
METALS

Influence of microstructure on thermal stability

of ultrafine-grained Cu processed by equal channel

angular pressing

Ningning Liang1, Yonghao Zhao1,* , Y. Li2, T. Topping2, Yuntian Zhu1,3, R. Z. Valiev4, and E. J. Lavernia5

1Nano and Heterogeneous Materials Center, School of Materials Science and Engineering, Nanjing University of Science and

Technology, Nanjing 210094, China
2Department of Chemical Engineering and Materials Science, University of California, Davis, Davis, CA 95616, USA
3Department of Materials Science and Engineering, North Carolina State University, Raleigh, NC 27695-7919, USA
4 Institute of Physics of Advanced Materials, Ufa State Aviation Technical University, Ufa, Russia 450000
5Department of Chemical Engineering and Materials Science, University of California, Irvine, Irvine, CA 95616, USA

Received: 8 March 2018

Accepted: 5 June 2018

Published online:

12 June 2018

� Springer Science+Business

Media, LLC, part of Springer

Nature 2018

ABSTRACT

The well-established enhanced mechanical performance of ultrafine-grained

(UFG) materials is often accompanied by poor thermal stability which precludes

their use in some applications. To provide fundamental insight into the problem

of thermal stability, we studied the microstructure of two different UFG

microstructures in Cu: one with lamellar grains and low-angle grain boundaries

(GBs) and another with equiaxed grains and high-angle GBs. These distinct

microstructures were obtained using equal channel angular pressing (ECAP) for

2 and 16 passes, respectively. Our results show that both microstructures

exhibited a similar yield strength, but the material processed using two passes

(ECAP-2) exhibited a higher thermal stability when compared to that of ECAP-

16. Thermodynamic calculations indicate that the ECAP-2 Cu has a lower stored

energy (0.43 J/g) relative to that of the ECAP-16 Cu (0.66 J/g) because the

former microstructure has lower GB energy and lower GB volume fraction

relative to the latter one. Kinetic analysis revealed that the ECAP-2 Cu has

higher activation energy of recrystallization (94 kJ/mol) as compared to that

corresponding to the ECAP-16 Cu (72 kJ/mol).

Introduction

Ultrafine-grained (UFG) and nano-structured (NS)

materials reportedly exhibit superior properties rel-

ative to those of conventional materials, making them

attractive for many structural and functional appli-

cations [1–3]. For coarse-grained (CG) materials, only

a small fraction of atoms are spatially located at or in

the immediate vicinity of grain boundaries (GBs).

However, UFG materials have a large volume
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fraction of GBs, leading to more atoms residing near

GBs [4, 5]. Comparing with grain interior, the atomic

packing at GBs is less dense and more disordered,

which increases the configurational and vibrational

entropy of the entire system [6] and consequently

leads to higher Gibbs energy. This in turn leads to

thermal instability of UFG/NS materials [7–10],

which leads to dislocation recovery, recrystallization

and gain growth at elevated temperatures, or even at

low to room temperatures [11–14]. For example,

Huang et al. [12] reported self-annealing of high-

purity Cu at room temperature processed by high-

pressure torsion (HPT). Theoretically, the effective

driving force P and velocity VG of thermally driven

grain growth on GBs is given by Abdeljawad and

Foiles [5, 15] and Darling et al. [5, 15]:

P ¼ cGBK ð1Þ

VG ¼ MP ¼ McGBK ð2Þ

where K is the local mean curvature, cGB is the GB

energy and M is the GB mobility. For UFG/NS

material, high stored enthalpy introduced by dislo-

cation defects as well as high GB curvature K provide

a high driving force for grain growth.

In order to improve the thermal stability, alloying

elements were usually introduced into pure UFG/NS

materials to lower the grain growth kinetics (i.e.,M in

Eq. 2) and thermodynamic driving force (cGB) [16]. A

reduction in grain growth kinetics can be realized by

solute dragging and second-phase pinning of GB

[17–19], while the thermodynamic driving force can

be reduced by solute or impurity segregation to GBs,

which reduces the GB energy [15, 17, 20, 21]. For

example, Atwater et al. [17] added 1 at.% Zr to Cu

and raised the stability of the nano-grains to about

900 �C, which exceeds 0.85 Tm, the melting temper-

ature for pure Cu.

It is more challenging to stabilize UFG/NS struc-

tures of pure metals, but some examples have been

reported. Liu et al. [22] reported that 2D nano-lami-

nated structure on top of bulk Ni with low-angle

grain boundaries (LAGBs) produced by surface

mechanical grinding treatment (SMAT) is much more

stable than the corresponding 3D UFG structure,

which is attributed to the low excess energy and low

mobility of the LAGBs. Nano-Cu with large amount

of twin boundaries was also found to have high

thermal stability [23, 24]. It is of interest to process

UFG metals with both good mechanical properties

and high thermal stability.

Equal channel angular pressing (ECAP) is an

effective technique to produce UFG metals [25–27].

Dalla Torre et al. [27] found that ECAP processing for

1–2 passes significantly improve the strength of pure

Cu, while greater number of passes, especially after 8,

have limited effect on strength [27, 28]. Higher ECAP

passes or higher strain can be used to improve duc-

tility, as reported in [29]. However, the total elonga-

tion to failure improved only from 8.6 to 10.0% when

the number of ECAP passes increased from 2 to 16

[27]. With more ECAP passes, dislocation density is

expected reduced [27], which makes UFG structure

more stable. On the other hand, more high-angle GB

(HAGB) is also expected with more processing strain

[30], which has higher mobility and lower activation

energy for recrystallization than LAGB and therefore

makes the UFG structure less stable [25, 31, 32].

It is of interest to investigate the different UFG

structures produced by ECAP on the thermal stabil-

ity. In this work, we systematically studied the ther-

mal stability of bulk pure Cu processed by ECAP

with 2 passes and 16 passes, which are hereafter

referred to as ECAP-2 and ECAP-16 samples,

respectively. The ECAP-2 sample has elongated

grains with LAGBs, while the ECAP-16 sample has

equiaxed grains with HAGBs. Both thermodynamic

and kinetic factors are considered in the experiments,

data analysis and discussion. The discontinuous

annealing process and the mechanisms of thermal

stability were also studied.

Experimental procedures

Polycrystalline Cu with a purity of 99.99% was cho-

sen as starting material. ECAP samples of

20 9 20 9 80 mm3 were annealed at 500 �C for

120 min. to produce a recrystallized microstructure

with an average grain size of 55 lm (Fig. 1a). ECAP

processing was carried out at room temperature

using a die with an internal channel angle of 90� and
the outer curvature angle is 45�. Two and 16 passes

were employed through route BC, in which the

sample was rotated clockwise by 90� between adja-

cent passes. More details can be found in [33, 34].

Thermal stability was examined by isothermal and

isochronal annealing. Isothermal annealing was per-

formed at 200 �C in silicone oil for different durations
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from 5 to 480 min. Isochronal annealing was per-

formed in argon protective atmosphere for 30 min at

temperatures from 150 to 350 �C followed by air

cooling. Vickers microhardness was measured to

evaluate the softening during annealing with a load

of 2.94 N and a loading time of 10 s. Each value was

averaged over at least 15 measurements. Quasi-static

uniaxial tensile tests were conducted at room tem-

perature on an Instron 8801 universal testing machine

(UTM) with a strain rate of 1 9 10-3 s-1. Flat dog-

bone-shaped tensile specimens were sectioned by

electrical discharge machining (EDM) from the cen-

tral regions of the UFG Cu square bars along the

longitudinal direction. The gauge dimension is

2 9 1 9 10 mm3, and sample surface was polished

with 1-lm diamond suspension before tests. Three

tensile specimens were tested for each annealing

condition to get error bars.

The microstructure was characterized by scanning

electron microscopy (SEM) and electron backscat-

tered diffraction (EBSD). Samples sectioned from the

plane perpendicular to the longitudinal direction of

the ECAP-processed bar were ground and elec-

tropolished using 2.1 V alternating current in 85%

H3PO4 ? 15% deionized water. Scanning was com-

pleted using Zeiss Auriga crossbeam microscope

operated at 5 kV and equipped Oxford EBSD detec-

tor working at 20 kV with a step size of 0.03 lm.

Microstructure was also characterized in a Philips

CM12 transmission electron microscope (TEM)

operated at 100 kV. TEM specimens were prepared

by first mechanically grinding the samples to a

thickness of about 50–70 lm, then dimpling to a

thickness of about 10 lm and finally ion milling to a

thickness of electron transparency using a Gatan

Precision Ion Milling System with an Ar1 accelerat-

ing voltage of 4 kV and below 35 �C.

Results

As deformed microstructures

An elongated subgrain structure was formed after

ECAP processing for 2 passes inside an initial CG

grain (Fig. 1b). The fuzzy subgrain boundaries indi-

cate LAGBs, and the gradient, non-uniform contrast

indicates high density of dislocations, which are not

uniformly distributed and likely entangled [35].

Average width of the elongated subgrains was mea-

sured as about 230 nm, which is consistent with

previous reports [27, 33]. After 16 ECAP passes, the

microstructure was refined to equiaxed grains with

an average diameter of about 270 nm as presented in

Fig. 1c. Sharp GBs and clean grain interior manifest

the occurrence of dynamic recovery and dynamic

recrystallization during the severe plastic deforma-

tion [26, 27].

Figure 2 displays the EBSD results of as-ECAP-

processed Cu. As shown in Fig. 2a, b as scanned

different large regions, initial CG grains were

deformed where elongated subgrain structure was

formed in the deformed grains. Figure 2c, d is rep-

resentative small area, one of the scanning regions

with accurate step size and resolution, which was

used to give the impression of grain structure. For

ECAP-2, there exist abundant LAGBs (gray lines) in

the elongated grains (Fig. 2b, c). Some small irregular

subgrains with unclosed boundary also exist in

Fig. 2b, c, indicating the boundaries with misorien-

tation angle less than 2�. Figure 2d shows that the

ECAP-16 sample is mostly composed of equiaxed

clean grains surrounded by HAGBs (black lines).

Moreover, the interiors of grains are relatively clean,

possibly due to dynamic recovery and recrystalliza-

tion during ECAP process.

Figure 1 SEM images of: a annealed Cu sample with an average grain size of 55 lm, b ECAP-2 Cu with elongated subgrain structure

and c ECAP-16 Cu with a UFG equiaxed grain structure.
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Grain size (or lamella thickness) distribution

(Fig. 2e) indicates that both the ECAP-2 and ECAP-16

samples have one size peak, and the average sub-

grain/grain size is 380 ± 160 and 470 ± 140 nm,

respectively. The fractions of small subgrains

(\ 500 nm) in the ECAP-2 sample are obviously

higher than that of small grains in the ECAP-16

sample. It is noted that the average grain size mea-

sured by EBSD disagrees with that by SEM data,

because EBSD is based on Kikuchi pattern and ori-

entation information, while SEM images cannot dis-

tinguish HAGB and LAGB. Misorientation

distribution map is exhibited in Fig. 2f. For the

ECAP-2 sample, 89% of the boundaries are LAGBs

and about 65% of boundaries have misorientation

angle below 5� [25]. In contrast, the ECAP-16 sample

exhibits a bimodal distribution with one peak

appearing at low angles and the other peak at high

angles. The fraction of HAGB is 55% [31], which is

much higher than that in the ECAP-2 sample (11%).

Microhardness evolutions

The evaluation of microhardness and yield strength

of specimens after isochronal and isothermal

annealing is illustrated in Fig. 3. All the hardness (or

strength) value versus annealing condition exhibits

similar trends of softening with increasing annealing

temperature due to dislocation recovery and grain

growth. Three decrease stages, slow decrease, quick

drop and gradual decrease, typically exist with

increasing annealing temperatures and time

[25, 36–38]. Recovery is responsible for slow decrease

stage, which is caused by dislocation rearrangement

Figure 2 a, b are the orientation imaging microscopy (OIM)

images of as-processed ECAP-2 with different scanning areas. c,

d are magnified OIM images of ECAP-2 and ECAP-16 samples,

respectively. Black lines indicate boundary misorientation[ 15�,

and gray lines indicate misorientation between 2� and 15�. The
distribution of e grain size and f misorientation is measured

statistically from EBSD data.
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and annihilation. The rapid drop stage is caused by

recrystallization, which may clean grain interior and

produce annealing twins over a short time period or

temperature range. This is related to discontinuous

recrystallization and grain growth, which will be

discussed in a subsequent section. In the last stage,

strength gradually decreases due to overall grain

growth.

Figure 3 demonstrates that the ECAP-2 sample has

higher thermal stability than that corresponding to

the ECAP-16 sample. During the 30-min isochronal

annealing (Fig. 3a), the ECAP-2 sample started to

soften at about 250 �C, which is about 50 �C higher

than that of ECAP-16 sample (\ 200 �C). The setup

temperature of recrystallization was decreased for

samples with higher ECAP processing passes which

was reported by Cao et al. [31]. The difference for

ECAP-2 and 16 is consistent with Cao et al. [31]

(215 �C for 1 pass and 169 �C for 16 passes). Simi-

larly, during isothermal annealing at 200 �C the

ECAP-2 sample maintained hardness for 90 min,

while ECAP-16 sample exhibited a sustained soften-

ing from the outset (Fig. 3b). As expected, yield

strength variation matches the variation trend of

hardness. A slight annealing hardening is also

observed for ECAP-2 sample attributing to the dis-

location source-limited strengthening where the

relaxation of GB as dislocation source occurs after

annealing and more force is needed to activate it

[39, 40].

Microstructural evolution during annealing

Figure 4 illustrates the microstructural evolution of

the ECAP deformed Cu samples during isochronal

annealing. Generally, with increasing temperature,

recrystallized areas nucleate and grow, leading to the

formation of a bimodal grain size distribution [33]

(Fig. 4b–e) where new large grains coexist with

deformed UFG matrix [25, 36, 41, 42]. As shown in

Fig. 4a, the ECAP-2 samples had no change in

microstructure when annealed at temperatures up to

200 �C. A few recrystallized grains are observed at

250 �C with grain size about 3.15 lm (Fig. 4b, red

circles). The recrystallization of the ECAP-2 sample is

almost completed at 325 �C, with some small areas of

remaining deformed structure as marked by orange

circles in Fig. 4c. In contrast, the ECAP-16 sample

started recrystallization at 200 �C (see the red circles

in Fig. 4d). At 300 �C, the recrystallization was

almost completed (Fig. 4e). These observations again

indicate that the ECAP-2 sample is more stable than

the ECAP-16 sample.

Figure 5 illustrates the frequency evolution of dif-

ferent GBs during isochronal annealing. As presented

in the top row of Fig. 5a, most boundaries remained

low angle at 250 �C and below. Even annealing to

300 �C, nearly 80% of boundaries s are identified as

LAGBs. In contrast, the bottom row of Fig. 5a indi-

cates that the LAGB structure is rapidly annealed out

and converted to HAGBs. The prominent single 60�
column for ECAP-16 sample at 300 �C represents the

annealing twins. Figure 5b indicates that about 90%

boundaries are HAGBs. These observations indicate

Figure 3 a Microhardness evolution of UFG Cu during 30-min

isochronal annealing and b evolutions of microhardness and yield

strength with isothermal annealing time at 200 �C. The tensile tests

were conducted at quasi-static tension at 1 9 10-3 s-1. The error

of yield strength and hardness is about ± 10 MPa and ± 5,

respectively.
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that a long recovery process and a delayed recrys-

tallization occurred in the ECAP-2 sample during

annealing at temperatures below 0.3 Tm, which is

accompanied by nucleation and partial grain growth.

Figure 6 displays TEM microstructures after

isothermal annealing. Similar to the microstructures

after isochronal annealing, as shown in Fig. 4,

recrystallized regions nucleated and expanded

gradually with increasing annealing time, which

produced a bimodal microstructure distribution

(Fig. 6b–e). During annealing at 200 �C, the

microstructure of the ECAP-2 samples remained rel-

atively unchanged for 90 min, as shown in Fig. 6a, b,

and only recrystallized for a small fraction after

480 min (Fig. 6c). However, the ECAP-16 sample

started recrystallization in less than 5 min (Fig. 6d).

After annealing for 40 min, about 50% of the area was

recrystallized (Fig. 6e). The recrystallization is almost

complete after 480 min annealing. These observations

again demonstrate higher thermal stability of the

ECAP-2 sample.

The evolution of the fraction of recrystallized vol-

ume during annealing is summarized in Fig. 7. If we

define the recrystallization temperature (TR) as the

temperature at which 50% of the entire area is

recrystallized [31] (see the dotted line in Fig. 7a), the

TR of ECAP-2 and ECAP-16 is 295 ± 5 and

240 ± 5 �C, respectively. Therefore, at least 50 �C
difference exists between these two samples. To form

50% area fraction of recrystallized grains, the time is

postponed from 0.6 h (equiaxed grains, ECAP-16) to

10 h (elongated grain, ECAP-2) for 200 �C isothermal

annealing.

Activation energy of recrystallization

To explore the kinetic mechanisms for the observed

difference in thermal stabilities of the ECAP-2 and

ECAP-16 Cu samples, we estimated the activation

energy of recrystallization, using the classical John-

son–Mehl–Avrami–Kolmogorov (JMAK) model

[34, 36, 41]. The JMAK equation is expressed by:

XV ¼ 1� expð�BtnÞ ð3Þ

where XV is the volume fraction of recrystallization

area, B is a temperature-dependent parameter and n

is the JMAK exponent, which is constant. As verified

by Ref. [38], the recrystallized area fraction XA could

be used to replace XV in Eq. (3) for the random dis-

tribution and isotropic shape of the recrystallized

grains in the present case. Based on the Arrhenius

law, B could be represented by:

B ¼ B0 expð�Q=RTÞ ð4Þ

where Q is the apparent activation energy of recrys-

tallization, T is absolute annealing temperature and R

is gas constant. Then, Eq. (3) can be rewritten as:

ln ln
1

1� XA

� �
� n ln t ¼ lnB0 �

Q

RT
ð5Þ

Figure 4 SEM micrographs of microstructures of the ECAP-2 (a–c) and ECAP-16 (d–f) samples during 30-min isochronal annealing.

Deformed structures and recrystallized grains are marked by orange and red circles, respectively.
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The term ln[ln(1/1 - XA)] for isochronal annealing

was plotted against 1/T in Fig. 8a. The Q, calculated

from the slope of the linear fitting lines to the data

using the least square method, is 94 ± 3 kJ/mol and

72 ± 5 kJ/mol for ECAP-2 and ECAP-16 Cu,

respectively. The larger Q value of the ECAP-2 Cu

compared with that of the ECAP-16 Cu further veri-

fies its higher thermal stability.

Figure 8b shows that the activation energy for

recrystallization decreases substantially with

increasing number of passes, which is consistent with

literature reports [25, 42]. The high activation energy

for the ECAP-2 sample was attributed to the large

proportion of subgrain structures [42], as also

revealed in Figs. 1b and 2a in the present work, while

the low Q value for the Cu with high ECAP pass

number was due to the higher internal stored energy

and higher fraction of HAGBs, which result in a

decrease in the energy barrier for nucleation

[25, 36, 41].

It was reported that the activation energy for the

migration of random HAGBs of Cu is in the range of

104–125 kJ/mol [7, 44], which corresponds to a GB

self-diffusion mechanism, while the Q for the

migration of LAGBs is measured as 205 kJ/mol

[7, 42], close to the Q value of lattice self-diffusion for

Cu (197 kJ/mol). The motion of LAGBs is controlled

Figure 5 a Frequency display of misorientation angle during

isochronal annealing for ECAP-2 (top row) and ECAP-16 (bottom

row). b Frequency evolution of LAGB and HAGB with isochronal

annealing temperatures. The frequency data here are original

information containing angles below 2� measured by EBSD.
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by dislocation climb via a lattice self-diffusion

mechanism. The measured Q values (94 and

72 kJ/mol) in the present work suggest that the

recrystallization and grain growth in Cu samples

occurred by means of migration of HAGBs.

Stored energy

To further study the thermodynamic origins of the

enhanced thermal stability of ECAP-2 Cu, we per-

formed accurate calculation of the stored energy

based on the microstructural features (e.g., GBs and

dislocations) as measured by TEM and EBSD.

Contribution from GBs

To calculate the contribution to the stored energy

from GBs, Eb, one needs to calculate the average GB

energy, cGB, and boundary area per unit volume, SV
[31]. The GB energy, c(h), could be calculated by

Read–Shockley equation from misorientation across

the boundary, h [31, 42, 45]:

cðhÞ ¼ cS
h
15

1� ln
h
15

� �� �
; h� 15

�

cS; h[ 15
�

8<
: ð6Þ

where cs is the HAGB energy, equal to 0.625 J/m2 for

Cu [7], and cGB is obtained by:

Figure 6 Bright-field TEM images of microstructures of ECAP-2 (a–c) and ECAP-16 (d–f) Cu samples during 200 �C isothermal

annealing. Deformed structures and recrystallized grains are marked by orange and red circles, respectively.

Figure 7 The evolution of recrystallized area fraction of UFG Cu: a 30-min isochronal annealing and b 200 �C isothermal annealing; data

are based on SEM (a) and TEM (b) observation with at least 20 images for random location.
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cGB ¼
X63:5�
2�

cðhÞfðhÞ½ � ð7Þ

where f(h) represents the fraction of a given misori-

entation h. The orientation and fraction data are

measured by EBSD analysis (Fig. 2f), and the orien-

tation range chosen here is from 2� to 63.5� as angles
below 2� are improbable for EBSD scanning. More-

over, as reported by Huang et al. [46] where defor-

mation twins can be found both in ECAP-2 and

ECAP-16 samples with considered low density, then

they have little effect on average GB energy. The cGB
of ECAP-2 and ECAp-16 is calculated as 0.38 and

0.52 J/m2, respectively. From the literature, the SV for

equiaxial or cell grain structure could be evaluated as

[31, 42]:

SV ¼ 2

dh� 1�
ð8Þ

where dhC1� is the subgrain/grain size. However, the

above evaluation was not applicable to the ECAP-2

sample with a lamellar subgrain structure. To calcu-

late SV of the ECAP-2 sample, we simplified the

structural unit as a cuboid with height dl of 230 nm,

length L and width K of about 500 nm [33], as pre-

sented in Fig. 9b. Then, SV is calculated based on:

SV ¼ dlLþ dlK þ LK

dlLK
ð9Þ

SV is then 0.008 nm-1 for the ECAP-2 Cu. For ECAP-

16 sample with equiaxed grains, as illustrated in

Fig. 9c, d, we simplified grains as unit model of cube

and hexagonal prism, respectively, with grain size

d = 270 nm, as measured from TEM images [33]. The

SV is formulated as:

cube; SV ¼ 3

d
ð10Þ

hexagonal prism a ¼ dffiffiffi
3

p ; SV ¼ 2þ
ffiffiffi
3

p

d
ð11Þ

Among Eqs. (8), (10) and (11), we choose Eq. (10) to

calculate the SV for ECAP-16 sample which is in

reasonable range and consistent with studies [25, 48].

As a result, SV = 0.011 nm-1 for ECAP-16. Then, the

boundary contribution to stored energy can be cal-

culated as:

Eb ¼ cGBSV ð12Þ

and the calculated values are 0.36 and 0.65 J/g for

ECAP-2 and ECAP-16 samples, respectively.

Figure 8 a A linear fit of XA against reciprocal annealing temperature 1/T according to Eq. (5). b Activation energy of recrystallization

kinetics of ECAP deformed Cu with different passes [25, 31, 42, 43].

Figure 9 a, b Simplified lamellar structure as cuboid with length

L, width K and height dl [47]. c, d Simplified equiaxed grain

structure as cube and hexagonal prism, respectively. The grain size

is d, and the edge length is ‘‘a’’ in (d).
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Contribution from dislocations

The stored energy (Ed) for a dislocation density (q) is
Ed = qEdis, where Edis is the energy per length unit of

dislocation line. But this relationship is appropriate if

the dislocations are arranged in such a way that the

stress fields of other dislocations are screened, and

the energies of the dislocations present in real mate-

rials are not wholly represented by such simple

considerations. In even moderately worked metals,

dislocations are found to intersect each other, and the

energy of a dislocation depends on its environment

[42]. In most cases, dislocation density at grain inte-

riors contributing to stored energy can be approxi-

matively estimated by Humphreys and Hatherly [7]:

Ed ¼
1

2
qGb2 ð13Þ

where G is the shear modulus (48.3 GPa for Cu) and

b is the Burgers vector (2.56 9 10-10 m). As reported

in [27], q for ECAP-16 was measured to be

0.64 9 1014 m-2, and for ECAP-2, we adopt the q of

4.02 9 1014 m-2 as measured by Higuera-Cobos et al.

[42]. Then, the dislocation-contributed stored energy,

Ed, is calculated as 0.07 and 0.011 J/g, respectively.

The total stored energy, calculated by ES = Eb? Ed, is

0.43 J/g (ECAP-2) and 0.66 J/g (ECAP-16). This

implies that the stored energy increases with

increasing ECAP deformation, which agrees with

reports from the literature [42]. The higher stored

energy in ECAP-16 indicates a higher driving force

for recrystallization. This is due to the lower Q and

thermal stability measured in ECAP-16 sample. Zi

et al. [44] also reported that lower stored energy in

cold-rolled Al resulted in higher recrystallization

temperature and/or delayed recrystallization.

Discussion

Discontinuous and continuous annealing
phenomena

Among various annealing phenomena, recovery,

recrystallization and grain growth as the most com-

mon processes may occur in a discontinuous and

continuous way [7]. Discontinuous processes are

characterized by a rapid drop in strength after a

narrow annealing temperature interval or time

interval and a heterogeneous structural evolution.

Typically, discontinuous annealing phenomena

include recovery by discontinuous subgrain growth,

primary recrystallization and abnormal grain growth,

while their borderlines are unclear [7]. In contrast,

continuous processes are characterized by a gradual

decrease in strength and homogeneous structure

coarsening without identifiable nucleation and

growth stages. The continuous processes include

recovery by subgrain growth, continuous recrystal-

lization and normal grain growth. Large fraction of

HAGBs in severely strained material is believed to

cause continuous process where the crystallites or

grains can readily grow.

In this investigation, heterogeneous structural

evolution was observed for ECAP-processed Cu

during annealing treatment, and the decreases of

hardness and yield strength are in a narrow range for

both annealing temperatures and times. These fea-

tures clearly demonstrate that primary or partial

recrystallization occurred during annealing, which

are discontinuous phenomena. Similar observations

were also reported in [25, 36, 41, 42] for ECAP-pro-

cessed Cu during subsequent annealing. Koch et al.

[16] interpreted the heterogeneous recrystallization

based on the facts of the non-uniform distributions of

pores and impurities of the ball-milled nano-crys-

talline samples. For the pure Cu specimens in the

current work, the partial primary recrystallization

might be caused by the inhomogeneous distributions

of deformation strain, which further result in the non-

uniform distributions of texture, HAGBs and stored

energy, etc. Even for the equiaxed grain structure in

the ECAP-16 sample, microstructures are also non-

uniform. For example, some nano-grains with a grain

size of several tens of nanometers are developed, as

observed in Fig. 2d. These small grains are probably

recrystallized grains formed during the ECAP pro-

cess because they are free of dislocations. During the

subsequent annealing, these small grains might act as

nuclei for recrystallzation and eventually grow.

Thermal stability

From Eqs. (1) to (13), we can see that the thermal

stability of NS/UFG materials is determined by

thermodynamic and kinetic parameters. The former

parameters include the stored energy ES and GB

curvature K, and the latter parameters include GB

mobility M and activation energy of recrystallization

Q. Both thermodynamic and kinetic parameters are

determined by the microstructural characteristics.
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Table 1 lists the microstructures and thermodynamic

and kinetic parameters for ECAP-2 and ECAP-16 Cu

samples.

From Table 1, one can see that the stored energy is

primarily originated from the contribution of the GBs

(GB energy and area per unit volume), which is one

order of magnitude higher than that of dislocations.

Due to the high fraction of LAGBs and lamellar grain

structure in ECAP-2 Cu, the GB energy and area per

unit volume of ECAP-2 Cu (0.38 J/m2, 0.008 nm-1)

are smaller than those of ECAP-16 Cu (0.52 J/m2,

0.011 nm-1). Moreover, the GB curvature K of

lamellar grains in ECAP-2 Cu is much smaller than

that of the equiaxed grains in ECAP-16 Cu. Therefore,

the thermodynamic driving force for recrystallization

of ECAP-2 Cu is smaller than that of ECAP-16 Cu,

resulting in its retarded recrystallization.

From the kinetic point of view, the high activation

energy of recrystallization of ECAP-2 indicates its

large barrier for atom diffusion and boundary

migration, i.e., a lower GB mobility M. This can be

understood from the different mobility of LAGB and

HAGB. LAGBs are found to be much less mobile than

HAGBs as the motion of a low-angle boundary

involves a coordinated movement of dislocation

arrays [36]. For lamellar structured LAGBs, the

boundary movement can be normally operated in

two dimensions parallel to the lamellar layer, for

instance, in the type of Y-junction motion [47, 49]. In

the direction perpendicular to the lamella, the

migration of lamellar LAGBs is difficult due to geo-

metric constraint (see Fig. 9a) and long boundary

line, while the HAGBs, especially surrounding

equiaxed grains, can migrate in three dimensions

without resistance from geometric constraints.

Moreover, it was reported that the GB mobility

increases sharply with increasing misorientation, and

the mobility of LAGBs could be 10–500 times lower

than that of random HAGBs [50].

Conclusions

In this work, we prepared two different Cu samples

by ECAP processing for 2 and 16 passes with

microstructural characteristics of lamellar grains with

LAGBs and equiaxed grains with HAGBs, respec-

tively. The isochronal and isothermal annealing was

then performed to evaluate their thermal stability,

and EBSD and TEM analyses were carried out to

characterize their microstructural evolutions. Ther-

modynamic calculation of the stored energy and

kinetic measurement of the activation energy of

recrystallization were carried out to understand the

thermal stability. The following conclusions can be

made.

1. The EBSD and TEM analyses verified that the

recrystallization process of the ECAP-2 Cu was

retarded to higher annealing temperature or

longer annealing time compared with that of

the ECAP-16 Cu.

2. The stored energy of the ECAP-2 Cu is calculated

to be smaller than that of the ECAP-16 Cu due to

its low GB energy of LAGBs and low boundary

area per unit volume. The activation energy for

recrystallization of the ECAP-2 Cu is measured to

be larger than that of the ECAP-16 due to the low

mobility of the LAGBs.

3. With close strength properties and better thermal

stability, the elongated microstructure by ECAP-2

for two passes has some advantage in terms of

processing cost and engineering application.
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