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Abstract The defects and properties of a precipitation

hardening Al–Cu alloy 2017 were studied after rolling at

room temperature (RT) and cryogenic (liquid N2) tempera-

ture (CT). It is found that CT rolling produced practically

the same hardness as RT rolling for a wide range of rolling

strains. However, electrical resistivity measurement revealed

a clear difference indicating different defect structures in

the CT- and RT-rolled samples. This difference led to

higher hardness, after subsequent ageing, for samples

processed by CT rolling. It is deduced that precipitation

occurred during RT rolling, which compensated for the

effect of lower dislocation density (evaluated from X-ray

diffraction) in RT-rolled sample, and consequently resulted

in similar hardness in both RT- and CT-rolled samples. It is

noted that after ageing, CT-rolled sample has higher

strength (*35%) than the standard T4 treatment.

Introduction

In recent years there is a considerable scientific/techno-

logical interest in bulk ultrafine grained (UFG)/nanostruc-

tured (NS) materials due to significant improvements in

mechanical properties. Bulk UFG/NS materials are usually

produced in the top–down approach by severe plastic

deformation (SPD) processes such as equal channel angular

pressing, high pressure torsion, accumulative roll bonding,

and severe cold rolling [1–14]. Severe rolling processes are

particularly attractive for commercial applications because:

(a) there is no necessity for special equipment/tooling and

(b) ease of upscaling. Deformation (rolling) at cryogenic

(liquid N2) temperature has been shown to produce UFG/

NS microstructures due to the suppression of dynamic

recovery [5–12, 15–18]. Precipitation hardening Al alloys

(2XXX, 6XXX, and 7XXX series) are an important class of

materials due to their technological importance. It has

recently been shown that these alloys offer possibilities for

achieving high strength and ductility through innovative

nanostructuring approach through SPD and subsequent

heat treatment [11, 12, 16, 19]. Recent studies indicate that

the SPD processing at room temperature (RT) of precipi-

tation hardening Al–Mg–Si alloy (in supersaturated con-

dition) resulted in strain-induced precipitation of second

phase particles due to the large number of defects gener-

ated during deformation and consequently higher density

of nucleation sites [20, 21]. Precipitate dissolution during

SPD processing of an Al–Cu alloy (in two phase micro-

structure) and altering of the precipitation sequence during

subsequent ageing were also reported [22]. The phenome-

non of strain-induced precipitation during SPD processing

results in less solute being available for precipitation dur-

ing the subsequent ageing treatment. This is important

because ageing following SPD processing results in pre-

cipitation strengthening, which counteracts any loss in

strength due to reduction in dislocation density through

recovery. This leads to simultaneous increase in strength

and ductility [11, 12, 16, 17]. It is suggested that cryogenic

deformation could prevent strain-induced precipitation due

to reduced diffusivity [20].

Rolling is a common and cost effective industrial

deformation technique, which can be performed at cryo-

genic temperature (CT), RT and elevated temperatures.
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However, CT rolling costs more than RT rolling, and can

be justified only when it produces significantly improved

mechanical properties. The present work was undertaken to

evaluate if CT rolling has advantage over RT rolling for the

Al–Cu alloy 2017. Specifically, we investigated the evo-

lution of defects (e.g. precipitates and dislocation density)

during severe CT and RT rolling by means of hardness,

electrical resistivity and X-ray analysis. It is difficult to

characterize strain-induced precipitation following SPD

processing using transmission electron microscopy (TEM)

because the 2017 alloy ages naturally at RT during the time

consuming sample preparation and TEM observation. In

contrast, electrical resistivity is very sensitive to defect

densities and precipitation and can be measured within

seconds of rolling, which avoids the effect of natural

ageing induced structural changes. Therefore, measurement

of changes in resistivity during rolling is a unique and

powerful tool to characterize defect densities and to cor-

relate with the mechanical properties.

Experimental details

Aluminium alloy 2017 (Al–4Cu–1Mn–0.5 Mg) (in wt%)

was procured in the form of 2-mm thick sheets in T4

condition. Strips (20-mm wide, 50-mm long) of samples

were cut from the sheet and solution treated at 500 �C for

1 h and water quenched. Immediately after quenching, the

sheets were rolled at room temperature (RT rolling) and CT

(liquid N2 temperature, CT rolling) in a laboratory rolling

mill to a strain of *2 in multiple passes (*5–10%

reduction per pass) and samples were taken at different

strains for study of microstructure/mechanical properties.

For cryogenic rolling, the rolls were cooled with liquid N2

and after each pass (reduction per pass was *5%) the

sample was cooled in liquid N2 before the next pass.

Resistivity was measured at ambient temperature using a

Hocking AutoSigma 2000 conductivity meter. This device

works on the principle of eddy currents and is widely used

for non-destructive evaluation of aerospace structures

[23]. Microhardness measurements were performed on a

Buehler microhardness tester at a load of 100 g for 10 s.

X-ray diffraction (XRD) scans were carried out on a

Rigaku D/Max diffractometer operating at 25 kV. The

experimental X-ray peaks were corrected for instrumental

broadening (the instrumental profile was measured on the

same alloy sample annealed at 500 �C for 1 h) using

FOURYA program [24]. Dislocation densities were evaluated

using the modified Williamson–Hall method [25]. It may be

noted that all of the measurements (hardness, resistivity and

XRD) were carried out at RT, i.e. measurements on the

cryorolled samples were taken after they reached RT.

Results and discussion

The microstructure following solutionizing treatment is

shown in Fig. 1. The average grain intercept length in the

solutionised condition was found to be *50 lm. Figure 2a

shows the variation of hardness with rolling strain

(e = ln(t/t0)), where ‘t’ is the final thickness and ‘t0’ is the

starting thickness, i.e. 2 mm) following CT and RT rolling

of 2017 alloy. The hardness increase with strain can be

divided into two regions (Fig. 2a), the region 1 in which

the rate of increase is relatively high up to a strain of 0.5,

and the region 2 (at rolling strains[0.5) in which there is a

significantly reduced strain hardening. The straight lines

are drawn only to illustrate the differences in the rate of

hardness increase in both regions. It can be seen that the

effect of cryogenic rolling on the hardness of both samples

is not very significant at rolling strains [1. However, it

should be noted that these hardness values in Fig. 2a are

*35% higher than that obtained after the conventional T4

treatment (T4 results in hardness of *1,300 MPa).

Figure 2b shows the variation of the resistivity with

rolling strain in the 2017 alloy during RT and CT rolling.

The significant finding from Fig. 2b is that samples pro-

cessed by RT rolling have clearly lower resistivity than the

samples processed by CT rolling. This suggests that the

defect structures in the RT-rolled samples differ from

those in the CT-rolled sample despite the nearly identical

microhardness values shown in Fig. 1a. However, similar to

the hardness variation with strain in Fig. 2a, the resistivity

changes also show two regions and the transition occurs at

*0.5. In region 1, resistivity increases at a faster rate up to a

strain of 0.5; in region 2, the resistivity increases at a much

smaller rate. The resistivity value at zero strain corresponds

to the value after the solutionising and quenching treatment

and measurement was taken just before rolling.

Fig. 1 Microstructure of AA2017 alloy following solutionizing at

500 �C for 1 h
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An increase in resistivity during deformation generally

results from an increase in dislocation density. However,

resistivity also changes with the precipitation of second

phases. The precipitation sequence during ageing of Al

alloys is very complex and is specific to the alloy system/

composition. In Al–Cu alloys, the precipitation sequence

involves many intermediate steps, i.e. GP zones ?
h00 ? h0, before the equilibrium phase h is formed. For-

mation of solute clusters/GP zones increases the resistivity

and formation of equilibrium precipitates results in the

lowering of resistivity during ageing [26]. The increase in

resistivity during CT/RT rolling of 2017 could be attributed

to an increase in dislocation density. However, a signifi-

cantly lower increase in resistivity in RT rolled-2017 when

compared with CT sample is more likely due to precipi-

tation of second phases during deformation.

The other factor that could result in a lower increase in

resistivity between CT and RT rolling is a lower disloca-

tion density following RT rolling. However, this is unlikely

the primary cause for the observations in Fig. 2 because a

significantly lower dislocation density following RT rolling

would have resulted in a significantly lower hardness/

strength values and clearly this is not seen (Fig. 2a). Pre-

cipitation of second phases other than G–P zones decrease

the overall resistivity of the alloy and this counteracts the

increase in resistivity due to generation of dislocations

during rolling. It is therefore concluded that the strain-

induced precipitation contributes to the lower rate of

increase in resistivity with strain (Fig. 2b). However, at the

same time, it also contributed to higher hardness, as is

discussed below.

It is well established that Al–Cu alloys following solu-

tion treatment and quenching are unstable and decompose

at RT with G–P zones forming easily during short-time

exposure to RT. This is observed from the significant

increase in resistivity from 5.0 9 10-8 X m following

quenching to 5.25 9 10-8 X m within an hour of storage

at ambient temperature. Therefore, the microstructure in

Al–Cu alloy before rolling is expected to consist of G–P

zones and the supersaturated matrix. During rolling at RT,

the G–P zones could transform to other intermediate phases

and thereby contribute to reduced resistivity. The SPD

processing has been shown to accelerate the precipitation

kinetics and also affect the precipitation sequence and

morphology [12, 17, 22, 27]. It is proposed that the change

in morphology of the precipitates (predominantly spherical

as opposed to rods/plates) is attributed to strain-induced

precipitation and shearing of these precipitates during

continued deformation [20, 21, 27]. The transformation of

GP zones to ‘‘h’’ could be assisted by the high dislocation

density/vacancies which are generated by cold rolling. The

dislocations act as nucleation sites because the strain field

of the dislocation is able to reduce the misfit between the

parent and product phases [28]. Study of changes in lattice

parameter can also throw light on precipitation events [29].

We tried to evaluate the lattice parameter of the rolled

samples using Nelson–Riley plot but there was lot of

scatter in the data and the fits were very poor. The scatter

could be due to residual stresses present following severe

cold rolling.

We present here indirect evidence of precipitation dur-

ing RT rolling through ageing studies on rolled samples. If

strain-induced precipitation/growth occurred during roll-

ing, then lower amount of solute should be available for

precipitation during the subsequent ageing treatment. To

check this, ageing treatments were carried out at 100 �C.

The hardness variation as a function of ageing time is

shown in Fig. 3. There is an initial decrease in hardness

following ageing for 2 h and subsequently hardness

increases marginally. The hardness in RT-rolled sample is

consistently lower than that of CT-rolled sample (except

after 2 h and this could be due to higher dislocation

Fig. 2 a Variation of hardness and b resistivity with rolling strain in

2017 alloy after and RT rolling and CT rolling at liquid N2

temperature
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recovery rate in CT alloy) indicating that the contribution

to strength from precipitation strengthening is lower in the

RT-rolled alloy. The above result is consistent with the

resistivity studies and indicate that strain-induced precipi-

tation occurs in the 2017 alloy during RT rolling. From the

empirical equation, yield flow stress, r = HV/3, one can

see that the following cold rolling and ageing, strengths of

*600 MPa can be obtained which is *35% higher than

that obtained after the T4 treatment (425 MPa) in this alloy

[30].

From the specific dislocation resistivity ‘<’ (for Al it is

3 ± 1 X m3 [31]), the dislocation densities at different roll-

ing strains was estimated by using the relation (qe - q0)/<,

where ‘qe’ is the resistivity at a given strain and ‘q0’ is the

resistivity in the solutionised condition (measured just before

rolling) (Fig. 4a). Dislocation densities were also deter-

mined from X-ray diffraction peaks using the modified

Williamson–Hall (W–H) method and plotted in Fig. 4b. In

the modified W–H method, (DK) is plotted against KC0.5

(DK = 2BCos(hB)/k, K = 2Sin(hB)/k), where ‘B’ is the full

width at half maximum of the strain broadened {hkl} peak,

‘hB’ is the Bragg angle of the corresponding {hkl} peak, ‘k’

in the wave length of the X-rays (0.15046 nm for Cu target

used in the present study) and ‘C’ is the average dislocation

contrast factor to account for the strain anisotropy [32]. The

‘C’ values were calculated using the elastic constants

assuming that all the slip systems are equally populated and

the edge and screw dislocations are equally probable [33].

Figure 5 shows a typical plot of DK versus KC0.5 for CT- and

RT-rolled 2017 alloy rolled to a strain of 2. The slope

obtained from the linear fit to the data is related to the micro-

strain and in turn to the dislocation density in the material as
ffiffiffiffiffiffiffiffi

p=2
p

Ab
ffiffiffiffiffi

qd

p
; (where ‘A’ is constant depending on the

effective outer cut off radius of dislocations and taken as

0.63, ‘b’ is the burgers vector of dislocation (0.286 nm

for Al), ‘qd’ is the dislocation density) [34]. The disloca-

tion densities estimated from X-ray diffraction in CT- and

RT-rolled 2017 alloy are in the range of 1 9 1016 m-2 and

RT-rolled sample has slightly lower dislocation density

(*10–15%) when compared to CT-rolled sample. The dis-

location density obtained from resistivity measurement

compares reasonably well with that obtained from XRD

analysis in CT-rolled sample.

Fig. 3 Variation of hardness following ageing (at 100 �C) of RT- and

CT-rolled 2017 alloy

Fig. 4 Variation of dislocation density with rolling strain determined

from a electrical resistivity and b X-ray diffraction analysis

Fig. 5 Modified Williamson–Hall plot for CT- and RT-rolled 2017

alloys (strain *2)
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From the above experimental results on dislocation

densities and electrical resistivity, it can be deduced that

RT rolling produced a lower dislocation density than CT

rolling, but RT rolling also produced precipitation while

CT rolling did not produce precipitation. Both precipitation

and lower dislocation density led to lower electrical resis-

tivity in the RT-rolled samples, as shown in Fig. 1b. The

effect of the precipitation on hardness appeared to cancel

the effect of lower dislocation density on hardness as

shown in Fig. 2a. Hardening caused by precipitation should

increase the strength of the RT-rolled sample. On the other

hand, the lower dislocation density should result in lower

strength, according to the classical Taylor relation, r ¼
aGb

ffiffiffiffiffi

qd

p
; where a is constant depending on dislocation

arrangement (*0.5–1), ‘G’ is shear modulus, ‘b’ is mag-

nitude of the burgers vector and ‘qd’ is the dislocation

density. The net result of these two opposing effects led to

the same hardness in the RT- and CT-rolled samples.

Conclusions

Studies on hardness and defects (by electrical resistivity

and X-ray diffraction measurements) of CT- and RT-rolled

2017 alloy, lead to following conclusions:

(1) There is no significant enhancement of hardness in

2017 alloys due to CT rolling vis-à-vis RT rolling.

There is a, however, significant increase in strength

(*35%) when compared to the hardness obtained

after the standard T4 temper.

(2) The resistivity of RT-rolled sample is lower than that

of CT-rolled sample. This is attributed to the strain-

induced precipitation as well as lower dislocation

density produced in the samples deformed by RT

rolling.

(3) The strain-induced precipitation is believed to con-

tribute to the strength in RT-rolled sample, which

compensated for the softening caused by lower

dislocation density. This precipitation resulted in

similar hardness in both RT- and CT-rolled 2017

samples.

(4) Strain-induced precipitation in RT-rolled sample was

verified by post ageing treatment which showed a

lower increase in hardness in RT-rolled sample when

compared to CT-rolled sample.
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