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Composite multilayer sheets from Al/AlMg3 with 32 alternating layers of Al and AlMg3 were prepared by
accumulative roll-bonding and their thermal stability was studied. Recrystallized 2 mm thick sheets of a commercial
twin-roll cast AlMg3 alloy and high purity Al99.99 served as input materials. Electrical resistivity measurements
were used for the integral monitoring of solute atoms distribution during annealing. Light optical microscopy was
employed for the direct grain-size determination and recrystallization description. Post-mortem electron microscopy
observations were performed on as-prepared and annealed specimens and they were combined with in situ heating
electron microscopy in order to explain the observed annealing e�ects. A broadening of Al layers during annealing
was observed and related to di�usion of magnesium.
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1. Introduction

New technologies of components assembling in car and
aircraft industries and requests on improved mechanical
and corrosion properties of metallic materials activate
the utilization of highly innovative and unconventional
manufacturing processes. In addition, a growing need
in the decrease of fabrication costs and the limitation of
the waste material in metal-forming processes result in
the combination of non-traditional materials with mod-
ern casting methods and non-standard shaping. Twin-
roll cast (TRC) aluminum alloys represent a new class
of materials that must undergo additional post process-
ing in order to fully take advantage of their potential.
Grain size is one of the most important parameters which
control mechanical behavior of non age-hardenable alu-
minum alloys including TRC materials. Accumulative
roll-bonding (ARB) [1] is a technique producing ultra�ne
grained (UFG) structures without geometrical change of
TRC sheets using standard rolling equipment. Because
two metal sheets are bonded during this process a proper
selection of the material including a combination of two
di�erent alloys may help to achieve unique properties.
Recently several ARB experiments have been per-

formed on a TRC AlMg3 alloy showing intensive strength
increase after ARB accompanied, however, by a signi�-
cant edge cracking [2]. Therefore low ductility of this
ARB material represents an important weakness in many
potential applications.
Experiments of Ma [3] have shown that a good compro-

mise between good yield stress and ductility of UFG ma-
terials could be reached with bimodal grain size distribu-
tion. Thus cladding of the AlMg3 alloy with a high-purity
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TRC aluminum was used and considerable ductility im-
provement and cracking limitation was reached.
Finally, multilayered composites containing up to 64

alternating layers of Al and AlMg3 were prepared [4].
Ductility is ensured in this type of the material by
partially recrystallized coarser grains in Al layers while
�ne-grained and heavily deformed microstructure of
AlMg3 layers enhances the strength of the composite.
Due to a di�erent amount of stored energy and the pres-
ence of solutes and particles the softening processes oc-
cur in a di�erent manner in both types of the stacked
material during subsequent annealing. Because the �nal
mechanical properties are given by the microstructure
of the composite including the structure of the interface
between the two bounded alloys, series of annealing ex-
periments on AlMg3/Al laminates after �ve ARB cycles
were performed.

2. Experimental details

Recrystallized 2 mm thick TRC sheets of high purity
Al99.99 and AlMg3 alloy (chemical composition (wt.%):
2.6 Mg, 0.2 Mn, 0.2 Fe, and 0.05 Si) were used as in-
put materials. Five cycles of ARB processing described
in detail elsewhere [2] were performed at ambient tem-
perature. Specimens were step-by-step isochronally an-
nealed in an annealing regime 20 ◦C/20 min and quenched
into water of room temperature (RT). Relative resistance
changes in liquid nitrogen were measured after each an-
nealing step. Grain structures were observed by light
optical microscopy (LOM) under polarized light in the
long transverse plain on specimens anodized by a Barker
reagent. Transmission electron microscopy (TEM) foils
were prepared by electrolytic twin-jet polishing in a so-
lution of 30 vol.% HNO3 in methanol (−20 ◦C, 15 V)
and observed in JEOL JEM 2000FX electron microscope
equipped with a single-tilt heating stage.
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3. Results and discussion

Figure 1 shows the evolution of microstructure in the
laminate after �ve ARB cycles during annealing in the
temperature range RT�480 ◦C. Broken AlMg3 layers and
touching Al ones are observed in the as processed mate-
rial with signs of partial (post)dynamic recrystallization
in Al layers. Signi�cant static recrystallization starts in
Al layers above 200 ◦C and at 320 ◦C fully recrystallized
equiaxed grains are formed. At higher annealing tem-
peratures their coarsening constrained by the layer thick-
ness (around 70�80 µm) occurs. Only limited signs of re-
crystallization were found in AlMg3 layers below 320 ◦C.
However, at this annealing temperature and at higher
ones fast recrystallization proceeds followed by a partial
grain coarsening. At the �nal annealing temperature the
average grain size in AlMg3 layer reaches almost 50 µm.

Fig. 1. Evolution of microstructure in Al99.99/AlMg3
laminate in the initial state after �ve ARB cycles (a) and
annealing up to 200 ◦C (b), 320 ◦C (c), and 480 ◦C (d).

Fig. 2. TEM micrographs of the initial microstructure
in Al layer (a) and AlMg3 layer (b).

TEM observations performed on annealed specimens
correspond with LOM data (Fig. 2). Al layers in the ini-
tial state after ARB contain a mixture of well-developed
subgrains and also small recrystallized grains (grain size
around two µm) with clearly de�ned high-angle grain
boundaries. AlMg3 layers consist of lamellar subgrains
with numerous dislocations arranged in dense dislocation
tangles and cell-walls.
At 200 ◦C no changes were observed in Al layers while

partial recovery of the dislocation substructure without

Fig. 3. Subgrains in AlMg3 layer after annealing
at 200 ◦C.

Fig. 4. Fully recrystallized grains in Al layer (a) and
subgrains in AlMg3 layer (b) after annealing at 280 ◦C.

any subgrain growth appear in the AlMg3 layers as can
be seen in a detailed Fig. 3. The Al layers are fully recrys-
tallized at 280 ◦C. AlMg3 ones exhibit only a coalescence
of subgrains (Fig. 4). Above this temperature recrystal-
lization occurs also in AlMg3 layers accompanied by a
precipitation of �ne dispersion of Mn rich Al6Mn parti-
cles.

A boundary area of the original Al/AlMg3 interface
after annealing at 480 ◦C is displayed in Fig. 5. The image
clearly shows a growth of a grain from the Al layer into
the AlMg3 layer. This phenomenon was con�rmed also
by in situ annealing observations. An annealing scheme
50 ◦C/50 min was used during in situ measurements in
order to keep the same e�ective heating rate as the one
used in static experiments.

The evolution of microstructure at the interface is
shown in Fig. 6. In the initial state the interface is well
de�ned because very thin subgrains of the AlMg3 layer
are easily recognizable. However, with increasing anneal-
ing temperature recrystallization occurs in both materi-
als and �nally at 450 ◦C a grain boundary of a grain from
the Al layer penetrates the original interface. Similar
penetration of grain boundaries into a neighboring layer
was observed also by Quadir et al. [5] in laminates com-
posed from high purity aluminum and Al�Sc alloy. This
e�ect was attributed to the mobility of grain boundaries
in Al layers. Nevertheless, authors expected that this
broadening of layers occurs in the early stages of anneal-
ing when no strengthening particles are present in the
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Fig. 5. Interface between original Al and AlMg3 lay-
ers after annealing at 480 ◦C. The original AlMg3 layer
(bottom of the image) contains Mn-rich particles.
Residual dislocations appear as an artifact of quench-
ing from high temperature.

Fig. 6. Microstructure of an interface between Al and
AlMg3 layers after 5 ARB cycles (a) and in situ anneal-
ing at 450 ◦C (b). The position of the original interface
is schematically indicated by a dashed line.

Al�Sc alloy. On the contrary, no such e�ect was observed
by Chekhonin et al. [6] in aluminum laminates consist-
ing of high purity aluminum and commercially pure alu-
minum. Therefore the presence of this e�ect depends on
the purity of materials, presence of particles and solute
atoms, and on the quality of the surface treatment be-
fore each ARB cycle. Results of Chekhonin et al. [6]
indicate non-marginal role of the driving pressure for
grain coarsening at the interface, which increases with
the increase of a gap in the deformation substructure and
grain size. The presence of impurities or solutes, on the
other hand, signi�cantly decreases the mobility of grain
boundaries [7].

In our composite a very di�erent chemical composition
was used in both layers. Nevertheless, due to a di�usion
enhanced by increasing annealing temperatures changes
in the solute elements distribution occur. A monitoring
of solute redistribution was done by electrical resistivity
measurements.

Experimental data in Fig. 7 exhibit a local decrease
of resistivity below 300 ◦C. Such a behavior is typi-
cal for heavily deformed aluminum alloys and is always
connected with the recovery of the dislocation substruc-
ture [8] and precipitation of Mn rich particles [9, 10].

The following signi�cant increase of resistivity could not
be explained by a simple dissolution of particles because
TEM observations shows an opposite e�ect � formation
of Mn-rich particles, which is always connected with the
decrease of resistivity [9, 10]. Nevertheless, the di�usion
of solutes (Mg, Mn, Fe) into Al layers is highly probable.
Especially, the high magnesium content in AlMg3 layers
and su�ciently high di�usion coe�cient (15×10−20 m2/s
at 450 K), which is by seven orders higher than for iron
or manganese [11], must be accounted. A simpli�ed
model based on the Fick law [12] for di�usion of Mg from
AlMg3 layers into Al layers was used to evaluate this ef-
fect. The model takes into account a constant width
of layers, e�ect of magnesium atoms on resistivity of alu-
minum [13] and speci�c heating regime during annealing.

Fig. 7. Experimental and simulated changes of relative
resistance R during isochronal annealing. R is the value
of resistance in the initial state after ARB processing.

Fig. 8. Simulated pro�le of magnesium concentration c
in two neighboring layers in the initial state and after
annealing at 420 and 480 ◦C.

Concentrations of Mg in two neighboring layers in the
initial state and at two selected temperatures are given
in Fig. 8. Calculated values of relative resistance changes
during the whole annealing process are shown in Fig. 7.
Despite the roughness of the model the simulated data
give a good correspondence with the measured ones.
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At this point it is important to note that no in�uence
of recovery of the dislocation substructure or recrystal-
lization, as well as the role of Mn-rich particles formation,
were considered in our simulations. Nevertheless, simu-
lations clearly show that changes in Mg distribution can
increase the mobility of grain boundaries near the inter-
face on the AlMg3 side at higher annealing temperatures
and thus enhance the probability of broadening of the
Al layer.

4. Summary

Evolution of microstructure in Al99.99/AlMg3 lami-
nates prepared by ARB was studied in the course of
isochronal annealing. The main results lead to the fol-
lowing conclusions:

1. A composite consisting of 32 alternating layers of
Al99.99 and AlMg3 alloy were ARB processed.

2. Partial recrystallization occurs in the pure Al layer
while �at and elongated subgrains are formed in
AlMg3 ones.

3. Fast recrystallization and grain growth were ob-
served in pure Al layers in the course of annealing.
This process is considerably retarded in AlMg3 lay-
ers due to the presence of solutes and particles.

4. Extensive di�usion of Mg atoms into pure Al lay-
ers is responsible for the increase of electrical resis-
tance of the material. This di�usion, on the other
hand, enhances the probability of penetration of
grain boundaries through the original interface be-
tween two neighboring layers.
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