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Abstract

Solute-drag (SD) creep in Class | alloys is characterized by several features. Among these is the presence of “inverse” creep transients, whi
are unique to these solid-solution alloys and the SD creep mechanism. Creep transients in commercial AA5083 materials under SD creep a
analyzed using a model based on a graphical construct previously proposed. It is observed that transient behavior can be represented in a gen
fashion which predicts the decay in relative transient size as a function of strain. Experimental data for SD creep are presented using the propos
graphical construct to determine the dependence of dislocation glide speed on stress and the dependence of equilibrium mobile dislocation dens
on stress. Itis observed that the high stress exponents of the commercial AA5083 materials under SD creep, relative to low-impurity, binary Al-Mg
materials, 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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1. Introduction which a series of constant strain rates are imposed on a specimen,

can be used to study transient behavior by recording flow stress

Solute-drag (SD) creep is an important mechanism of deresponse immediately following rate changes. In such tests, the

formation in Al-Mg alloys, including 5000-series commercial inverse transients characterizing SD creep are evidenced as fol-
Al alloys, at elevated temperature and slow strain [&t5]. lows. For an increase in strain rate, the flow stress undergoes
Alloys which exhibit SD creep are referred to as either Class k large, abrupt increase and then decays toward a steady-state
[2] or Class A[5] alloys. SD creep is characterized by a stressvalue at the new, increased strain rate. Upon a decrease in strain
exponentz, of approximately three and an activation energy forrate, flow stress undergoes alarge, abrupt decrease and then grad-
creep,Qc, close to that of solute diffusion when observed in low- ually increases to a steady-state value at the new, reduced strain
impurity, binary alloys. SD creep is insensitive to grain $24], rate. Such inverse transients are exhibited only by SD creep and,
although grain-boundary-sliding (GBS) creep will supplant SDas such, have been used to positively identify the presence of this
creep when grain size is fif23]. In low-impurity, ternary Al-  deformation mechanisifi25].
Mg—Mn alloys and commercial 5000-series alloys, the stress Quick plastic forming (QPF), a process related to superplastic
exponent can exhibit values up to approximately fil@2-25]  forming, utilizes AA5083 sheet material to mass produce auto-
In all these alloy types, SD creep is characterized by creep trammobile body panelf28]. Fine-grained, commercial, superplas-
sients of the “inverse” typR7]. The termnverse is used because tic AA5S083 materials demonstrate creep deformation by either
these transients are opposite those displayed by pure metals aB8S or SD creep across conditions typical of QPF operations
Class |l (Class M) alloyR,5]. Strain-rate-change (SRC) tests, in [25]. Although GBS creep is typically associated with superplas-

tic deformation, primarily because of the low stress exponent of

n ~ 2 which it provides, the slightly higher stress exponents of
~* Corresponding author. Tel.: +1 512 471 5378; fax: +1 512471 7681.  SD creepp = 3-4, in commercial 5000-series alloys can also

E-mail address: taleff@mail.utexas.edu (E.M. Tsaleff). provide significantly enhanced tensile ductil[89]. The QPF
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Table 1 ing the #-projection method35,36] are found in the work of
Sheet thickness, and composition of each AA5083 material Wilshire and colleaguef37,38] In hot forming applications
Material 7 (mm)  Composition (wt.%) using AA5083 materials, such as QPF, loading conditions are
Si Fe Cu Mn Mg Cr Al also non-steady .and, thus,. are quite different from thosg of the
boc T 015 020 003 076 450 007 Baance CreeP tgsts to wh|ch tfiﬁéprOJegtlon method is typically applied.
CC-A 10 007 022 002 072 470 - Balance Prediction of transient behaviors for these processes, therefore,

requires a slightly different approach. Non-steady loadings can
process takes advantage of this effect of SD creep to form dgad to significant creep transients during forming operations
faster rates and lower temperatures than traditionally used fovhen SD creep governs deformation, making the prediction of
superplastic forming. Because the creep transients which occtiiansient behaviors of practical significance. Previous investiga-
under SD creep are significant in size and duration, it is imtions have studied the magnitudes of creep transients under SD
portant that these transient behaviors be correctly predicted iereep, but have not explained the decay of transients with strain
order to model the QPF process. Unfortunately, a general meaht2,13,25]

of modeling creep transients under SD creep does not yet exist. In order to analyze the creep transients produced under SD
The purpose of the present investigation is to create a meagseep, some understanding of the SD creep mechanism is re-
of quantitatively predicting transient behaviors by analyzing ex-quired. SD creep has been extensively studied in low-impurity,

perimental data for SD creep in AA5083 sheet materials. binary alloys, such as AI-M§l—21]. These studies reveal the
stress exponent to be= 3 and an activation energy for creep
2. Materials equal to the activation energy for solute diffusia®y; = Qsol.

The most-accepted model of SD creep, proposed by Weertman

Two commercial AA5083 sheet materials are considered fof39-41] predicts these observed relationships and can be sum-
this investigation. One is a direct-chill-cast product, materialmarized as follows. The rate of creep deformation is controlled
DC-C, and one is a continuously cast product, material CC-Aby glide of dislocations under the influence of a dragging solute
Both materials were produced in sheet form by cold rolling toatmosphere. Because subgrains do not generally form under SD
an approximately H18 temper. The compositions of these masreep, i.e. any structures which could be considered as subgrains
terials, which are very similar, have been previously reportedire quite loose and ill organized, and dislocations are generally
and are summarized ifable 1 [25] Studies of these materi- well distributed, the Orowan relation is accepted as applicable
als at 450C have shown them to deform by SD creep at fastunder SD creep. The Orowan relation is
strain ratesq{ > 10-3s~1) and by GBS creep at slow strain rates
(¢ < 10~3s71)[25]. Samples of each material were subjected toy = pbv, (2)
tensile SRC tests at 45C using a series of constant engineering
strain rates within the SD creep regime. A variety of strain-ratevherey is shear strain ratep the density of mobile disloca-
changes were used to produce creep transients. The detailstisins, andv is the average rate of dislocation glide under solute
these experiments and some of the resulting transient data hageag. The mobile dislocation density is estimated using the Tay-
been previously reportef5]. The steady-state behavior and lor relation, p o T2, which is supported by dislocation-density
size of transients were evaluat@®]. The present investigation measurements from Horiuchi and OtsyBa Various models
addresses details of the rate of decay in stress transients wilr dislocation motion under solute drag predict that dislocation

strain not previously considered. glide speed is directly proportional to applied stress and solute
diffusivity, v o« Dsoit [42—47] The Weertman model, thus, pre-
3. Transient behaviors dicts the observed values of stress exponent and creep activation

energy. However, the “constant-structure” data of Mills et al.
The majority of creep analyses focus on “steady-state” beeontradict the stress dependencieg @indv predicted by this
havior. Analysis of steady-state data is often conducted usingnodel. Their data indicate thatoc 7, contrary to the model as-

the phenomenological equation for crg8p—34} sumption and measurements from Horiuchi and Ot$8kaand
NP s on 0 v o 72 under SD creepl2]. Thus, while the SD creep model
e=A () (—) exp <—°> , (1) predicts the observed steady-state behaviors, it is inconsistent
d E RT with the observed non-steady behaviors. The SD creep model

wheree is the true-strain raté, a constant which depends on the also fails to predict the observed behaviors of more complex Al—-
material and the dominant deformation mechanisthe mag- Mg-based alloys, such as ternary Al-Mg—Mn alloys and com-
nitude of the Burgers vectod, the grain sizep the grain-size  mercial 5000-series alloys, which clearly deform by SD creep
exponentg the true flow stress; the unrelaxed temperature- but exhibitn values greater than thr§22—25,29] The present
dependent elastic modulusthe stress exponenf). the acti-  investigation uses new experimental data to further clarify these
vation energy for cree® the universal gas constant, afids  cases.

the absolute temperature. However, non-steady creep behaviors SRC test data, from a transient-behavior test, for material
hold a wealth of information which can often better reveal theDC-C are presented iRig. 1L These data clearly show inverse
fundamental mechanisms of creep deformation. Recent exanransients following abrupt rate changes. Stress transients fol-
ples of exploiting non-steady data from full creep curves uslowing rate changes are found to obey the following relation
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A model was recently proposed for the general prediction of
creep transient magnitudes, and this model is readily represented
by a graphical constru25]. 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-

DC-C 1
T=450°C

.
I

60—

h
I

2 i
3x10" s

True Stress (MPa)
. i .

Ef script of 2 indicate a new condition established from condition
20 = 1 by either a change in applied flow stress or applied true-strain
et rate. Steady-state data produce a straight line on this plot, with

a slope equal to the strain-rate sensitivity= 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 assumptj@g,13]indicates that
Thobile dislocation densities before and immediately after the
change are identical, i.@; = p». For rate changes performed
from a steady-state conditiop; is the established equilibrium
mobile dislocation density for steady-state flow at iateThe
angle between the steady-state and transient lthés,a mea-
sure of the relative size of creep transients. hendm™* values
whereo(€) is the transient true flow stressis true strain follow-  are observed to be invariant with temperature under conditions
ing the rate change\o the size of the peak in transient stressfor which SD creep governs deformatifb]. For SRC tests,
immediately following the rate change, which is referenced tdhe transient line will decay toward the steady-state line in the
the steady-state flow stresssat the new rate, aneh is adecay ~manner shown by arrows ifig. 2(a) For stress-change tests,
constant. For tests in which engineering strain rate is constarife transient line will decay toward the steady-state line in the
as in the present study, the steady-state term can be multipliedanner shown by arrows Ifig. 2(b)

by exp(¢/n) to account for the slight reduction in true-strain ~ Fig. 3(a)shows transient data, as reported4s], immedi-

rate with increasing strain. In fitting E€B) to experimental data, ately following strain-rate changes, i= 0, in the manner of
only three parameters are fitss, Ao, andeg. Fits of Eq.(3), Fig. 2(a) For each transient data point shown, an independent
shown inFig. 1, describe the observed creep transients quit&value ofeg was fit. Fig. 3(b) and (c)ontain plots of transient
well. The parameters of EB) produced by fitting to data using data, not previously reported, at strains g and 15¢q, re-

a variety of strain-rate changes have been previously reportegpectivelyFig. 3(b) and (cyeveals that the transient line decays
[25]. For these fits, thessvalues agreed closely with flow stress toward the steady-state as strain increases. More importantly,
values measured for steady-state conditions at correspondirigis shown that the transient data remain approximately linear
strain rates. This previous work, however, did not investigateas they decay with strain toward steady state. The linear fits to
the details of transient decay with strain. transient data ifrig. 3(b) and (c)produce fit correlation coef-

log,fé,= | 05 THED 15 ]

ol L v 1 vy 1
0 0.1 02 03 0.4 0.5 06
True Strain

Fig. 1. Data are shown for a strain-rate-change test on AA5083 material DC-
at 450°C. Fits to the stress transients following rate changes are shown.

[25]:

o(€) = oss+ Ao exp(Z) , )

log(o,/5,) , log(s,/5,)
m* L7 ; —
Z
N
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4 e
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Fig. 2. Graphical constructs are shown to represent transient conditions for: (a) strain-rate-change tests and (b) stress-change testsdradersefut
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Fig. 3. The decay of stress transients with strain is demonstrated using the graphical construct for transient lines plotted at strai&s0ofth(e) = 0.5¢, (C)
€ = 1.5¢p, and (d)e — oo following rate changes.

ficients (R? = 0.998) equivalent to that of the transient datain  Figs. 2 and 4rovide a means of predicting creep transients
Fig. 3(a) indicating that the transient data truly remain linear,across all temperatures and rates for which SD creep dominates
to within the experimental uncertainty, while decaying towardbehavior. Consider the transient linefifjs. 2 and 3o have a
steady staté=ig. 3(d)shows the data upon reaching steady stateslopen’(e), which varies with strain across the range > m’ >

as reported ifi25]. Material CC-A produces very similar results 7. At the transient peale’ = m*, and at steady state’ = m.

to those shown for material DC-C. Using the procedure showrd he transient values, subscript of 2, after a change from a steady-
in Fig. 3 the angle between the transient and steady-state linestate condition, subscript of 1, are then given by the following
6, was measured as a function of strain for materials DC-C angglation:

CC-A. These new measurements are presentddgn4 as a .
plot of 6 versuse/€p, whereeg = 0.02 is the average value cal- log ( > " log ( ) (4)
culated from all transient data. This figure clearly shows that o1 €1

6 decays exponentially with strain in the same manner as obrpe geometry ofig. 2 provides the following relationship for
served for the decay of stress transients (BY). The transient ./ 55 a function ob:

and steady-state lines Bfg. 2were found to be independent of

temperature, and the valuesefwere not observed to change , / _ 1 tan¢ . (5)
significantly with temperaturg5]. 1—m tané
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T T T T T T T T T T T T T T T T T T T T Table 2
L 1 Steady-state and transient creep data
AA5083 & DC-C, 450°C Viatorial - 1 1
3 — ateria m m -5 - — =5
A CC-A,450°C = T
4 | Al-5.5at.% Mg 0.32 0.48 2.1 1.0
AA5083 0.27 0.32 3.1 0.6
I 0=6, exp(-e/e,) | 3 Data from Mills et al[12].
' g,~0.02 i

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, pe= 0[26], Eq.(1) can

i be simplified for a constant temperaturete= K7/, as writ-

ten in terms of shear quantities. Combining this simplified form
of Eq. (1) with Egs.(10) and (2)yields the following relation

for steady-state deformation:

aln p 1 1

- = _ = 11
ont|,s m m* (11)

v

Thus, the dependence of mobile dislocation density on flow
Fig. 4. The decay in the angle, between the transient and steady-state linesStress at steady state is

with strain is shown. "

o= Ctl/m—l/m , (12)
Considering the values previously measureddfat its maxi- _ _ _
mum, immediately following the change from condition 1 to 2 WhereC is a constant at a given temperature. Thus, disloca-

[25], the following small-angle approximation produces a max-tion glide velocity depends on applied stress to the1power,
imum error of less than 1%: and equilibrium mobile dislocation density depends on stress

to the ¥Ym — 1/m™ power. Data shown iffable 2clearly in-

m' = m+ 0 . (6) dicate that the increase inbeyond three observed for com-
1—mo mercial Al-Mg alloys is primarily associated with a significant
Applying the dependence 6fon strain observed iRig. 4pro- increase in the stress dependence of dislocation glide velocity
duces the following relation: 1/m*. The stress dependence of equilibrium mobile disloca-
. m+ 6o expl—e/eo) tion density ¥m — 1/m* is only slightly changed in AA5083
m =g — : (7)  from that of the low-impurity, binary Al-Mg material studied by
méo exp(=¢/<o) Mills et al

The combination of Eqg4) and (7)provides a model for the
general prediction of transients produced under SD creep by any conclusions
change from a condition of steady-state deformation.

Data presented in the format Bfg. 2 provide a unique op-  An analysis of creep transients for solute-drag creep in

portunity to probe the stress dependencies ahdv (EQ.(2)),  AA5083 materials has revealed the following:
quantities which are extremely difficult to measure by direct

means. It can be shown from the Orowan relation (£).that,

" (1) Arecently proposed model, readily represented in a simple
under constant-structure conditions,

graphical construct, can be used to analyze creep transients
and their decay with strain.

(8) (2) The graphical construct represents steady-state data with a
line of slopem and transient data as a line of initial slope

dlnv  dIny
dlnt dlnrt

o

Expressing the results &figs. 2 and 3n shear quantities pro- m*.
duces the following relationship for the initial transient line: (3) Transient data remain linear when plotted in this manner as
aln y 1 they decay with strain toward the steady-state line.
ainel = me (9  (4) The angle between the transient line and the steady-state
p line, 6, decays exponentially with strain and observes the
Equating the left side of E¢8) with the right side of Eq(9) and same decay constanrt, as the average of individual creep
integrating provides the dependence of dislocation glide velocity  transients.
on stress under solute drag as (5) A model is proposed to predict creep transients produced

under SD creep by any general change from a condition of
steady-state deformation.

whereB is a constant at a given temperature. Thus, the transier{6) The dislocation glide velocity is proportional to stress to the
line of Fig. 2 provides a measure for the dependence of disloca- 1/m™ power, and the mobile dislocation density at steady

v =B/, (10)
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state is proportional to stress raised to thenl- 1/m* [21] T. Ito, M. Koma, S. Shibasaki, M. Otsuka, J. Jpn. Inst. Met. 66 (2002)

power under SD creep. 476-484. o _ .
(7) The high stress exponent of commercial 5000-series matd??] M--A. Kulas, P.E. Krajewski, T.R. McNelley, E.M. Taleff, in: Z. Jin, A.
. . . . . . . . Beaudoin, T. Bieler, B. Radhakrishnan (Eds.), Hot Deformation of Alu-
rials, relative tq low-impurity Al-Mg materlgls, is prlmanly minum Alloys lll, TMS, Warrendale, PA, 2003, pp. 499-507.
because of anincreased dependence of dislocation glide V3] .M. Taleff, in: E.M. Taleff, in: P.A. Friedman, P.E. Krajewski, R.S. Mishra,
locity on stress. J.G. Schroth (Eds.), Advances in Superplasticity and Superplastic Forming,

TMS, Warrendale, PA, 2004, pp. 85-94.

[24] M.-A. Kulas, W.P. Green, E.C. Pettengill, P.E. Krajewski, E.M. Taleff,
in: E.M. Taleff, P.A. Friedman, P.E. Krajewski, R.S. Mishra, J.G. Schroth
(Eds.), Advances in Superplasticity and Superplastic Forming, TMS, War-
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