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Abstract

Solute-drag (SD) creep in Class I alloys is characterized by several features. Among these is the presence of “inverse” creep transients, which
are unique to these solid-solution alloys and the SD creep mechanism. Creep transients in commercial AA5083 materials under SD creep are
analyzed using a model based on a graphical construct previously proposed. It is observed that transient behavior can be represented in a general
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ashion which predicts the decay in relative transient size as a function of strain. Experimental data for SD creep are presented using t
raphical construct to determine the dependence of dislocation glide speed on stress and the dependence of equilibrium mobile disloc
n stress. It is observed that the high stress exponents of the commercial AA5083 materials under SD creep, relative to low-impurity, bin
aterials, are primarily the result of an increased dependence of dislocation glide speed on stress.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Solute-drag (SD) creep is an important mechanism of de-
ormation in Al–Mg alloys, including 5000-series commercial
l alloys, at elevated temperature and slow strain rate[1–25].
lloys which exhibit SD creep are referred to as either Class I

2] or Class A[5] alloys. SD creep is characterized by a stress
xponent,n, of approximately three and an activation energy for
reep,Qc, close to that of solute diffusion when observed in low-

mpurity, binary alloys. SD creep is insensitive to grain size[26],
lthough grain-boundary-sliding (GBS) creep will supplant SD
reep when grain size is fine[23]. In low-impurity, ternary Al–
g–Mn alloys and commercial 5000-series alloys, the stress

xponent can exhibit values up to approximately four[22–25].
n all these alloy types, SD creep is characterized by creep tran-
ients of the “inverse” type[27]. The terminverse is used because
hese transients are opposite those displayed by pure metals and
lass II (Class M) alloys[2,5]. Strain-rate-change (SRC) tests, in
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which a series of constant strain rates are imposed on a spe
can be used to study transient behavior by recording flow s
response immediately following rate changes. In such test
inverse transients characterizing SD creep are evidenced
lows. For an increase in strain rate, the flow stress unde
a large, abrupt increase and then decays toward a stead
value at the new, increased strain rate. Upon a decrease in
rate, flow stress undergoes a large, abrupt decrease and the
ually increases to a steady-state value at the new, reduced
rate. Such inverse transients are exhibited only by SD creep
as such, have been used to positively identify the presence
deformation mechanism[25].

Quick plastic forming (QPF), a process related to superpl
forming, utilizes AA5083 sheet material to mass produce a
mobile body panels[28]. Fine-grained, commercial, superpl
tic AA5083 materials demonstrate creep deformation by e
GBS or SD creep across conditions typical of QPF opera
[25]. Although GBS creep is typically associated with superp
tic deformation, primarily because of the low stress expone
n ≈ 2 which it provides, the slightly higher stress exponen
SD creep,n = 3–4, in commercial 5000-series alloys can a
provide significantly enhanced tensile ductility[29]. The QPF
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Table 1
Sheet thickness,t, and composition of each AA5083 material

Material t (mm) Composition (wt.%)

Si Fe Cu Mn Mg Cr Al

DC-C 1.2 0.15 0.20 0.03 0.76 4.50 0.07 Balance
CC-A 1.0 0.07 0.22 0.02 0.72 4.70 – Balance

process takes advantage of this effect of SD creep to form at
faster rates and lower temperatures than traditionally used for
superplastic forming. Because the creep transients which occur
under SD creep are significant in size and duration, it is im-
portant that these transient behaviors be correctly predicted in
order to model the QPF process. Unfortunately, a general means
of modeling creep transients under SD creep does not yet exist.
The purpose of the present investigation is to create a means
of quantitatively predicting transient behaviors by analyzing ex-
perimental data for SD creep in AA5083 sheet materials.

2. Materials

Two commercial AA5083 sheet materials are considered for
this investigation. One is a direct-chill-cast product, material
DC-C, and one is a continuously cast product, material CC-A.
Both materials were produced in sheet form by cold rolling to
an approximately H18 temper. The compositions of these ma-
terials, which are very similar, have been previously reported
and are summarized inTable 1 [25]. Studies of these materi-
als at 450◦C have shown them to deform by SD creep at fast
strain rates (̇ε ≥ 10−3 s−1) and by GBS creep at slow strain rates
(ε̇ < 10−3 s−1) [25]. Samples of each material were subjected to
tensile SRC tests at 450◦C using a series of constant engineering
strain rates within the SD creep regime. A variety of strain-rate
changes were used to produce creep transients. The details
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ing theθ-projection method[35,36] are found in the work of
Wilshire and colleagues[37,38]. In hot forming applications
using AA5083 materials, such as QPF, loading conditions are
also non-steady and, thus, are quite different from those of the
creep tests to which theθ-projection method is typically applied.
Prediction of transient behaviors for these processes, therefore,
requires a slightly different approach. Non-steady loadings can
lead to significant creep transients during forming operations
when SD creep governs deformation, making the prediction of
transient behaviors of practical significance. Previous investiga-
tions have studied the magnitudes of creep transients under SD
creep, but have not explained the decay of transients with strain
[12,13,25].

In order to analyze the creep transients produced under SD
creep, some understanding of the SD creep mechanism is re-
quired. SD creep has been extensively studied in low-impurity,
binary alloys, such as Al–Mg[1–21]. These studies reveal the
stress exponent to ben = 3 and an activation energy for creep
equal to the activation energy for solute diffusion,Qc = Qsol.
The most-accepted model of SD creep, proposed by Weertman
[39–41], predicts these observed relationships and can be sum-
marized as follows. The rate of creep deformation is controlled
by glide of dislocations under the influence of a dragging solute
atmosphere. Because subgrains do not generally form under SD
creep, i.e. any structures which could be considered as subgrains
are quite loose and ill organized, and dislocations are generally
w able
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een previously reported[25]. The steady-state behavior a
ize of transients were evaluated[25]. The present investigatio
ddresses details of the rate of decay in stress transient
train not previously considered.

. Transient behaviors

The majority of creep analyses focus on “steady-state
avior. Analysis of steady-state data is often conducted u

he phenomenological equation for creep[30–34]:

˙ = A

(
b

d

)p ( σ

E

)n

exp

(
− Qc

RT

)
, (1)

hereε̇ is the true-strain rate,A a constant which depends on
aterial and the dominant deformation mechanism,b the mag
itude of the Burgers vector,d the grain size,p the grain-size
xponent,σ the true flow stress,E the unrelaxed temperatur
ependent elastic modulus,n the stress exponent,Qc the acti-
ation energy for creep,R the universal gas constant, andT is
he absolute temperature. However, non-steady creep beh
old a wealth of information which can often better reveal

undamental mechanisms of creep deformation. Recent e
les of exploiting non-steady data from full creep curves
of
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ell distributed, the Orowan relation is accepted as applic
nder SD creep. The Orowan relation is

˙ = ρbv̄, (2)

here γ̇ is shear strain rate,ρ the density of mobile disloca
ions, and̄v is the average rate of dislocation glide under so
rag. The mobile dislocation density is estimated using the

or relation,ρ ∝ τ2, which is supported by dislocation-dens
easurements from Horiuchi and Otsuka[3]. Various model

or dislocation motion under solute drag predict that disloca
lide speed is directly proportional to applied stress and s
iffusivity, v̄ ∝ Dsolτ [42–47]. The Weertman model, thus, p
icts the observed values of stress exponent and creep act
nergy. However, the “constant-structure” data of Mills e
ontradict the stress dependencies ofρ andv̄ predicted by thi
odel. Their data indicate thatρ ∝ τ, contrary to the model a

umption and measurements from Horiuchi and Otsuka[3], and
¯∝ τ2 under SD creep[12]. Thus, while the SD creep mod
redicts the observed steady-state behaviors, it is incons
ith the observed non-steady behaviors. The SD creep m
lso fails to predict the observed behaviors of more complex
g-based alloys, such as ternary Al–Mg–Mn alloys and c
ercial 5000-series alloys, which clearly deform by SD c

ut exhibitn values greater than three[22–25,29]. The presen
nvestigation uses new experimental data to further clarify t
ases.

SRC test data, from a transient-behavior test, for mat
C-C are presented inFig. 1. These data clearly show inve

ransients following abrupt rate changes. Stress transient
owing rate changes are found to obey the following rela
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Fig. 1. Data are shown for a strain-rate-change test on AA5083 material DC-C
at 450◦C. Fits to the stress transients following rate changes are shown.

[25]:

σ(ε) = σss+ �σ exp

(−ε

ε0

)
, (3)

whereσ(ε) is the transient true flow stress,ε is true strain follow-
ing the rate change,�σ the size of the peak in transient stress
immediately following the rate change, which is referenced to
the steady-state flow stressσssat the new rate, andε0 is a decay
constant. For tests in which engineering strain rate is constan
as in the present study, the steady-state term can be multiplie
by exp(−ε/n) to account for the slight reduction in true-strain
rate with increasing strain. In fitting Eq.(3) to experimental data,
only three parameters are fit:σss, �σ, andε0. Fits of Eq.(3),
shown inFig. 1, describe the observed creep transients quite
well. The parameters of Eq.(3) produced by fitting to data using
a variety of strain-rate changes have been previously reporte
[25]. For these fits, theσssvalues agreed closely with flow stress
values measured for steady-state conditions at correspondin
strain rates. This previous work, however, did not investigate
the details of transient decay with strain.

A model was recently proposed for the general prediction of
creep transient magnitudes, and this model is readily represented
by a graphical construct[25]. Fig. 2presents an extension of this
graphical construct applied to SD creep transients produced (a)
by strain-rate changes and (b) by stress changes. In this construct,
the logarithm of the ratio of flow stresses is plotted against the
logarithm of the ratio of strain rates. Values with a subscript of 1
indicate an initial steady-state condition, and values with a sub-
script of 2 indicate a new condition established from condition
1 by either a change in applied flow stress or applied true-strain
rate. Steady-state data produce a straight line on this plot, with
a slope equal to the strain-rate sensitivity,m = 1/n. Data taken
using the peak of the creep transient immediately following a
change from steady-state condition 1 to new condition 2, which
is a constant-structure test, produce a transient line with a slope
of m∗. The constant-structure assumption[12,13]indicates that
mobile dislocation densities before and immediately after the
change are identical, i.e.ρ1 = ρ2. For rate changes performed
from a steady-state condition,ρ1 is the established equilibrium
mobile dislocation density for steady-state flow at rateε̇1. The
angle between the steady-state and transient lines,θ, is a mea-
sure of the relative size of creep transients. Them andm∗ values
are observed to be invariant with temperature under conditions
for which SD creep governs deformation[25]. For SRC tests,
the transient line will decay toward the steady-state line in the
manner shown by arrows inFig. 2(a). For stress-change tests,
t the
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Fig. 2. Graphical constructs are shown to represent transient conditi
t,
d
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he transient line will decay toward the steady-state line in
anner shown by arrows inFig. 2(b).
Fig. 3(a)shows transient data, as reported in[25], immedi-

tely following strain-rate changes, i.e.ε = 0, in the manner o
ig. 2(a). For each transient data point shown, an indepen
alue ofε0 was fit.Fig. 3(b) and (c)contain plots of transien
ata, not previously reported, at strains of 0.5ε0 and 1.5ε0, re-
pectively.Fig. 3(b) and (c)reveals that the transient line dec
oward the steady-state as strain increases. More import
t is shown that the transient data remain approximately li
s they decay with strain toward steady state. The linear fi

ransient data inFig. 3(b) and (c)produce fit correlation coe

r: (a) strain-rate-change tests and (b) stress-change tests under solute-drag creep.
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Fig. 3. The decay of stress transients with strain is demonstrated using the graphical construct for transient lines plotted at strains of: (a)ε = 0, (b) ε = 0.5ε0, (c)
ε = 1.5ε0, and (d)ε → ∞ following rate changes.

ficients (R2 = 0.998) equivalent to that of the transient data in
Fig. 3(a), indicating that the transient data truly remain linear,
to within the experimental uncertainty, while decaying toward
steady state.Fig. 3(d)shows the data upon reaching steady state,
as reported in[25]. Material CC-A produces very similar results
to those shown for material DC-C. Using the procedure shown
in Fig. 3, the angle between the transient and steady-state lines,
θ, was measured as a function of strain for materials DC-C and
CC-A. These new measurements are presented inFig. 4 as a
plot of θ versusε/ε0, whereε0 = 0.02 is the average value cal-
culated from all transient data. This figure clearly shows that
θ decays exponentially with strain in the same manner as ob-
served for the decay of stress transients (Eq.(3)). The transient
and steady-state lines ofFig. 2were found to be independent of
temperature, and the values ofε0 were not observed to change
significantly with temperature[25].

Figs. 2 and 4provide a means of predicting creep transients
across all temperatures and rates for which SD creep dominates
behavior. Consider the transient line ofFigs. 2 and 3to have a
slopem′(ε), which varies with strain across the rangem∗ ≥ m′ ≥
m. At the transient peakm′ = m∗, and at steady statem′ = m.
The transient values, subscript of 2, after a change from a steady-
state condition, subscript of 1, are then given by the following
relation:

log

(
σ2

σ1

)
= m′ log

(
ε̇2

ε̇1

)
. (4)

The geometry ofFig. 2 provides the following relationship for
m′ as a function ofθ:

m′ = m + tanθ

1 − m tanθ
. (5)
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Fig. 4. The decay in the angle,θ, between the transient and steady-state lines
with strain is shown.

Considering the values previously measured forθ at its maxi-
mum, immediately following the change from condition 1 to 2
[25], the following small-angle approximation produces a max-
imum error of less than 1%:

m′ = m + θ

1 − mθ
. (6)

Applying the dependence ofθ on strain observed inFig. 4pro-
duces the following relation:

m′ = m + θ0 exp(−ε/ε0)

1 − mθ0 exp(−ε/ε0)
. (7)

The combination of Eqs.(4) and (7)provides a model for the
general prediction of transients produced under SD creep by an
change from a condition of steady-state deformation.

Data presented in the format ofFig. 2 provide a unique op-
portunity to probe the stress dependencies ofρ andv̄ (Eq. (2)),
quantities which are extremely difficult to measure by direct
means. It can be shown from the Orowan relation (Eq.(2)) that,
under constant-structure conditions,

∂ ln v̄

∂ ln τ
= ∂ ln γ̇

∂ ln τ

∣∣∣∣
ρ

. (8)

Expressing the results ofFigs. 2 and 3in shear quantities pro-
duces the following relationship for the initial transient line:

∂ ln γ̇
∣∣ 1

E
i ocity
o

v

w sien
l loca

Table 2
Steady-state and transient creep data

Material m m∗ 1
m∗ 1

m
− 1

m∗

Al–5.5 at.% Mga 0.32 0.48 2.1 1.0
AA5083 0.27 0.32 3.1 0.6

a Data from Mills et al.[12].

tion glide velocity on stress under SD creep. Steady-state data,
then, provide a means of measuring the dependence of equilib-
rium mobile dislocation density on stress. Because there is no
grain-size dependence for SD creep, i.e.p = 0 [26], Eq.(1) can
be simplified for a constant temperature toγ̇ = Kτ1/m, as writ-
ten in terms of shear quantities. Combining this simplified form
of Eq. (1) with Eqs.(10) and (2)yields the following relation
for steady-state deformation:

∂ ln ρ

∂ ln τ

∣∣∣∣
ss

= 1

m
− 1

m∗ . (11)

Thus, the dependence of mobile dislocation density on flow
stress at steady state is

ρ = Cτ1/m−1/m∗
, (12)

whereC is a constant at a given temperature. Thus, disloca-
tion glide velocity depends on applied stress to the 1/m∗ power,
and equilibrium mobile dislocation density depends on stress
to the 1/m − 1/m∗ power. Data shown inTable 2clearly in-
dicate that the increase inn beyond three observed for com-
mercial Al–Mg alloys is primarily associated with a significant
increase in the stress dependence of dislocation glide velocity
1/m∗. The stress dependence of equilibrium mobile disloca-
tion density 1/m − 1/m∗ is only slightly changed in AA5083
from that of the low-impurity, binary Al–Mg material studied by
M
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quating the left side of Eq.(8) with the right side of Eq.(9) and
ntegrating provides the dependence of dislocation glide vel
n stress under solute drag as

¯= Bτ1/m∗
, (10)

hereB is a constant at a given temperature. Thus, the tran
ine of Fig. 2provides a measure for the dependence of dis
y

t
-

ills et al.

. Conclusions

An analysis of creep transients for solute-drag cree
A5083 materials has revealed the following:

1) A recently proposed model, readily represented in a si
graphical construct, can be used to analyze creep tran
and their decay with strain.

2) The graphical construct represents steady-state data
line of slopem and transient data as a line of initial slo
m∗.

3) Transient data remain linear when plotted in this mann
they decay with strain toward the steady-state line.

4) The angle between the transient line and the steady
line, θ, decays exponentially with strain and observes
same decay constant,ε0, as the average of individual cre
transients.

5) A model is proposed to predict creep transients prod
under SD creep by any general change from a conditio
steady-state deformation.

6) The dislocation glide velocity is proportional to stress to
1/m∗ power, and the mobile dislocation density at ste
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state is proportional to stress raised to the 1/m − 1/m∗
power under SD creep.

(7) The high stress exponent of commercial 5000-series mate-
rials, relative to low-impurity Al–Mg materials, is primarily
because of an increased dependence of dislocation glide ve-
locity on stress.
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