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Abstract The long-term stability of a severely deformed

aluminium alloy has been investigated when copper in

solution is used to inhibit recovery. A grain thickness of

only 70 nm was obtained in an Al-4 wt% Cu alloy, after

processing by equal channel angular extrusion to a strain of

eeff * 15, resulting in a lamellar nano-grain structure.

However, the severely deformed solid solution was found

to be unstable at room temperature and copious precipita-

tion of h occurred at new grain boundaries within the

deformed state. The solute level fell to equilibrium within

*9 months. The precipitation kinetics were shown to

occur at many orders of magnitude higher than can pre-

dicted by classical theory.

Introduction

In severe plastic deformation (SPD) processing a steady-

state grain size is normally reached at ultra-high strains

which limits the level of grain refinement that can be

achieved [1, 2]. This limit is controlled by dynamic

recovery operating at higher rates than seen under static

conditions [1]. As a result, it is difficult to obtain a nano-

grain structure in aluminium alloys on SPD processing at

room temperature, owing to their relatively low melting

point. Methods for decreasing the limiting grain size

include cryogenic deformation [1, 3], pinning boundary

migration with particles [4], or the use of solute to inhibit

recovery [5, 6]. Of these options, solute is arguably the

most effective approach, as cryogenically deformed nano-

grained Al-alloys are unstable at room temperature [1] and

with particle pinning it is difficult to achieve the required

dispersoid densities [4].

Alloying with magnesium has been shown to greatly

reduce the grain size in SPD processed aluminium [6–8].

For example, grain widths of *100 nm have been mea-

sured in an Al-3 wt% Mg alloy (3.3 at.%), processed to a

strain of 10 by equal channel angular extrusion (ECAE)

compared to *500–600 nm in very dilute alloys [7]. Mg

has long been thought to inhibit dynamic recovery in Al [9]

because it reduces the stacking fault energy (SFE) but, the

main effect is from the drag of solute atmospheres, as the

dissociation of partials is small in Al–Mg solid solutions

[10, 11]. Relative to magnesium, the influence of copper on

recovery has received less attention. Whilst Cu increases

the SFE [12], it has a greater influence on both solid

solutions strengthening and reducing the rate of recovery,

at least after deformation to conventional strains [10]. For

example, in one study grain sizes as fine as *100 nm have

been reported in an Al-4 wt% Cu alloy (1.7 at.%)

deformed to an effective strain of *9 by ECAE [13],

which is lower than that for the same atomic concentration

of Mg.

An important consideration in the use of solute to inhibit

dynamic recovery and achieve nanograin structures in

Al-alloys by SPD is the stability of supersaturated solid

solutions. In high pressure torsion (c * 300) it has been

found that Al–Zn solid solutions dynamically decomposed,

approaching equilibrium, whereas with Al–Mg only partial

decomposition occurred [14]. Straumal et al. explained this

difference in terms of the higher diffusivity of Zn, but
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found that the overall rate was still 108 times faster than for

lattice diffusion [14]. The enhanced rate of decomposition

was attributed to diffusion being accelerated by the very

high vacancy flux produced under SPD conditions, and the

sweeping up of solute by the deformation-induced move-

ment of boundaries. Even when dynamic decomposition of

supersaturated solid solutions does not occur, several

studies have shown that the SPD can increase instability of

solid solutions post processing by accelerating precipita-

tion on artificial ageing, which can also change the pre-

cipitation sequence [13, 15].

The original objective of this work was to investigate

whether a nano-grain structure could be achieved by SPD

processing a super saturated Al–Cu solid solution that was

finer than that typically seen in Al–Mg alloys, and that

remained stable during prolonged service times at room

temperature. During the course of this study, it was dis-

covered that the equilibrium Al2Cu theta (h) phase precip-

itated copiously on grain boundaries within the deformation

structure on long-term natural ageing after SPD processing.

As room temperature precipitation of the h phase is not

normally expected, the present article will focus on quan-

tifying the precipitation kinetics, during natural ageing of a

SPD processed Al-4 wt%Cu alloy, with a view to explain-

ing this unusual accelerated ageing behaviour.

Experimental details

A high purity Al-4 wt%Cu alloy (1.7 at.% Cu) was cast in

a copper book mould under an argon atmosphere and

homogenised at 550 �C for 24 h. The ingots were

machined into 100 mm long bars with a 15 9 15 mm2

square cross section. The bars were solution treated at

500 �C for 2 h, followed by 4 h at 550 �C, and water

quenching, before immediately processing by equal chan-

nel angular extrusion (ECAE). ECAE was carried out at

room temperature with a ram speed of 50 mm/min, through

a 120� die, using colloidal graphite as lubricant. Up to 15

passes were applied to obtain a range of strain levels, using

route A [16]; i.e., the specimen orientation was kept con-

stant throughout processing. The effective strain (eeff) per

ECAE cycle was approximately = 0.7 [16]. The deformed

specimens were subsequently held at room temperature for

up to a year whilst their hardness and microstructures were

monitored.

The deformation structures of the ECAE processed bil-

lets and the second-phase particles precipitated during

natural ageing at room temperature were characterised by

backscatter electron (BSE) imaging and electron back-

scattered diffraction (EBSD) in a high resolution FEI

Sirion FEGSEM, fitted with an HKL-EBSD system. This

analysis was complemented at higher resolutions in a

Philip CM200 TEM. X-ray diffraction was carried out to

confirm the crystal structure of the precipitates. Hardness

was measured on an Instron Tukon2100 Vickers micro-

hardness tester, with the application of a 200 g load for

10 s. All the data presented is from near the centre of the

longitudinal transverse plane (TD plane) of the ECAE

billets, defined by the normal direction (ND) and the

extrusion direction (ED). Specimens for SEM-EBSD

analysis were mechanically polished to 0.5 lm before

electro-polishing in a solution of 30% nitric acid in meth-

anol. TEM thin foils were prepared by jet polishing using

the same solution at -30 �C.

Results

The deformed state

Backscatter electron images and EBSD maps in Fig. 1a and

b show the deformation structure of the super saturated

Al-4 wt% Cu alloy immediately after processing to 15 ECAE

passes. The measurement of crystallite sizes from the BSE

images was cross-checked using TEM and the results from

both techniques were in good agreement. After deforma-

tion to an effective strain of 10, the average crystallite size

was only 65 nm wide by *500 nm long. This is similar to

the value of *100 nm reported by Murayama et al. for an

alloy of similar composition after ECAE processing [13],

and is smaller than that observed in an Al-3.3 at.% Mg

alloy deformed under identical conditions [7], confirming

the greater effectiveness of Cu in reducing the grain size

during SPD processing. In the EBSD maps the average

lamellar HAGB spacing was measured to be kND = 80 nm,

which confirms that the lamellar boundaries were pre-

dominantly high angle in character. However, it can be

seen that some of the lamellar grains extend over several

microns and the average length, or HAGB spacing in ED,

was estimated to be kED * 1 lm, giving a grain aspect

ratio of *13–15 after processing. Therefore, whilst it is

possible to obtain much finer deformation structures by

using solute to inhibit recovery in SPD, with directional

deformation processes the resultant grain structures tend to

be highly elongated and contain thinner, much higher

aspect ratio grain fragments. Such ultra-high strain defor-

mation structures thus only approach the nano-scale in the

transverse direction.

Accelerated precipitation in the severely deformed

samples

In Fig. 2 the natural ageing response of samples processed

to 5 and 15 ECAE passes are compared to a solution-

treated undeformed control on natural ageing at *20 �C
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for up to one year. As expected, on natural ageing the

hardness of the undeformed, as-solution treated, sample

rose rapidly from 84 to 104 HV in two weeks and then

continued to increase at a slower rate as ageing continued,

reaching a value of 121 HV after 12 months. In contrast,

the material processed to a strain of eeff * 10 exhibited a

much higher hardness immediately after ECAE processing

(192 HV) which only initially increased very slightly

before decreasing gradually with time.

Microstructural analysis (Fig. 1) revealed that this

decrease in hardness was associated with fine-scale pre-

cipitation starting to occur on grain boundaries within the

ECAE processed materials after three weeks. In contrast,

no evidence of room temperature grain boundary precipi-

tation was seen in the undeformed solution-treated alloy

even after natural ageing for up to a year (Fig. 1f). All the

precipitates were found to have nucleated on grain

boundaries, and with increasing ageing time, their number

density and size progressively increased. X-ray diffraction

revealed only the presence of the equilibrium h phase in the

naturally aged ECAE processed samples. No evidence of

GP zones, or h00 and h0 precipitates could be identified in

TEM images, or from selected area diffraction.

Kinetic data

The half length (L), half width (r), number density and

volume fraction of h precipitates with natural ageing time

were measured from TEM and BSE images and are shown

Fig. 1 Electron backscatter

image (a) and EBSD map (b) of

the Al–4Cu sample, showing the

grain structure size after

processing by 15 ECAE passes

and the second-phase particles

within the deformation structure

that develop on natural ageing at

room temperature for

(c) 21 days, (d) 45 days, and

(e) 180 days; (f) the solution

treated un-processed material

after 300 days for comparison
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Fig. 2 Natural ageing curves (at *20 �C) for samples, undeformed,

and following processing by ECAE to a total of 5 and 15 passes
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in Fig. 3. It can be seen from Fig. 3a that the precipitate

dimensions increase at a diminishing rate with time, but

after one year their average width and length had increased

to 37 and 80 nm, respectively. Linear regression fits to

all the data, when plotted logarithmically (Fig. 3b), gave

exponents of r0.38 and L0.26, which is in close agreement

with the t = k2 r1/2 and t = k1 L1/4 relationships originally

proposed by Aron and Aaronson for their collector plate

theory [17] and the results therefore, follow the expected

behaviour for diffusion controlled grain boundary growth.

However, due to the close spacing of the precipitates

within the boundary plane and simultaneous recovery of

the deformation structure, the behaviour is not as straight

forward as this simple fit implies. In Fig. 3b it can be noted

that the lengthening results shows evidence of two slopes,

the first implying 1/n * 0.35 and the second 1/n * 0.14.

The area fraction and number density of the h precipi-

tates with time are also given in Fig. 3c, where it can be

seen that both parameters approach a constant level after

*9 months. This suggests that the solute super saturation

has decayed and approached the equilibrium concentration.

The area fraction of the h phase at steady state was *7%

which, given the uncertainty in the measurements, is con-

sistent with an equilibrium volume fraction predicted from

thermodynamic calculations of *5% [18].

h precipitation was also found to form during natural

ageing in the samples processed by ECAE to lower strains.

Even in the sample processed by 2 ECAE passes, following

4 months natural ageing at room temperature, h precipi-

tates were found locally within intense shear bands, where

new deformation-induced high angle boundaries were

observed (Fig. 4a). It was apparent that the precipitation

kinetics were directly related to the density and character

of the boundaries generated during ECAE processing. An

example of this behaviour can be seen from the higher

magnification image of h boundary precipitation in Fig. 4b

where the misorientation of individual boundaries are

shown.

Discussion

Under the extreme strain levels reached in SPD dynamic

precipitation is not unexpected [14]. However, the obser-

vations reported here are solely related to the acceleration

of static precipitation by prior severe deformation. Pre-

cipitation of the h phase in Al–Cu alloys at specific sites

such as grain boundaries has been only previously observed

[17, 19–21] at temperatures greater than 170 �C. The one

exception to this research are the results of Murayama et al.

[13] who, on ageing an equivalent alloy at 100 �C, also

noted h precipitation at grain boundaries after ECAE pro-

cessing to a similar strain level. Murayama et al. further

showed that the metastable transition phases normally seen

on ageing Al–Cu alloys did not form in the SPD processed

material, due to the high-nucleation site density for h
precipitation. A similar behaviour to that reported by

Murayama et al. [13] was thus seen in the current work, but

over a longer time scale at room temperature, with the solid

solution decaying directly by the formation of h bypassing

the normal transition phase sates.
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Fig. 3 (a) Measurements of h precipitate dimensions (radius r, and

half length L) from the sample subjected to 15 ECAE passes, as a

function of natural ageing time, (b) re-plotted logarithmically

showing evidence of two slopes with, 1/n * 0.35 and 1/n * 0.14

for the precipitate half-length results. (c) The precipitate number

density and volume fraction with natural ageing time. In (a) the

continuous lines are fitted curves with t = k1 r0.38 and t = k2 L0.26
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Grain boundary nucleation of the h phase at room

temperature

Heterogeneous nucleation on grain boundaries is classi-

cally described in terms of the reduction in energy barrier

that results from destruction of grain boundary area, when

the boundary plane is wetted by the nucleus [17]. Here we

have used classical theory to make ballpark estimates of

grain boundary nucleation times expected for the h phase,

in order to identify the factors that control the observed

accelerated nucleation rate. Following Russell [20], for a

cap-shaped nucleus geometry, the incubation time for

nucleation (s) is given by:

s ¼ kTraha4

V2
aDG2

vDvc

2� 3 cos wþ cos3 wð Þ
1� cos wð Þ ð1Þ

where k is Boltzmann’s constant, T is absolute temperature,

rah is the interfacial energy of the nucleus/matrix interface,

a is the matrix lattice parameter, Va is the atomic volume of

the copper solute, DGv is the volume free energy change

for formation of h, Dv the diffusion coefficient of copper in

the aluminium matrix (given by [22]), c the mole fraction

of solute in the matrix and w the nucleus contact angle.

In Fig. 5a, Eq. 1 has been applied to estimate the

expected incubation time at room temperature (20 �C)

using various assumptions about the nucleus shape and

interfacial energy. Also plotted on this figure are the

Fig. 4 (a, b) Electron backscatter images obtained from samples

naturally aged at room temperature for 4 months after ECAE

processing to two passes; showing the dependence of the precipitation

behaviour on the heterogeneity of the deformation structure; in (b) at

a higher magnification with the misorientation of specific boundaries

identified (arrows) from the EBSD map in (c)
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estimated by collector plate theory as a function of time at room
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measured incubation times of Aaron and Aaronson [17,

20]. The first assumptions used are the same as that by

Brailsford and Aaron [23] where it was assumed that the

contact angle (w) and interfacial energy (rah) for the

nucleus are the same as those for growing h precipitates

(w = 50�, rah = 0.3 Jm-2). Using these values predicts

the longest incubation times (rightmost curve) in Fig. 5a.

For room temperature ageing, this gives an estimated

incubation time for grain boundary nucleation of 7.5 9 107

years.

Reducing the interfacial energy to 0.2 Jm-2 would

require w = 15� to maintain equilibrium. Using these

parameters produced the middle curve, and gives a more

reasonable fit to Aaron and Aaronson’s incubation times

measured at above 250 �C. However, when the curve is

extended to room temperature ageing, the predicted incu-

bation times still remain far too long (*1.4 9 106 years)

to explain the measured nucleation kinetics. If very low

values are used for the interfacial energy and wetting angle

(e.g. rah = 0.01 Jm-2, w * 1�) a much shorter incubation

time is predicted (left hand curve in Fig. 5a). Nevertheless,

even with this extremely favourable set of conditions, the

incubation time at room temperature is still predicted to be

in excess of 80 years, whereas in practice small precipitates

were observed after less than a month in the severely

deformed material.

The above analysis thus demonstrates that at low tem-

peratures, the incubation time is dominated by the low

diffusion coefficient term in Eq. 1. An additional factor

that could accelerate nucleation is a higher copper content

in the grain boundaries, caused by forced migration of

boundaries during deformation which could result in

stronger copper segregation from the swept matrix,

increasing the driving force and local availability of solute.

However, more important, given the dominance of mobil-

ity over the driving force, is the strong possibility of dif-

fusion being enhanced by contributions from the high

initial deformation-induced vacancy concentration [24] and

the more disordered nature of the boundaries in the SPD

processed material [25]. A temporary 106 rise in vacancy

content, is consistent with that expected immediately after

severe deformation [24], and could produce an increase in

mobility sufficient to explain how room temperature

nucleation is possible, even when using the more realistic

second set of assumptions detailed above. Although the

vacancy concentration will rapidly decay, this is probably

still the most significant factor encouraging nucleation in

the SPD processed material, as predictions of the nucle-

ation rate retain large levels of uncertainty and PALS

measurements show that the excess vacancies will survive,

all be it at a reducing level, over a similar period to that

required for the first precipitates to become visible [26].

Room temperature growth kinetics

A number of models exist describing the growth rate of

grain boundary nucleated phases that follow on from the

original pioneering work by Aaron and Aaronson [17].

Here we have used a version of the theory with a constant

collector plate area, as proposed by Carolan and Faulkner

[27], to estimate the expected growth rates of the h phase at

room temperature, from:

dL

dt
¼

Av

ffiffiffiffi

D
p

v x� xah
r

� �

3p3=2f wð Þ xh � xah
r

� �

ffiffi

t
p

L2
ð2Þ

where Av is the collector plate area, x the volume fraction

of copper in the matrix, xah
r the volume fraction of copper

at the precipitate/matrix interface corrected for curvature

(the Gibbs–Thompson effect), xh the volume fraction of

copper in the precipitate, f ðwÞ a geometric factor (the

expression for which is given in [27]), L the precipitate

half-length and t time.

Surprisingly, using identical input parameters to those

adopted by Brailsford and Aaron [23] if Eq. 2 is extrapo-

lated to 20 �C without any modification to the input

parameters, it fits our results for the severely deformed

material remarkably well, particularly at longer times

(Fig. 5b). However, the input parameters are unrealistic for

the severely deformed alloy. In particular, the collector

plate area is determined by the precipitate spacing on the

grain boundary, and this is much smaller in our work than

in that of Aaron and Aaronson [17]. A more realistic

assessment of the collector plate size based on the actual

measured interparticle spacing and a more recent assess-

ment of the diffusion coefficient [22] gives greatly reduced

predicted growth kinetics, as shown in Fig. 5b (solid line).

With this more appropriate set of input parameters the

predicted precipitate size, according to Eq. 2, is now about

eight times smaller than that measured. However, this

discrepancy is not as large as the factor of *106 estimated

for the nucleation kinetics, which clearly explains why h
would not normally be seen on natural ageing an unde-

formed alloy, even if there was no growth limitation.

Whilst not as dramatic as the influence of SPD on room

temperature nucleation rates, this again implies that factors

not accounted for in classical theory must be important in

accelerating growth kinetics of grain boundary nucleated

phases in heavily deformed materials. Although it can be

argued that the deformation-induced excess vacancy con-

centration is important in providing sufficient atomic

mobility to contribute to nucleation, the decay rate of even

a large non-equilibrium vacancy concentration will be too

short [26] to have much impact on growth occurring over a

one-year time scale. In the collector plate theory [27] it is

assumed that grain boundary diffusion is infinitely rapid
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relative to diffusion to the boundary and the dominant

factors are the movement of solute to the boundary and the

size of the collector plate. The size of the collector plate is

relatively small in a severely deformed alloy, and the rate

determining step therefore is the supply of solute to the

boundaries. It is possible this could be enhanced by two

factors. Firstly, dislocations attached to boundaries, that

extend into the matrix could assist in supplying solute,

although this effect would diminish as recovery occurs.

Secondly, as some migration of the lamellar boundaries

occurred simultaneously with h precipitation migration of

segments of HAGBs, between pinning points from second

phase particles could sweep copper atoms to boundaries

enhancing the collector plate effect. The possibility of a

greater supply of solute caused by slowly migrating grain

boundaries is not accounted for in the simple classical

growth model and, although the potential influence of this

effect requires further investigation, it is likely to be a key

factor contributing towards the acceleration of the room

temperature h growth kinetics in the SPD processed

material.

Conclusions

The grain size achievable after SPD processing and long-

term stability of an aluminium copper alloy has been

investigated. After deformation to a strain of eeff * 10, by

ECAE through ‘route A’, the deformed state contained

highly elongated lamellar grain fragments with a grain

width of only 70 nm and an average length of *1 lm.

This compares to a grain width of 150 nm for an identically

processed 3 wt% Mg alloy, which contained double the

atomic concentration of solute.

Post-ECAE processing, the severely deformed Al–Cu

solid solution was found to be unstable at room tempera-

ture and precipitation of h occurred at grain boundaries on

natural ageing. Precipitation of GPZs, or the other transi-

tion phases, was not observed and the solute level fell to

equilibrium within *9 months.

Analysis showed that nucleation of h was only possible

in the severely deformed alloy, due to enhanced diffusion

accelerated by the high-initial vacancy flux. In comparison,

the excess vacancy concentration would not be expected to

survive for sufficient time to have a great impact on the

growth kinetics. Estimates of the growth rate of the h
precipitates, using collector plate theory, predicted particle

sizes an order of magnitude smaller than observed. It is

suggested that room temperature growth of the O– phase in

the SPD processed alloy was assisted by the migration of

HAGBs during recovery, sweeping copper atoms to the

boundaries.
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