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Multi-Phase Nanocrystalline Al Alloy with Superior
Strength and Modulus at Elevated Temperatures
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A multiphase nanocrystalline Al,;Fe,Cr,Ti, alloy containing 30 vol % intermetallic particles was prepared
via mechanical alloying, followed by hot extrusion. Systematic compressive tests and modulus measure-
ments were performed as a function of temperature and strain rate. High strengths and moduli at both
ambient and elevated temperatures were demonstrated. The results clearly indicated that the multiphase
nanocrystalline Aly;Fe;Cr,Ti, alloy has great potential for structural applications. Furthermore, the
strength of the multiphase nanocrystalline Al alloy at both room and elevated temperatures increased with
the decrease in the grain size, suggesting that diffusional creep is suppressed in this alloy, even though the

grain size of the alloy is below 100 nm.

Keywords aluminum alloy, elevated temperature, nanostruc-
tured materials, strength

1. Introduction

It is well known that nanocrystalline (nc) metals (with grain
sizes <100 nm) possess superior mechanical properties such as
high strength, high hardness, excellent wear resistance and su-
perplasticity, exceeding those of coarse-grained counterparts
(Ref 1-8). The microstructure, mechanical properties, and de-
formation mechanisms of nc metals have been the subject of
intensive study in recent years (Ref 9-17). However, most of
these studies focus on the behavior and properties of single-
phase nc materials. In contrast, investigation on multiphase nc
alloys at both ambient and elevated temperatures is scarce.

In an attempt to explore the potential high-temperature
structural applications, Inoue et al. (Ref 1, 18) chose the
AlysFe;Cr,Ti, alloy as a multiphase nc material for investiga-
tion because Fe, Cr, and Ti all have very low diffusivity and
equilibrium solubility in face-centered-cubic (fcc)-Al (0.03
at.% Fe, <0.01at.%Cr, and <0.2at.%Ti). Low diffusivity and
solubility are the basic requirements for preventing Ostwald
ripening (Ref 19, 20). Thus, the Aly;Fe;Cr,Ti, alloy is ex-
pected to have good microstructural stability at elevated tem-
peratures and therefore superior high-temperature strengths
(Ref 4, 21-23). The Aly;Fe;Cr,Ti, alloy prepared by Inoue et
al. (Ref 1, 21), is obtained via the gas atomization approach,
followed by hot extrusion.

In this study, mechanical alloying (MA) followed by extru-
sion is used to prepare the multiphase nc alloy. The potential
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advantage using MA to prepare the nc Aly;Fe;Cr,Ti, alloys
over the gas atomization approach is the possibility of making
nc Al matrix composites with nano-reinforcements (i.e., nano/
nano-Al composites) through blending the elemental constitu-
ents of the metallic matrix or prealloyed metallic powder with
insoluble nano-reinforcements such as nano-SiC particles.
Nano/nano-Al composites are expected to have better micro-
structural stability and thus higher elevated temperature
strengths than those exhibited by the corresponding nc Al al-
loys. The expected high elevated-temperature strengths of the
MA-processed Aly;Fe;Cr,Ti, alloy have indeed been demon-
strated (Ref 24). The current study takes one step further to
investigate the effect of grain sizes on the elevated-temperature
strength and elastic modulus.

A fully dense nc Aly;Fe;Cr,Ti, alloy with an average grain
size of 30-100 nm was prepared in this study. Uniaxial com-
pressive tests were performed at different temperatures and
stain rates. The reason for choosing the compressive test is that
it has a relatively stable testing condition for obtaining a sub-
stantial amount of plastic strain, not strongly influenced by
extraneous factors such as surface or internal defects, as well as
not subjected to the necking instability (Ref 25, 26). Under
tensile loading conditions, many nc materials have very limited
ductility and cannot sustain a uniform tensile deformation for
more than a few percent (Ref 27). The elastic modulus of the
nc alloy is also determined as a function of temperature. High
strengths and moduli are obtained at both ambient and elevated
temperatures. These superior properties are discussed using the
existing creep theories and the rule of mixtures to develop
insights into the deformation mechanisms of this extruded nc
AlysFe;Cr,Ti, alloy.

2. Experimental Procedure

Crystalline elemental powders were used to prepare an Al
alloy with a nominal composition of Aly;Fe;Cr,Ti,. The alu-
minum powder used had a purity of 99.5% with a mean particle
size of 70 pwm, whereas the corresponding values for iron,
chromium and titanium powders used were 99.0, 98.5, and
99.5% as well as 50, 30, and 30 pwm, respectively. MA was
performed under an argon atmosphere using a modified Szeg-
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vari attritor, which has been shown to be effective in prevent-
ing the formation of the dead zone and producing uniform
milling products within the powder charge (Ref 28). The can-
ister of the attritor was made of a stainless steel and the charge
consisted of stainless balls with a diameter of 4.76 mm. A
ball-to-powder weight ratio of 20:1 and a milling speed of 600
RPM with the milling duration of 30 h were used in the MA
process. During milling the canister was cooled by circulation
water with a flow rate of about 770 ml/min throughout the
process. To prevent excessive cold welding of the Al alloy, 1.2
wt.% stearic acid [CH;(CH,),,COOH] was added to the pow-
der mixture as the process control agent at the beginning of the
MA process (Ref 29).

Hot extrusion was used to convert the MA-processed pow-
der to bulk material. Prior to extrusion, the MA-processed pow-
der was containerized within a metal can and subjected to
degassing which was carried out at a temperature ranging from
300-550 °C until the pressure of the can was reduced to 107
torr. The parameters controlled during extrusion included the
angle of the extrusion dies, extrusion temperature, extrusion
ratio, and strain rate. Based on a previous study (Ref 24), good
extrusion conditions were used to prepare nc alloys with two
different average grain sizes (one being 50 nm and the other
80 nm). Furthermore, to achieve a substantial amount of duc-
tility under compressive loading, the continuous oxide film at
the prior powder particle boundaries (PPB) was completely
broken down under the extrusion conditions used (Ref 24).

The extruded Aly;Fe;Cr,Ti, bulk material was used to pre-
pare cylindrical compressive specimens 6 mm in diameter and
9 mm in height. Both ends of the compressive specimens were
polished to mirror surfaces and coated with MoS, before tests
to reduce the interfacial friction. All the compressive tests were
displacement controlled with a constant strain rate of 1072,
1072, or 10™* s™'. The tests were terminated if the specimen did
not fracture at —0.45 true strain. The test temperature investi-
gated ranged from 25 to 400 °C. The change of elastic modulus
of the nc alloy with temperature was measured on a dynamic
mechanical analyzer (DMA, 2980 from TA Instruments, Inc.,
New Castle, DE) in an argon environment with a heating rate
of 3 °C/min.

The density of the extruded Alg;Fe;Cr,Ti, alloy was mea-
sured on the basis of Archimedes’s principle. Furthermore, the
extruded alloy was analyzed using x-ray diffraction (XRD,
Bruker D8, BRUKER AXS, Inc., Madison, WI) with CuK,
radiation to monitor phase transformations and to estimate the
crystallite size and internal strains of the fcc-Al phase in the nc
Aly;Fe;Cr,Ti, alloy. The detailed procedure for estimating the
crystallite size and internal strain can be found elsewhere (Ref
30, 31) and will not be repeated here.

Analyses of the grain size, crystal structure, and chemical
composition within the microstructure of the Al alloy were also
performed using a transmission electron microscope (TEM,;
Philips EM420) operating at 100 kV. In the TEM analysis, both
bright- and dark-field image techniques coupled with selected
area diffraction (SAD), convergent beam electron diffraction
(CBED), and energy dispersive spectrometry (EDS) with an
electron beam of 3.5 nm were used. TEM thin film samples
were prepared by standard polishing steps and jet electro-
polishing at =30 °C after manually thinning the cut specimens
to 100-pwm-thick disks using a series of SiC abrasive papers.
The electrolyte used in the jet electro-polishing consisted of 4%
perchloric acid and 96% methanol. Chemical analyses of the
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Fig. 1 XRD patterns of the Aly;Fe,Cr,Ti, alloy before ball milling,
after ball milling for 30 h, and after hot extrusion at 500 °C. Note that
after ball milling the alloy contains only the fcc-Al solid solution with
substantial peak broadening, suggesting nanoscale fcc-Al grains. After
extrusion at 500 °C, two additional phases, Al ;Fe, and Al;Ti, are
detected.

extruded alloy were also performed using inductively coupled
plasma-optical emission spectroscopy (ICP) in triplicate.

3. Results and Discussion

Figure 1 shows the XRD patterns of elemental powder mix-
tures with a nominal composition of the Aly;Fe;Cr,Ti, alloy
before ball milling and after ball milling for 30 h and the
extruded bulk alloy. The peak shifting to higher 26 angles and
peak broadening of Al reflections were noted after 30 h of ball
milling. The peak shifting suggests the formation of an Al-
based solid solution, whereas the peak broadening indicates the
grain size refinement and/or the introduction of internal strains.
The average grain size of the fcc-Al solid solution after 30 h
milling, estimated using the Scherrer formula, is 14 nm,
whereas the effective internal strain 2§, estimated using the
Stokes and Wilson formula, is 1.8%. For the alloy extruded at
450 °C, three phases were identified from the XRD pattern and
they are the fcc-Al solid solution, AlFe, and Al;Ti interme-
tallics. Similarly, the alloy extruded at 500 °C also contains
three phases, but the metastable Al;Fe phase has been replaced
by the equilibrium phase, Al,;Fe,.

Based on Archimedes’s principle, the density of the alloy
extruded at 450 °C was measured to be 2.92 g/crn3, which is
almost identical to 2.91 g/cm? calculated from the rule of mix-
tures with the assumptions that all Fe and Ti were present in the
intermetallics, and thus the alloy was composed of 70% fcc-Al,
18% AlgFe, and 12% Al;Ti (in volume percent). This result
indicates the attainment of the full density of the extruded alloy
and is in good agreement with the TEM examination and the
SEM observation, which show no porosity in the alloy before
etching.

The chemical compositions of the Aly;Fe;Cr,Ti, alloy be-
fore and after mechanical alloying analyzed using the ICP
method are listed in Table 1. Because the addition of 1.2 wt.%
stearic acid brings 0.91% carbon and 0.135% oxygen to the Al
alloy, the chemical analysis indicates that the milling process
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Fig. 2 TEM micrographs of the Aly;Fe;Cr,Ti, alloy: elemental Al powder (a) before ball milling, (b) after 30 h of ball milling, (c) after extrusion
at 450 °C, showing an average grain size of 50 nm, and (d) after extrusion at 500 °C, showing an average grain size of 80 nm

Table 1 Chemical compositions of Al-Fe-Cr-Ti alloys under various conditions determined using ICP

Sample condition Fe, wt.% Cr, wt.% Ti, wt.% C, wt.% 0, wt.% N, wt.% Al, wt.%
Before milling without S.A. 5.82 3.61 3.33 0.026 0.462 0.0009 Bal
After milling with 1.2 wt.% S.A. 6.06 3.19 3.17 0.906 0.782 0.0175 Bal
After extrusion 5.99 3.41 3.19 1.076 1.267 0.0445 Bal

Note: S.A., stearic acid

does not introduce any additional carbon but does introduce
0.185% oxygen into the material. This result is obtained by
subtracting the oxygen content present in the powder mixture
before milling without stearic acid and that brought in by the
addition of stearic acid from the total oxygen content after
milling with 1.2 wt.% stearic acid. The Al alloy appears to pick
up a small amount of oxygen and nitrogen in the extrusion
process; however, the concentrations of all the other elements
stay the same as before the extrusion process. If all the carbon
and oxygen in the extruded alloy react with Al to form Al,C;
and AL, Oj, the extruded Al alloy would contain 3.73 vol.%
Al,C; and 1.42 vol.% Al,O5. Because SAD patterns indicate
no Al,C; and Al,O5 phases, Al,C; and Al,O; are likely to be
present in a noncrystalline form.

Journal of Materials Engineering and Performance

Shown in Fig. 2 are typical TEM bright-field images of the
alloy before ball milling, after ball milling, and after the sub-
sequent extrusion. Note that the starting Al powder before ball
milling is composed of micrometer-size particles with microm-
eter grain sizes (Fig. 2a). After ball milling for 30 h, the fcc-Al
grain size is reduced to 6-45 nm (Fig. 2b), basically substan-
tiating the finding of the grain size of 14 nm estimated from
the XRD analysis. The typical microstructures of the
Aly;Fe;Cr,Ti, alloy extruded at 450 and 500 °C are shown in
Fig. 2(c) and (d), respectively. Extrusion at 450 °C results in
an average grain size of 50 nm for the fcc-Al, whereas extru-
sion at 500 °C leads to an average grain size of 80 nm. As noted
previously, extruded Alg;Fe;Cr,Ti, alloys at both temperatures
consist of intermetallic particles. Figure 3 shows the typical
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Fig.3 TEM bright-field images of (a) Al,;Fe, and (c) Al;Ti precipitates in the Aly;Fe;Cr,Ti, alloy extruded at 500 °C. The corresponding CBED
patterns of Al,;Fe, and Al;Ti precipitates are shown in (b) and (d), respectively.

morphologies of Al,;Fe, and Al;Ti particles in the fcc-Al ma-
trix and their corresponding CBED patterns. These intermetal-
lic particles are precipitated during the extrusion process, and
their sizes are similar to that of the fcc-Al grains.

Figure 4 shows the EDS results of the fcc-Al grains before
and after extrusion. It can be seen that the fcc-Al grains before
extrusion is a supersaturated solid solution with Fe, Cr, and Ti
solutes. After extrusion the solute concentration in the fcc-Al
grain becomes very low. In fact, it is below the EDS detection
limit. The reduction of the solute concentration is consistent
with the formation of intermetallic precipitates revealed in the
XRD and TEM studies (Fig. 1, 2, and 3). The precipitation
during extrusion has changed the supersaturated fcc-Al solid
solution to the fcc-Al with very low solute concentrations. If
the equilibrium solubility is reached during extrusion, the con-
centrations of Fe, Cr, and Ti in the fcc-Al grain would become
0.03 at.%, <0.01 at.%, and <0.2 at.%, respectively (Ref 19).

Typical true stress-true strain curves of the extruded nc
Alg;Fe;Cr,Ti, alloys obtained from compressive tests with a
strain rate of 107> s™' at different temperatures are shown in
Fig. 5. All specimens exhibit excellent compressive ductility in
the tests at both ambient and elevated temperatures and there-
fore have great potential for structural applications. No cracks
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form at the interior or at the surface even after a true strain of
—0.45, at which the compressive tests are terminated. Three
samples are tested for each condition, and good repeatability is
noted from these tests.

The strength of the extruded Aly;Fe;Cr,Ti, alloys is tem-
perature and grain size dependent. The ultimate strength for the
Aly;Fe;Cr,Ti, alloy with an average grain size of 80 nm (Fig.
5a) is about 670 MPa at room temperature, whereas the corre-
sponding values are 445, 320, and 180 MPa at 200, 300, and
400 °C, respectively. In contrast, the ultimate strength for the
Alg;Fe;Cr,Ti, alloy with an average grain size of 50 nm (Fig.
5b) is about 690 MPa at room temperature; the corresponding
values are 530 and 340 MPa at 200 and 300 °C, respectively.
These maximum strengths, especially those at elevated tem-
peratures, compare very favorably against current commer-
cially available and other reported tentative Al alloys, includ-
ing Al-Ti-Cu (Ref 32), Al-Fe-Ce (Ref 33), Al-Fe-V-Si (Ref
34), and dispersion strengthened Al (Ref 35). All of the com-
mercially available alloys lose their useful strengths when the
temperature is above 250 °C (typically becoming lower than
200 MPa) (Ref 36). The superior high-temperature strength of
the nc Aly;Fe;Cr,Ti, alloys is likely derived from the low
diffusivities of the alloying elements, the presence of the na-
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Fig. 4 EDS spectra of (a) the Aly;Fe;Cr,Ti, alloy before extrusion
and (b) a fcc-Al grain in the nc alloy extruded at 450 °C

noscale intermetallic precipitates, the retention of the nc Al
grains after extrusion, and solid solution strengthening. How-
ever, the specific strengthening mechanisms are unclear at this
stage and will be investigated in the near future.

Note that the result from the compressive test has clearly
revealed a very interesting phenomenon: the strength of the
multiphase nanocrystalline Al alloy increases with the decrease
in the grain size at both ambient and elevated temperatures.
This phenomenon strongly suggests that diffusional creep has
been suppressed in these nc Al-alloys even at the homologous
temperature of 0.787,, (where T,, is the melting temperature
of aluminum). It is well known that Coble creep can easily
occur at this homologous temperature; furthermore, the finer
the grain size, the lower the flow stress (Ref 37). The nc
Aly;Fe;Cr,Ti, alloy in this study is clear in defying this general
trend established from micrometer-grained materials. In fact,
using the Coble creep formula (Ref 37):

kT wd’

771480 3D,

(Eq D)

an estimation of the flow stress for diffusional creep of the nc
Alg;Fe;Cr,Ti, alloy can be made. o in Eq 1 is the normal
stress, €, is the normal strain rate of the fcc-Al matrix, d is the
average size of the fcc-Al grains, () is the atomic volume of
aluminum, 3 is the effective thickness of the grain boundary,
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Fig. 5 Compressive true stress-true strain curves of the extruded nc
Aly;Fe,Cr,Ti, alloy under a constant strain rate of 107 s™" at different
temperatures as indicated: (a) alloy extruded at 500 °C with an average
grain size of 80 nm and (b) alloy extruded at 450 °C with an average
grain size of 50 nm

Dy, is the diffusion coefficient at grain boundaries, and k and
T have their usual meanings. Shown in Fig. 6 is the flow stress
as a function of deformation temperature predicted from Eq 1
with the assumptions that (a) the average grain size of the
fce-Al grains is 50 nm, (b) all the diffusional parameters in Eq
1 are approximately equal to those provided by Frost and
Ashby for pure Al (Ref 38), (c) the 30 vol.% intermetallic
particles are not deformable, and (d) the effect of the nonde-
formable intermetallics is accounted for by the rule of mixtures
(Eq 2):

Be=84 % 0.7+, x0.3 (Eq2)

where & is the imposed strain rate in the compression test, and
€1, 18 the strain rate of the intermetallics, which is zero due to
the nondeformable assumption. Thus, the strain rate of the
fcc-Al matrix in Eq. 1 is given by &,, = £./0.7.

Figure 6 clearly reveals that the flow stress at high tempera-
tures (i.e., 7> 100 °C) for an imposed strain rate of 107> s™'
should be very low if Coble creep is operational in the nc
Aly;Fe;Cr,Ti, alloy. For example, the predicted flow stress of
0.000158 MPa at 400 °C is 6 orders of magnitudes lower
than the measured counterpart. Thus, there is no doubt that
grain boundary diffusional creep is suppressed in the nc
AlysFe;Cr,Ti, alloy.

A similar estimation of the flow stresses corresponding to
Nabarro-Herring creep and power-law creep can also be made
with the aid of the following equations (Ref 39, 40):
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kT &
O =EAA0 D (Eq 3)
. k 1/n
YakT
T= (ADW?) U (Eq4)

where T is the shear stress, y,, is the shear strain rate of the
fce-Al matrix, D, is the lattice diffusion coefficient, w is the
shear modulus of the fcc-Al grains, b is the Burgers vector, and
A is the power-law creep constant. The other parameters in Eq
3 and 4 were defined in Eq 1. The estimations using Eq 3 and
4 also result in an unambiguous conclusion that the measured
flow stresses are much higher than the predicted counterparts.
For instance, the predicted flow stress for Nabarro-Herring
creep under an imposed strain rate of 107 s™" is 0.09 MPa and
for power-law creep is 13 MPa at 400 °C; in sharp contrast, the
0.2% offset yield strength measured under a strain rate of 107
s™' at 400 °C is 168 MPa. Therefore, creep through lattice
diffusion and dislocation climb is also suppressed in the nc
Aly;Fe;Cr,Ti, alloy. The fundamental mechanisms responsible
for the suppression of diffusional creep and creep dominated by
dislocation climb are currently under investigation and will be
discussed in the future publication.

Figure 7 shows the Young’s modulus of the extruded nc
AlysFe;Cr,Ti, alloy as a function of temperature ranging from
ambient to 550 °C. For comparison, the elastic modulus of the
7075 Al alloy is also measured. It is clear that the extruded nc
Aly;Fe;Cr,Ti, alloy has much higher Young’s moduli than the
7075 alloy at both room and elevated temperatures. Further-
more, the elastic modulus of the 7075 alloy is very close to that
of pure Al (Ref 38). The high modulus exhibited by the ex-
truded Aly;Fe;Cr,Ti, alloy is believed to be due to the presence
of 30 vol.% intermetallics. If the elastic modulus of the nc
fce-Al matrix is assumed to be equal to that of the pure Al, the
average elastic modulus of the intermetallics, Al;Ti and
Al;Fe,, can then be estimated with the aid of the rule of
mixtures:

E. = 0.7E,, + 0.3E,, (Eq 5)

where E_ is the measured elastic modulus of the extruded
Aly;Fe;Cr,Ti, alloy, E,, is the elastic modulus of the nc fcc-Al
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Fig. 7 Young’s moduli of the extruded nc Alg;Fe;Cr,Ti, and the
7075 Al alloy as a function of temperature determined using a dynamic
mechanical analyzer

matrix, and E, is the average elastic modulus of the interme-
tallics. Using Eq 5, the average moduli of Al;Ti and Al,;Fe,
are estimated to be 175, 159, 147, and 140 GPa for 25, 200,
300, and 400 °C, respectively. The estimated average modulus
of Al;Ti and Al,;Fe, at room temperature is close to the elastic
modulus of Al;Ti predicted from the first-principle calculation
(Ref 41). This lends the credence to the argument that the high
elastic modulus of the nc Aly;Fe;Cr,Ti, alloy is due to the
presence of the intermetallic precipitates. Nanocrystalline Al
alloys with high elastic moduli and strengths can offer higher
performance than traditional Al alloys in many stiffness-,
strength-, and weight-critical applications (Ref 42).

4. Conclusions

The compressive strength and Young’s modulus of the ex-
truded multiphase nanocrystalline Aly;Fe;Cr,Ti, alloy were in-
vestigated. The nc Aly;Fe;Cr,Ti, alloy exhibits promising me-
chanical properties (i.e., superior compressive strength,
ductility, and Young’s modulus) at both ambient and elevated
temperatures. The strength of the multiphase nc Alg;Fe;Cr,Ti,
alloy increases with the decrease in the grain size at both am-
bient and elevated temperatures, suggesting that diffusional
creep is suppressed in this alloy, even though the grain size of
the alloy is below 100 nm. The dislocation-climb-dominated
creep is also suppressed in this multiphase nc alloy. The supe-
rior elevated-temperature strength is believed to be due to the
suppression of these creep mechanisms. The elastic modulus of
the multiphase nc Aly;Fe;Cr,Ti, alloy is very high due to the
presence of 30 vol.% intermetallics.
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