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Abstract: Enhanced tensile ductilities in coarse grained Al-Mg-Zn and Al-Mg-Fe materials were studied. The materials were 
Al-2Mg-5Zn, Al-3Mg-5Zn, Al-4Mg-5Zn, Al-3Mg-0.11Fe, Al-3Mg-0.27Fe, and Al-3Mg-0.40Fe. Tensile elongation-to-failure tests 
were conducted at constant cross-head speed and constant temperatures from 300 to 450 ℃. Strain rate change tests were conducted 
at a constant temperature from 300 to 450 ℃ and in strain-rate range from 4.31×10−5 to 1.97×10−2 s−1. Experimental results show 
that over 100% ductilities are consistently achieved in these materials. This superplasticity-like behavior is rate-controlled by 
solute-drag creep. Although ternary Zn and Fe additions do not have an adverse effect on solute-drag creep and ductility, they 
increase stress exponent and its sensitivity to Mg content during solute-drag creep. 
Key words: Al-Mg alloys; superplasticity; solute-drag creep; tensile ductility; strain-rate sensitivity 
                                                                                                             
 
 
1 Introduction 
 

High temperature deformation in polycrystalline 
solids is generally viewed as a power-law relationship 
between the creep rate ε&  and flow stress σ, as given in 
the phenomenological equation for creep. 

exp
n QA

E RT
σε ⎛ ⎞ ⎛ ⎞= −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

&                        (1) 

where A is material constant related to stacking fault 
energy; n is the stress exponent, commonly taking values 
from 2 to 8; E is the dynamic elastic modulus; Q is the 
creep activation energy; R is the gas constant; and T is 
the absolute temperature. 

For 5000-series Al-Mg alloys, enhanced ductilities 
during high-temperature creep deformation can be 
achieved from either fine grained superplasticity or 
solute-drag creep. Fine grained superplasticity typically 
provides a low stress exponent of n=2 and some Al-Mg 
alloys present very high ductility (~500%), where the 
deformation is dominated by a grain-boundary-sliding 
(GBS) creep mechanism. GBS in polycrystalline solids is 
rate-controlled by the accommodation process of 

dislocation migration, which is controlled by either 
lattice diffusion or grain boundary diffusion. GBS 
typically requires a fine-grained, equiaxed microstructure 
which is resistant to grain growth[1−3]. 

It is of great interest now to develop solute-drag 
creep in Al-Mg materials. Solute-drag creep is rate 
dominated by viscous glide of dislocation interacting 
elastically with stress field of a solute atmosphere, which 
exerts a drag force to slow dislocation motion[4]. 
Compared to superplasticity, solute-drag creep is 
insensitive to grain size, which precludes the necessity of 
the special alloying or processing steps typically used to 
refine grain size and achieve superplasticity. 

Requirements for a solid solution to exhibit 
solute-drag-creep behavior include large atom-misfit 
parameter, relatively high solute concentration, high 
stacking fault energy and uniform distribution of 
dislocations. Al-3Mg alloys may fulfill all these 
requirements. The linear misfit factor of Mg in Al is 
+0.12. According to the binary Al-Mg phase diagram, 
3% (mass fraction) Mg could be completely dissolved in 
Al matrix at temperatures over 190 ℃ , which 
contributes to the solute-drag effect. High stacking-fault 
energy of Al-3Mg makes cross-slip and climb easier and 
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helps provide a uniform dislocation distribution, which is 
important to inhibit discontinuous dynamic recrystalliza- 
tion because of the high mobility of dislocations, 
although continuous dynamic recrystallization and 
geometric dynamic recrystallization may occur during 
high temperature deformation[5−9]. 

TALEFF et al[10−11] studied the ductility and 
creep mechanisms of coarse grained binary Al-Mg alloys 
and 5000-series commercial alloys. It is shown that when 
Mg content is higher than 2% (mass fraction), 
solute-drag creep dominates deformation and stress 
exponent does not greatly change with the increase of 
Mg content. Ductilities over 100% are consistently 
achieved when deformation takes place in the solute-drag 
creep region. 

Although 5000-series Al-Mg alloys offer enhanced 
high temperature ductility, their application is inhibited 
by low strength at room temperature. In contrast, 
7000-series Al-Mg-Zn alloys offer a much higher room 
temperature strength because of their potentially 
improved age hardenability and strength from Zn 
addition. 

In present work, two groups of alloys are studied: 
three Al-xMg-5Zn alloys with approximately 5.25% Zn 
(mass fraction) and 2%−4% (mass fraction) Mg, three 
Al-3Mg-xFe alloys with approximately 3%Mg (mass 
fraction) and 0.11%−0.40%Fe (mass fraction). 
Compared to 7000-series alloys, the Al-xMg-5Zn 
materials have similar Zn content and higher Mg content, 
which is designed to investigate the effects of Zn on 
warm deformation mechanisms under different Mg 
content. The Al-3Mg-xFe materials with dilute Fe 
contents are designed to study the effect of Fe on creep 
mechanisms because Fe often exists as impurity in 
processing. For these materials, the relationships 
between strain-rate sensitivity and solute concentration 
are analyzed in detail, and the creep mechanisms 
operating under hot deformation are discussed. 
 
2 Experimental 
 
2.1 Materials 

The compositions of the investigated Al-Mg-X 
alloys are shown in Table 1. These materials were 
prepared as book mold castings, and each casting was 

scalped and homogenized at 550 ℃ for 8 h. Then, the 
castings were hot rolled at temperatures from 450 to 350 
℃ and cold rolled to a thickness of 4 mm. The grain 
sizes after recrystallization were measured to be in the 
range of 30 to 45 μm. Because of limited cold 
deformation and lack of grain-refining alloy additions, 
the microstructures were significantly less refined than 
that of typical commercial sheet Al materials. 

The tensile test specimens were machined from the 
cold rolled plate along the rolling direction, as shown in 
Fig.1. 
 

 
Fig.1 Dimensions of specimen for high-temperature 
mechanical test 
 
2.2 Elongation-to-failure (EF) tests 

In high temperature mechanical tests, samples were 
heated in the middle zone of a three-zone split-tube 
furnace. Two thermocouples were placed in contact with 
the two ends of the specimen. Temperature was 
controlled to be within ±2 ℃. 

The tensile elongation-to-failure tests were 
conducted on a testing machine for the Al-Mg-Zn and 
Al-Mg-Fe specimens at constant cross-head speed for 
strain rates from 10−3 s−1 to 10−2 s−1, at constant 
temperatures from 300 ℃ to 450 ℃. Ductilities for 
each failed sample were calculated based on uniform 
deformation in the gage section. 
 
2.3 Strain-rate-change (SRC) tests 

Strain-rate-change tests were conducted on the 
Al-Mg-Zn and Al-Mg-Fe specimens under strain rates 
from 4.31×10−5 to 1.97×10−2 s−1 and at constant 
temperature ranging from 300 ℃ to 450 ℃. In each 
SRC test, strain rate was varied from slow to fast in ten 
steps of constant cross-head speeds, with a 15%−20% 
prestrain in first step and 2%−5% strain in each 
subsequent step. The initial prestrain was imposed at a 
low rate in order to stabilize the microstructure before 
strain-rate jumps. 

 
Table 1 Compositions of ternary alloys in present investigation (mass fraction, %) 

Material Al Si Fe Cu Mg Zn Ti 
Al-2Mg-5Zn Bal. 0.071 0.039 0.012 2.02 5.270 0.013 
Al-3Mg-5Zn Bal. 0.064 0.033 0.010 3.00 5.250 0.012 
Al-4Mg-5Zn Bal. 0.051 0.038 0.007 4.02 5.210 0.012 

Al-3Mg-0.11Fe Bal. 0.029 0.108 0.001 2.99 0.024 0.014 
Al-3Mg-0.27Fe Bal. 0.028 0.270 0.001 2.94 0.025 0.019 
Al-3Mg-0.40Fe Bal. 0.030 0.396 0.001 3.01 0.011 0.013  
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2.4 Polarized light microscopy 

The microstructures of each Al-xMg-5Zn and 
Al-3Mg-xFe material after EF test were examined using 
polarized light microscopy. Metallographic samples were 
taken from the undeformed grip regions, which assured 
sufficient time to completely recrystallize, to observe 
surfaces in longitudinal, short-transverse and long- 
transverse orientations. Samples were also taken from 
the deformed gage regions along tensile direction to 
observe failure features. Each polished specimen was 
electrolytically etched in Barker’s reagent, 5 mL fluoboric 
acid (HBF4, 48%) and 200 mL deionized water, under an 
electric potential of 20 V for 35 s. Micrographs were 
taken to observe cavitation and measure grain size using 
linear intercept method. 
 
3 Results 
 
3.1 Elongation-to-failure tests 

For Al-2Mg-5Zn material, the photo of one untested 
specimen and two specimens after EF tests with different 
elongations is shown in Fig.2. Complete elongation-to- 
failure data are given in Fig.3 for the Al-xMg-5Zn 
materials and in Fig.4 for the Al-3Mg-xFe materials, as 
EF versus logarithm of strain rate compensated by the 
diffusivity of Mg in Al, for which D0=5×10−5 m−2/s[12], 
and Q=136 kJ/mol[13]. The compensation of strain rate, 

,/Dε&  is similar to the Zener-Hollomon parameter, 
),/exp(0 RTQz ε&= which accounts for the temperature 

dependence of diffusivity.  
0 0

0 0
exp Q z

D D RT D
ε ε ⎛ ⎞= ⋅ =⎜ ⎟

⎝ ⎠

& &
                      (2) 

 
where 0ε&  is the strain rate, D is the diffusivity of Mg 
atoms in Al; D0 is the frequency factor; z is the 
Zener-Hollomon parameter; R is the gas constant and T 
is absolute temperature. 
 

 

Fig.2 Photo of samples before and after EF tests (Al-2Mg-5Zn, 
400 ℃, =ε& 10−3 s−1): (a) Untested sample; (b) EF=153%;    
(c) EF=312% 
 

Fig.3 shows that the ductilities over 100% are 
consistently achieved at high temperatures and low strain 
rates, i.e. D/0ε& ＜1013 m−2, where solute drag creep 

 

 
Fig.3 Elongations at different temperatures and strain rates:  
(a) Al-2Mg-5Zn; (b) Al-3Mg-5Zn; (c) Al-4Mg-5Zn 
 
dominates the deformation. In the region of D/0ε& ＞1013 
m−2. The ductilities are reduced to below 100% with the 
limits of data provided. It is noted that the tensile 
ductilities of these Zn-containing alloys are similar to 
those of the binary Al-Mg alloys[14], indicating that the 
Zn addition of approximately 5% (mass fraction) does 
not strongly affect the tensile ductility of Al-Mg 
materials. Fig.4 shows that the tensile ductilities over 
100% are also consistently achieved and the ductilities 
do not differ significantly from each other for the three 
Al-3Mg-xFe alloys, indicating that the ductilities are not  
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Fig.4 Elongations at different temperatures and strain rates:  
(a) Al-3Mg-0.11Fe; (b) Al-3Mg-0.27Fe; (c) Al-3Mg-0.40Fe 
 
strongly affected by the dilute concentration of Fe in the 
range of 0.11%−0.40% (mass fraction). To give a 
convenient comparison of the Al-xMg-5Zn and 
Al-3Mg-xFe materials, two hand-fit curves representing 
the limits of all the EF data from the three Al-xMg-5Zn 
materials are given in each plot of Fig.3 and Fig.4. The 
ductilities of the Al-3Mg-xFe materials are slightly 
higher, in general, than those of Al-xMg-5Zn materials. 

3.2 Strain-rate change tests 
Fig.5 presents the SRC results from the 

Al-xMg-5Zn materials as the logarithm of 
diffusion-compensated strain rate, ,/Dε&  against the 
logarithm of modulus-compensated flow stress, σ/E. The 
strain rate is compensated by the diffusivity of Mg in Al. 
 

 

Fig.5 SRC test data of Al-xMg-5Zn samples: (a) Al-2Mg-5Zn; 
(b) Al-3Mg-5Zn; (c) Al-4Mg-5Zn 
 

In these plots, the transitions to power-law 
breakdown (PLB) are evident at low temperatures and 
high strain rates, i.e. D/ε& ＞1013 m−2. As marked in 
Fig.5(a), the Al-2Mg-5Zn material at 300 ℃ and 325 
℃ is found to exhibit a strong offset from the master 
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curve, and persist in repeated tests, which is not observed 
for the Al-3Mg-5Zn and Al-4Mg-5Zn materials. The 
evidence indicates that the test temperatures below 325 
℃ may not be high enough to dissolve all precipitates in 
the as-received materials. 

Linear regression method was applied to calculate 
the stress exponents in the data range of D/ε& ＜1013 m−2. 
The values of n and its standard errors are listed in Table 
2, where data for four Al-Mg materials[15−16] and three 
commercial Al-Mg alloys[17] from literature are 
included. For the Al-xMg-5Zn materials, the stress 
exponent decreases from 4.3 to 3.7 with the increase of 
Mg concentration, while the stress exponent for dilute, 
binary Al-xMg materials does not change greatly with 
the Mg concentration. It is indicated that ternary Zn 
additions increase the sensitivity of stress exponent to 
Mg content. 
 
Table 2 Stress exponent n, of different alloys (SE: standard 
error) 

Material n SE Material n SE

Al-2Mg-5Zn 4.3 0.05 Al-2.8Mg[15] 3.5 0.2

Al-3Mg-5Zn 4.0 0.04 Al-3.0Mg[16] 3.1 0.04

Al-4Mg-5Zn 3.7 0.03 Al-5.1Mg[16] 3.2 0.02

Al-3Mg-0.11Fe 3.9 0.04 Al-5.5Mg[15] 3.5 0.09

Al-3Mg-0.27Fe 4.1 0.06 5182[17] 3.7 0.04

Al-3Mg-0.40Fe 4.2 0.06 5182cc[17] 4.1 0.10

- - - 5754[17] 4.1 0.10

 
3.3 Polarized light microscopy 

Horizontally oriented in the longitudinal direction, 
optical micrographs of a failed Al-3Mg-5Zn sample after 
EF test are shown in Fig.6. The grains in the grip region 
were somewhat elongated along the rolling direction, as 
shown in Fig.6(a). Table 3 gives the grain sizes in the 
grip region measured by linear-intercept method. It is 
evident that the grains are much larger than the size 
typically required for fine grained superplasticity, d≤10 
μm. 

Observations of the failed EF specimens indicate 
that most specimens failed by necking to a point, which 
 
Table 3 Grain sizes in grip regions for long-transverse (LT), 
short-transverse (ST) and longitudinal (L) orientations (μm) 

Material LT ST L 

Al-2Mg-5Zn 50.9±3.5 34.3±1.3 48.6±1.5

Al-3Mg-5Zn 66.6±16.1 32.6±4.6 49.0±5.9

Al-4Mg-5Zn 68.2±3.2 30.0±3.0 44.7±6.6

Al-3Mg-0.11Fe 51.3±6.1 33.4±2.0 35.1±4.7

Al-3Mg-0.27Fe 54.3±5.5 33.4±2.0 43.8±1.2

Al-3Mg-0.40Fe 41.9±4.1 32.6±1.4 41.2±2.1

 

 

Fig.6 Optical micrographs of failed Al-3Mg-5Zn sample after 
EF test at 400 ℃ and 2×10−4 s−1: (a) Grip region; (b) Gage 
point far from failure end; (c) Failure end 
 
is similar to the necking behavior of superplastic binary 
Al-Mg alloys[15, 18−19]. Some specimens show 
moderate necking with cavities at the failure end. Fig.6(b) 
shows a gage point far from the failure end, and Fig.6(c) 
shows the failure end of the same sample at a larger 
magnification. The dark lines in both pictures are 
believed to be cavity bands. Some cavities with sizes of 
approximately 100 μm are apparent in Fig.6(c). The 
shape of the failure end in the picture is consistent with 
the jagged failure surface, which indicates that cavity 
growth and interlinkage cause the failure of the sample. 
 
4 Discussion 
 

To make a better comparison of the data from the 
Al-xMg-5Zn and Al-3Mg-xFe alloys, hyperbolic-sine 
curves were fitted to the SRC test data, as shown in 
Fig.7. 
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Fig.7 Fitted curves of SRC test data: (a) Al-xMg-5Zn; (b) Al- 
3Mg-xFe 
 

In Fig.7(a), the three Al-xMg-5Zn materials exhibit 
similar creep behaviors at low strain rates and high 
temperatures, i.e. D/ε& ＜1013 m−2, 350 ℃＜T＜450 ℃. 
In this region, Mg concentration does not affect the creep 
behavior strongly, which indicates that 2%−4% (mass 
fraction) Mg is enough to ensure solute-drag creep. This 
conclusion is supported by the theory of Mg atoms 
saturation around an edge dislocation. There exists a 
temperature- dependent critical Mg concentration around 
an edge dislocation, over which the stress exponent is not 
sensitive to the concentration of Mg[13]. At low 
temperatures and high strain rates, i.e. D/ε& ＞1013 m−2, 
350 ℃＜ T＜ 350 ℃ , Fig.7(a) shows a significant 
difference in creep behaviors for the three Al-xMg-5Zn 
materials. Al-4Mg-5Zn has the highest strength and 
Al-2Mg-5Zn is the weakest. For materials with high Mg 
content, more Mg atoms are available to retain 
solute-drag creep and slow the transition to power law 
breakdown (PLB), which requires that the material be of 
equal or higher strength during the transition. Therefore, 
the decrease of stress exponent in the three Al-xMg-5Zn 
materials with increasing Mg content is related to the 
suppression of the transition to PLB. 

SRC data from the Al-3Mg-xFe materials were 

fitted using Garofalo’s hyperbolic-sine relation, as shown 
in Fig.7(b). The three materials exhibit similar creep 
behavior in both the solute-drag creep and PLB regions. 
Al-3Mg-0.27Fe and Al-3Mg-0.40Fe are slightly stronger 
than Al-3Mg-0.11Fe at high temperatures and low strain 
rates, which may be related to an increase in the volume 
fraction of iron-aluminide particulates with increasing Fe 
content. 

SRC test data from pure Al, Al-xMg, Al-xZn, 
Al-3Mg-xMn and commercial 5000-series materials are 
available in the literature. Many of these materials were 
tested in a similar regime of D/ε&  to the present study. 
Fig.8(a) shows the SRC test data from pure Al[20] and 
Al-5Zn alloys[10]. The areas covered by data from the 
 

 
Fig.8 Comparison of SRC test data: (a) Al[20], Al-5Zn[10];  
(b) Al-xMg[15−16]; (c) 5182, 5182cc, and 5754[17] 
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Al-xMg-5Zn and Al-3Mg-xFe materials are hatched with 
vertical lines, which provide a clear way to compare data 
from different materials. The strain rates of Al and 
Al-5Zn are compensated by the diffusivity of Mg in Al, 
Q=136 kJ/mol and D0=5.0×10−5 m2/s. As expected, pure 
Al exhibits dislocation climb-controlled creep with a 
typical stress exponent of n≈5. The similarity between 
the stress exponents of Al and Al-5Zn indicates that the 
Zn addition of 5% (mass fraction) in Al does not produce 
a significant solute-drag effect. Therefore, both the Al 
and Al-5Zn materials exhibit dislocation-climb- 
controlled creep and the creep activation energy is equal 
to the activation energy of lattice self-diffusion in Al[21]. 
The compensation of strain rates in Fig.8(a) is valid for 
the Al-xMg-5Zn and Al-3Mg-xFe materials because the 
solute-drag behavior is induced by Mg, and it is also 
approximately valid for the Al and Al-5Zn data because 
the activation energy for lattice self-diffusion in Al is 
similar, which is 142 kJ/mol. 

It is noted in Fig.8(a) that the Zn addition does not 
strongly affect the strength of Al over the given range of 
temperatures and strain rates. In contrast, the 
Al-xMg-5Zn and Al-3Mg-xFe materials have higher 
strengths and exhibit solute-drag behavior with lower 
stress exponents, n≈4. The Al-3Mg-xFe materials are 
slightly stronger than the Al-xMg-5Zn materials when 

D/ε& ≤1013 m−2. In the transition region from solute-drag 
creep to PLB, D/ε& ≥1013 m−2, the three Al-3Mg-xFe 
materials show a similar behavior to the Al-4Mg-5Zn 
material, being stronger than the Al-3Mg-5Zn and 
Al-2Mg-5Zn materials. This stronger behavior of the 
Fe-containing ternary materials is attributed to both of 
the strengthening effect of iron-aluminide particulates, 
which exist even at high temperatures, and the slower 
transition to PLB for the Al-4Mg-5Zn material. 

The effectiveness of Mg at producing solute-drag 
creep is illustrated in Fig.8(b)[15−16]. The binary Al-Mg 
alloys all exhibit a stress exponent characteristic of 
solute-drag creep, n≈3.3. For values of D/ε& ≤1013 m−2, 
the Al-xMg-5Zn and Al-3Mg-xFe materials exhibit 
approximately similar strengths but higher stress 
exponents than Al-Mg alloys as shown in Table 2. When 

D/ε& ≥1013 m−2, the Al-2Mg-5Zn material is the weakest 
and exhibits the earliest transition to PLB, which is 
generally associated with an increase in excess vacancy 
concentration caused by dislocation interactions at high 
strain rates and low temperatures[22]. Deformation- 
induced increases of excess vacancy concentration in Al 
have been confirmed by MURTY et al using nuclear 
magnetic resonance methods[23]. If Al-2Mg-5Zn cannot 
retain the solute-drag effect at low temperatures and high 
strain rates because of the low mobility of Mg atoms, 
dislocation glide becomes easier, allowing dislocation 
climb to control the rate of deformation. At high stresses, 

however, excess vacancies generated by dislocation 
intersections produce a high effective diffusivity, which 
enhances dislocation climb and accelerates the creep rate 
into PLB. The Al-4Mg-5Zn material, with the highest 
Mg content, is able to retain the solute-drag effect at low 
temperatures and high strain rates, exhibiting a low stress 
exponent and a slow transition to PLB. 

SRC test data from fine and coarse grained 
Al-2.8Mg material are included in Fig.8(b). It is noted 
that despite a large difference in grain size, 450 μm 
versus 30 μm, they exhibit a similar steady-state stress 
exponent, n≈3.5. Neither strength nor strain-rate 
sensitivity in the solute-drag-creep regime is 
significantly affected by grain size within the range 
examined. 

Commercial alloys, 5182, 5182cc, and 5754[17] 
show higher strength than the Al-xMg-5Zn and 
Al-3Mg-xFe materials, as shown in Fig.8(c). This can be 
attributed to the Cu, Mn additions in the commercial 
alloys. It is important to note that the Al-xMg-5Zn, 
Al-3Mg-xFe and commercial materials in Fig.8(c) 
exhibit consistent solute drag creep behaviors, from 
which enhanced tensile ductilities of over 100% have 
been repeatedly achieved. 
 
5 Conclusions 
 

1) In the regime of D/ε& ＜1013 m−2, solute-drag 
creep dominates the deformation of these ternary 
materials, and the Al-xMg-5Zn and Al-3Mg-xFe 
materials have similar strengths. 

2) Ternary additions of Zn and Fe do not strongly 
affect tensile ductilities. Enhanced tensile ductilities of 
over 100% are repeatedly achieved from the 
Al-xMg-5Zn and Al-3Mg-xFe materials when deformed 
in the solute-drag-creep regime. 

3) The dominated failure mechanism in these 
materials during elongation-to-failure tests is necking to 
a point. Cavity growth and interlinkage can also cause 
failures. 

4) Ternary Zn additions increase the sensitivity of 
stress exponent to Mg content, and n decreases with the 
increase of Mg content. This decrease of n value is 
related to the suppression of the transition to 
dislocation-climb creep and PLB with increasing Mg 
content. 
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