum intensity of every texture 
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components reduces to the value lower than 10 × random, 
which suggests the presenting of recrystallization texture in 
the sample treated at 500 °C. When the annealing tempera-
ture reaches to 600 °C, the textures corresponding to the 
ideal main orientations of FCC metal disappears in the sam-
ples. Therefore, the microstructure of recrystallization can 
be obtained for as-rolled RT sample annealed at 600 °C for 
1 h. For as-rolled CT sample, the texture shown in Fig. 4b 
exhibits similar feature as the as-rolled RT sample. However, 
the Q and P components are most intense in Fig. 4b, which 
may be caused by the occurrence of recovery and recrystal-
lization to some extent [3]. When annealing temperature is 
higher than 400 °C, the intensities of texture components 
are obviously weaken, which reveals the occurrence of the 
recrystallization process (Fig. 4c–e). 

The Vickers microhardness curves of samples are 
shown in Fig. 5. It is speculated that the initial recrystal-
lization temperature of RT sample is in the range of 400 to 
450 °C (Fig. 5a), which is consistent with the analysis of 
microstructure. Because the reinforcement of precipitation 
will weaken the decrease of hardness caused by recrystalli-
zation, the initial recrystallization temperature of CT sam-
ple determined by microhardness curve (Fig. 5b) is in the 

range of 300–400 °C which is higher than that described 
in Fig. 2. The recrystallization degree X can be calculated 
by the relation shown as Eq. 1 [22].

where Hmax is the maximum hardness, Hi is the hardness for 
the given temperature, and Hmin is the minimum hardness. 
The X value of RT sample being treated at 450 °C is about 
29%. For CT sample being annealed at 400 °C, the X value 
reaches to ~ 18%.

The previous studies indicate that microstructure of as-
rolled FCC sample shown in TEM images contains lots of 
parallel dense dislocation walls (DDWs), microband and 
a few cell blocks formed by extended dislocation bounda-
ries [23–25]. Figure 6a shows that the texture of as-rolled 
RT sample occupies these microstructure characteristic. 
Figure 6b shows that the DDW regions contain parallel 
dislocation arrays which is also observed in typical pure 
fcc metals with large plastic deformation [25, 26]. As 
shown in Fig. 6c, some parallel DDWs disappear during 
the recovery of the sample annealed at 200° C for 1 h. 

(1)X =
H

max
− H

i

H
max

− H
min

× 100%

Fig. 1   The EBSD maps of 
the RT samples: a as-rolled; 
b 200 °C/1 h; c 300 °C/1 h; 
d 400 °C/1 h; e 450 °C/1 h; f 
500 °C/1 h; and g 600 °C/1 h. h 
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Figure 6d, e illustrate that the microstructure of as-rolled 
CT sample is similar with that of as-rolled RT sample. 
Because the lower deformation temperature can reduce 
the dynamic recovery rate and promote the storage of dis-
locations in grain interior [27], the average size of cell 
structure is smaller than that shown in Fig. 6a, b. Besides 
the decrease of DDW density (Fig. 6f), the Ag precipitates 
can be found in the sample annealed at 200 °C for 1 h 
(Fig. 6g, h). Since the cube-on-cube orientation relation-
ship between Ag precipitate and Cu matrix is easy to form 
[28, 29], the interface should present as semi-coherent 
mode generally. Due to the lattice mismatch between the 
Cu and Ag crystals, atoms across the interface are distin-
guished into three types of lattice sites including the FCC 
region, misfit dislocation region and misfit dislocation 
intersections (nodes) corresponding to a relative rotation 
and dilation/compression regions between two crystals 
[29]. Figure 6h shows that the nodes labeled by red cir-
cles arrange regularly and periodically. The fast Fourier 
transform (FFT) image in Fig. 6h illustrates that the inter-
face is perpendicular to the direction of observation and 
parallel to {110} of Cu and Ag crystals. Then, the indexes 
of crystal faces are determined and labeled by solid red 

lines in Fig. 6h. These precipitations can pin the disloca-
tion, which will promote the elevation of material strength 
[30–32]. Straumal et al. [33] suggested that the formation 
of Ag-base phase precipitates at low annealing tempera-
ture relates to the unstability of supersaturated solid solu-
tion under SPD at cryogenic condition.

3.2 � Tensile Deformation Behaviours

Generally, the flow stress (σ) can be expressed by Eq. 2.

where ρ is the total dislocation density, α is a constant, μ is 
the shear modulus of matrix, b is the matrix Burgers vector, 
and M is the Taylor factor [34].

Verier [35] and Kubin et al. [36] suggest that the mean 
free path (L) of movable dislocations is inversely propor-
tional to stress in each slip system. Then, the relationship 
between ρ and L can be expressed as Eq. 3.

Keller et al. [37] indicate that the evolution of L in the 
plastic deformation process can be described by Eq. 4.

(2)σ = M ⋅ α ⋅ μ ⋅ b ⋅
√

ρ

(3)
√

ρ = k/L

Fig. 2   The EBSD maps of 
the CT samples: a as-rolled; 
b 200 °C/1 h; c 300 °C/1 h; 
d 400 °C/1 h; e 450 °C/1 h; f 
500 °C/1 h; and f 600 °C/1 h. h 
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where, the kL is the parameter describing the rate of evolu-
tion of L and Ls is the saturation value of L. The initial value 
(Ly) of L relates to the onset of deformation. Then, Eq. 4 can 
be integrated as follow:

The previous studies suggest that there are linear relation-
ship between dDC and L [38, 39]. Therefore, the dDC can be 
expressed as Eq. 7 by introducing adjustable parameter (k3 
and k4).

(4)
dL

dε
= −kL ⋅ (L − Ls)

(5)
L − Ls

Ly − Ls

= exp( − kL ⋅ ε)

(6)L = (Ly − Ls) ⋅ exp( − kL ⋅ ε) + Ls

(7)dDC = k3 ⋅ [
(

Ly − Ls

)

⋅ exp( − kL ⋅ ε) + Ls] + k4

Because the size of dislocation cellular structures is known 
to scale with ρ−0.5 [10], the flow stress can be described by 
Eq. 8.

where, the k2 is in the range of 10–20 [10, 39, 40], and for 
copper k2 ≈ 16 [39].

By combining the Eqs. 7 and 8, the σ–ε curves of RT and 
CT samples could thus be calculated and shown in Fig. 7. The 
evolution of dDC in the plastic deformation process can also 
be obtained and describe by Fig. 8. The results indicate that 
the features of samples with different degree of recovery and 
recrystallization is closely related to the dDC values.

The strain dependence of mobile (ρm) and immobile 
(ρf) dislocation density, namely classic KE model [41, 42], 
described as Eqs. 9 and 10 are used to calculate Ly and Ls.

(8)σ = M ⋅ α ⋅ μ ⋅ b ⋅ k2∕dDC

(9)
dρm

dε
= C1 − C2 ⋅ ρm − C3 ⋅ (ρf)

1∕2

Fig. 3   The ODF sections 
(φ2 = 0°, 45°, 65°) and EBSD 
maps of the texture components 
(within 15° tolerance) of RT 
samples: a main ideal orienta-
tions existing in rolled fcc mate-
rial; b as-rolled; c 450 °C/1 h; d 
500 °C/1 h; e 600 °C/1 h
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Fig. 4   The ODF sections 
(φ2 = 0°, 45°, 65°) and EBSD 
maps of the texture components 
(within 15° tolerance) of CT 
samples: a main ideal orienta-
tions existing in rolled fcc mate-
rial; b as-rolled; c 400 °C/1 h; d 
450 °C/1 h; e 500 °C/1 h 45o 65o0o
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Fig. 5   The HV value as a function of annealing temperature of Cu–3 wt%Ag–0.5 wt%Zr alloy: a RT sample; b CT sample
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Because the ρ is the sum of ρm and ρf, one eventually 
obtains:

Keller et al. [37] suggested the ρm relates with L and can 
be expressed as:

(10)
dρf

dε
= C2 ⋅ ρm + C3 ⋅ (ρf)

1∕2 − C4 ⋅ ρf

(11)
dρ

dε
= C1 − C4 ⋅ ρf

(12)
d
2ρ

dε2
= −C4 ⋅

(

dρ

dε
−

dρm

dε

)

Taking into account the evolution of L, Eq. 13 changes 
into the following formation:

The ρm and L can be obtained and shown in Fig. 9 
based on Eqs. 7, 8, 12 and 14. Generally, due to the eleva-
tion of the recovery and recrystallization degree, the ini-
tial ρm (ε = 0) decreases with the increase of annealing 

(13)
dρm

dε
=
M

b
⋅

(

1

Ls

−
1

L

)

(14)
dρm

dε
=

M ⋅ (Ly − Ls) ⋅ exp( − kL ⋅ ε)

b ⋅ [(Ly − Ls) ⋅ exp( − kL ⋅ ε) + Ls] ⋅ Ls

Fig. 6   TEM images: a, b 
as-rolled RT sample; c RT 
200 °C/1 h; d, e as-rolled CT 
sample; f–h CT 200 °C/1 h
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temperature, as seen in Fig. 10. Furthermore, along with 
the reduction of initial ρm, the original value of L and dDC 
increases. It should be noted that the variation tendency 
of initial ρm, L and dDC is effected by the Ag precipita-
tion of the CT samples at temperature lower than 400 °C. 
Though the differences in initial values of ρm and dc are 
big, the values in their saturation state are similar to each 
other shown in Figs. 8, 9a, b. The saturation dDC values of 
all samples are in the range of 200–300 nm. And Fig. 9a, 
b indicate that the saturation ρm values are in the range of 
1–3 × 1015/m2. In the recovery process, the initial ρm, L 
and dDC vary slightly, which is corresponding to the slight 
reduction of ρ in the sample. However, due to the effects 

of recrystallization, these parameters will vary abruptly as 
the annealing temperature increasing.

The varying pattern of the necked strain (εneck) shown 
in Fig. 11 is similar to that of initial ρm, L and dDC. That 
is to say, the range of strain in the stable plastic deforma-
tion stage increases obviously when the recrystallization 
happens in the annealing process. In addition, due to the 
elevation of the strain of the fractured sample (εfracture), 
the instable plastic deformation (εfracture −εneck) stage also 
increases with the annealing temperature increasing, 
which indicates the role of intervoid necking is weakened 
for the sample with recrystallization texture.
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4 � Conclusion

The effect of annealing process on the microstructure, tex-
ture evolutions and tensile plastic deformation of RT and 
CT Cu–3 wt%Ag–0.5 wt%Zr sheets are researched in the 
present study.

The heat stability of the as-rolled RT sample is better than 
that of CT sample, due to its recrystallization happening at 
higher temperature. The contents of LAB and HAB change 
quickly when recrystallization presents in the samples. The 
main texture components of as-rolled RT and CT samples 
comprise Brass, Copper and S textures. However, there 
are also Q and P textures in the as-rolled CT sheets. The 

Fig. 9   The ρm versus ε curves of samples annealed at different temperatures: a RT samples; b CT samples; the L versus ε curves of samples: c 
RT samples; d CT samples

Fig. 10   The initial L and dDc: a RT samples; b CT samples
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maximum intensity of texture components shown in ODF 
picture reduces obviously as the occurrence of recrystalliza-
tion. For as-rolled CT sample annealed at 200 °C, there are 
Ag precipitates separating from matrix and forming the typi-
cal semi-coherent interface structure between Cu and Ag.

The tensile plastic deformation can be described by con-
stitutive model considering the evolution of dDC or L. Due to 
the elimination of dislocation in the recovery and recrystal-
lization process, the initial values of L, dDC and ρm vary with 
the annealing temperature. For the sample with high degree 
recovery and recrystallization, its instable plastic deforma-
tion stage is longer than that of as-rolled sample.
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