Grain refinement and superplastic behaviour
of a modified 6061 aluminium alloy
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The superplastic properties and microstructure evolution of a 0-15%Zr and 0-7%Cu modified 6061 aluminium alloy
were examined in tension at temperatures ranging from 475 to 600°C and strain rates ranging from 7 x 10~ to
2.8 x 10~ % s~ L. The refined microstructure with an average grain size of about 11 pm was produced in thin sheets by
a commercially viable thermomechanical process. It was shown that the modified 6061 alloy exhibits a moderate
superplastic elongation of 580% in the entirely solid state at 570°C and £=2-8 x 10~ * s~ . Superior superplastic
properties (elongation to failure of 1300% with a corresponding strain rate sensitivity coefficient m of about 0-65)
were found at the same strain rate and a temperature of 590°C, which is higher than the incipient melting point of the
6061 alloy (~575°C). The microstructural evolution during superplastic deformation of the 6061 alloy has been
studied quantitatively. The presence of a slight amount of liquid phase greatly promotes the superplastic properties
of the 6061 alloy, reducing the cavitation level. MST/5315
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Introduction

Currently there is great interest in developing new com-
mercial aluminium alloys exhibiting superplastic behaviour.
Aluminium alloys with high content of alloying elements
usually exhibit excellent superplastic properties. However,
these alloys are rather expensive and generally used only
for the aerospace industry. The market for superplastic
aluminium products is expected to grow, with commercial
application of low alloyed aluminium in the automotive,
architectural, and construction industries. Inexpensive and
weldable aluminium alloys are suitable for these applica-
tions. A good candidate for such applications is the 6061
alloy due to its good combination of strength, fatigue
resistance and fracture toughness, which have resulted in
its wide use as a wrought aluminium alloy. Also, 6061 alloy
is heat treatableand can be strengthened appreciably during
the paint—bake cycle. The basic requirement for sheets
from this material is high formability, which can be pro-
vided by making the 6061 Al superplastic.

Several reports have studied the superplasticity of
aluminium alloys belonging to the Al-Mg-Si system
and produced by ingot metallurgy.!~* Commercial 6000
series alloys with standard chemical composition have been
demonstrated to exhibit moderate superplastic proper-
ties.!~* An important current objective is therefore to
achieve enhanced superplastic ductilities. The superplastic
potential of aluminium alloys is critically dependent upon
grain size and its stability during high temperature defor-
mation.’~7 Minor alloying additives can often enhance
grain stability during superplastic deformation to improve
superplastic properties® In fact, several aluminium alloys
with modified chemical composition have exhibited super-
plasticity at strain rates that are two or three orders
of magnitude faster than those for conventional alloys.
Therefore, enhanced superplastic propertiescan be expected
in the 6061 Al through modification of its chemical
composition.

In addition, the commercial scale application of 6000
alloys as superplastic materials requires the development
of a simple processing route. The phase composition of
the 6000 series alloys permits the use of overaging to
develop large (~1 pm) secondary precipitates prior to cold

rolling’!® During the particle stimulated nucleation (PSN)
process, these coarse particles can play a major role in
recrystallisation annealing and result in the formation of
a uniform fine grained structure for superplasticity!!:!?
However, traditional thermomechanical processing (TMP),
consisting of overaging, cold rolling and final recrystallisa-
tion annealing, does not produce a fine grain size in a
6000 series alloy because overaging results in plate shaped
particles, which do not provide homogeneous nucleation
during subsequent recrystallisation>® To overcome this
restriction, a two step overagingfrecrystallisation TMP was
developed.®>® During the first step, the preage rolling and
subsequent overaging results in globular precipitates of
B-Mg,Si phase®® Next, cold rolling and subsequent
recrystallisation annealing result in the formation of a
structure with an average grain size of about 10 pm.>¢
However, this TMP is very complicated and difficult to
implement in practice.

The present study has two objectives: (i) to enhance
superplastic properties of the 6061 aluminium alloy by Zr
and Cu additions; (ii) to develop an efficient TMP route for
producing a uniform grain structure (~ 10 pm) suitable for
superplastic forming,.

Material and experimental procedure

An experimental version of the 6061 alloy with chemical
composition Al-1-43Mg-0-58i—-0-7Cu—0-15Zr—0-26Cr -
0-14Ti—0-17Fe (wt-%) was manufactured at the Kaiser
Aluminium — Center for Technology by direct chill casting.
The alloy was solution heat treated at 530°C for 10 h.

The alloy was then subjected to TMP. Hot rolling in the
temperature range 400—-250°C and cold rolling were carried
out using a two high mill with rolls 166 mm in diameter
and 200 mm in length. The initial sizes of the specimens
for hot and cold rolling were 26 mm x 50 mm x 70 mm
and 10 mm X 50 mm x 70 mm, respectively. Following the
TMP, tensile samples were machined parallel to the rolling
direction with gauge lengths of 12 mm and cross-sectional
dimensions of 5 x 3 mm.

Tensile tests were performed at strain rates ranging
from 7x 107 ¢ to 2.8 x 107 ? 57! in the temperature interval
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4 a effect of temperature on true stress—strain curves at
an initial strain rate of 2.8x10 *s™"; b and ¢ effect of
strain rate on true stress—strain curves at b 550°C and
¢ 590°C

and temperatures ranging from 475 to 590°C are shown in
Fig. 4a. Figures 4b and 4c¢ shows the 6 —¢ curves at fixed
temperatures of 550°C and 590°C and strain rates ranging
from 7% 107° to 7x 107% s~1. The shape of the true stress—
strain curves is essentially similar below and above the
melting temperature (~ 575°C). An increase in temperature
or a decrease in strain rate results in decreasing flow stress
and a reduction in initial work hardening. At low tem-
perature and high strain rates, extensive strain hardening
takes place initially. After reaching a maximum stress, the
flow stress continuously decreases until failure. A well
defined peak in flow stress is observed, and no steady state
flow occurs. At high temperatures and low strain rates,
apparent steady state flow is attained after a peak stress,
and strong secondary strain hardening takes place after
the apparent steady state flow. Increasing temperature leads
to a reduction in primary strain hardening. At 1'>3590°C,
no peak stress was observed at :<14x107%s7 ! At
£2>2.8x107* 57!, decreasing strain rate results in a shift
of the onset of the secondary hardening stage towards
higher strains; at lower strain rate, the onset of the second-
ary hardening stage shifts towards lower strain.

Figure 5 shows plots of flow stresses taken at a true strain
of 04 (except £&=7x107* s7! at 590°C where a strain of
0-3 was used), the coefficient of strain rate sensitivity m and
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5 Variation of a flow stress o taken at £é=04; b coef-
ficient of strain rate sensitivity m taken at £=0-4;
¢ elongation to failure 5, with strain rate

elongation to failure J as functions of initial strain rate. It is
seen that below the incipient melting point (~ 575°C), the
o —& curves show evidence of a sigmoidal shape with the
maximum strain rate sensitivity coefficient m at strain rates
slightly above 10 s™!. However, the highest superplastic
ductilities are observed at the lowest strain rate. At 590°C, a
well defined maximum elongation to failure of 1300% takes
place at £=2-8 x 10™* s~! with the corresponding 7 =0-65.
At the same time, the highest m value (0-74) was found at
a higher strain rate of 1-4x 107° 57!, at which 6=280%.
Increasing temperature results in expanding the strain
rate ranges for superplasticity (distinguished by m=0-33)
from 2.8x107° 1.4 x107* 5! at 550°C, to 1-4x107° -
7x107* 57! at 590°C (Fig. 5a and b), and increasing 6 and
m values (Fig. 6). At 6=2-.8x 107 * 57!, the sharp increase
in ¢ value from 580% to 1300% occurs with an increase
in temperature from 570 to 590°C and can be associated
with partial melting at 575°C (Fig. 6). However, at
£=7x 10" s !, the partial melting results in reduced
ductility (Fig. 5¢). At 590°C the superplastic properties
are superior only at strain rates lower than 1-4x 107° 57!,
and at higher strain rates, the elongation to failure is less
than that at the lower temperatures despite increased m
values (Fig. 5). At 600°C, a highly reduced & value is
observed, in spite of the fact that the m value approaches
unity (Fig. 6). Failure occurs with limited plastic flow
(6= 15%) because of the presence of massive liquid phase,
since extensive melting takes place at ~592°C.
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The coefficient of strain rate sensitivity tends to gradually
decrease with strain below and above the incipient melting
point (Fig. 7). There exists a correlation between the m
value (Fig. 7) and the shape of the o¢—¢& curves (Fig. 4).
Steady state flow occurs at m>0-3; a decrease in the m
coefficient to values less than ~0-3 leads to the establish-
ment of strain hardening. This transition occurs at true
strains of ~0-7 and ~ 1.7 at 550°C and 590°C, respectively.

MICROSTRUCTURAL EVOLUTION

The microstructural evolution of the modified 6061 alloy
was studied under both static (grip section) and dynamic
(gauge section) annealing in the temperature range 475—
600°C and =2-8x10™*s™'. Grain sizes observed after
static annealing L, dynamic annealing Ly and the grain
aspect ratio AR, are summarised in Table 2. In the tem-
perature range 475-500°C there exists significant static
grain growth and, in fact, at 500°C, the mean grain size
is larger by a factor of 1-6 in comparison with the
thremomechanically processed material. In the temperature
range 500—570°C, limited additional static grain growth is
observed. The mean grain size of about 20 pum remains
unchanged with increase of the temperature to 590°C. Thus,
the 6061 Al exhibits moderately large superplastic elonga-
tion in the entirely solid state, and superior superplastic
properties in the semisolid state at 590°C despite the initial
grain size of ~20 pm. At 600°C, extensive static grain
growth occurs. It is worth noting that the size and volume
fraction of Al;Zr dispersoids remain virtually unchanged
under static annealing even at 590°C for 14 h.

Volume fraction and mean size of dispersoids observed
after static annealing are summarised in Table 3. At 590°C,
static annealingleads to a slight decrease in the size of Al;Zr
dispersoids and Mg, Si particles (Table 3). It is apparent

Table 2 Grain size in 6061 alloy after superplastic defor-
mation to &¢=11 and to failure at £=28x
10 4s™’

Just before failure e=1-1

T, eae ,%o/eTAE Ls,

°C TeTh um Ly, pm* AR Ly, pm* AR

475 200/1-1/2-9 12 14-2/12 1-18  13-6/11-6 1-17
500 240/1-22/3-1  17-6  21-7/16 1-36 18/13:7 13

525 280/1-34/3-6 18-8 24-7/16:8 1-45 18:5/14-7 1-26
550 380/1-67/4-6 206 22-2/156 1-42 21-6/18 1-2

570 580/1-92/6:6 219 29/19-7  1-47  252/21-4 118
590  1300/2-64/14 213 49/30 1-63 32/26 1-23
600 15/0-14/1 26-4  26-5/23 116 - -

sgea=local strain in area examined; stga=true local strain in area
examined; tgr=the period of equivalent exposure time.

*Grain sizes measured in tension and transverse directions in the
gauge section of the deformed samples are given to the left (resp.
right) of the oblique.
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that this can be caused by partial dissolution of these parti-
cles. A decreased volume fraction of dispersion particles at
590°C compared with the initial state (Table 3) supports
this assumption.

Remarkable grain growth during superplastic deforma-
tion was found only at 7>=570°C (Table 2). At e<1-1,
insignificant grain elongation along the tension axis was
observed (Figs. 8a and 8¢, Table 2). The grain aspect ratio,
defined as the ratio of the grain dimension in the longi-
tudinal direction to that in the transverse direction, is
1-24+0-06. This value is typical for standard superplastic
alloys with high contributions of grain boundary sliding
(GBS) to the total elongation’~7'*-2% In the temperature
range 525-570°C the grains elongate extensively along the
tension axis during subsequent deformation up to failure
(Figs. 86 and 84, Table 2) because of dislocation creep.!® ~2°
It is apparent, that slight grain elongation is associated with
steady state flow and m>0-4; high grain elongation is
associated with secondary strain hardening and m<0-33
(Figs. 4,7 and 8, Table 2). The decreasing m coefficient with
strain (Fig. 7) is associated with concurrent grain elonga-
tion and growth leading to the termination of superplastic
deformation and establishment of secondary strain hard-
ening. It is worth noting that TEM observation of samples
strained at 590°C and £é=2-8x107* s7! to £e=0-7 did not
reveal any remarkable effect of superplastic deformation on
mean size and volume fraction of dispersion particles.

The average size of cavities 4, coefficient of cavity aspect
ratio CAR, and porosity volume fraction V in the 6061 alloy
after superplastic deformation are presented in Table 4. It
is seen that the volume fraction of porosity measured by
the buoyancy method is higher than that determined by the
metallographic technique. At 7<<570°C, large cavities were
observed to grow along the tensile direction and had an
irregular, jagged shape (Figs. 8« and 94, Table 4), suggest-
ing plasticity controlled cavity growth. Large, irregular
cavities account for ~20% by number, but their volume
fraction is ~60% at e=1-1 (Fig. 9a) and tends to increase
with strain. Another type of cavitation is fine cavities exhi-
biting equiaxed shape (Figs. 8«), which suggests diffusion

Table 3 Zener drag pressure P; calculated for Al;Zr and
Mg.Si particles and their average size D, and
volume fraction V for samples after homogenisa-
tion and subjected to the TMP followed by
static annealing at 590°C for 4 h

Initial state* Static annealing at 590°C*
Dy, nm 32-5/158 24-4/140
V, % 0-59/1-38 0-48/1-25

Pz Nm™2 1-6 x 10%9-0 x 10* 1-8 x 10%/7-0 x 10*

*Figure to the left of the oblique denotes AlsZr dispersoids, and that
to the right denotes Mg,Si particles.












