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Abstract The microstructure and microhardness of cop-

per subjected to large strains either using one or a

combination of severe plastic deformation (SPD) process-

ing techniques was evaluated. The individual SPD

techniques used include equal-channel angular pressing

(ECAP), high-pressure torsion (HPT), and chip formation

during machining (M). Microstructural characterization

using orientation imaging microscopy provided detailed

information on the grain sizes and misorientation statistics

after different processing routes. Vickers indentation

analysis was used to evaluate the hardness of the deformed

samples. The results show that excellent microstructures

and properties are achieved when these three processes are

used in combination, including grain sizes in the range of

*0.2–0.3 lm and hardness values up to [1,900 MPa.

Introduction

The application of large strain deformation, using tech-

niques such as equal-channel angular pressing (ECAP) [1,

2], high-pressure torsion (HPT) [3, 4], and chip formation

in plane-strain machining (M) [5, 6] have demonstrated

that bulk materials with nanocrystalline microstructures

may be produced in a wide variety of metals and alloys at

near-ambient temperatures. Systematic studies of the

microstructural refinement achieved using processes of

severe plastic deformation (SPD) have shown that dislo-

cation multiplication and interaction dominate at low

strains and this leads to the formation of elongated

nanocrystalline structures as the imposed strain increases.

Upon further straining, these elongated structures trans-

form into essentially equiaxed nanocrystalline structures.

The formation of equiaxed nanocrystalline structures

occurs concurrently with an increase in the fraction of

high-angle grain boundaries having misorientation angles

of [15�.

Despite the significant differences in the strain paths

leading to grain refinement in the various individual SPD

processing methods, the final equilibrium microstructure

of a material subjected to large strains is always reason-

ably equiaxed in nature with the grains having almost

dislocation-free interiors. This has led to a major effort

that has been focused on adjusting the processing and

material conditions to attain equilibrium equiaxed

microstructures using the most expeditious processing

procedure. For example, processing by route BC in ECAP,

in which the billets are rotated about their longitudinal

axes by 90� in the same sense between each pass [7], is

now established as producing equiaxed nanocrystalline

structures by grain subdivision at the fastest rate in metals

and dilute alloys [8].

A. P. Zhilyaev (&)

Department of Physical Metallurgy, Centro Nacional de
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It is envisaged that critical engineering components

having high strength nanocrystalline microstructures may

be produced by SPD techniques. Therefore, it is crucial to

understand the thermal and stress-induced stability of these

structures during service, because the large fraction of

high-angle boundaries may provide an impetus for grain

growth. The thermal stability of nanocrystalline materials

was studied in several earlier investigations [9–13], but in

contrast, the stress-induced stability has received only

limited attention.

It is difficult to interpret the tensile stress–strain

behavior of these equiaxed nanocrystalline microstructures

because the severe strain hardening leads to an early onset

of plastic instability [14]. Nevertheless, it is reasonable to

anticipate that a continued intense deformation of the

nanocrystalline microstructures may provide some insight

into the stress-induced stability of these materials. Fur-

thermore, parallel work on selected electro-deposited

materials such as copper, where the grains sizes are *30–

40 nm and therefore an order of magnitude smaller than in

many SPD materials, has shown that grain growth occurs

under a complex compressive stress state produced by

indentation [15]. Accordingly, the objective of the present

work was to analyze the stability of the nanocrystalline

microstructures produced by SPD techniques when the

materials are subjected to ultra-high strains under high

quasi-hydrostatic compressive stresses. These compressive

stresses were achieved by subjecting samples to a combi-

nation of various SPD techniques.

Experimental material and procedures

The copper material used in this study had a purity of

99.9% and an initial grain size of 500 lm. The copper was

subjected to ECAP processing by route BC to four passes at

room temperature using a 90� die having a zero relief angle

at the outer die channel intersection; the ideal shear strain

imposed during this processing was 8. Constrained HPT

was performed on the initial copper samples for a total of

N = 5 turns under an applied pressure P of 6 GPa. The

consolidated HPT samples were 10-mm diameter discs

with a thickness (t) of 0.2 to 0.3 mm. The shear strain

introduced in the HPT samples varied with radius R of the

disk according to 10pR/t [4]. Large shear strains *10 were

also introduced into the initial copper material by chip

formation during machining (M) operation by milling. The

chips were machined at a rate of 30 m min-1 using a -5�
rake angle tool. TEM observations indicated that the

microstructure of copper after being subjected to large

strains by each of the above-mentioned processes was

made up of equiaxed nanostructured grains. The micro-

structure after HPT was made up of 320-nm grains,

whereas the microstructure in the flow plane of copper after

ECAP processing was made up of equiaxed nanocrystalline

structures having sizes of 500 nm [16]. In this study, the

microstructure of the milled chips was not obtained directly

but was inferred from another study where copper was

subjected to nearly equivalent machining conditions and

showed a grain size of *300 nm [6]. In order to under-

stand the compressive stress behavior of these equiaxed

nanocrystalline microstructures, the ECAP samples and

machining chips were placed in the depression on the lower

anvil of a constrained HPT facility and consolidated at

room temperature under the same conditions as that used

for the initial copper material. Further, the chips were

milled from the ECAP samples using the same machining

parameters and these chips, in turn, were also subjected to

HPT at P = 6GPa and N = 5 turns.

Microstructure analysis was performed using transmis-

sion electron microscopy (TEM) and orientation imaging

microscopy (OIM). Samples of ultrafine-grained copper

were metallographically polished followed by electropol-

ishing using a solution of 85 vol% H3PO4 in water at 20 �C

with a voltage of 15 V. The OIM was conducted in a

TOPCON S-510 scanning electron microscope operating at

15 kV with a LaB6 filament having a step-size of 0.05 lm.

The OIM study involved standard clean-up procedures [17,

18]: (i) grain dilatation with a grain tolerance angle (GTA)

of 5�; a minimum grain size (MGS) of two pixels; (ii) grain

confidence index (CI) standardization with GTA = 5� and

MGS = 2�; and (iii) neighbor CI correlation with mini-

mum CI of 0.05. The mechanical properties of the

consolidated discs were also characterized using Vickers

indentation. The discs were polished to a mirror-like finish

and tested using a load of 100 g with a holding time of

10 s. The average hardness was determined from five

separate measurements.

Results and discussion

Figure 1 shows representative inverse pole figure maps of

copper after the following processing routes: (a) subjected

to HPT from the initial material, (b) after M followed by

HPT, (c) after ECAP followed by HPT, and (d) after ECAP

followed by M and then HPT. The microstructures in all

conditions were equiaxed with measured average grain

sizes of 0.26, 0.24, 0.27, and 0.22 lm, respectively, where

full details are given in Table 1. The grain sizes measured

from OIM were similar to the grain sizes reported from

TEM observations [16]. Indeed, a comparison between

Figs. 1a and 2 taken from the earlier report [16] shows a

similarity in both the appearance of the microstructure and

the grain size. In the OIM images as in Fig. 1a, there was

some evidence for twinning, as indicated by the small oval,
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and this is similar to the twin which is clearly visible in the

TEM microstructure in Fig. 2.

Using OIM measurements, the maximum grain sizes

observed in copper samples after different types of large

strain deformation are documented in Table 2 together with

details of the relative fractions of the various grain sizes in

increments of 20%. It is apparent that a large fraction of

grains lies within 0–20% of the maximum grain size for all

processing conditions and this is consistent with the average

grain sizes reported in Table 1. Processing by HPT gave the

largest grains as is evident in the upper left corner of Fig. 1a,

although these unusually large grains were not present after

combinations of other SPD processes. Table 1 also lists the

relative fraction of high-angle boundaries (HAB) where the

orientations are[15�, the fraction of low-angle boundaries

(LAB), and the fraction of CSL (R3) boundaries. These

statistics show that the fraction of high-angle boundaries in

the equiaxed nanocrystalline grains is[60% in all samples.

Also, the relative fraction of CSL boundaries, including the

fraction of R3 boundaries, remains the same even when

copper is subjected to larger strains.

Fig. 1 Grain boundary maps of

UFG copper after (a) HPT, (b)

M + HPT, (c) ECAP + HPT,

and (d) ECAP + M + HPT

Table 1 Grain size and grain boundary statistics by OIM

Specimen Mean grain size (lm) GB statistics

TEM [12] OIM HAB LAB CSL (R3)

HPT 0.32 0.26 0.58 0.32 0.10 (2.7)

M + HPT 0.31 0.24 0.69 0.19 0.12 (3.3)

ECAP + HPT 0.31 0.27 0.51 0.35 0.14 (3.9)

ECAP + M + HPT 0.21 0.22 0.62 0.25 0.13 (3.5)

The area-weighted average grain size (DAW) was obtained from OIM

studies and converted to mean linear intercept value (DMLI) by the

relation: DAW & 1.728 DMLI [22]

Fig. 2 TEM microstructure of HPT copper [16]
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Figure 3 displays the same grain topological map as in

Fig. 1 but with the microstructure presented in a different

format so that the grains within selected size ranges are

highlighted: this display is based on the information in

Table 2, where the ranges of grain sizes are presented as

percentages of the maximum grain size. Thus, the alter-

native displays in Fig. 3 reflect the morphological

differences in the microstructures of all specimens exam-

ined in this investigation. For example, in the case of

copper processed only by HPT and shown in Fig. 3a, there

is a relatively homogeneous matrix with small inclusions of

larger grains and a single isolated larger grain within the

area covered by the OIM scanning. For the chips consoli-

dated by HPT in Fig. 3b, there is a more homogeneous

microstructure. Finally, for combinations of ECAP + HPT

and ECAP + M + HPT shown in Fig. 3c and d, there is a

higher fraction of large grains, as shown in Table 2, but

nevertheless these large grains are smaller than the isolated

Table 2 Spatial distribution of grains in relation to maximum observed grain size

Specimen Maximum grain size (lm) Fraction (%)

0-20 20–40 40–60 60–80 80–100

HPT 1.40 0.89 0.08 0 0 0.03

M + HPT 0.85 0.57 0.27 0.11 0.04 0.01

ECAP + HPT 0.98 0.72 0.18 0.07 0.02 0.01

ECAP + M + HPT 0.98 0.77 0.15 0.03 0.02 0.03

Fig. 3 Grain distribution maps

of copper after (a) HPT, (b)

M + HPT, (c) ECAP + HPT,

and (d) ECAP + M + HPT
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large grain observed in copper processed only by HPT in

Fig. 3a. Figure 3 therefore provides a very clear morpho-

logical description of the differences between these various

microstructures.

Inspection showed that the microtexture of samples

subjected to large strains exhibited mixtures of recrystal-

lization and almost complete shear textures. For example, a

microtexture analysis of the ECAP + M + HPT sample

revealed a cube recrystallization texture in addition to an

B-fiber shear texture, as shown in Fig. 4.

Hardness measurements were performed after subjecting

copper to large strains by these various SPD techniques,

either separately or in combination, and the results are

plotted in Fig. 5. For the various techniques taken in iso-

lation, the highest hardness is attained after HPT, which is

consistent with earlier experiments showing that HPT gives

the smallest grain size [19]. In general, however, the

average value of the hardness increases on imposition of

large strains by combining different techniques. The

highest hardness of 1,940 MPa in the present investigation

was observed for copper subjected to the three separate

processes of ECAP + M + HPT. An additional important

observation is that the hardness indentations showed no

visible signs of cracking under the optical microscope even

in the samples subjected to ECAP + M + HPT. This

demonstrates that, despite the very large strain imposed

through the use of a combination of SPD techniques,

copper has the capability of withstanding the complex

compressive stresses that are an inherent feature of the

indentations.

From this analysis, it is evident that the equiaxed

nanocrystalline structures formed in copper after SPD

processing show excellent stability even under the appli-

cation of ultra-high plastic strains. The average grain size

of the nanocrystalline structures decreased as the strain

level was increased through the use of multiple SPD pro-

cesses, and this decrease led to a concomitant increase in

hardness, as shown in Fig. 5. The copper subjected to

machining and HPT contained the highest fraction of high-

angle boundaries of *69%, but there was no evidence of

any run-away grain growth in this sample or in any of the

other samples subjected to multiple SPD processing. This

result therefore confirms recent experimental data for

commercial purity aluminum [20] and pure nickel [21],

where HPT straining was continued for 20 whole

revolutions.

The presence of concurrent deformation and adiabatic

heating leads to copper samples having a mixture of

deformation and recrystallization textures after multiple

SPD processing. In earlier studies, the dislocation density

after multiple SPD processing was shown to be higher than

the density recorded after a single SPD process [16, 21].

Furthermore, samples of an Al–7% Si alloy were shown

earlier to experience an estimated temperature rise of up to

*120 �C in HPT processing [22]. This estimated rise is in

very good agreement with experimental measurements on

commercial purity aluminum showing the occurrence of a

temperature rise of *50 �C at a distance of 1 mm from the

contact between the upper anvil and the disk during HPT,

especially when it is noted that there is an anticipated steep

temperature gradient within the HPT facility. Based on

these measurements, it is reasonable to assume that the

Fig. 4 Rotated to the flow plane pole figure of ECAP + M + HPT

sample showing the presence of recrystallized grains (cube-texture in

red) and deformed grains (B-type shear texture in blue)
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Fig. 5 Vickers microhardness of copper subjected to different

deformation histories
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temperature rise in copper may be even higher than in

aluminum, and thus, it may reach the recrystallization

temperature of *150 �C during SPD processing by HPT

[23]. However, it appears that concurrent deformation by

HPT stabilizes the equiaxed nanocrystalline microstruc-

tures even in samples experiencing large prior strains by

ECAP and M. A similar conclusion was reached in another

recent investigation, which examined the influence of the

relaxation processes on structure formation in pure metals

and alloys during HPT and led to the conclusion that

processing of copper gave dynamically recrystallized

grains [24].

The results from this investigation suggest the potential

for using SPD processing for the production of materials

for use as engineering components, where the service

conditions entail high compressive stresses. Thus, it

appears feasible to use this approach in the production of

meso-scale components requiring a reasonable level of

wear resistance.

Summary and conclusions

1. The SPD processing of copper by various methods

leads to the formation of essentially equiaxed nano-

crystalline structures.

2. This equiaxed structure is relatively stable even under

the application of compressive stresses and adiabatic

heating. In addition, these equiaxed nanocrystalline

structures exhibit an increase in hardness under

application of further compressive stresses.

3. The results show that excellent properties and micro-

structures are attained by using combinations of equal-

channel angular pressing, machining, and high-pres-

sure torsion.

4. The evidence suggests that SPD processing may be

useful for the production of materials for use as

engineering components experiencing compressive

stress states in service.
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