
R
h

Y
M

a

A
R
R
A
A

K
T
D
A
R

1

a
a
s
a
t
s
r
i
(
d
l
d
i

t
i
s
m
t
fi

0
d

Journal of Alloys and Compounds 488 (2009) 112–116

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

ecrystallization of twin-roll cast Al–Fe–Si foil stock processed without
omogenization

ucel Birol ∗

aterials Institute, Marmara Research Center, TUBITAK, Kocaeli, Turkey

r t i c l e i n f o

rticle history:
eceived 31 July 2009
eceived in revised form 24 August 2009
ccepted 26 August 2009
vailable online 1 September 2009

a b s t r a c t

Differential scanning calorimetry, hardness testing, electrical conductivity measurements and
microstructural analysis were employed in the present work to investigate the response of twin-roll cast
Al–0.8Fe–0.6Si strips to interannealing without prior homogenization. Recrystallization which occurs at
400 ◦C in sheet samples cold rolled only lightly (ε ∼ 0.2) is gradually displaced to lower temperatures
with increasing strain until ε ∼ 2.3. Precipitation occurs largely before a measurable recrystallization
eywords:
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luminium alloys
ecrystallization

reaction at low strains, ε < 2.3, producing an acceptable grain structure across the section. The interaction
of the two reactions at ε > 2.3 is believed to be responsible for a decreasing recrystallized fraction and for
coarse grains at the surface where the interaction is likely to be most pronounced. Interannealing of the
Al–0.8Fe–0.6Si alloy without a homogenization treatment produces acceptable grain structures across
the section of the strip for much of the cold rolling strain range. It is thus concluded that Al–0.8Fe–0.6Si
foil stock, intended for cosmetic foil applications where formability is not critical, could be processed

ure an
without a high-temperat

. Introduction

Alloys from the ternary Al–Fe–Si system have been tradition-
lly used as foil stock owing to a suitable combination of strength
nd formability at foil gauges [1]. The manufacturing cycle often
tarts with twin-roll casting and relies on a recrystallization anneal
t some intermediate gauge to restore ductility to facilitate fur-
her rolling to foil gauges [2–5]. A relatively small volume of heat
ource and a relatively large heat sink in twin-roll casting lead to
apid solidification in the caster roll gap [6,7] producing cast strips
n a non-equilibrium state. The softening kinetics in twin-roll cast
TRC) strips is generally slower with respect to the ingot-cast grades
ue to a finer dispersion of intermetallic particles and a higher

evel of matrix supersaturation [8–15]. The former provides a Zener
rag while high solute levels can cause a strong solute-dislocation

nteraction during an annealing heat treatment [10,16,17].
TRC Al–Fe–Si strips are almost invariably submitted to a high-

emperature anneal to allow the precipitation of excess Fe and Si
n solution before further processing [2]. The primary function of

uch a high-temperature anneal in the case of TRC strips is to relax
atrix supersaturation via precipitation, heterogenization rather

han homogenization, owing to a dendritic structure already too
ne to impair homogenity [6]. While it has a favorable impact on the
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recrystallization behaviour of Al–Mn [18,19], the homogenization
step may not be necessary for Al–Fe–Si alloys [20]. This is partic-
ularly true for those alloys with a Si content nearly matching that
of Fe. Si, known to be an effective Fe precipitator, acts to remove
the solute Fe from the matrix during solidification. Differential
scanning calorimetry (DSC), hardness testing, electrical conductiv-
ity measurements and microstructural analysis were employed in
the present work to investigate the response of TRC Al–0.8Fe–0.6Si
strips to interannealing without prior homogenization, with a par-
ticular emphasis on the evolution of the grain structure, a critical
feature for most foil applications.

2. Experimental

100 mm × 100 mm pieces, sectioned from the centre of the TRC strip, cast indus-
trially at a gauge of 6 mm with 0.81 wt.% Fe and 0.65 wt.% Si, were cold rolled using a
fully instrumented laboratory rolling mill to achieve true strains between 0.2 and 3.7.
The sheet samples thus obtained were submitted to annealing treatments between
250 ◦C and 550 ◦C in order to find out about their response to thermal exposure.

The TRC strip and cold rolled sheet samples were ground with SiC paper, polished
with 3 � diamond paste and finished with colloidal silica. Their microstructures were
examined after etching with a 0.5% HF solution using a Olympus BX51M model opti-
cal microscope. The grain structures were investigated after anodic oxidation with
Barker’s solution, using cross polarizers. A Sigma Test Unit measured the electrical
conductivity of the samples to estimate the extent of precipitation activities. Mea-

sures were taken to obtain reliable electrical conductivity data from the very thin
foil samples produced by cold rolling to high true strain levels [19]. The foil samples
were folded, over an area of 20 mm × 50 mm, repeatedly until a minimum thickness
of 2 mm was obtained.

The XRD patterns were recorded with a Shimadzu XRD 6000 Diffractometer
equipped with CuK� radiation, at very low scanning rates to improve the counting

http://www.sciencedirect.com/science/journal/09258388
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ig. 1. Microstructure on the long transverse section of the TRC Al–0.8Fe–0.6Si alloy:
a) near the edge, (b) the quarter plane and (c) at the centre of the cast strip.

requency. A JEOL JSM 5400 Scanning Electron Microscope (SEM) equipped with a
nergy-Dispersive Spectroscopy (EDS) unit was also employed for the identification
f intermetallic particles. Microhardness measurements were carried on transverse
ections. The average of minimum 5 measurements was reported for the surface,
uarter plane and the centre of the strip and processed sheet samples. Samples cold
olled to a strain of 3 and higher were too thin to allow hardness measurements at
ach of the three locations. Hardness only at the centre was thus reported for these
amples.

3 mm diameter disc samples were gently machined from the cast strip and cold
olled sheet samples for DSC measurements. Runs were carried out at a heating
ate of 10 K min−1 and under flowing argon (1 l h−1) by placing the sample disc in
he sample pan and super purity aluminium of equal mass in the reference pan
f the cell. The heat effects associated with various reactions were then obtained

y subtracting a super purity Al baseline run from a given heat flow curve. A sec-
nd set of sheet samples, much larger in size than those used in the DSC tests
as heated in an electric resistance furnace at the DSC scan rate and quenched

rom critical temperatures which mark the major enthalpic signals revealed in the
SC scans. These samples were then subjected to electrical conductivity and hard-
Fig. 2. Response of the TRC Al–0.8Fe–0.6Si alloy to a high-temperature annealing
treatment: microstructures during heating at (a) 400 ◦C, (b) 450 ◦C, (c) 475 ◦C, (d)
500 ◦C and (e) 550 ◦C. LT: long transverse section; ICS: inclined cross section.

ness measurements to identify the structural changes responsible for each of these
signals.

3. Results and discussion

The microstructure of the TRC Al–0.8Fe–0.6Si strip (Fig. 1) was

characterized by a fine dendritic network of �(Al) solid solution,
typical of strip-cast alloys [21,22]. The gradual coarsening of struc-
tural features from the surface to the centre, typical of TRC strips,
was noted as usual [6]. The dendrite arm spacing, measured to be
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ig. 3. DSC scans of the Al–0.8Fe–0.6Si cast strip and the sheet samples deformed
y cold rolling to the indicated strain levels.

pproximately 6 � near the surface, was almost twice as large at
he centre. The latter implies a cooling rate of 102 K s−1 [23] which
s less than one-fifth of that experienced near the surface. The den-
rite boundaries were decorated with intermetallic particles, the
ajority of which at the surface were identified by XRD and EDS to

e of the monoclinic �-AlFeSi variety. Few particles revealed only
dominant Si peak and were thus identified as primary Si while a

mall fraction of the particles at the surface of the strip were judged
o be the �-AlFeSi compounds with Fe/Si ratios exceeding 1.3. The
entre of the strip revealed a similar distribution of intermetallic
articles with �-AlFeSi still being the dominant phase. The cooling
ate variation in this range seems to affect the scale of the dendritic
tructure and the size of the intermetallic particles but not their
ype.

The grain structure of the cast strip annealed without prior cold

olling is rearranged during annealing merely by a growth process
bove 450 ◦C with no evidence of recrystallization (Fig. 2). Grain
rowth starts at the surface and spreads across the section with
ncreasing temperatures, producing coarse pancake shape grains

ig. 4. Change with annealing temperature in the electrical conductivity of the
l–0.8Fe–0.6Si sheet samples deformed by cold rolling to the indicated strain levels.
Fig. 5. Change with annealing temperature in the hardness of the Al–0.8Fe–0.6Si
sheet samples deformed by cold rolling to the indicated strain levels. Hardness mea-
surements were performed (a) near the surface (edge), (b) the quarter plane and (c)
at the centre of the samples.

through the thickness starting at 450 ◦C. XRD analysis of cast strip
samples submitted to a heating scan at 10 K min−1 until 550 ◦C has
shown that the �-dominant as-cast structure is largely retained
with slight changes in the intensity of the Si lines. This sequence
is consistent with the DSC scan of the cast strip which reveals an
exothermic peak centring around 300 ◦C (signal 1), a neighbouring
endothermic trough at 400 ◦C (signal 2) and a final exothermic sig-
nal which extends beyond 500 ◦C (Fig. 3). The first of these signals
is shown by electrical conductivity measurements to be associated
with precipitation activities (Fig. 4). The electrical conductivity of
the cast strip increases when annealed and peaks at 350 ◦C, right
at the termination of signal 1, before levelling off above 450 ◦C.
The precipitating species is likely to be Si which is known to be
the major precipitating phase in all excess-Si aluminium alloys in
this temperature range [24]. The endothermic trough which cen-

◦
tres around 400 C is claimed to be associated with the reversion of
Si due to an increasing solid solubility. The last exothermic signal,
signal 3, is attributed to grain growth, which, driven by the reduc-
tion of the total grain boundary energy, is indeed exothermic. Lack
of recrystallization during annealing of the cast strip, in spite of
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ig. 6. Grain structures across the thickness of the Al–0.8Fe–0.6Si sheet samples col
c) 450 ◦C. The macrographs of the sheet samples cold rolled to ε > 2.3 and then ann
s high as the rest. The macrographs show only part of the sheet samples cold rolle

ome deformation inherited from the casting process, as inferred
rom the as-cast hardness, is evidenced also by through-thickness
ardness measurements (Fig. 5). The cast strip fails to soften fully
ven at 450 ◦C.

The response to thermal exposure of the TRC Al–0.8Fe–0.6Si
heet samples cold rolled to a range of strains (ε) is illustrated with
series of DSC scans in Fig. 3. A small exothermic peak (signal 4)

s superimposed on the DSC scan of the cast strip when it is cold
olled by ε ∼ 0.2, before thermal exposure. Deformed grains, fully
etained after annealing at 350 ◦C, are largely replaced by smaller
quiaxed grains at 400 ◦C (Fig. 6). Signal 4 is thus readily identified
s the recrystallization peak as it marks the onset of recrystalliza-
ion at this strain level. Recrystallization at 400 ◦C after a cold rolling
train of only as much as ε ∼ 0.2 is evidenced also by the through-
hickness softening (Fig. 5). Unlike the cast strip, which retains its
ardness after annealing at 400 ◦C, the hardness of sheet samples
educed in gauge by 20% (ε ∼ 0.2) drops to soft temper level at
00 ◦C.

An increase in the strain to ε ∼ 0.5 displaces the recrystalliza-
ion peak to lower temperatures (Fig. 3), implying an improvement
n recrystallization kinetics. In spite of a substantial displacement,
he onset of the recrystallization peak is still above 350 ◦C and
xplains why sheet samples cold rolled to ε ∼ 0.5 reveal no evi-
ence of recrystallization at 350 ◦C (Fig. 6). Further increase in the
train level to ε ∼ 0.9 displaces the recrystallization peak to around
50 ◦C. The recrystallization finish temperature, however, is still
bove 350 ◦C producing only a partially recrystallized sheet sample.
inally, a cold rolling strain of 1.6 allows nearly complete recrys-
allization at 350 ◦C for the first time (Fig. 6). Fibrous deformation
rains in the centre of the strip that survive the annealing treat-
ent at 350 ◦C after cold rolling to ε ∼ 0.9, are now fully replaced

y recrystallized grains. The recrystallization peak is gradually dis-
laced to lower temperatures with increasing strain and grows
igger until ε ∼ 2.3, due to an increase in the energy released dur-
ng annealing sheet samples with higher strains. It apparently takes
igher strains than 0.9 to produce fully recrystallized sheet samples
t 350 ◦C (Fig. 6). It is clear from the foregoing that the cold rolled
heet samples fully recrystallize when annealed above, but not
efore, signal 4, regardless of the strain level. Hardness measure-
d and subsequently submitted to annealing treatments at (a) 350 ◦C, (b) 400 ◦C and
at 450 ◦C (the three at the bottom right corner) are taken at a magnification twice

< 0.9.

ments provide further evidence for the recrystallization reaction
claimed to be responsible for signal 4 (Fig. 5).

ε ∼ 2.3 is the highest cold rolling strain that promotes the recrys-
tallization reaction during a subsequent thermal exposure of the
present alloy. Higher strains appear to have no favorable effect on
the recrystallization reaction (Fig. 3). The shift of the recrystalliza-
tion peak is in the opposite direction, to higher temperatures, in this
high strain range and its size is gradually reduced with increasing
cold rolling strains. Similar changes in the recrystallization peak
features were noted in a supersaturated Al–Mn alloy and were
accounted for by the prior recovery activity [18]. While the lat-
ter was evidenced in the Al–Mn alloy by a separate exothermic
peak which grows with increasing strain, such a recovery peak is
totally missing in the present alloy. The likelihood that the recov-
ery peak is concealed by the enthalpic effect of the precipitation
process, already very large at high strains, shall not be overlooked.
The evolution of the precipitation peak itself could offer a plau-
sible account of the marked change in the recrystallization peak
features. The increase in size and in the temperature range of the
precipitation peak at ε > 2.3 implies that the precipitation activi-
ties are dominating in a wide temperature range which extends
beyond the recrystallization reaction in sheet samples cold rolled
to ε > 2.3. Precipitation which occurs largely before a measurable
recrystallization reaction at low strains is overlapping with the
latter at ε > 2.3. Lack of an interaction between the precipitation
and recrystallization reactions leads to an acceptable grain struc-
ture across the section of the annelaed sheet samples at ε < 2.3. The
inevitable interaction of the two reactions at ε > 2.3, on the other
hand, are believed to be responsible for a slightly decreasing recrys-
tallized fraction and for the coarse grains at the surface where the
interaction is likely to be most pronounced (Fig. 6).

4. Conclusions
It takes annealing temperatures as high as 400 ◦C to achieve
recrystallization in Al–0.8Fe–0.6Si sheet samples cold rolled only
lightly (ε ∼ 0.2). The recrystallization reaction is gradually displaced
to lower temperatures with increasing strain until ε ∼ 2.3 which is
the highest cold rolling strain that promotes the recrystallization
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eaction. Precipitation occurs largely before a measurable recrys-
allization reaction at low strains, ε < 2.3, producing an acceptable
rain structure across the section of the annelaed sheet. The
nevitable interaction of the two reactions at ε > 2.3, on the other
and, is believed to be responsible for a slightly decreasing recrys-
allized fraction and for the coarse grains at the surface where the
nteraction is likely to be most pronounced.

Interannealing of the Al–0.8Fe–0.6Si alloy without a homoge-
ization treatment produces acceptable grain structures across the
ection of the strip for much of the cold rolling strain range. It is thus
oncluded that Al–0.8Fe–0.6Si foil stock, intended for cosmetic foil
pplications where formability is not critical, could be processed
ithout a high-temperature annealing treatment.
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