A Constitutive Description for Aluminum-0.1 Pct Magnesium

Alloy under Hot Working Conditions

ELI S. PUCHI-CABRERA

The constitutive behavior of an aluminum 0.1 wt pct Mg alloy deformed in the temperature range of
573 to 823 K at strain rates between 0.001 and 100 s~ ! is analyzed on the basis of the concept of the
mechanical threshold stress (MTS), &, taking into consideration the contributions from the different
strengthening mechanisms that could be present in this alloy, &;, which include one component that
arises from the interaction between dislocations and solute atoms, &, and another contribution from
the interaction between mobile and forest dislocations, & . The evolution of ¢, is described in terms
of a generalized form of an exponential-saturation equation, whereas the characterization of the
ratio, si(¢, T), between the flow stress at any strain rate and temperature, and the two components J;
is carried out by means of the phenomenological model advanced by Kocks and co-workers. It is
shown that the experimental values of the flow stress as well as the work-hardening rate can be
accurately described following this approach and that the maximum difference between the experi-
mental and calculated values of such a parameter is less than =4 MPa. The analysis conducted from
continuous stress-strain curves determined at constant temperature and strain rate indicates that the
relaxation strain in the generalized form of the Sah et al. relationship displays a significant strain
rate dependence. The inclusion of such a dependence into the analysis by means of a simple para-

metric relationship leads to an improvement in the accuracy of the prediction of the model.

I. INTRODUCTION

HOT working operations of metals and alloys are usually
carried out as part of the entire deformation processing
applied to such materials for the manufacture of either semi-
finished or finished products. During deformation at ele-
vated temperatures and strain rates, as well as during the
interpass times that characterize multiple pass deformation
operations, extensive microstructural changes take place in
the material, which, in turn, have a significant influence on
its response during thermomechanical processing.

Under these deformation conditions, the mechanical behav-
ior of the material becomes highly temperature and strain
rate dependent and the change in flow stress with the strain
applied could reflect either the occurrence of work harden-
ing or softening. The characterization, as precisely as
possible, of the flow stress behavior of the material is one
of the essential aspects of microstructural control during hot
working by means of the numerical modeling of the process
involved. Such characterization requires the development of
accurate constitutive equations capable of describing the
change in flow stress during processing in terms of tem-
perature, strain rate, and current microstructure.

As reported by Li et al.,’V the resistance of the structure
of a metal to deformation depends on a number of physical
mechanisms, which include strain hardening, internal dam-
age, texture, efc., that are present in the current state of the
structure. Therefore, the use of internal state variable (ISV)
constitutive models could be a plausible way of accom-
plishing the description of the flow stress of the material,
by integrating the effect of the different mechanisms involved
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and representing them in terms of a small number of macro-
scopic internal state variables.

In this regard, Follansbee and Kocks! carried out an
investigation on the axisymmetric deformation behavior
of 99.99 pct pure Cu at strain rates in the range of 107*
to 10* s~!, employing the mechanical threshold stress
(MTS) or flow stress at 0 K, o, as an internal state vari-
able. In this study, the changes in ¢ with strain rate and
strain were measured and the experimental results were
analyzed on the basis of the model previously advanced
by Mecking and Kocks,! that is to say, by describing
the results at constant structure with thermal activation
theory. The strain and strain rate evolution of & were
treated by means of the sum of dislocation generation and
dynamic recovery process. A significant result of the inves-
tigation conducted by Follansbee and Kocks!?! was that
the athermal dislocation accumulation rate, or stage II
hardening rate, became a strong function of the strain rate
at strain rates above 10° s~!, which led to an apparent
increased strain rate sensitivity, as observed from the
change in the flow stress at a given strain, as a function
of the logarithm of the strain rate.

In a subsequent study, Follansbee and Gray!*! investi-
gated the deformation behavior of Ti-6Al-4V at tempera-
tures between 76 and 495 K, strain rates between 0.001 and
3000 s~!, and compressive strains up to 0.3. In this work,
measurements of the yield stress as a function of test tem-
perature, strain rate, and prestrain history were analyzed
according to the model proposed by Mecking and Kocks.!
Also, & was used as an internal state variable and the
contributions to it from the various strengthening mecha-
nisms present in this material were analyzed. Follansbee
and Gray™ concluded that the constitutive equations based
on the Kocks—Mecking model can predict both monot-
onic deformation behavior, as well as the response to
path changes involving dramatic or gradual variations in
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temperature and strain rate. It is important to mention that
the approach followed in this work did not involve either
the search of the values of the different parameters of the
model, which yielded the closest agreement with the experi-
mental results, or the determination of the strain depen-
dence of these parameters.

Li et al.l"! also conducted an investigation in order to
provide a critical comparison of different ISV models that
had been previously proposed for describing the deform-
ation of metals at elevated temperatures, over a wide range
of strain rates. Such comparison led these authors to present
a set of modified constitutive relations that were subse-
quently applied for the description of some experimental
data obtained for aluminum 1100 and a fully dense high-
purity aluminum. In this approach, the materials constants
involved were determined by means of a nonlinear least-
squares fitting procedure. It was reported that the occur-
rence of both work-hardening and softening behaviors in
these materials, as a result of applying different strain rates
at the same temperature, could be more effectively mod-
eled by considering a nonlinear functional dependence of
the effective stress, with respect to the internal state vari-
ables in the evolution relationship. The model advanced
by these authors was also validated by means of studies
conducted on the deformation of an aluminum gradient
specimen.

More recently, Chen and Gray™ conducted an investiga-
tion on the constitutive behavior of Ta and Ta-W alloys.
The dependence of the yield stress of these materials on tem-
perature and strain rate was found to decrease while the
strain-hardening rate increased with the W alloying content.
The MTS approach was adopted to model the stress-strain
behavior, which was found to provide the best fitting results
to the materials investigated.

Gray et al.'¥ also carried out a study on the influence
of grain size on the constitutive response of Monel 400
by means of the MTS model. According to the authors,
this approach provided a robust constitutive description
able to capture yielding, the large-strain work-hardening
rate, and grain size effects simultaneously. In addition,
this model satisfactorily addressed the experimentally
observed transients due to strain rate or temperature-path
dependency.

In a recent investigation, Puchi-Cabrera et al.!’! analyzed
the mechanical behavior of aluminum with different alloy-
ing contents up to 1 wt pct, deformed under hot-working
conditions. The exponential saturation equation earlier
advanced by Voce!®®! was employed for the description of
the evolution of the MTS, whereas the model advanced
by Kocks!'" was employed for the description of the ratio
s(g, T) of the flow stress at any temperature and strain rate,
o, and &. Puchi-Cabrera et al.”"! determined that the increase
in the alloying content of aluminum gave rise to an increase
in ¢ mainly due to the effect of the alloying elements on
the saturation threshold stress, 7, and less markedly through
the athermal stress, o,. On the contrary, it was found that
the increase in the alloying content gave rise to a decrease
of the stage II or athermal work-hardening rate, 6,. Thus,
it was concluded that the dependence of the flow stress at
any temperature and strain rate on the alloying content
evolves from the dependence of both s(&, T') and & on such
a content.
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Thus, the present investigation has been conducted in
order to analyze in more detail the constitutive response of
an Al-0.1 pct Mg alloy in terms of the MTS as an ISV, tak-
ing into consideration the contribution from the different
strengthening mechanisms that could take place in this alloy
and to show the validity of the use of a generalized form
of the exponential-saturation law proposed by Sah et al.!'!!
for the description of the evolution of the mechanical
threshold.

II. DETAILS OF THE MODEL USED!>+9!

The model advanced by Mecking and Kocks!®! assumes
that deformation takes place at temperatures below the
diffusion-controlled regime and at strain rates below the dis-
location drag or velocity-controlled regime. Also, it considers
that deformation is controlled by the thermally activated
interactions of dislocations with obstacles which as a first
approximation can be represented by a linear expression of

the form
N. A~
o o, obt . o; o,
—=—+4 s;| e, T —_—— 1
T ; [ ( ) (“0 Mﬂ ]

In Eq. [1], o represents the current flow stress; o, the
athermal stress, which characterizes the rate-independent
interactions of dislocations with long-range barriers (e.g.,
grain boundaries); u the temperature-dependent shear mod-
ulus at any finite temperature; N, the number of different
obstacles that interact with dislocations; &; the different
strengthening contributions to the mechanical threshold from
such obstacles; u, the shear modulus at 0 K; and s;(¢,T) the
ratio of the current flow stress to the contribution &;.

The ratio s;(¢,T) can be characterized from the phenom-
enological model advanced by Kocks et al.,!'* according

to which
. . AG;
& =exexp| [2]
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from which it is readily shown that
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In the preceding equations, & represents the effective strain
rate; €x a constant; AG; the activation free enthalpy or
the Gibbs free energy of activation for the type of obsta-
cle i; go; the normalized activation free enthalpy; k the
Boltzmann constant; T the absolute temperature; b the
Burgers vector; o; the applied stress, minus any athermal
component; and p; and ¢; also constants that characterize
the statistically averaged shape of the obstacle profile (0 <
pi=L1l=¢=2).

or

& = & €Xp
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In the present case, the only obstacles that will be con-
sidered are solute atoms and forest dislocations, whose con-
tributions to the mechanical threshold will be represented
by 0 and 0, respectively. Therefore, Eq. [1] is reduced to

the following expression:
o))
N M .
+{op— —o,|sple T
(503 =)o (57)

1/ps
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gosMb3

1pp
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In the current investigation, following the work of Follansbee
and Gray,' it has been assumed that py =1, g5 = 2,
pp = 2/3, and qp = 1.

The Follansbee and Kocks model™ assumes that the struc-
ture evolution can be described by an expression such as

0=90[1 —F(w)} 7]
Ops — Ogq

where 6 represents the strain-hardening rate, do, /de; 6, the
stage II or athermal work-hardening rate, that is to say, the
hardening due to dislocation accumulation; -, the mechanical
threshold stress at zero strain-hardening rate or saturation
threshold stress; and F a function chosen to fit the particu-
lar data measured experimentally.

In the present case, it is considered that during deform-
ation, microstructural evolution occurs only by the accu-
mulation of dislocations during strain hardening and that the
hardening rate can be modeled by the evolution of the MTS
for dislocation/dislocation interactions by means of a gen-
eralized form of the exponential-saturation law advanced by
Sah et al.,'''! which in differential form is given by

1/n

A 1/n—1 A
9:&(@k%) 1_<@>¢%) and
Op — Oy Ops — Uq
p : [8]
60 _ O py O,

&y

which after integration, is simply expressed as

&D = O0q4 + (&Ds - Ua) |:] - exXp <_:):| [9]

r

where &, represents the relaxation strain, that is to say, the
strain required to achieve a certain fraction of the maximum
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hardening attainable, represented by the difference (6, — 0,)
and n a constant in the range of approximately 0.1 to 0.5.
However, in general, the differential form of the preceding
equation is more convenient since it implies that strain is not
assumed to be a state variable. In Eq. [9], & represents the
strain applied to the material.

It is important to point out that the model advanced by
Mecking and KocksP! considers, as a fundamental basis, that
the athermal dislocation accumulation rate is the variable that
exerts the major effect on the initial part of the stress-strain
curve. On the contrary, saturation behavior of the flow stress
at elevated strains is expected to be affected mainly by dis-
location rearrangements, features that are fulfilled by the hard-
ening law employed in the present constitutive description.

Also, the model used in the current investigation considers
that the contribution to the MTS from dislocation/dislocation
interactions, 7, is a function of temperature and strain rate
and that it can be described in terms of these two variables

by means of the model earlier advanced by Kocks:!!%

: b3 X G s
m(8>:“ “Dmcm> [10]
EKDs kT OKkDs

where &g, represents a material constant and gop, another
normalized activation-free enthalpy related to the extrapo-
lation of 0.

III. ANALYSIS AND DISCUSSION

The present investigation has been carried out employ-
ing the data previously reported by Prasad and Sasidhara!'*
for Al-0.1 pct Mg. The flow stress, strain, strain rate, and
temperature data for this material, provided by these authors,
are presented in tables in which the flow stress, determined
under axisymmetric compression conditions, is given at strain
intervals of 0.1 in the temperature range 573 to 823 K and
strain rates between 0.001 and 100 s~

According to the authors, all the flow stress data have
already been corrected for the adiabatic temperature rise dur-
ing deformation, by applying a linear interpolation between
log (o) and 1/T values. The temperature was measured by
inserting a fine thermocouple in a 0.8-mm-diameter hole reach-
ing the center of the compressive specimens, which allowed
the measurement of the actual temperature of the specimens.

The first step in the analysis of the experimental data con-
sisted in the fit of the generalized expression of the Sah et al.
law "' in differential form, to the current work-hardening
rate obtained from the current stress-strain data, determined
at different temperatures and strain rates. The term 6 was
represented as a function of the current flow stress and both
parameters were normalized by w(7). As is shown in Fig-
ures 1 through 4, only for the data at 573, 673, 723, and
823 K, and all the strain rates, the relationship between these
parameters is highly nonlinear and can be described satis-
factorily by means of Eq. [8] applied to the current flow
stress values:

o — 1/n—1 o—0 1/n
-n(i=n) -G w
O — 0, O, — 0,
n(O'S_O'a)

bp =— [12]

&y
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Fig. 1—Change in the normalized values of the current work-hardening
rate as a function of the normalized values of the current stress, at 573 K
and different strain rates. The solid line shows the fit of Eq. [13] in dif-
ferential form to the experimental data points.

In the preceding equations, o represents the current flow
stress and oy the current saturation stress. The integrated
form of the generalized law employed for this purpose is
simply expressed as

o=o0, + (o, — o'a){l — exp (—:)} [13]

At this point, it is important to point out that while Egs. [8]
and [9] refer to the evolution of the MTS, Egs. [11] through
[13] refer to the evolution of the current flow stress. All
the parameters involved in Eq. [13] can be readily deter-
mined by means of a least-squares method, that is to say,
by minimizing the quadratic difference between the flow
stress values given by Eq. [13] and the experimental ones.
Therefore, the second step in the analysis of the present
data consisted in the determination of all these parameters,
and for this purpose, the objective function can be simply
defined as

2

O, = Do —o0,— (as — aa)[l— exp <§1)] [14]
i=1 r

where N represents the number of experimental points for
each stress-strain curve at every condition of temperature
and strain rate. The value of the parameters o, oy, €,, and

2840—VOLUME 34A, DECEMBER 2003

0.008

STRAIN RATE, s~
s 0,001

wi ¢ 001

= 4 o4

& .

« 0-006 v 1

Z = 100

pd

w

E Al-0.1% Mg

:<E:: T =673 K

>4 L

5 0.004

o

=

[m]

53]

N

<

< 0.002f

14

(@]

pd

0 | I
0 0.001 0.002 0.003 0.004

NORMALIZED FLOW STRESS

Fig. 2—Change in the normalized values of the current work-hardening
rate as a function of the normalized values of the current stress, at 673 K
and different strain rates. The solid line shows the fit of Eq. [13] in dif-
ferential form to the experimental data points.

n can be readily determined by solving the system of equa-
tions that result from the condition of minimization of the
preceding equation, that is to say.

oD, RON oD, oD,
= 0; =0 = 0; =0 [15]
Jo, de, on

a

Due to the lack of data below effective strains of 0.1 and
according to the flow stress values reported at 823 K and
low strain rates, the search interval for the parameter o, was
restricted to the span 1 to 3 MPa. Table I summarizes the
results of the fit of Eq. [13] to the experimental flow stress
data, which allowed the computation of the parameters o,
oy, g, and n for every condition of temperature and strain
rate, whereas Figures [5] through [8] illustrate, as solid lines,
the description provided by this hardening law to the experi-
mental data.

In general, it can be seen that most of the curves present
a typical work-hardening behavior in the strain interval of
interest, as well as a marked trend to attain a saturation
condition as the strain applied to the material increases.
As expected, the rate at which saturation is achieved is a
strong function of temperature and strain rate. As the defor-
mation temperature increases and the strain rate decreases,
saturation is attained after a shorter strain transient, which
is clearly reflected in the stress-strain curves shown in
Figures 5 through 8. It can be observed that Eq. [13]
describes quite satisfactorily the experimental data under
any condition of temperature and strain rate, which justifies
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Fig. 3—Change in the normalized values of the current work-hardening
rate as a function of the normalized values of the current stress, at 723 K
and different strain rates. The solid line shows the fit of Eq. [13] in dif-
ferential form to the experimental data points.

its use for the description of the evolution of the mechan-
ical threshold.

The third step in the present analysis consisted in the
actual application of the MTS model already described in
Section II. Thus, in order to determine the different para-
meters involved in the constitutive description of this mater-
ial, from Eqgs. [6], [9], and [10], it is necessary to define a
second objective function ®, of the form

Nr 2
®, = 2 {0'1 - O'icomp} [16]

i=1
with

lips

kT, In <;-:,<S/;-:i> Vas

o0 = U,;F((fsﬁ — O'a) 1 -
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gosP«ib3
o [17a]
kTi ln (SKD/SI) Vap
+ (af gal g) P P S
7 o ‘ gopmib’
wi = 29,573.3 — 14.4T;,, MPa [17b]
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Fig. 4—Change in the normalized values of the current work-hardening
rate as a function of the normalized values of the current stress, at 823 K
and different strain rates. The solid line shows the fit of Eq. [13] in dif-
ferential form to the experimental data points.
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and to solve simultaneously the system of nonlinear equa-
tions that renders the minimization of such a function:

d J J J d
Ds g 22, D2 002 0,
do, d0g deks 98os dekp
J d d J
P2 22 g Mg 2 g
agOD (98,0 asrl a’nr
J d J d
¢2=0; $> ~ 0 $> — 0 A¢2 —0
on dekps 98ops 0 kps

The expression for the temperature dependence of the shear
modulus in Eq. [17] was derived from the data published
by Sutton!'* and quoted by Kocks,!"”! for aluminum.

It is important to point out that the present analysis dif-
fers from previous studies,>*°! also conducted on the basis
of the use of the MTS model, in several ways, which include
the following: (1) the use of the generalized form of the
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Table I. Material Parameters Involved in the Generalized
Form of the Exponential-Saturation Law Proposed Sah et al.

o, MPa o,, MPa e, n T, K e, s !
1.0 20.2 0.16 0.32 573 0.001
1.0 28.8 0.24 0.43 573 0.01
2.3 41.7 0.33 0.47 573 0.1
3.0 54.6 0.35 0.46 573 1

3.0 88.2 1.30 0.41 573 10

3.0 94.8 1.07 0.36 573 100

1.0 10.7 0.14 0.31 623 0.001
1.0 18.8 0.20 0.34 623 0.01
1.0 29.9 0.24 0.44 623 0.1
3.0 41.8 0.52 0.38 623 1

3.0 60.5 0.52 0.42 623 10

3.0 63.9 0.31 0.48 623 100

1.0 6.9 0.21 0.34 673 0.001
1.0 11.6 0.15 0.31 673 0.01
1.0 18.6 0.14 0.51 673 0.1
1.0 28.3 0.24 0.44 673 1

2.5 42.7 0.30 0.44 673 10

1.0 49.8 0.18 0.56 673 100

1.0 4.8 0.18 0.26 723 0.001
1.0 8.5 0.11 0.24 723 0.01
1.0 13.6 0.14 0.36 723 0.1
1.0 20.4 0.10 0.57 723 1

1.1 32.0 0.26 0.43 723 10

1.5 41.3 0.25 0.44 723 100

1.0 4.9 3.01 0.35 773 0.001
1.0 6.0 0.14 0.23 773 0.01
1.0 9.7 0.15 0.29 773 0.1
1.0 14.7 0.17 0.33 773 1

2.0 24.2 0.31 0.38 773 10

1.0 31.0 0.19 0.40 773 100

1.0 1.6 0.13 0.23 823 0.001
1.0 3.8 0.14 0.25 823 0.01
1.0 6.8 0.11 0.24 823 0.1
1.0 11.5 0.13 0.29 823 1

1.5 18.1 0.23 0.31 823 10

1.1 28.1 0.23 0.38 823 100

exponential-saturation law earlier advanced by Sah ef al. for
the description of the evolution of the mechanical threshold;
(2) the inclusion in this description of a strain rate dependence
of the relaxation strain; and (3) the use of stress, strain, strain
rate, and temperature values obtained from continuous stress-
strain curves determined under hot-working conditions, rather
than curves obtained at low temperatures as in the previous
analysis. The reasons that led to the inclusion of a strain rate
dependence of the relaxation strain will be discussed later
in the present section. Table II summarizes the results of
this calculation and Figures [5] through [8] also illustrate as
dotted lines the computed curves for some deformation con-
ditions. In general, it can be observed that the description
of the experimental data is quite satisfactory, since most of
the optimized curves (solid lines fitted to Eq. [13]) are closely
followed.

Therefore, the current flow stress of the material is
described as a function of the deformation temperature, strain
rate, and microstructure, the latter represented by the MTS,
an internal state variable that in the present case is assumed
to have two different components: one from the interaction
of dislocations and solute atoms and another from the inter-
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Fig. 5—Change in the current flow stress with strain at 573 K and different
strain rates. The solid lines represent the optimization of the experimental
data and the dotted lines the predictions of the constitutive equation proposed.

action between mobile and forest dislocations. The evolution
of the microstructure at 0 K is described by means of a work-
hardening law that also provides a very good description of
the change in the current work-hardening rate with current
stress. However, as was pointed out previously, a further
assumption made in the present investigation is that at 0 K
the component of the mechanical threshold that arises from
the interaction between dislocations can also be affected by
the strain rate through the relaxation strain, which has been
expressed by means of a simple parametric relationship as
a function of ¢ in Eq. [18].

The previous work conducted by Follansbee and Kocks!?
in copper also reported that in the strain rate range of approxi-
mately 10™* to 10? s™!, the athermal work-hardening rate
varied linearly with the logarithm of the strain rate, whereas
at higher strain rates, a marked nonlinear increase took place.
This phenomenon was explained on the basis of the limiting
dislocation velocity and the average distance between obstacles,
which would be inversely proportional to the strain rate applied
to the material. Thus, given the relationship between the ather-
mal work-hardening rate and the relaxation strain presented
in Eq. [8], it also seems plausible to propose the existence of
a similar dependence of &, on &, which has been confirmed
in this work. This approach was found to be more satisfac-
tory in terms of the computed value of the objective function
@, with and without taking into consideration the strain rate
dependence of the relaxation strain. If ¢, is considered to be
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Fig. 6—Change in the current flow stress with strain at 673 K and different
strain rates. The solid lines represent the optimization of the experimental
data and the dotted lines the predictions of the constitutive equation proposed.

independent of &, it is observed that @, = 346 MPa?, whereas
in the opposite case, @, = 312 MPa?. Thus, a decrease in
the value of ®, indicates an improvement in the prediction
of the model.

Figure 9 illustrates the change in the component ¢ of
the mechanical threshold with effective strain, as described
by means of the generalized form of the Sah et al. law,!'!!
for different deformation conditions. The “structure” of the
material represented by this parameter depends strongly on
the strain applied, deformation temperature, and rate of strain-
ing. Thus, changes in the last two parameters may lead to
equivalent “structure” conditions as shown from the curves
obtained at 573 K—0.001 s ! (curve b) and 823 K-100s!
(curve k). The latter curve, which is slightly displaced above
the former, indicates the existence of a somewhat “harder”
structure in which the increase in deformation temperature
from 573 to 823 K has been compensated for also by increas-
ing the strain rate from 0.001 to 100 s™".

Therefore, the use of the MTS as an internal state variable
for the description of the constitutive behavior of this mater-
ial has the advantage that arbitrary strain rate and temperature
path changes can be readily dealt with. If a change in any
of these variables occurs during deformation, the MTS is
first recomputed, taking into consideration that changes in
temperature will affect it through the parameters o, s5, and
sp (Egs. [17] and [18]), whereas changes in strain rate will
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Fig. 7—Change in the current flow stress with strain at 723 K and different
strain rates. The solid lines represent the optimization of the experimental
data and the dotted lines the predictions of the constitutive equation proposed.

induce changes in 0p,, 0p(g,), ss (&, T), and sp (g, T) also
through Eqgs. [17] and [18]. Finally, the current flow stress
is computed from Eq. [6], taking into consideration the
changes in temperature and strain rate.

An interesting result of the present investigation is that
concerning the value of the normalized activation energy for
the extrapolation of the saturation mechanical threshold to
any combination of temperature and strain rate, gyp,, Which,
as reported in Table II, was found to be approximately equal
to 0.5. Accordingly, it would be expected that in the tem-
perature range of 573 to 823 K, AG, varied in the range
of 150.1 to 124.8 kJ mol~'. This range of values is close to
148 kJ mol ™!, a magnitude reported for self-diffusion and
creep in pure aluminum, and 156 kJ mol ™!, the mean value
usually reported as the activation for hot deformation of alu-
minum and its alloys.['> This fact supports the indication
that in the temperature range explored in the present work,
the deformation of the material after achieving saturation
would be controlled by both thermally activated climb
processes of edge dislocations and motion of jogged screw
dislocations.

Although the mechanical behavior of Al-Mg alloys have
been widely reviewed by different authors,'®!”!8! only in a
few instances have such investigations”! been conducted from
the standpoint of the MTS employing continuous stress-strain
curves determined at constant temperature and strain rate.
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Fig. 8—Change in the current flow stress with strain at 823 K and different
strain rates. The solid lines represent the optimization of the experimental
data and the dotted lines the predictions of the constitutive equation proposed.

Table II. Material Constants Involved in the Constitutive
Description of the Material under Investigation

g, MPa 0.75
éKS? S_l 2.96 X 104
gos 0.49
0,, MPa 30.8
éKD’ S_l 5.19 X 105
gon 0.55
€0 1.05
£ 1.19 X 1072
m, —0.63
Okps 0.014
Exps S 3.63 X 108
8ops 0.5

n 0.43
k/b? 0.59

Particularly, for dilute Al-Mg alloys, it would be expected
that during deformation at elevated temperatures, well poly-
gonized subgrains were formed as the deformation applied
increased and the saturation stress were achieved, as a con-
sequence of the operation of dynamic recovery as the main
restoration mechanism.

McQueen!'”! has pointed out that rising the Mg content in
these alloys causes parabolic hardening with the concentra-
tion exponent declining from 0.5 to 0.25 as the density of
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Fig. 9—Change in the component &, of the MTS with strain at different
temperatures and strain rates.

impurities increases. Also, this author reported that the acti-
vation energies for deformation were observed to increase
steadily from approximately 143 to 160 kJmol ' as the Mg
content increased from O to 5 wt pct. Such values are in
agreement with previous findings"'®!”! concerning the com-
putation of this parameter, which reported values of 130 to
150 kJ mol ! for Mg contents from 0 to 2 wt pct, which are
in the range of the activation energies for the diffusion either
of Al or Mg atoms. These values are also in very good agree-
ment with the present results, regarding the value of the acti-
vation energy for deformation under steady-state conditions.

Also, as the Mg content increases, it would be expected
that the substructure evolved from a refined cell arrangement
to a different microstructure capable of accommodating the
strain applied, reflected in a much higher dislocation den-
sity. As pointed out by Hughes and Liu,*”! as the Mg con-
tent increases beyond 4 wt pct, the microstructure can be
described in terms of random dislocations and microbands,
which, in turn, can be interpreted in terms of the organization
of dislocations in a type of multi-Burgers vector Taylor lattice
and the formation of dislocation domain boundaries between
differently oriented regions of such lattices as precursors to
the microbands. All these complex microstructural changes
are bound to have a profound effect on the different con-
stants that intervene in the constitutive description of the
material, and therefore, more work is required in order to
conduct similar analyses in other Al-Mg systems with higher
Mg contents, to allow a consistent comparison of the results
computed following a similar approach.
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Finally, it is important to point out that the constitutive
description proposed here for the material investigated is
able to reproduce the flow stress values quite accurately, as
shown in Figures 10 and 11, which show the comparison
between the experimental and predicted values of the flow
stress and the difference between these two magnitudes as
a function of the experimental flow stress, respectively. Par-
ticularly, in the latter figure, it can be appreciated that the
maximum difference between the experimental and predicted
flow stress values is less than =4 MPa, which is observed
for several data points at temperatures of 573 and 623 K,
whereas the vast majority of the data points are in the region
of =3 MPa.

IV. CONCLUSIONS

The flow stress and work-hardening behavior of an
aluminum-0.1 pct magnesium alloy deformed under hot-
working conditions can be described satisfactorily on the
basis of the MTS model, assuming that this parameter arises
from the contribution of two different components: a first
one, from the interaction between dislocations and solute
atoms, 0, and a second one from the interaction between
the mobile and forest dislocations, . Also, it has been
determined that the evolution of this second component
of the MTS can be satisfactorily described by means of the
generalized form of the exponential-saturation law earlier
proposed by Sah et al., assuming that the relaxation strain
can be represented as a function of the strain rate, by means
of a simple parametric relationship, which is consistent
with a similar dependence of the athermal work-hardening
rate on & reported previously in the literature. The inclu-
sion of the strain rate dependence of &, into the expression
of the component 6 of the MTS leads to an improve-

METALLURGICAL AND MATERIALS TRANSACTIONS A

5
* 573 K
4- v 623 K
‘. 4 673 K
3 L " * 723 K
L A v 773 K
2- a " 8 823 K
[\ - ot [
o ps 4
= 1+ mg.%&x’.:-$
) L : Loy,
S ol ;.‘—M' e . -
w .v®0*~ . hd
ﬁ A O\ R .
A ¢ [ ]
-1 ﬂ. MR S A .
5 A “ey ® v [ ]
D A ‘. A, . - "
A L |
“u -
3k
v - ]
-4 A-0.1% Mg
5 l ! \
0 20 40 60 80

EXPERIMENTAL STRESS, MPa

Fig. 11—Difference between the experimental and calculated values of the
flow stress, as a function of the former.

ment in the accuracy of the prediction of the constitutive
equation proposed, and therefore, it can be employed as a
satisfactory approach for modeling the present data. It has
been found that the experimental stress-strain data can be
reproduced by the model with a maximum difference
+4 MPa.
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