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Comparative Constitutive Constants for Hot Working
of Al-4.4Mg-0.7Mn (AA5083)

H.J. McQueen, E. Fry, and J. Belling

(Submitted 1 May 2000)

Torsion tests on as-hot-rolled Al-4.4Mg-0.7Mn alloy were conducted over the strain rate range 0.1 to 10
s21 and the temperature range 200 to 450 8C. As temperature decreased and strain rate increased, the
flow curves exhibited peaks that were lower and broader, followed by lower softening, and closer approach
to a steady-state regime partly because fracture occurred at higher strains. In constitutive analysis, the
power law was found to be inappropriate, but the exponential law was suitable. The hyperbolic sine
function was found to fit more closely with stress multipliers between 0.04 and 0.06 MPa21. The activation
energy was found to be 162 kJ/mol. These results were shown to be in reasonable agreement with previous
studies when allowance was made for variations in composition and microstructure.

lyzed using different values of the stress multiplier a (MPa21)Keywords AA5083, activation energy, Al-Mg-Mn alloy,
in order to see the influence on the other constants in theconstitutive constants, flow stress, hot ductility,

sinh-Arrhenius law, torsion testing equation.[17,18] The results are compared with those in the litera-
ture,[13,19–21] including an earlier study by one author, which
had a narrower range of conditions and was dedicated primarily1. Introduction to microstructural observations.[22,23]

While a detailed microstructural examination was not pur-
Aluminum alloys with grade designation AA5083 (Table 1) sued, the analysis assumes that metals may undergo both

have intermediate strength through solute hardening from Mg dynamic recovery (DRV) and dynamic recrystallization (DRX).
and grain refinement from Al6 Mn particles. While they are Aluminum and its alloys are noted for their high level of DRV,
not heat treatable, they usually derive considerable strength which polygonizes the dislocation substructures to such an
from substructures generated during both hot and cold forming. extent that DRX is inhibited and static recrystallization (SRX)
These processes are more difficult than in pure Al because of after hot deformation is much delayed.[1–6,24–27] This is in con-
the solute and the dispersoids.[1–6] AA5083’s annealing temper- trast to alloys of Cu, Ni, and g-Fe, which undergo much less
ature is listed as 415 8C and its hot working range as 315 to DRV leading to nucleation and growth of new grains during
408 8C (solidus 574 8C). These alloys are noted for their good deformation; the DRX grains develop a DRV substructure that
weldability. Their applications include welded pressure vessels; distinguishes them from SRX grains.[3,4,24–27] Usually, Mg
cryogenics; marine, rail, and truck transportation equipment; alloys up to 5 wt.% and above about 250 8C undergo substantial
TV towers; and drilling rigs.[7]

DRV so that general DRX as above is not observed.[1–6,28–33]

The torsion testing was carried out over a range of tempera- However, in alloys containing dispersoid particles larger than
ture T and strain rate «̇, which is employed in hot rolling 0.6 mm, nucleation is enhanced in the surrounding region as a
schedules from lay-on to finishing passes.[8–10] The flow curves result of the small, highly misoriented cells developed due to the
were determined until fracture in order to define the onset of accommodating, turbulent flow around the hard particles.[34,35]

edge cracking as temperature declines. The starting material Such particle-enhanced DRX is only observed in Al-Mg-Mn
contained an elongated microstructure with subgrains as pro- alloys and not in Al-Mn alloys, because the DRV in the latter
duced at an intermediate stage of rolling, since this was consid- is high enough to reduce the strain concentration.[1–6,36–38] The
ered to be more representative of many mill stages than would DRX has been observed in extrusion,[19,20,28] compression,[37]

a completely recrystallized starting material. It was not the and torsion;[22,23] however, only for conditions at 400 8C
objective of this paper to study as-cast properties since these (#0.1 s21) and above (#1.0 s21).
rarely pose a problem because of the reasonable ductility of
properly homogenized slabs at the preheat temperature.[11–13]

The constitutive equations for stress sp were determined in
2. Experimental Techniquesorder to permit calculation of mill separating forces and torques.

The analysis compared the power, exponential, and hyperbolic
sine (sinh as) functions in association with an Arrhenius T The AA5083 alloy (4.4% Mg, 0.7% Mn) was supplied by

the former Comalco Rolling Mills (Sydney) and had the compo-dependence.[1–5,14–17] Furthermore, the sinh function was ana-
sition given in Table 1, which includes alloys previously stud-
ied.[15,19–23,39,40] The 18 mm thick plate had been reduced 95.5%
from 470 mm DC cast ingot and was used without any additionalH.J. McQueen, E. Fry, and J. Belling, Department of Mechanical
heat treatment. The specimens with axes parallel to the rollingEngineering, Concordia University, Montreal, PQ, Canada H3G 1M8.

Contact e-mail: mcqueen@vax2.concordia.ca. direction were machined to the following dimensions: gauge
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Table 1 Compositions

Mg Mn Cr Fe Si

Specifications[7] 4.0 to 4.9 0.4 to 1.0 0.05 to 0.25 0.40 max 0.4 to 0.7
Present 4.4 0.7 … … …
5083[22] 4.45 0.74 0.09 0.3 0.14
5083[21] 5.24 0.64 0.07 0.22 0.12

4.47 0.73 0.14 0.23 0.13
4.39 0.84 0.14 0.24 0.08

5083[15,29] 4.55 0.7 0.17 0.17 0.05
5456[19] 5.1 0.7 0.12 0.18 0.06
5182[18] 4.5 0.35 … … …
5182[43] 4.66 0.31 … 0.21 0.06
5052[43] 2.41 0.07 0.17 0.27 0.11

length 20 mm and radius 3.35 mm with shoulders having length
54 mm, radius 7 mm, and threaded grips.

The specimens were deformed in the hot torsion machine
at the Melbourne Research Laboratories of BHP (Steel) Proprie-

Fig. 1 Representative torque-twist curves for as-rolled 5083. The settary. This machine was essentially a lathe with mechanically
at 1.0 s21 clearly shows the decrease in peak stress, increase in ductility,variable speed and a heavy fly wheel, which was brought to
and the closer approach to steady state as T rises. A few curves at 0.1the correct angular velocity before testing.[41] Under command
and 1.0 s21 show that sp increases and «̇f decreases as «̇ risesfrom a computer, a fast-acting magnetic clutch was engaged

and disengaged at a selected strain or when the stress dropped
at fracture. The torque was measured by a load cell on the

end, which was cooled in approximately 5 min, was inspectedtail stock, which could slide along the lathe bed. Tests were
for possible static microstructural changes.conducted at strain rates of 0.1, 1.0, and 10 s21 and temperatures

of 200, 250, 300, 400, and 450 8C.
The specimens were secured into gripping bars, which were

3. Resultsfree to displace in chucks well outside the furnace. The specimen
was enclosed in a refractory glass tube through which argon
flowed during the test. The specimens were heated to tempera- Representative torque-twist curves are presented in Fig. 1.

Emphasis is placed on the maximum values Gp; the decline isture in 2 min by a radiant furnace controlled automatically. The
temperature was measured by thermocouples in axial holes probably due to deformation heating below 400 8C and possibly

to DRX above 400 8C.[22,23] At 1.0 s21, it can be seen that thedrilled into both shoulders; the one at the fixed end was used
for control throughout the test. The furnace was moved along torque diminishes from 12 Nm at 200 8C to 3.7 Nm at 450 8C.

At 250 8C, G declines from 11 Nm at 10 s21 to 8.5 Nm at 0.1the specimen until the two ends were balanced; the temperature
gradient from either shoulder to center was less than 5 8C s21, whereas at 450 8C, the decline is from 5.2 to 2.0 Nm.

Moreover, from the curves, it can be appreciated that the fracture(as determined previously by a gauge mounted thermocouple).
After about 5 min, the gripping bars were locked into the chucks strain «̇f increases from 250 to 450 8C: 0.8 to 2.6 turns at 10

s21, 1.7 to 6.1 turns at 1.0 s21, and 3.1 to 7.6 turns at 0.1 s21(so there could be no longitudinal compression and buckling
during heat up). The torque G was recorded digitally and printed (1 turn ' 0.5). At 10 s21, for all T, and at 0.1 s21, below 300

8C, the steep declines are terminated by failure before there isout as a function of number of rotations N. From these, equiva-
lent stress s and equivalent strain « were calculated according any approach to a steady-state regime. The peak revolution

rises from 0.1 to 0.4 as T drops at 1.0 s21; however, at 0.1 s21,to the von Mises criterion:
they are not significantly less, and at 10 s21, they are only
slightly larger. At 10 s21 and 250 8C, cracking may have lowereds 5 (!3/2)pr3 (3 1 m9 1 n9) (Eq 1)
the peak values. At 1 s21 and 300 8C, one can only surmise
that the slight final rise is due to a decline in temperature related« 5 (2p N /!3)(r /L) (Eq 2)
to thermocouple error.

In order to calculate the stress by means of Eq 1, the valuesThe strain rate sensitivity m9 (5ds/d«̇ is determined from plots
of log G versus log «̇. The work-hardening rate n9 of m are obtained from plots of log G versus log «̇ (Fig. 2) and

are found to decrease with falling T: 450 8C, 0.207; 400 8C,(5ds/d«) is taken as zero at the steady state or peak
stress.[16,22,23] 0.136; 300 8C, 0.0644; and 250 8C, 0.0544. Consequently, sp

is increased by about 7% at 450 8C compared to Gp. When spUpon fracture of the specimen, the fixed end was rapidly
withdrawn from the furnace and the protective tube was is plotted against T (Fig. 3a), they decline in smooth curves

with the rate of decline diminishing as T rises.[16,22,23] The threeremoved automatically. The specimen was automatically
stopped in a chamber where it was quenched by water sprays. strain rates are almost parallel. When sp is plotted against «̇

(Fig. 3b), the climb from 0.1 to 1.0 s21 is fairly steep but theThe quenched end was observed by optical microscopy to deter-
mine the retained hot-worked structure, whereas the rotation slow rise to 10 s21 indicates a saturation.
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Fig. 2 This double logarithmic plot of torque against strain rate for
determining precisely how the strain rate sensitivity increases as T
rises. The insert (b) shows that m rises rapidly above 350 8C; the stress

(a)exponent n varies inversely

The data were fitted to the following three constitutive
equations:[15,16,18,21,22,40]

Aps np 5 «̇ exp (QP
HW /RT ) 5 ZP (Eq 3)

AE exp (bs) 5 «̇ exp (QE
HW /RT ) 5 ZE (Eq 4)

AS (sinh as)n 5 «̇ exp (Qs
HW /RT ) 5 Zs (Eq 5)

where AP , AE , AS , np , n, b, a, and R (8.31 J/mol K) are constants,
and QP

HW , QE
HW , and QS

HW are activation energies. The Zener-
Hollomon parameter Z is a T compensated «̇. In the power-law
plot (Eq 3), the slopes of constant T lines increase from 4.9 at
450 8C, to 7 at 400 8C, to 16 at 300 8C, and to 18 at 250 8C
(Fig. 4). Such np values (1/m 5 np), which are consistent with
those in Fig. 2, indicate a very slow rise up to 350 8C.

In fitting to the exponential law (Eq 4), log «̇ versus s (b)
provides a series of straight lines that are almost parallel (Fig.

Fig. 3 The flow stress decreases (a) smoothly at a diminishing rate5). The values of b range through 0.062 MPa21 (450 8C), 0.069
as T rises. The data of McQueen et al.[22] are in reasonable agreement.(400 8C), 0.095 (300 8C), and 0.089 (250 8C), giving an average
The stress rises rapidly (b) between 0.1 and 1 s21 but slowly from 1

value of 0.08. The higher slope at the lower temperatures is to 10 s21

probably the result of deformation heating at 10 s21. This func-
tion gives a relatively good fit to the data, and since there is
no multiplier to s on the natural scale, it makes comparison
of raw data from other sources much simpler as will be realized optimize all the coefficients are complex; moreover, they may

assign different values of a to similar alloys, which makesin the discussion.[15,21,22] Mathematical analyses of Eq 4 and 5
show that b should be approximately equal to an, which is comparison of n and QHW

[15,19,20] difficult. In this analysis, it
was decided to vary a from 0.01 to 0.67 MPa21 to see howillustrated in the analysis of Eq 5 to follow. The activation

energy is 145 kJ/mol. the other coefficients varied and the extent of the error. This
is part of a long-range plan to find a universal value of a forIn the sinh as analysis, the value of a is often taken from

similar alloys, as found in the literature.[15,16,22,42–44] This has commercial Al alloys.[16,17]

Plots of log «̇ versus log sinh as and log sinh as versusthe advantage of facilitating comparison of data graphically
and of the derived values of QHW and n. In theory, the value (1/T ) for a of 0.04 and 0.06 MPa21 are given in Fig. 6(a) and

(b), respectively. For each set of constant T data, as in Fig.of a should be selected to bring the constant T lines into
parallelicity. If this is done by simple graphical techniques, 6(a), the least-squares fit is calculated, giving a value of n; the

average value of n is calculated for each value of a selected;possibly in conjunction with a published a, there is an indeter-
minate error; manual methods of finding the optimum a can the nav values are listed in Table 2. For each set of constant «̇

data in the Arrhenius plots, as in Fig. 6(b), the least-squaresbe time consuming. Computational programs that attempt to
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Fig. 4 The plot of log «̇ vs log sp shows that the slope n in the power
law (Eq 3) rises rapidly as T falls, indicating power-law breakdown.
The n values 5 (1/m) are in agreement with the m values in Fig. 2

(a)

line and slope S are calculated; the average value of S for each
a is calculated. Plots of n versus a in Fig. 7(a) show that n
declines with decreasing variation toward saturation at about
1.0 as a increases. For higher T, n is lower, as in the power
law, notably at a 5 0.01 MPa21. Similar plots of S versus a
in Fig. 7(b) show that the S increases almost linearly as a rises,
but with slightly increasing variation being lower for higher «̇.
From the values of n and S, QHW is calculated from

QHW 5 2.3 n RS (Eq 6)

The values are calculated with average S but individual values
of n for each T (Fig. 7c). They are also calculated with average
n but individual values of S for each «̇. When plotted against
a, QHW is divergent for a less than 0.03 MPa21 but is stable
between 0.04 and 0.06 and MPa21. The average QHW is 162 (b)
kJ/mol in this range, being slightly lower when a is below Fig. 5 The exponential law (Eq 5) proves to be a good representation
0.03 MPa21. of the «̇ dependence of sp. The slopes for the best-fit lines are 0.09,

To obtain average n 5 5, as in the power-law ideal for pure 0.095, 0.07, and 0.06 MPa21 as T rises through 250, 300, 400, and
metal creep, a 5 0.0141 MPa21 in a domain where n and, 450 8C, respectively; the lines are drawn at average slope b 5 0.08
consequently, QHW are quite divergent for different T and «̇. It MPa21. Data from various sources are shown in (a) and (b) for

comparison[14,15,19–22]thus appears a values of 0.04 and 0.06 MPa21 are suitable,
because n is almost saturated with low divergence and Q is
stable; however, S is rising linearly as in most of the a range

4. Discussionand is becoming slightly more divergent. The values of an 5
b are indicated in Fig. 7(a), and the average value from Fig.
5 falls near a 5 0.05 MPa21. The final step in the analysis is In the flow curves of 5083, the peak and work softening

toward a steady-state regime are both more marked and broaderto derive A, which is done by calculating Z for each condition
for selected values of a. The plots in Fig. 8 show that there than in Al-5Mg[45–47] and are considered indicative of DRX,

although they may result from other morphological changes orare good fits for 0.04 MPa21 (correlation coefficient 0.99718)
and for 0.06 MPa21 (0.99724), but a poorer fit for 0.01414 from deformational heating. Microstructural studies by

McQueen and co-workers[22,23] and by Sheppard et al.[19,20,28]MPa21. The slope of each line gives a value of n almost identical
to the average n. The intercepts of the lines give the values showed that, for «̇ # 0.1 s21 at 400 8C and at higher T, DRX

occurred. This was shown to be the result of nucleation enhance-of A. All the constitutive constants are listed in Table
2.[15,16,20–22,39,40,42–44] ment at Al6Mn particles larger than ,2 mm, even though fine
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strain with decreasing T and rising «̇ may arise from the presence
of the as-rolled substructure, which should make DRX some-
what easier under any condition. Rolling with limited pass
strains and intervals showed some PSN-SRX nuclei in TEM.[29]

In a recent study, Blum and co-workers[45–48] observed geomet-
ric DRX on Al-4.9Mg-O.6Mn, which may be an alternative
explanation to particle stimulated nucleation (PSN)-DRX.

The ductility increases with rising T (fracture strains for l
s21: 2.1, 3.1, 7.0, and 7.5 at 250, 300, 400, and 450 8C) and
decreases with rising «̇ (for 400 8C: 2.6, 7.0, and 9.0 at 10, 1.0,
0.1 s21). These torsional ductilities are slightly less than those
of Al-5Mg[39] and 5182[49] but only one quarter that of Al-2Mg
and one eighth that of Al.[39] This is in agreement with failure
by grain boundary (GB) cracking, which is common at high T.
Stress concentrations from differential GB sliding are relaxed
more at lower Z, diminishing initiation and propagation of GB
fissures.[1,4,16,24,25,39,40] The variation with «̇ is in contrast with

(a)
results at much lower «̇, where increasing decreases the relative
proportions of GB sliding to lattice strain, raising ductility. In
addition to cavitation at GB junctions, there is pore initiation
at constituent particles.[50,51] Elongations of about 125% have
been attained at 450 8C, but failure occurred by shear linking
of the voids.[21,51,52] Ductility rose with increasing m value but
decreased with rising particle content so that elongations of
5083 (4.46Mg-0.84Mn) remained similar to alloys with a lower
Mg and Mn content of 5052 (2.34Mg-0.06Mn) or 5154
(3.31Mg-0.04Mn).[21,52,53] Low ductilities, which are associated
with more severe edge cracking, have also been related to as-
cast dendritic segregation and particles.[52] The GB sliding can
be changed from deleterious to advantageous in 5083 by refin-
ing the grain size through heavy straining and particle-enhanced
recrystallization.[1,51,52,54] Such very fine grains are capable of
superplastic deformation (300 to 400%) at about 1024 s21 but
are still prone to pore formation, particularly at hard
particles.[1,51,52,55]

In the past, comparisons were made between published
results on the basis of values of n and QHW. This is somewhat
unsatisfactory if the constitutive equation has a different
form[16–18,21,40,42,43] or even a different value of a in the sinh
analysis.[15,16,20,22,39,42] For this reason, it was decided to make
the substantial comparison through the sinh analysis with a 5
0.04 MPa21. The results in a parallel study on 5182 (4.5Mg-
0.35Mn) gave good agreement with the present study only after
some corrections (Table 2), which are explained elsewhere.[18]

The torsion results of McQueen and co-workers[22,23] were origi-
nally reported for a 5 0.045 MPa21 (0.067 ksi21, incorrectly

(b) stated as MPa21) with values of n 5 1.67 and QHW 5 164
Fig. 6 The analysis according to Eq 5 in a log «̇ vs log sinh as kJ/mol. For the present alloy at the same a, n 5 1.69 and QHW
graph (a) includes lines for a 5 0.04 and 0.06 MPa21. The associated 5 162 kJ/mol, which is very good agreement. However, when
Arrhenius relationship is shown for the two values of a (b). The slopes the actual stress values are entered into Fig. 5, they appear to
n in (a) and S in (b) are used to calculate QHW by means of Eq 6 be about 10% higher, although they follow the same trends.

On recalculation for a 5 0.04 MPa21, it was determined that
n 5 1.73 and Q 5 156 kJ/mol compared to the present 1.90
and 162 kJ/mol (Table 2), which shows that the variation withAl6Mn particles stabilized the substructure and limited the
a is not identical. When the data are plotted as log Z vs loggrowth of the new grains.[3,4,19,20,32–37,45,46] Further research
sinh as (Fig. 9), the lines are almost parallel to the presentshowed that DRX takes place in the Mn-bearing alloys when
results but at a higher stress consistent with the higher levelsthe Mg content is not less than 4% (except when the fine
of Mg and Mn (Table 1). Microstructural examination byparticles are coalesced)[34,36,37] and that DRX is sped up when

the Mg content rises to 7 or 8%.[28] The absence of rising peak McQueen and co-workers[22,23] showed that such constitutive
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Table 2 Constitutive constants

Alloy Mode s MPa21 n Q kJ/mol A 1029s21 ln A Reference

5083 TOR 0.014 5.00 160.3 7.0 Present
0.015 4.76 160.4 Present
0.040 1.90 162.2 3.5 Present
0.045 1.69 162.3 3.0 Present
0.060 1.27 162.3 2.2 Present
0.067 1.14 162.3 2.1 Present

(exponential b 5 0.08) 145
(power) 4.9 450; 400 8C

5083 TOR 0.045 1.67 164 McQueen and co-workers[22,23]

0.067
0.040 1.73 155.8 1.152 20.86 recalculated

5083 TEN 178 Kempinnen[21]

0.040 2.26 185.4 3.526 21.98 recalculated
5356 (exponential b 5 0.058) 179
5083 TOR 0.015 4.99 171.4 23.11 Sheppard[15]

0.040 1.82 162.5 0.287 19.48 recalculated
5456 TOR 0.019 3.2 161.2 23.55 Sheppard[19]

5182 TOR 0.040 2.7 218 Belling and McQueen
0.040 2.3 185 corrected[18,49]

0.040 2.0 174 400–500 8C
5182 TOR (b 5 0.90) 145 Pickens and co-workers[11,12]

5182 TOR 0.062 1.35 174.2 22.48 Sheppard[15]

0.040 2.1 177.5 0.327 19.61 recalculated
5182 COMP 0.025.78 196 264 Wells[43]

5052 COMP 0.027.11 196 1460 Wells[43]

Al-5Mg TOR (power) 4.8 160 Ueki et al.[40]

Al-5Mg TOR 0.043 198 Cotner and Tegart[39]

Al- (review) 0.043 4.0 156 Wong and Jonas[42]

behavior was associated with DRV below 400 8C but particle- Fig. 5(b) and in Fig. 9, where they are seen following the same
enhanced DRX above that. trend but to be about 40% higher than the present results; the

The results of tensile tests by Kempinnen[21] were presented difference is probably due to composition but cannot be verified
in a power-law analysis with significant scatter. From the graph, since it was not reported. When the constants are calculated
the best average stress values were estimated at four tempera- from the data set for a 5 0.04 MPa21, the values are n 5 1.82
tures and six strain rates. When subjected to sinh analysis at and Q 5 162.5 kJ/mol, which are remarkably consistent with
a 5 0.04 MPa21, the constitutive constants were 2.26 and 185 the present ones. For 5456 (5.1Mg, 0.7Mn), the constitutive
kJ/mol, both of which are considerably higher than the present constants were found to be a 5 0.019 MPa21, n 5 3.2, and
values. For 5356 (4.7Mg-0.1Mn-0.08Cr), an exponential analy- QHW 5 161 kJ/mol, which are in reasonable agreement with
sis gave b 5 0.058 and QHW 5 179 kJ/mol.[21] In Fig. 5(b), the other results discussed above.[19,20] For this alloy, Sheppard
the magnitudes of s are seen to be higher than the present ones. and co-workers[15,20,28,31,57,58] and Humphreys and Kalu[36]

In Fig. 9, the slope is higher, indicating that s does not increase showed in both torsion and extrusion for the present «̇ and T
as much at high Z possibly because of necking at lower strains. ranges that DRX occurs due to particle-enhanced nucleation,
The higher Q is the result of the higher n, that is, lower m, also but it does not occur in Al-5Mg; moreover, DRX proceeds
related to necking. Tensile tests on 5083 were also conducted by more readily in alloys with 7% Mg.[15,57,59]

Lloyd,[53] who showed that the yield stress decreased as T rose,
The flow stresses of 5083, measured in torsional multistage

as in Fig. 3; these values show the same trend but are very low
tests by Ueki et al.,[13,40] are presented in Fig. 5(a). The strengthssince «̇ Å 1023 s21. The m values were higher than in torsion,
of material homogenized for either 24 h or for 4 h are aboutbut they exhibited a similar rapid rise starting at 300 8C, instead
20% different, as indicated by the low and high ends of theof 350 8C. Because coarse-grained 5083 exhibits limited m
bars. The low stress levels and rates of increase with rising «̇values, it has limited ductility compared with dispersoid-free
or falling T possibly arise from the carryover of a coarser softerAl-5Mg in which consistently high m (.0.35) gives rise to
substructure from the preceding stages,[4,8,9,24] in contrast to thehigh ductilities (.300%).[1,6,56]

constant substructure employed here. The power law was usedAs a result of a computer program that optimized all the
to fit data from torsion tests of Al-5Mg, the constants beingconstants, Sheppard published the following values for
n 5 4.8 and QHW 5 160 kJ/mol (Table 2).[40] Analysis of theAA5083: a 5 0.015 MPa21, n 5 4.99, Q 5 171 kJ/mol, and
torsion tests of Cotner and Tegart indicates that QHW for 5%ln A 5 23.11.[15] The coupled a and n values are consistent
Mg is 160 kJ/mol (Table 2).[16,39] Torsion tests on 5182 exhibitedwith the present derivation for the creep ideal. From the above
strengths only slightly less than 5083 but QHW of 174 kJ/molcoefficients, a set of peak stresses were generated for the experi-
after correction.[18,49]mental conditions employed presently; this was done since such

data were not included in the publication. These are shown in The consistency in constitutive behavior between the present
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(a) (b)

(c)

Fig. 7 The average values of n for each T grow closer together and decrease toward saturation as a increases (a). The average value of S for
each «̇ increases almost linearly and with a slight divergence as a rises. The activation energies Q from the products of the various n and S values
appear (c) to be almost constant from 0.07 down to 0.03 MPa21, where they diverge rapidly although the average is almost constant

results and the previous ones is remarkable. This can be con- density than to decrease it. The published reports do not give
sufficient information on peak strains to make a comparison.firmed from Fig. 9, in which the present line lies below that

of Kempinnen[21] and above those of McQueen and co- The present values are only 10% higher than QHW for pure
Al,[1,4,16,17,42] indicating that the DRV mechanisms are similarworkers[22,23] and of Sheppard.[15] In absolute magnitude of the

present values at about 400 8C and 1.0 s21 (Fig. 5), the strength but more retarded at low T by dislocation interactions with
particles and solute, which raise the strength considerably.of McQueen and co-workers[22,23] is about 10% higher, that of

Kempinnen[21] about 20% higher, and that of Sheppard[15] about Although n is low (1.9 to 1.27) in the sinh analysis, it is high
(.4.9) in the power law; this leads to the conclusion that climb40% higher. The behavior of the present alloy does not seem

to be much affected by the presence of the as-rolled substructure. control is operative above the solute drag glide control
domain.[1,4,45–48]It is known that a substructure created at one condition evolves

to that of a new condition over strains of about 0.5.[4,8,9] The The strengths of the present alloy are consistent with those
observed by Blum and co-workers[45–48] and McQueen andpresent peak strains at 10 s21 are only slightly above those at 0.1

and 1.0 s21, possibly because it is easier to build up substructure Belling[49] in Al, Al-4.8Mg, and Al-4.9Mg-0.6Mn (5083) with
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basis («̇T /DGb) against (s/G), where k is the Boltzman con-
stant, D the diffusion coefficient (145 kJ/mol), b the Burgers
vector, and G the shear modulus. The strength of 5083 was
similar to Al-4.8Mg at medium stresses with a slope of 3, both
being about 4 times stronger than Al, which had a slope of
about 5. However, at low stresses, the 5083 diverged to higher
strength than the Al-5Mg because of the strengthening by the
dispersoid. The use of the common diffusion coefficient for Al
or Mg atoms in Al alloys is clearly satisfactory for the creep
regime (where there is good agreement with the 5083 behavior
observed by Nakayama et al.[60]) but causes dispersion of the
data points at high stresses. Hot tensile tests of 5083 («̇ 5 1024

to 1022 s21) were consistent in strength with the present tests
and were fitted to the power law with 145 kJ/mole.[61]

5. Conclusions
Fig. 8 The values of Z, which are calculated from the derived QHW

As the temperature rises and the strain rate declines, theand plotted against log sinh as, result in a line confirming the validity
peak flow stress decreases and ductility increases so that theof Eq 5. The lines have lower slopes (Ånav) and move to higher values
work softening and steady-stage regime become more notice-of sinh as as a increases. The fit is superior for the two lines a 5

0.04 and 0.06 MPa21 able. The exponential constitutive equation (b 5 0.08 MPa21)
proves suitable at these high stresses, but the power law is
completely broken down. The hyperbolic sine function was
found to be especially effective when a had values between
0.04 and 0.06 MPa21 because of the following: (1) the n stress
exponent is almost stable (1.9 to 1.3) and varies little with
temperature; (2) the S temperature dependence increases lin-
early and varies little with strain rate; and (3) the activation
energy QHW is constant (below a 5 0.2, n and QHW vary rapidly,
with an n of 5.0). In this range of a, b 5 an, and QHW has a
value of 162 kJ/mol for both exponential and hyperbolic func-
tions. Data sets from published literature also conformed closely
with the above sinh analysis, with n varying through 1.73, 1.82,
and 2.26 and QHW through 156, 162, and 185 kJ/mol, even
though the strengths varied from 110 to 140% compared to
the present alloy.
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