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Abstract Creep tests were conducted under a condition of constant stress on two aluminum-based alloys

containing particles: Al-5% Mg-0.25% Fe and Al-5% Zn-0.22% Fe. The role of grain boundary sliding was

examined in the plane of the surface using a square grid printed on the surface by carbon deposition and

perpendicular to the surface using two-beam interferometry. Estimates of the contribution of grain boundary

sliding to the total strain, εgbs / εt reveal two trends; (i) the sliding contribution is consistently higher in the Al-

Mg-Fe alloy, and (ii) the sliding contribution is essentially independent of strain in the Al-Mg-Fe alloy, but it

shows a significant decrease with increasing strain in the Al-Zn-Fe alloy. Sliding is inhibited by the presence

of particles and its contributions to the total strain are low. This inhibition is attributed to the interaction

between the grain boundary dislocations responsible for sliding and particles in the boundaries.

Key words aluminum-based alloys, grain boundary sliding, two-beam interferometry, total strain, constant

stress, grain boundary dislocations.

1. Introduction

Grain boundary sliding is an important deformation me-

chanism in polycrystalline materials at elevated tempera-

tures. Sliding occurs by the relative displacement of two

adjacent grains, probably through the movement of grain

boundary dislocations, and this displacement may be ac-

commodated by intragranular slip throughout the grains,

localized slip near the boundaries, the formation of triple

point folds or the opening up of wedge cracks at the triple

junctions or cavities at ledges and perturbations along the

boundaries.1-3) 

The process of sliding is illustrated schematically in

Fig. 1. Two adjacent grains, designated 1 and 2, are

displaced by sliding under an external applied stress σ.

The sliding vector in the boundary plane, s, may be

resolved into three mutually perpendicular components : u

is the component measured along the tensile axis and w

and v are the two components perpendicular to the tensile

axis and either in the plane of or perpendicular to the

specimen surface, respectively. Two angles, θ and ψ,

define the trace of the boundary with respect to the tensile

axis either on the surface or on a plane cut perpendicular

to the surface and parallel to the tensile axis, respectively.

Numerous experiments have been carried out to de-

termine the strain contributed by grain boundary sliding,

εgbs, to the total strain, εt, and, data are now available for a

wide range of materials.4) However, only limited infor-

mation is available on the role of grain boundary sliding

in alloys where the boundaries contain particles.5) This

paper summarizes some results obtained for grain boundary

sliding in two aluminum-based alloys containing particles.

2. Experimental Procedure

Tests were conducted using two different aluminum

alloys designated Al-5% Mg-0.25% Fe (P) and Al-5%

Zn-0.22% Fe (P), respectively, where P denotes a pure

grade of alloy. The measured impurity levels for these two

alloys were 90 and 70 ppm, respectively. Each alloy was

Fig. 1. Grain boundary sliding between grains 1 and 2 under

an applied stress σ, showing the three components of sliding

u, v and w.
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supplied as hot-rolled sheet, with a thickness of 22 mm,

and tensile specimens were cut parallel to the rolling

direction. All specimens were annealed in air at 823 K prior

to testing to produce grain sizes in the range of ~50-200 µm.

Creep tests were conducted under conditions of constant

stress and each test was interrupted periodically in order

to take measurements of the v offsets using interferometry.

For some specimens, grids were printed onto the surfaces

using a nickel stencil with square holes, 6.35 µm on each

side and with a 6.35 µm separation, by exposing in a

vacuum and depositing a layer of carbon.6) The stencil

was subsequently removed to permit observations of the

occurrence of sliding in the plane of the surface during

creep testing. 

3. Results

Extensive grain boundary sliding occurred in both alloys

when creep tested at high temperatures. Figs. 2 and 3 show

examples of the appearance of the surface grid on the Al-

Mg-Fe alloy after testing at 623 K under applied stresses

of 10.54 and 19.19 MPa to total strains of 0.068 and

0.203, respectively. These two stress levels correspond to

average strain rates of ~2 × 10-6 and ~2 × 10-5 s-1, respec-

tively. In these two photomicrographs, the tensile axis is

vertical and there is very clear evidence for grain

boundary sliding along the boundaries lying at approxi-

mately 45o to the stress axis. There is also an absence of

any significant triple point folding although these folds

are a common feature of high temperature deformation in

high purity Al. 

Experiments of this type may be used to measure the u

or w components of sliding in the plane of the surface but

a more accurate procedure is to use two-beam interfero-

metry to measure the v component.

Measurements were taken of the v component of sliding

perpendicular to the surface at different increments of

time for the two alloys. Figs. 4 and 5 show plots as a

Fig. 2. The appearance of the printed grid on the Al-Mg-Fe

alloy after testing to a strain of 0.068 at 623 K under a stress

of 10.54 MPa.

Fig. 3. The appearance of the printed grid on the Al-Mg-Fe

alloy after testing to a strain of 0.203 at 623 K under a stress

of 19.19 MPa.

Fig. 4. Total strain εt (upper) and average grain boundary offset

perpendicular to the surface  (lower) versus time for the Al-

Mg-Fe alloy.

v
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function of time t of the total strain εt (upper) and the

average value  determined from measurements of the v

offsets at three hundred different boundaries (lower) for

the Al-Mg-Fe and Al-Zn-Fe alloys, respectively. The error

bars on the measurements of v represent the 95% con-

fidence levels. Figs. 4 and 5 also include details of the

applied stress, σ, the normalized stress, σ/G, where G is

the shear modulus, and the specimen grain size, d. 

These two plots show that the variation of  with time

is similar to the variation with time of εt. In the Al-Mg-

Fe alloy, εt and  both increase linearly with time so

that, as observed also in the Al-5% Mg solid solution

alloy under some testing conditions,7) there is evidence

for little or no primary creep. By contrast, the Al-Zn-

Fe alloy shows a distinct primary stage where the

creep rate decreases with increasing time and this trend

is also reflected in the measurements of .

It is possible to use these sliding measurements to

estimate the strain due to intragranular deformation, εl.

Thus, taking εt at as the sum of the strain contributed by

grain boundary sliding, εgbs, and the intragranular strain,

εl, and defining εgbs as φ /d where φ is a constant of the

order of unity, the experimental data of Figs. 4 and 5 may

be replotted as εl versus t, as shown in Fig. 6. These two

plots show that, for both alloys, the variation with time

of εl is similar to that of εt and . Thus, the results serve

to demonstrate that grain boundary sliding occurs in an

analogous manner to, and has an interconnection with,

the intragranular deformation. The conclusion of a rela-

tionship between sliding and deformation within the

grains was first suggested in very early experiments on

grain boundary sliding using simple polycrystalline materials

such as Al,8) Al alloys9) and Pb10) and the trend is now

further established for alloys containing particles. 

In order to make a direct comparison between the

magnitudes of sliding in the two alloys under similar

testing conditions, Fig. 7 gives a plot of  versus εt for

the Al-Mg-Fe and Al-Zn-Fe alloys at the same testing

temperature and at very similar values of σ/G. It should

be noted, however, that the grain sizes of the two alloys are

64 and 108 µm, respectively. An examination of Fig. 7

shows that the initial values of  are very similar but

larger sliding offsets are recorded in the Al-Mg-Fe alloy

at strains above ~4%. 

The experimental data in Fig. 7 can be used to estimate

the contribution of grain boundary sliding to the total
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Fig. 5. Total strain εt (upper) and average grain boundary offset

perpendicular to the surface  (lower) versus time for the Al-

Zn-Fe alloy.

v Fig. 6. Intragranular strain versus time for the Al-Mg-Fe

(upper) and Al-Zn-Fe (lower) alloys, respectively.
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strain, εgbs / εt. The result is shown in Fig. 8 where εgbs / εt

is plotted as a function of εt for the two alloys. These

results reveal two important trends. 

First, the sliding contribution is consistently higher in

the Al-Mg-Fe alloy. Second, the sliding contribution is

essentially independent of strain in the Al-Mg-Fe alloy

but the contribution shows a significant decrease with

increasing strain in the Al-Zn-Fe alloy. It is important to

note, however, that the total sliding contributions are very

low, and under a value of 10%, in both alloys under the

present experimental conditions.

It is possible to examine the effect of particles on the

extent of grain boundary sliding by making a direct com-

parison with a solid solution alloy where no particles are

present. Fig. 9 shows a plot of  versus the normalized

inverse grain size, b/d, where b is the Burgers vector; the

datum points for the Al-5% Mg solid solution alloy were

taken from the experiments of Vetrano7) and the single

point for the Al-Mg-Fe alloy was obtained in the present

investigation. For all of the datum points in Fig. 9, the

tests were conducted at a stress of 12.1 MPa, equivalent

to σ/G = 5.75 × 10-4, a testing temperature of 573 K, and all

of the values of  relate to a total strain of εt = 0.02. It is

clear from Fig. 9 that, even when considering the error

bars on the  measurements, the presence of particles in-

hibits the rate of grain boundary sliding. Thus, it is

reasonable to anticipate smaller sliding offsets in alloys

where particles are located on the grain boundaries and

therefore relatively lower values for the sliding contri-

bution εgbs / εt.

4. Discussion

Grain boundary sliding is an important deformation

mechanism in polycrystalline materials subjected to high

temperature creep but the extent of sliding depends both
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Fig. 7. Values of  versus εt for the two alloys tested at the

same temperature and at similar values of σ/G.

v

Fig. 8. Contribution from grain boundary sliding to the total

strain in the Al-Mg-Fe and Al-Zn-Fe alloys.

Fig. 9. Average grain boundary offset perpendicular to the

surface  versus the normalized inverse grain size b/d for the

Al-Mg-Fe alloy and an Al-5% Mg solid solution alloy.

v



High Temperature Creep Behavior in Al-Mg(Zn)-Fe Alloys 41

upon the experimental testing conditions and the nature

of the grain boundaries. When particles are present at the

boundaries, as in the Al-Mg-Fe and Al-Zn-Fe alloys,

grain boundary sliding tends to be inhibited and the sliding

contributions to the total strain are rather low.

From experiments on Al-0.05% Fe bicrystals, Horton11)

suggested that the reduction in sliding in the presence of

particles may be due to three possible mechanisms: (i) an

inhibition of grain boundary migration due to the particles,

(ii) the role of plastic accommodation around each particle,

or (iii) an interaction between the grain boundary dis-

locations responsible for sliding and the particles lying in

the grain boundaries. Of these three possibilities, Fig. 2

shows that grain boundary migration is not inhibited, and

the third explanation appears probable because there is

extensive evidence for the movement of grain boundary

dislocations during high temperature deformation.12)

Finally, Fig. 8 shows that sliding tends to be of greater

significance in the Al-Mg-Fe alloy than in the Al-Zn-Fe

alloy. This difference may arise in part because the move-

ment of grain boundary dislocations is more retarded by

the drag force due to the Mg solute atoms than the Zn

solute atoms and in part because extrinsic dislocations

enter the grain boundaries from the lattice and the

intragranular dislocation distribution is relatively uniform

in Al-5% Mg whereas it is inhomogeneous in Al-5%

Zn.13) The latter effect probably leads to a larger concen-

tration of mobile extrinsic grain boundary dislocations in

the Al-Mg-Fe alloy and therefore a higher contribution

from sliding to the total strain.

5. Conclusion

The results of this investigation are summarized below.

1. In the Al-Mg-Fe alloy, εt and  both increase linearly

with time, by contrast, the Al-Zn-Fe alloy reveals a distinct

primary stage where the creep rate decreases with in-

creasing time and this trend is reflected also in the

measurements of .

2. The estimate the contribution of grain boundary

sliding to the total strain, εgbs / εt reveal two trends; (i) the

sliding contribution is consistently higher in the Al-Mg-

Fe alloy, and (ii) the sliding contribution is essentially

independent of strain in the Al-Mg-Fe alloy but the con-

tribution shows a significant decrease with increasing strain

in the Al-Zn-Fe alloy.

3. Sliding is inhibited by the presence of particles and

the contributions from sliding to the total strain are low.

This inhibition is attributed to the interaction between the

grain boundary dislocations responsible for sliding and

particles lying in the boundaries.
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