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Abstract

Resulting from torsion tests, the paper deals with hot workability of the Zr-stabilized
aluminium alloy 2014 to improve mechanical properties due to the presence of the Al3Zr
precipitations. In general, the torsion tests, registering values of the torque Mk along with a
number of revolutions N, and consequently leading to a stress-strain curve, enable to obtain in-
formation on ductility of the investigated material. Measured at the different temperature and
stress rate, T and ε̇, respectively, the stress-strain curves exhibit rapid increase up to the peak
value σp to be followed by a gradual decrease to the material fracture, accordingly without a
steady state usually observed before the fracture. Finally, resulting from the stress decrease,
and consequently using an analytical model, the relative softening RS and consequently the
material fracture are determined. The presented experimental results exhibit a decrease of
ductility, as a property related to workability, with an increase and a decrease of ε̇ and T,
respectively, and consequently optimal values of ε̇, T are obtained.
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1. Introduction

In general, aluminium alloys represent widely used
materials in aircraft, aerospace, automotive and aero-
nautical industries due to low density and high
strength, the latter improved by an addition of zir-
conium to result in the presence of the Al3Zr particles
[1–13]. Additionally, as presented in [10, 11], zirconium
inhibits a recrystallization process of the aluminium
alloys. Representing one of experimental methods, the
torsion test performed at the different temperature T
and the strain rate ε̇ is usually used to obtain inform-
ation on ductility to be connected, in general, with
shear loading [2]. With regard to experimental condi-
tions in laboratories, the torsion test to be used for an
evaluation of workability including ductility as a ma-
terial property is performed in the temperature and
strain rate ranges, T = 473–773 K and ε̇ = 10−3–10
s−1 [3–9], respectively. With regard to an analytical-
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-experimental model presented in [14, 15], the (σ − ε)
dependence along with the strain ε and the strain rate
ε̇ is derived as

σ =

√
3Mk

2πr3
(3 +m+ n) , (1)

ε =
2πrN√
3L

, ε̇ =
2πr√
3L

∂N

∂t
, (2)

and the coefficients m, n have the form
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whereMk (Nmm) is a torque; N is a number of revolu-
tions to material fracture at the temperature T within

mailto://rbidulsky@imr.saske.sk
mailto://rbidulsky@yahoo.com


152 J. Bidulská et al. / Kovove Mater. 46 2008 151–155

Fig. 1. Stress-strain curves of Zr-stabilized aluminium alloy
2014.

the time period t; r and L are radius and length of a
sample, respectively.

2. Material and experimental procedure

The Zr-stabilized aluminium alloy 2014 investig-
ated in this paper had the following chemical compos-
ition: Cu – 4.32 %, Mn – 0.77 %, Si – 0.68 %, Mg –
0.49 %, Fe – 0.29 %, Zr – 0.13 %, Ti – 0.03 % and Al –
balance. Samples with diameter of 10 mm and length
of 20 mm were machined from extruded rods. The tor-
sion test was performed on a torsion machine at the
temperature T = 300, 350, 400, 450, 500◦C measured
by a K-type thermocouple. After an induction heating
in air with a heating rate of 1◦C/s and a time holding
of 3 min, the samples fixed in an axial direction were
deformed to the fracture at equivalent strain rates of
10−3, 10−2, 10−1, 1, 5 s−1, and water-quenched imme-
diately after the deformation. Final deformation re-
lated to a number of twists to the fracture during the
continuous test provides information on formability.

3. Experimental results and discussion

3.1. S t r e s s - s t r a i n c u r v e s

As a result of the torsion test, the stress-strain
curves are shown in Fig. 1 to exhibit a rapid increase
to the peak stress σp followed by a gradual decrease
towards a steady state not to be reached before the
fracture, and a similar behaviour is presented in [16–
20]. Considering the stress-strain curves, the temper-
ature 300◦C is optimal with regard to formability as
confirmed in [1, 15] to present similar results at 300–
350◦C.

Fig. 2. (a) Microstructure of as-received sample, (b) mi-
crostructure of torsion-loaded sample for the temperature
T = 500◦C and the deformation rate ε̇ = 10−3 s−1 (light
microscopy), (c) microstructure of torsion-loaded sample
for the temperature T = 500◦C and the strain rate ε̇ =

10−3 s−1 (transmission electron microscopy).
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Ta b l e 1. The average equivalent diameter d and the number NV of particles per volume unit for torsion-loaded samples

Temperature Strain rate Diameter Number per volume unit
(◦C) (s−1) (nm) (1018 m−3)

300 0.001 71 14.6
300 0.1 58 14.8
400 0.001 67 15.3
400 0.1 77 17
500 0.001 78 14.6
500 0.1 65 22.3

Fig. 3. Relationship between the peak stress σp and the
temperature T for the deformation rate ε̇ as a parameter.

3.2. M i c r o s t r u c t u r e s

Figure 2 shows microstructures of the as-received
and torsion-loaded samples, using light and trans-
mission electron microscopy (LM, TEM). The typ-
ical microstructure of the torsion-loaded sample con-
sists of chains of equiaxed or slightly elongated sub-
grains developed inside the elongated grains (Fig. 2b).
The TEM inspection revealed the presence of pre-
cipitates within the grains and subgrains observed
even at higher temperature (Fig. 2c) corresponding to
solution-treatment temperature [21]. Table 1 presents
the average equivalent diameter d of the hardening
particles and their number NV per a volume unit,
where an increase of NV corresponding to temperat-
ure and strain rate increases results from a dissolution
effect of the finest particles.

3.3. P e a k s t r e s s a n d r e l a t i v e
s o f t e n i n g

Figures 3 and 4 determined from the stress-strain
curves show decreasing and increasing dependences of

Fig. 4. Relationship between the peak stress σp and the
deformation rate ε̇ for the temperature T as a parameter.

σp on temperature and the stress rate, respectively,
exhibiting a maximum at 130 MPa. Additionally, the
relative softening RS after σp, derived as [14, 19]

RS =
σp − σp+0.25

σp
, (4)

and shown in Fig. 5 at different temperature and de-
formation rate, represents an increasing function of
T, except for ε̇ = 5 s−1, where σp+0.25 is a stress at
ε = 0.25 after σp. The relative softening is a con-
sequence of dynamic recovery resulting from a high
dislocation density leading to formation of subgrains.
With regard to [19], finer particles to be responsible
for higher strength are also able to intensively coalesce
to result in intensive softening.
The paper [20] presents an investigation of the

aluminium alloy 6015 to exhibit higher value of σp
and RS at T = 300◦C and ε̇ = 0.1 s−1 to be associated
with higher density of very fine particles to support
growth of subgrain density. According to [22], higher
concentration of Mg2Si is caused by σp and RS.
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Fig. 5. Relationship between the relative softening RS, the
temperature T and the strain rate ε̇.

3.4. Fr a c t u r e s t r a i n

In general, the fracture strain εf is considered
to represent ductility of a material. The relationship
εf = εf (T, ε̇) in Table 2 exhibits an improvement of
ductility with decreasing and increasing T and ε̇, re-
spectively. Finally, the highest value and smallest scat-
ter of εf is observed at T = 300◦C and ε̇ =0.001 s−1,
respectively.

4. Conclusions

Main results presented in this paper are as follows:
1. the steady state is not observed within the ex-

perimental stress-strain curves,
2. a decrease of ductility, as a property related to

workability, is observed with an increase and a de-
crease of ε̇ and T, respectively,
3. optimal values of ε̇ = 0.001 s−1, T = 300◦C with

regard to the ductility are thus obtained.
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