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Flow stress behavior of Al-Cu-Li-Zr alloy containing Sc during
hot compression deformation
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Abstract: The flow stress behavior of Al-3.5Cu-1.5Li-0.25(Sc+Zr) alloy during hot compression deformation was studied by
isothermal compression test using Gleeble-1500 thermal-mechanical simulator. Compression tests were preformed in the temperature
range of 653—773 K and in the strain rate range of 0.001—10 s™' up to a true plastic strain of 0.7. The results indicate that the flow
stress of the alloy increases with increasing strain rate at a given temperature, and decreases with increasing temperature at a given
imposed strain rate. The relationship between the flow stress and the strain rate and the temperature was derived by analyzing the
experimental data. The flow stress is in a hyperbolic sine relationship with the strain rate, and in an Arrhenius relationship with the
temperature, which imply that the process of plastic deformation at an elevated temperature for this material is thermally activated.
The flow stress of the alloy during the elevated temperature deformation can be represented by a Zener-Hollomon parameter with the
inclusion of the Arrhenius term. The values of #, a and 4 in the analytical expressions of flow stress o are fitted to be 5.62, 0.019

MPa " and 1.51x10"s™", respectively. The hot deformation activation energy is 240.85 kJ/mol.
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1 Introduction

The Al-Li alloys have been developed in recent
years because of their distinct properties, such as high
specific strength and low density. But they are
characterized by low ductility and fracture toughness,
which severely limit their commercial application. It is
generally agreed that microalloying is one of the
effective methods to improve the properties of Al-Li
alloyst' ™.

Sc is a special element, which has the lowest
density in all of rare-earth elements and shows a similar
nature to transition elements. Our previous research!®
showed that addition of 0.1% Sc to Al-Cu-Li-Zr alloy
can eliminate the dendrite of the alloy, and cause
refinement of as-cast grain size, strongly restrain
recrystallization of the alloy during hot rolling and
solution treatment, and improve the strength and the
ductility of the alloy. However, the behavior of high
temperature deformation and the hot working processing
parameter of Al-Cu-Li-Zr alloy containing Sc are still
short of systematical researches. To examine the hot

deformation behavior, the flow stress of materials at the
elevated temperature is one of the indispensable
information. During the hot deformation, the flow stress
behavior is usually characterized by some factors such as
strain rate, strain, deformation temperature and
deformation activation energy!’'". Equations expressing
the flow stress as a function of strain, strain rate and
temperature not only are useful to numerically analyze
the hot deformation process, but also are most frequently
used in engineering practice. For this reason, it is very
important and necessary to investigate the behavior of
plastic deformation of Al-Cu-Li-Zr alloy containing Sc at
the elevated temperature.

In the present study, the flow stress of Al-Cu-Li-Zr
alloy containing Sc was measured at various
temperatures and strain rates, and the relationship
between the flow stress and the strain rate and the
temperature was analyzed based on experimental data,

respectively.
2 Materials and experimental procedure

The raw materials were 99.8% Al, 99.9% Li and
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Al-48.7%Cu, Al-2.23%Sc and Al-3.72%Zr master alloys.

The alloy was prepared by weighing proper amounts of
the constituent metals, melting them in a crucible furnace
and pouring into a cast copper mold under argon
protection. The composition of the alloy is Al-3.5%Cu-
1.5%Li-0.22%(Sc+Zr). After homogenization at 520 ‘C
for 24 h, the cylindrical compression specimens were all
machined from the ingot to 10 mm in diameter and 15
mm in height, as shown in Fig.1. Concentric annular
grooves of 0.2 mm in depth were machined at both end
faces of the cylinders to retain the lubricant during to the
compression test. Graphite lubricant mixed with machine
oil was used to minimize the friction between the sample
and anvils.

d(10£0.05)

d(9+0.1)
16
S v

[ p— i ———

Fig.1 Specimen of hot compression (unit: mm)

The specimens were pre-heated to compression
temperature at a heating rate of 1 C/s and homogenized
for 300 s before deformation. The hot compression tests
were carried out on a Gleeble-1500 simulator. The
deformation strain, the temperature and the strain rate
were automatically controlled and recorded during hot
deformation. Compression testing was conducted from
653 to 773 K in the strain rate range from 0.001 to 10 s
up to a true plastic strain of 0.7.

3 Results and discussion

3.1 True stress—strain curves

A series of true stress—strain curves obtained
during hot compression of the alloy at various
temperatures and strain rates are shown in Fig.2. It can
be seen that the flow stress curves exhibit a remarkable
peak stress at small strain (<<0.1). When the strain is less
than the peak strain, the strain hardening plays the main
role; when the strain surpasses the peak strain, the flow
stress decreases with increasing strain. This indicates that
the strain softening effect is larger than the strain

hardening effect due to dynamic recrystallization. Fig.2
also shows that the flow stress increases with increasing
strain rate under the condition of the same deformation
temperature. During the deforming process at 743 K, for
example, the peak flow stress increases from 22.30 to
58.43 MPa when the strain rate elevates from 0.001 to
1.0 s™', which shows that the studied alloy is a material
with a positive strain rate sensitivity. And under the
condition of the same strain rate, the flow stress
decreases as the deformation temperature rises. Thus, the
plastic flow behavior is seen to be thermally activated,
and the flow stress be a strong function of temperature
and strain rate.

3.2 Effect of strain rate on flow stress

During the hot deformation, the flow stress behavior
of an alloy is usually characterized by some factors such
as strain rate, strain and temperature. It is generally
accepted that the relationship between the flow stress o,

strain rate & and temperature 7 can be expressed ast'' ™!

é=AF(0)exp[-Q(RT) '] (1)

There are three forms of the stress function F(o) as
follows:

F(o)=0" (2
F(o)=exp(fo) (3)
F(0)=[sinh(a0)]" 4)

where A, n, a and f are all constants independent of
temperature; a=p/n; R is the ideal gas constant, 7T is the
absolute temperature; Q is the deformation activation
energy, o is often taken as peak flow stress o, or steady
state stress. Eqns.(2) and (3) are usually given at low and
high stress levels, respectively. The hyperbolic sine
relationship (Eqn.(4)) covers all stress ranges.

Supposing that the relationship between o and &
of the tested alloy could satisfy the relationships above,
and assuming that Q is constant at a given temperature,
then, at low and high stress levels, Eqn.(1) can be
expressed as Eqns.(5) and (6), respectively.

E=4,0" ®)
€ =4, exp(fo) (6)
where A, and A4, are constants. After logarithms are
taken from both sides, Eqns.(5) and (6) are respectively
transformed into

Iné=In4, +nlno (7
Iné=In4, + fo (3)

According to Eqns.(7) and (8), and the flow stress is
taken as peak flow stress, the results of the liner
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Fig.2 True stress—strain curves for alloy at various
temperatures and strain rates: (a) 653 K; (b) 683 K;
(¢) 713 K; (d) 743 K; (e) 773 K
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regression analyses are shown in Fig.3. A linear Iné =1In A + nln[sinh(axo)] - O(R T)*1 (10)

relationship exists between Iné and Ino with linear
slope n, and a linear relationship exists between Iné&
and o with linear slope . The average values of n and S
are derived to be n=7.750 2 and f=0.147 1, respectively.
Therefore, a value equals 0.019.

For all stress range, Eqn.(1) can be expressed as

& = Alsinh(ao)]” exp[-O(RT) '] 9)

After logarithms are taken from both sides, Eqn.(9)
is transformed into

As shown in Fig.4, a linear relationship exists
between Iné& and In[sinh(ao)]. The values of the slope
of five regressive curves at various temperatures are
approached, and curves are almost parallel (Fig.4). It is
indicated that Eqn.(9) is more appropriate than Eqns.(5)
and (6), as shown in Figs.4 and 3. Therefore, it follows
that the interrelation between flow stress and strain rate
during hot deformation well satisfies the Arrhenius
relationship of the hyperbolic sine form, which implies
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that the hot deformation process for the alloy also is
thermally activated, similar to the high temperature creep
of pure All"4.

3.3 Effect of deformation temperature on flow stress
It can be seen from Fig.2 that the flow stress at a
given imposed strain rate depends on the temperature in

a normal manner, decreasing with increasing the
temperature. If £ 1is constant, and Q is also constant in
the range of experimental temperature, then, Eqn.(1) can
be conveniently expressed in terms of a temperature
compensated strain rate parameter, and the Zener-
Hollomon parameter Z can be written as

Z=¢éexp[OQ(RT)™"] (11)

Zener-Hollomon
[15]

between
parameter Z and flow stress o can be expressed as

The  relationship

Z=A[sinh(a0)]" (12)
The substitution of Eqn.(11) into Eqn.(12) results in

£exp[Q(RT) "] = A[sinh(aro)]” (13)
After logarithms are taken from both sides, Eqn.(13)

is transformed into

In[sinh(co)]= 4"+ B’@ (14)

where A'=ln—£—lnA, =@ )
1000nR

n n
Fig.5 shows that the interrelation between peak flow

stress o, and 1/T for the alloy during hot deformation
well satisfies Eqn.(14). That is to say, the behavior of
flow stress of the alloy during hot deformation can be
described by Z parameter including Arrhenius term, and
the process of hot deformation of the alloy is thermally
activated.
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Fig.5 Linear relationship between In[sinh(ao)] and 1/T

3.4 Analytical expression of flow stress

The results from the above show that Eqn.(9) is
even more adaptive to describe the flow stress behavior
of the alloy. The deformation activation energy Q is
calculated by using Eqn.(9) after differentiation at
constant temperature and constant strain rate, and it is
converted into the following form:
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0=R dlné d In[sinh(ao )] - 7= éexp( 240.85} (18)
dln[sinh(ao)] | o(1/T) RT

The two terms on the right of Eqn.(15) represent the
slope of the Iné& —In[sinh(ao)] straight line at the
employed temperature and the slope of In[sinh(ao)]—1/T
straight line at the strain rate, respectively. According to
Figs.4 and 5, the average slope values of the two
relationships curves can be derived to be 5.669 4 and
5.112 3, respectively. Then, by substituting the two
values into Eqn.(15), the average hot deformation
activation energy Q is calculated to be 240.85 kJ/mol.

Substituting O and the hot deformation condition
into Eqn.(11), Z values are calculated. After logarithms
are taken from both sides, Eqn.(12) is transformed into

In Z=In A+nln [sinh(ao)] (16)

Then, taking In[sinh(ac)] and InZ as the coordinates
mapping, the results are shown in Fig.6. A linear
relationship exists between In Z and In [sinh(ao)]. It
further demonstrates that the interrelationship between
flow stress o and strain rate £ , deformation temperature
T for the alloy during hot deformation can be described
by the Arrhenius relationship of the hyperbolic sine form,
i.e. Eqn.(9), under the experimental condition. The slope
of the straight line in Fig.6 is stress exponent n, the
longitude intercept of In4. The values of » and A4 are
derived to be n=5.62 and A=1.51x10"s™", respectively.
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Fig.6 Linear relationship between InZ and In[sinh(a0)]

The formula of flow stress is therefore determined
to be

£=1.51x10""[sinh(0.0195)]>* exp(— 2‘337'?5 ] (17)

and its Zener-Hollomon parameter Z to be

According to Eqn.(12), the formula of flow stress
can also be expressed by Zener-Hollomon parameter Z as
follows:

7 1/5.62
0=52.631n [—16] +
1.51x10
1/2

7 2/5.62
_— +1 19
(1.51><1016J (19)

4 Conclusions

1) The flow stress is strongly dependent upon the
temperature and the strain rate. Under the condition of
the same deformation temperature, the true stress
increases as the strain rate rises, and under the condition
of the same strain rate, the true stress decreases as the
deformation temperature rises.

2) The flow stress behavior of the alloy during hot
deformation can be described by the Zener-Hollomon
parameter Z including the Arrhenius term. The values of
A, n, a in the analytical expression of flow stress o are
fitted to be 1.51x10'° s™, 5.62 and 0.019 MPa',
respectively. The hot deformation activation energy of
the alloy during hot deformation is 240.85 kJ/mol.
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