Formation Mechanism of Nanoscale AlsFe Phase
in Al-Fe Alloy During Semisolid Forming Process
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The formation mechanism of nanoscale AlsFe phase in Al-1Fe (wt pct) alloy during
rheo-extrusion was investigated, and the mechanical property of the prepared alloy was also
measured. The results show that the average length of Al;Fe phase in Al-1Fe alloy prepared by
rheo-extrusion is 300 nm, which is much more refined than the needlelike Al;Fe phase in as-cast
Al-1Fe alloy (50 um). In rheo-extrusion, Al;Fe phase formed by eutectic reaction is bonelike,
but it could be continuously refined by the shear deformation in the wheel groove, in equal
channel angular flow, and in expansion extrusion mold. The total equivalent strain of the shear
deformation is higher than 4.82. The tensile strength and elongation of Al-1Fe alloy prepared by
rheo-extrusion are 135 MPa and 30 pct, respectively. The tensile strength of Al-1Fe alloy
prepared by rheo-extrusion is 58.8 pct higher than that of as-cast Al-1Fe alloy, and the
elongation is 19 pct higher than that of as-cast Al-1Fe alloy. Compared with as-cast Al-1Fe
alloy, the improvements of tensile strength and elongation caused by shear deformation in
rheo-extrusion are higher than the reported improvements induced by rare earth modification.
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I. INTRODUCTION

ALUMINUM alloys are widely used in automotive,
aerospace, and transportation because of their low
density, hl%h specific strength, and excellent corrosion
resistance..” ¥ However, iron in Al alloys always results
in the formation of Fe-bearing phase, and the shape of
Fe-bearing phase is generally needlelike. The needlelike
Al-Fe phase easily causes stress concentration and
dissevers Al matrix during plastic deformation.>®
Further, Fe is one of the most common elements in
Al alloys, and the solid solubility of Fe in Al is
relatively low.”"® In order to avoid the formation of
Fe-bearing phase, the most ideal method is to reduce
the content of Fe in Al melt to an extremely low level,
or even to completely remove Fe from Al melt.
However, the fact is that Al melt is often exposed to
Fe container during the forming process, and the
inclusion of Fe in Al is almost inevitable; besides, the
Fe removal process is complex and costly. Also, it has
been reported that the needlelike Fe-bearing phase
forms in Al alloys even if the content of Fe is only 0.1
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wt pet,”! but the content of Fe in some recycled Al
alloys can be as high as 2 wt pct. Therefore, Fe has
become a key factor in restricting the performance of
Al alloys and limiting their application.

In recent years, the research topic has shifted from
removing Fe to refining the Fe-bearing phase. It has
been widely reported that Fe-bearing phase can be
effectively refined and its morphology can be changed by
some measures, and the negative effect of Fe-bearing
phase can be partly dv01ded and Fe can even serve as a
reinforcing particle.”’ The measures can be divided into
two categories. One is refining the Fe-bearing phase
durm[g liquid forming and includes magnetic stir-
ring,'" rapid solidification,'> ' element modifica-
tion,””! and so on. Ban et al. studied Al;Fe phase in
hypereutectic Al-Fe alloy during solidification under the
function of magnetic field and found that AlsFe phase
could be refined by AC magnetic field, while DC
mdgnetlc field had the opposite effect.!'! Li e al. found
that primary AlsFe phase was refined because the nuclei
dens1ty of primary AlsFe was increased by the magnetic
field.!">) However, the magnetic field that can effectively
refine AlsFe phase has a high requirement of magnetic
field strength and stability, so it is costly and not
suitable for large-scale industrial application. Some
studies showed that Al;Fe phase could be refined by
rapid solidification because the solid solubility of Fe in
Al matrix was expanded by increasing the coohn%
rate.l'® Nevertheless, the research of Zhang er all
indicated that Al;Fe phase in Al-Fe alloy was more
nucleation dependent than growth dependent (theory of

VOLUME 49B, OCTOBER 2018—2225


http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-018-1323-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-018-1323-7&amp;domain=pdf

Meredith). In fact, metal prepared by rapid solidifica-
tion is generally in small scale and the process is of high
cost. Several reports showed that the preferential growth
of Al;Fe phase could be retarded by the addition of an
extra element, such as rare earth (RE), and Als;Fe phase
could be refined. However, the refinement effect of
AlsFe phase induced by the added element is not
obvious, and the addition of an extra element may
introduce undesirable second phase and raise the cost.
However, though Al-Fe phase was refined during liquid
forming, both the tensile strength and elongation of Al
alloys were not significantly improved. In the case of RE
modification, the tensile strength of as-cast Al-1Fe (wt
pct) alloy only increased from 85 to 89 MPa, and the
elongation increased from 25.5 to 28.5 pect.”

Another measure is refining Fe-bearing phase by the
shear stress in plastic deformation, especially multipass
severe plastic deformation (SPD).'® Repetitive contin-
uous extrusion,!'” equal channel angular pressing
(ECAP),P” and high-pressure torsion!*! have been
proved to be able to refine Fe-bearing phase. However,
multipass SPD limits the production efficiency and the
product is always in small scale. Though many methods
have been proposed to refine Fe-bearing phase in Al
alloys, some of them are not suitable for large-scale
industrial application, while the others require strict
processing parameters and are of high cost. No desirable
measure that is cost-effective and applicable for indus-
trial production to refine Fe-bearing phase has been put
forward until now to the best of our understanding.

Semisolid forming is a novel metal processing tech-
nology, which is different from liquid forming and solid
plastic deformation. Semisolid slurry with high solid
fraction exhibits good fluidity and viscosity, and shear
stress induced by slurry flow may achieve the refinement
of brittle primary Fe-bearing phase in semisolid slurry.
However, there have been few reports about the
refinement of Fe-bearing phase in semisolid forming
process so far. Rheo-extrusion is a typically semisolid
forming method, and it can be used to prepare profiles
with different sections of Al alloys, Mg alloys, etc.
Recently, a new SPD method called ‘“accumulative
continuous extrusion forming (ACEF)” was developed
based on rheo-extrusion, and it has been reported that
o-Al grains in Al-Sc-Zr alloy, Al-Er alloy, and Al-Si
alloy could be obviously refined by ACEF.?'"?¥ So, it
can be deduced that the brittle Fe-bearing phase may be
effectively refined by the shear deformation in rheo-ex-
trusion, and the main purpose of this article is to
investigate the refinement of Fe-bearing phase in the
semisolid forming process and to provide new direction
for how to handle the Fe in Al alloys.

II. EXPERIMENTAL PROCEDURES

Pure Al ingot (99.99 wt pct) and Al-10Fe (wt pct)
master alloy were used to prepare the Al-1Fe alloy
studied here. First, pure Al ingot was melted in a
crucible resistance furnace under the protection of argon
gas and then Al-10Fe (wt pct) alloy was added into the
melt when the pure Al was heated to 730 °C and held for
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10 minutes. A preheated ceramic rod was used to stir the
melt in order to homogenize Fe. After degassing and
deslagging, the melt was poured into the roll groove of a
DZJ350 continuous rheo-extrusion machine to prepare
Al-1Fe alloy rod with a diameter of 10 mm, and the
schematic of rheo-extrusion is shown in Figure 1.

Samples for optical microscope (OM) and scanning
electron microscope (SEM) observation were polished
and etched by Keller reagent (2.5 mL HNO; + 1.5 mL
HCl + 1.0 mL HF + 95 mL H,O). An Olympus
DSX500 metallographic microscope was used to observe
the microstructure. A field emission—scanning electron
microscope (Ultra Plus, Carl Zeiss, Germany) equipped
with an energy-dispersive X-ray spectroscopy (EDS)
instrument was used for microstructural observation
and chemical component analysis. Specimens were
investigated using an X-ray diffractometer (X’ Pert Pro
(Philips, Netherlands), Cu K, irradiation, and 1 =
0.15406 nm) to identify the second phase. Plate with
~ 500-um thickness was cut from the prepared rod by
electrospark wire-electrode cutting for transmission
electron microscopy (TEM) specimens, and then it was
mechanically polished from both sides to a final
thickness of ~ 70 um. Subsequently, foils with a diam-
eter of 3 mm were punched and twin jet electropolished
in a solution of 2.5 vol pct HCIO, in ethanol at — 45 °C
and 40 V. The TEM observations were performed using
a TEM instrument (Tecnai G2 20, FEI) operated at an
accelerating voltage of 200 kV. A CMT5105 electronic
tensile testing machine was used to test the mechanical
property at room temperature, the crosshead speed was
set as 2 mm/min, and three samples were tested for each
condition.

III. RESULTS

A. Al-Fe Phase in Al-1Fe (Weight Percent) Alloy
Prepared by Rheo-Extrusion

The TEM graph of Al-1Fe alloy prepared by rheo-ex-
trusion is shown in Figure 2(a). It can be found that
massive second phase forms in Al-1Fe alloy during
rheo-extrusion forming, and its average length is 300
nm. The nanoscale phase is composed of Al and Fe
according to the EDS analysis shown in Figure 2(b) of

—— Crucible

Extrusion shoe

Melt

Cooling water

Extrusion wheel

Fig. 1—Schematic of rheo-extrusion and location of sample taking.
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Element wt. % at. %
Al 91.28 95.59
Fe 8.72 441

Total 100 100

Fig. 2—(a) TEM graph of Al-1Fe (wt pct) alloy prepared by rheo-extrusion and (b) EDS analysis of point I in (a). (¢) Corresponding SAED of

point I, showing the bean direction was [1 5 2] of AlsFe phase.

Needlelike AlsFe

Fig. 3—OM image of as-cast Al-1Fe (wt pct) alloy.

point I arrowed in Figure 2(a). Further, the Fe-bearing
phase can be determined as Al;Fe phase (sometimes it is
denoted Al 3Fes),'>?* based on the corresponding
selected area electron diffraction (SAED) (Figure 2(c)).
Figure 3 shows the OM image of as-cast Al-1Fe alloy,
and it can be found that the shape of AlsFe phase is
needlelike, similar to that reported for as-cast Al-Fe
alloy.”® The average length of the needlelike AlsFe
phase is about 50 um, and the AlsFe phase in Al-1Fe
alloy prepared by rheo-extrusion is much refiner than
that prepared by casting.
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B. Mechanical Property of Al-1Fe ( Weight Percent)
Alloy Prepared by Rheo-Extrusion

The tensile engineering stress—engineering strain
curve of Al-1Fe alloy rod prepared by rheo-extrusion
is shown in Figure 4(a), and it is found that the tensile
strength and elongation of the Al-1Fe alloy rod are 135
MPa and 30 pct, respectively. In the study of Shi
et al.,”! the tensile strength of as-cast Al-1Fe alloy is 85
MPa and the corresponding elongation is 25.5 pct.
They also investigated the microstructure and mechan-
ical property of Al-1Fe alloy modified by RE. In the
case of the optimal modification effect of RE (0.3 wt
pct), AlsFe phase could be refined to about 4 um.
However, the tensile strength of as-cast Al-1Fe only
increased from 85 to 89 MPa, and the elongation
increased from 25.5 to 28.5 pct.”? The tensile specimens
before and after tensile test are shown in Figure 4(c).
The comparison of mechanical properties of Al-1Fe
alloys prepared by different methods is shown in
Figure 4(b). The tensile strength of Al-1Fe alloy was
improved by 4.7 pct and elongation was increased by
11.8 pct when Al-1Fe alloy was modified by RE. The
tensile strength and elongation of Al-1Fe alloy pre-
pared by rheo-extrusion were 58.8 and 19 pct higher
than those of as-cast Al-1Fe alloy. So, Al;Fe phase can
be obviously refined by rheo-extrusion, and the refine-
ment effect is much more significant than that induced
by the modification of RE.
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Fig. 4—(a) Tensile engineering stress—engineering strain curve of Al-1Fe (wt pct) alloy rod prepared by rheo-extrusion, (b) comparison of
mechanical properties of Al-1Fe (wt pct) alloys prepared by different methods, and (¢) tensile specimens before and after tensile testing.

IV. DISCUSSION

To investigate how Al;Fe phase could be refined to
nanoscale during rheo-extrusion, the extrusion machine
was stopped and cooled by high-pressure cooling water
to take samples for microstructural observation, and the
sampling position is shown in Figure 1.

A. Refinement of Al;Fe Phase by Shear Deformation
in the Wheel Groove

The microstructure of Al-1Fe alloy at position A is
shown in Figure 5(a), and it can be found that the
microstructure was composed of «-Al grain as well as
eutectic structure. Figure 5(b) shows an SEM image of
the eutectic structure in Figure 5(a), and it indicates that
the eutectic structure contains bonelike second phase.
The EDS analysis in Figure 5(c) shows that the bonelike
second phase consists of Al and Fe. The bonelike second
phase can be further determined as Al;Fe phase,
according to the X-ray diffraction (XRD) analysis in
Figure 5(d). It is well known that Al-1Fe alloy is a
hypoeutectic alloy and the eutectic content of Fe is 1.8
wt pct. Primary AlsFe phase only existed in eutectic
structure formed by eutectic reaction when the content
of Fe in residual liquid was enriched to the eutectic
content. Further, Figure 5(a) shows that o-Al grain at
position A is not elongated, while Figure 5(b) shows
that the Al;Fe phase is not fractured.

At position B, o-Al grain in Al-1Fe alloy was
elongated, as shown in Figure 6(a), indicating that
the alloy at point B had been completely solidified.
Figure 6(b) is the SEM micrograph of Al;Fe at position
B, and it can be found that the average length of
bonelike Al;Fe phase is 2.8 ym and that only a small
amount of AlsFe phase is broken. When solidified alloy
flowed in the roll-shoe gap, shear deformation occurred
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in the alloy because the friction stresses acted by the
rotational extrusion wheel and fixed extrusion shoe were
in the opposite directions. The equivalent shear defor-
mation strain of solid metal in the wheel groove has
been researched by finite-element model simulation. The
study of Wei et al. indicated that the equivalent strain of
the shear deformation was 0.4 when the diameter of the
extrusion wheel was 300 mm, and the rel)ort of Cho
and Jeong was in full compliance with Wei.*®) However,
a different result could be found in the report of Lu
et al.; they reported that the equivalent strain was 0.53
when the diameter of the extrusion wheel was 500
mm.?”! From the preceding reports, it can be summa-
rized that the equivalent strain of shear deformation in
the wheel groove varies with the extrusion wheel’s
diameter, and the shear deformation in the wheel groove
of the DZJ350 rheo-extrusion machine (the diameter of
the extrusion wheel is 350 mm) is between 0.4 and 0.53.
Further, the alloy is in semisolid state in the front part of
the wheel groove, so only little AlsFe phase can be
fractured by shear deformation in the roll-shoe gap, as
shown in Figure 6(b).

B. Refinement of AlsFe Phase by Shear Deformation
in Equal Channel Angular Flow

At the exit of the wheel groove, the flow direction of
Al-Fe alloy changed from the tangential direction of the
extrusion wheel to the circumferential direction of the
extrusion wheel, and the second-stage shear deformation
occurred. According to the structure of the experimental
device, the second-stage shear deformation can be
treated as ECAP; the corresponding @ (inner corner)
is 90 deg and YW (outer corner) is 0 deg, so the equivalent
strain is 1.155.%%) After the second-stage shear defor-
mation, the amount of fractured Al;Fe phase increased,
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Fig. 5~—(a) OM micrograph of Al-1Fe (wt pct) alloy at position A. (b) SEM image of eutectic structure in (a), showing bonelike second phase
distributes along different directions. (¢) EDS analysis of bonelike second phase at point II in (b). (¢d) XRD analysis of Al-1Fe (wt pct) alloy at
position A.

Non-fractured
A13Fe
AlsFe Perpendicular to .
= the observation plane

Fig. 6—(a) OM micrograph of Al-1Fe (wt pct) alloy at position B. (b)) SEM micrograph of Al;Fe phase in (a).

and its average length was 0.8 um, as shown in Figure 7.
The refinement of Al;Fe phase in Al-Fe alloy by ECAP
‘ was reported by Stolyarov,”” and the bulk Al;Fe
e 1 (Al;5Fey4) phase was refined from 10 to about 2 um
- after one pass ECAP. However, only partial Al;Fe
w phase was refined and some bonelike Al;Fe phase

remained (Figure 7).

: C. Refinement of Al;Fe Phase by Shear Deformation
: in the Expansion Extrusion Mold

b

With the continuous alloy flow, the third-stage shear
deformation occurred when Al-Fe alloy flowed into and

Non-fractured

Al;Fe out of the expansion extrusion mold due to the variation

of cavity diameter along the flowing direction. After

Fig. 7—SEM micrograph of Al;Fe phase in Al-1Fe (wt pct) alloy at €xpansion extrusion, Al;Fe phase was further refined,
the exit of the roll-shoe gap. and its average length was reduced to 300 nm.
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Fig. 8 —SEM micrograph of Al;Fe phase in Al-1Fe (wt pct) in the
expansion extrusion mold.

Moreover, there was no nonfractured Al;Fe, and the
length of Al;Fe phase was homogeneously distributed,
as shown in Figure 8. Pardis er al.*®! investigated the
equivalent strain of expansion extrusion, which could be
expressed as ¢ = 4 In D,/D, where Dy was the diameter
of the mold calibrating strap and D; was the maximum
diameter of the expansion cavity. In our study, D, was
10 mm and D; was 25 mm, so the equivalent strain
suffered by Al-Fe alloy in the expansion extrusion mold
was 3.665, which was higher than the equivalent strain
of three passes ECAP.

It is generally known that needlelike Al;Fe phase
causes harm to the mechanical property of Al-Fe alloy,
but in this article, the mechanical property of Al-Fe
alloy is obviously improved when the average length of
AlsFe phase is reduced to 300 nm. So, it can be noted
that Al;Fe phase also has an obvious strengthening
effect when it is refined to nanoscale, and the hated Fe
may transfer to a reinforcing particle. Further, rheo-ex-
trusion is a short forming process that has no strict
requirement of processing condition and addition of
extra elements, and it is suitable for large-scale industrial
application. In fact, the distribution uniformity of the
nanoscale Al;Fe phase has the potential to be improved,
as do the Al alloys’ mechanical properties, which need
further study.

V. CONCLUSIONS

In this study, a high-strength Al-1Fe alloy reinforced
by nanoscale AlsFe phase was obtained by rheo-extru-
sion. The refining mechanism of Al;Fe phase in Al-1Fe
alloy during rheo-extrusion was investigated by OM,
SEM, XRD and TEM, and the mechanical property of
the prepared Al-1Fe alloy was measured. The main
conclusions are as follows.

1. The average length of AlsFe phase in Al-1Fe alloy
prepared by rheo-extrusion is 300 nm, which is much
more refined than the average length of needlelike
AlsFe phase in as-cast Al-1Fe alloy (50 um).
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2. In rheo-extrusion, there are three stages of shear
deformations, including shear deformation in the
wheel groove, equal channel angular flow, and
expansion extrusion mold, and the total equivalent
strain is higher than 4.82. AlsFe phase formed by
eutectic reaction was bonelike, but it could be refined
by the shear deformation in the wheel groove and
equal channel angular flow, and then further refined
by the shear deformation in the expansion extrusion
mold.

3. The tensile strength and elongation of the Al-1Fe
alloy reinforced by nanoscale Al;Fe phase are 135
MPa and 30 pct, respectively. The tensile strength of
Al-1Fe alloy prepared by rheo-extrusion is 58.8 pct
higher than that of as-cast Al-1Fe alloy, and the
elongation is 19 pct higher than that of as-cast
Al-1Fe alloy. The improvements of tensile strength
and elongation of Al-1Fe alloy caused by shear
deformation in rheo-extrusion are much more sig-
nificant than the reported improvements induced by
RE modification.
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