Vol. 8 Ne 1

Trans. Nonferrous Met. Soc. China Mar. 1998

MATERIAL CONSTANTS OF AN AFLr CoxMg Zr
ALLOY DURING DEFORMATION AT
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®
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ABSTRACT The hot deformation behaviors of an 2091 AFLF Cu-MgZr alloy have been investigated by

high temperature isothermal compression testing. The material constants of the alloy, including deformation

activation energy AH as 162. 5 kJ/ mol, stresslevel coefficient a as 0. 0397 mm?/ N, stress exponential n as

2. 647 and structural factor A as 2. 74 x 10'° s~ " are derived by both graphic representation method and mini-

mized deviation criterion from the interdependencies of flow stress, strain rate and temperature. That the de-

formation activation energy of the 2091 alloy is higher than the self-diffusion activation energy of pure alumini-

um for high temperature creep and the activation energy of most other commercial aluminium alloys can be at-

tributed to the alloying of copper and magnesium.
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1 INTRODUCTION

It is generally accepted that many hot-
working processes are thermally activated,
where operating deformation mechanisms are an
extension of the deformation mechanism in creep
under different stress levels, and that Garofalo’ s
equation relating steady-creep strain rate, tem-
perature and flow stress may be applied generally
to these processes.

A number of evidences' '™ 71 about the high
temperature deformation and conventional hot
working processes of different metals and materr
als suggested that the power law and the expo-
nential relationship correlate strain rate € with
steady state flow stress Oof the materials at low

and high stress levels as follows, respectively

low stress: €= A 0" (1)
high stress: €= A exp( Bo) (2)
where n; and B are temperature independent

constants. When investigating the experimental
stress-strain relationship of steel under quick ten-
: 4

sion, Zener and Hollomon' ¥ found a parameter

of so-called “ temperature-compensated strain

@© Received Apr. 15, 1997; accepted Jul. 11, 1997

rate”, i.e. Z parameter, correlating flow stress
to deformation variables as

Z = Afsinh(ao)]" = ‘Eexp(ﬁ?) (3)

where A is structural factor; n, aand AH is

stress exponential, stress-level coefficient and
deformation activation energy, respectively; R is
universal gas constant and T is the absolute tem-
perature. The eqn. ( 3) has shown good agree
ment with many experimental data within wide
strain rate and temperature ranges[ i

Compared with eqns. (1) to (3), it can be
concluded that eqn. (3) approximates a power
relation, eqn. (1), at low stress; and an expo-
nential relation, eqn. (2), at high stress. Many
researches proved that this relationship could de-
scribe well the conventional hot-working process-

es, such as extrusion, compression and tor
.12 : :
sion'” 2" Thus, after evaluating the material

a and AH etc., eqn. (3)
may be utilized to the prediction, control and op-

constants of A, n,

timization of the microstructures and properties
of the hot-deformed metals and alloys from the
relationships between flow stress and processing
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variables and further between flow stress and
structural information.

2 PRINCIPLE

Many approaches are suitable for material
constants determination, including isothermal,
time compensation, temperature alternation and
Zener-Hollomon methods, the last one is gener-
ally used in rate-controlling deformation, and is
under present consideration.

In creep testing, since a constant stress can
be applied over a range of temperatures, the
creep activation energy AH can be calculated
from a plot of In€ at constant O as a function of
the reciprocal of the temperature, which is pro-
portional to AH T,
however, since it is experimentally much more

In hot compression tests,

difficult to conduct tests at constant flow stress
over large strain, a constant strain rate is applied
and the resultant stress is measured. The calcu-
lation of AH at constant stress therefore involves
extensive extrapolation and interpolation of the
experimental stressstrain rate temperature data.

Flow stress of the material satisfies the rela
tionships identified by eqns. (1) and (2) with
strain rate for different stresses. The constants
in eqn. (1) and eqn. (2) can then be derived
from the corresponding values In€ vs In 0 for low
stress and the corresponding values In€ vs O for
high stress. Then the material constants, A, n
and a can be obtained from the experimental data
according to a wide range of strain rates and

temperatures
n= nj
a= B/n (4)
A= 4.2

These material constants, however, must
be a first approximation because relatively few
experimental points have been used in each cal-
culation. The activation energy AH should be e
valuated before the calculation of the valid con
stants.

For small values of aand low applied stress,
as in the case of aluminium and its alloys, the
eqn. (3) reduces to

€= AT exp(Hi) (5)

Partial differentiation of eqn. (5) gives
_ .| e | _0lno
ME= R oo » " Lacvr) (Y

The activation energy 1is calculated using

eqn. (6) and by plotting In€ as a function of In©
and In€ as a function of Oat any selected temper
ature and strain rate.

For 2091 AFLi alloy, since the flow stress
strain rate-temperature interrelationship fits hy-
perbolic sine relationship more than logarithms
term[(’] , 1t Is more reasonable to use stress term
of sinh( a09) instead of 0. This leads to a satis
factory correlation that enables the unambiguous
determination activation energy of the 2091 Al
Li alloy from the following modified equation

A = R | s—dRE—
Olnsinh( a0)

| Sy
HUT) - (7)
where the last two terms of eqn. (7) represent
the slope of the In€/ In[ sinh( a0)] plot at the
temperatures employed and the slope of In[ sinh
(a9)]/(1/ T ) at the strain rates of interest, re-
spectively.

o]

T

3 EXPERIMENTAL PROCEDURE

The tested 2091 AFLi alloy with the com-
position of AF2. 06Lr2. 22Cu 1. 48M g-0. 09771~
0. 17Fe 0. 08S1 was prepared by conventional IM
method.
specimens, with flat recesses in the both ends,

Solid cylinder upsetting Rastegaev

with the gauge dimension of 10 mm in diameter
and 15 mm in length were machined from the
524 'C/ 24 h homogenized ingots. The constant
strain rate compression test was carried out at el
evated temperatures using a Gleeble 1500 dy-
namic material testing machine with two pol
ished tungsten platens. The strain rate and the
temperatures of interest are within the range of
300~ 500 C and 10" 7~ 10" s™ ", respectively.
The deformation variables, such as stroke,
stroke velocity and temperature, were con-
trolled, and the data of true stress, true stain
and load, etc, were recorded by the computer of
the apparatus. The homogeneous flow stress was
derived out from the experimental data consider-

ing friction modification'®'
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4 RESULTS AND DISCUSSION

The homogeneous flow stress of the 2091
AFLi alloy after friction modification is shown in
Table 1. The material constants are evaluated
from the experimental data of flow stress , strain
rate and temperature.

Table 1 Friction modified flow stress O
of tested 2091 AFLi alloy

at different temperatures( M Pa)
e/s ' 300 C 350 C 400 °C 450 C 500 C

0.001 79.5 42.1 22.9 18.4 5.9
0.01 101.4 63.1 39.5 26.8 14.2
0.1 128.7 90.0 62.6 43.3 30.9
1.0 148.2 111.9 &81.7 58.4 43.0
10.0 158.9 132.2 104.2 82.8 68.4

The alternation of the flow stresses of the
2091 alloy during hot compression with strain
rates and temperatures are shown in Fig. 1 and
Fig. 2, which are plotted on a semrIn basis and a
I In basis with respect to temperature and strain
rate, respectively. The plots of either the natu-
ral logarithms of hyperbolic of flow stresses a
gainst the reciprocals of the corresponding tem-
peratures (in Fig. 1) or the natural logarithms of
strain rates against the hyperbolic of flow stress
es (in Fig. 2) satisfy straight line relationships
over the experimental data, indicating that the
hot compression of the 2091 alloy is thermally
activated, thereby supporting the Arrhenius de-
pendence similar to eqn. (3) .

The average slopes of the straight lines in
both Fig. 1 and Fig. 2 were calculated by linear
regression with a FORTRAN 77 computer pro-
gram, and the results are substituted in eqn. ( 6)
to evaluate the activation energy (as be termed
as graphic representation method) . After the ac
tivation energy derived, it is possible to calculate
the temperature-compensated strain rate from
eqn. (3) and the refined values of n and a may
be obtained from the relationships such as shown
T hereafter the second
value of AH can be calculated from eqn. (7).

in eqn. (3) and eqn. (4).

The values of n and a must be compatible such

that the minimum standard deviation of n is ob-
tained over the hot compression range. Hence, a
considerable amount of iteration is necessary to
evaluate valid material constants, according to
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the minimized deviation method ',
The material constants evaluated by the
aforementioned methods are listed in T able 2.

Table 2 The materials constants of
the 2091 alloy evaluated by
differrent method

Activation Stresslevel Stress Strucutral

M ethod Energy AH coefficient exponential — factor
/kI*mol  o/mm?eN n Al !
"r‘aphi". 154. 5 0.0268 2.809 2.17x10"
representation
Minimized 5 50 0397 2,647 2.74x 10

deviation

The logarithms of temperature compensated
strain rate Z parameter against sinh( a9) calcu-
lated from the constants, which have been evalu-
ated by the minimized deviation method, is illus
trated in Fig. 3. The plot gives good agreement
of InZ with Insinh( a0) in the linear relationship
over the strain rate and temperature ranges of in-
terest, indicating that the hot compression of the
2091 alloy involves the thermally activated rate
controlling mechanisms, and permitting the ef-
fective prediction, control and optimization of
the hot-deformed microstructures and properties
of the alloy with the aim of Z parameter contain-
ing Arrhenius term.

The deformation activation energy of the
2091 alloy (162. 5 kJ/ mol) is somewhat higher
not only than the self-diffusion activation en-
thalpy of pure aluminium ( 142 kJ/ mol) but also
than that of most other commercial aluminium
alloys' 1. This might be attributed to the addr
tion of the elements of copper and magnesium
and so on, as discussed afterw ards.

The addition of copper and magnesium to
the AFLi alloy gives solution strengthening effect
to the 2091 alloy and forms precipitation, such
as CuAl,, ALMgLi and ALCuMg, within the
matrix. The precipitation retards the movement
of dislocations during plastic deformation, result-
ing in the increase of energy needed for disloca
tions to slip and/or to climb and thus the diffr
Further
more, on one hand the formation of AlzZr pre

culty to activate dynamic recovery.

cipitation in the 2091 alloy strongly impedes the
movement of dislocations, grair and subgrain

6 . .
' hence increases the softening en-

boundaries
ergy of the alloy to a considerable extent. On the
other hand, the fine second phase particles, such
as 8, B and S, which have been precipitated
during the reheating process before hot-working
may remelt into the solution during hot deforma-
tion. The activation energy may then rise when
the fine precipitation goes into the solution' !,

40.0

a=0.0397 mm?/N

AH=162.5k]/mol
36.0t

16.0

12.0 ‘
4.0 -2.0 0 2.0 4.0 6.0

In(sinh(as))

Fig. 3 Linear relationship of InZ vs
In[ sinh( a0)] for 2091 alloy

Eqn. (3) and eqn. (5), however, are not
based on any theoretical model or atomistic rate-
controlling mechanism and the constants A, a
and n do not have simple physical interpreta
tions. A more rigorous equation suggested by

8] [91

Seeger' ® | later modified by Jonas'”' has been

found very useful:

) )

€, is the steady-state strain rate, ®,is a

€= Pexpl T exp(
where
structure factor involving dislocation density and
area slipped and Burgers’ vector and atomic fre-
quency as well AH ( is the activation enthalpy at
zero stress, V" is the activation volume, 0 is

the effective stress ( 0 = Oy+ Op, where Oy is
[10] )

2

the applied stress, and Opis the back-stress
k is the Boltzmann constant and T is the abhsolute
temperature. Eqn. ( 8) indicates the physical
essence of high temperature deformation of the
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materials.

Experimental values of AH are usually cal
culated by assuming that the structure depends
on the steady-state stress alone, and it is inde
pendent of temperature. The partial differentia

tion of eqn. (8) to ( I/ T ) gives

Oln €, . — AH Oln @, .
—_— c e
o)’ T Tk Y )0t
kY Gy (%)
The creep activation energy can be obtained from
eqn. (9) when the two terms following

( AH/ k) on the right of the equation are ne-
glected. These assumptions are not always valid
and the two terms are not negligible, however,
especially with regard to certain solid-solution al-

loys during hot-working '

The activation vol-
ume V° and back-stress g of the alloy may be
changed by solid-solution alloying, resulting in
the variation of apparent activation energy V( V
=V /My, where M r is effective T ablor orien-
tation factor and effective stress and finally the
variation of the activation energy AH . The al
loying of Cu and Mg raises the back-stress, Og,
of the 2091 alloy, hence reduces the effective
stress. Higher applied stress must be supplied to
the alloy during hot deformation to maintain the
constant strain rate, thus leading to the rise of
the activation energy.

5 CONCLUSIONS

(1) Straight line relationship can be found
to satisfy either the natural logarithms of strain
rate to the hyperbolic form of the flow stress or
hyperbolic form of the natural logarithm of the
flow stress to the reciprocal of the temperature

for the 2091 AFLi alloy during hot compression.
(2) Both the graphic representation method

and the minimized deviation criterion have been

conducted to evaluate the material constants of

the 2091 alloy. The constant derived from the

minimized deviation criterion are as follows:
Activation energy AH, 162.5k]J/ mol;
Stresslevel coefficient @, 0.0397 mm?>/ N:
Stress exponential n, 2. 647;

Structure factor A, 2.74 X 101 1.

(3) The reason that higher activation ener-
gy of the 2091 alloy during hot deformation than
selt-diffusion activation enthalpy of the commer-
cial pure aluminium can be attributed to the al
loying of copper and magnesium into the matrix.
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