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Abstract /1
The high specific properties of aluminium based nanostructured alloys
have attracted significant attention due to their promise for structural
applications especially at elevated temperatures such as pistons Article History
for internal combustion engines. Several types of aluminium-based Received: 02 September
nanostructured alloys have been developed with microstructures 2023
of nanometre-sized particles embedded in the aluminium matrix. In Accepted: 24 October
this work a newly developed aluminium based nanostructured alloy 2023
is studied to understand its microstructure formation, stability and
mechanical properties at elevated temperatures. The microstructure Keywords
was characterised by means of X-ray diffraction, light and scanning Aluminium;
electron microscopies. Heat treatments were carried out to determine Materials;
the T6 condition properties and the microstructural stability at elevated Microstructure;
temperatures for long periods of exposure. The hardness of the new alloy Nanostructured;
at T6 was 30% higher than the corresponding to Al-4032 which is the Rapid Solidification.
commonly used alloy for piston application. The work also compared the
mechanical properties of the new alloy with two conventional aluminium
alloys used in piston applications. The new alloy has 1.3-4.7 times higher
strengths than Al-4032.
Introduction such as grain size refinement, solid solution and

Conventional high-strength aluminium alloys others.? To meet even higher tensile strength
are strengthened using various mechanisms requirements at elevated temperatures; different
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strengthening techniques have been considered to
produce nanostructured aluminium based alloys.>*
A number of techniques such as mechanical alloying
(MA), severe plastic deformation (SPD) and others
have emerged over the last two-three decades for
processing metals and alloys in a bulk form with
the primary aim of grain refinement. A grain size of
below 1 uym or less than 100 nm can be achieved
with these techniques. It has been reported recently
that such nanostructuring of the aluminium alloys
not only improves the mechanical properties, but
also improves the chemical and service properties.®
Several types of aluminium-based nanostructured
alloys have been developed with the microstructures
of nanometre-sized particles embedded in the
aluminium matrix.%®

Nanostructured (NS) aluminium alloys have
attracted significant attention during the last two-
three decades due to their high specific mechanical
properties compared to conventional aluminium
alloys hence offer interesting possibilities related
to many structural applications.®” The specific
properties of interest include higher strength/
modulus, lower density and higher temperature
capabilities.® NS materials owe their superior
properties to their unique microstructure in which
the volume of grain boundary is significant, i.e. a 5
nm material has approximately 50% of its volume as
grain boundaries. Interest in these new materials is
evident from the nearly 3000 research publications
and 300 US patents that appeared since 1991 {ill
2001." US government has spent more than $20
million in funding work to develop and commercialise
NS materials through Small Business Innovation
Research and Technology Transfer programs.™

It is well known that grain size can be controlled by
controlling the rate of solidification from liquid phase.
The alloy investigated in this work was produced by
a rapid solidification process called melt spinning.
Since the introduction of rapid solidification of
metallic melts by Duwez in 1960, many techniques
and devices have been developed to produce
alloys by rapid solidification. These techniques are
generally classified into three categories: spray,
surface and chill methods. Afeature of chill methods
is the production of a thin section of liquid metal that
is cooled by a larger chill block. Among the chill block
methods, the melt spinning is the most widely used

method because of its relatively high cooling rates
of up to 108 K/sec and suitability for high volume
industrial manufacturing. In fact, the accelerated
development of rapid solidification technology is
due to this technique.’>' Other advanced methods
such as mechanical alloying (MA) and powder
metallurgy (PM) are reported to be more successful
for refining microstructure of the materials, but are
more expensive than rapid solidification.*'s

In this work a new nanostructured Al-Mg-Si-Cu alloy
is studied to understand its microstructure formation
and thermal-stability. The mechanical properties of
the alloy at elevated temperatures were determined.
The work also compares mechanical properties of
the new alloy with some conventional aluminium
alloys.

Al-Mg-Si-Cu Alloy and Experimental Procedure
The Al-Mg-Si-Cu alloy characterised in this work is
produced by rapid solidification process (RSP) [16]
using melt spinning production method followed by
hot extrusion. The nominal composition of the alloy
specified by the manufacturer was AIMg13.5Si7Cu2
wt% and was provided as an extruded bar of 60
mm diameter. RSP Technology Ltd (Company) has
been working with F1, Nascars and others since
2001 and has developed a piston alloy line offering
a well-balanced compromise of properties. The alloy
investigated in this work is named as RSA-612 by the
manufacturer; it offers lower density, wear, thermal
expansion and increased stiffness & fatigue life.
The alloy has good ductility, shape retention during
operation and machinability.®

A sample slice of 8 mm thickness was cut from the
bar and prepared for microstructural examinations
using grinding and polishing. The sample was
later further cut into 8x8x8 mm portions for heat
treatments once the as-received material was
characterised.

The microstructure was characterised using
light and scanning electron microscopes. Light
microscope was used for particle analyses while
elemental energy dispersive spectroscopy (EDS)
and fractographic analyses were carried out using
JEOL scanning electron microscope.'” X-ray
diffraction (XRD) analyses were carried out at the
Department of Materials, University of Oxford.
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In order to optimise the mechanical properties of
the as-received alloy, heat treatment studies were
conducted to determine the T6 condition, where the
material has the optimum strength. Isothermal heat
treatments at different temperatures were carried
out to assess the alloy’s stability when exposed to
elevated temperatures for long periods of time.

The mechanical properties at elevated temperatures
were investigated by tensile tests at various
temperatures. The tests were carried out at the
University of Buenos Aires using Interactive
Instruments Model 1K Universal Material Tester.
All the tensile test specimens were stabilised at the
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relevant test temperatures for 100 hours prior to
testing. The test specimens were cut perpendicular
to the extrusion direction (ED) and all the tests were
carried out at strain rate of 10 s™.

Results

Microstructural Characterisation

The alloy was characterised using light and scanning
electron microscopes. Light microscope was used to
observe the microstructural homogeneity, determine
particle volume fraction, particle size and distribution.
The homogeneity of the alloy was also tested by
hardness tests across the sample’s cross section.
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Fig. 1: Images of the microstructure of the alloy in the as-received condition (a) optical
micrograph (b) back scattered electron image

Figures 1a and 1b show pictures of the microstructure
taken with light and electron microscopes
respectively. The light regions are Aluminium matrix
and the dark regions are Mg-rich particles or voids
where the particles have been dislodged by sample
polishing process. The very bright regions in Figure
1b is Copper.

Particle volume fraction analyses were used to
confirm the volume fraction as 22.5%. The 3D
particle sizes were determined using equations
from.'® The 3D particle sizes of all the observed
particles vs. frequency results are presented in
Figure 2 and it can be seen that nearly 50% and
90% of the particles have sizes of up to 1.7 and 3.5
Mm respectively.

The XRD results, Figure 3 indicate that three
different phases were present in the specimens,
the most dominant being the Al (a) with the widest
peak. The other two phases were Mg,Siand Mg,,A .

Vicker’s hardness tests were carried out across the
sample’s cross section to confirm the results of the
particle analyses. The load used for hardness test
was 10 Kg at the point of indentation. The hardness
along the sample’s cross section did not fluctuate
significantly therefore signifying the homogeneity
of material.

Effect of Heat Treatments
In this work, two types of heat treatments were carried
out as outlined in the following sections. Hardness
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tests were carried out on the heat treated samples  and quenched and the other time, on the same
as a mean of determining the effects of differentheat ~ sample after leaving it at room temperature (RT) for
treatment conditions on the alloy. Furthermore, two  a week. This was to observe if any major changes
repetitions of the hardness tests were carried outon  occurred in the hardness of the alloy with time after
each heat treated sample. The first test was carried  the completion of heat treatments.

out as the sample was removed from the furnace

3D Particle Size Vs Frequency
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Fig. 2: Particle distribution of all the observed particles.
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Fig. 3: Diffractograms of the specimens in two different heat treatment conditions



ADIL et al, Mat. Sci. Res. India, Vol. 20(3), pg.154-166 (2023) 158

Heat Treatment for T6 Condition and 5. Heat treatments studies were carried out to
The artificial aging heat treatment hardness test  increase the hardness and strength of the alloy.
results for the T6 condition are given in Figures 4
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Fig. 3: Diffractograms of the specimens in two different heat treatment conditions
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Fig. 5: Comparison of the heat treatment results at 160 °C a week after removing the samples
from furnace and just after removing from the furnace

Isothermal Heat Treatments for Microstructural  since the microstructure undergoes changes during
Stability the tensile tests. To avoid this, the microstructure
Microstructure of a heat treatable alloy is time  needed to be in a stable state which was achieved
and temperature dependent. This can cause through isothermal studies. This involved soaking
inconsistencies in high temperature tensile testresults ~ of the alloy at relevant temperatures at which the
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tensile tests would be carried out for long enough
time until the microstructure did not change anymore.

159

The hardness test results for microstructural stability
analysis are presented in Figure 6.
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Fig. 6: Microstructural stability heat treatment results

Results of Mechanical Testing

In order to obtain the mechanical properties of the
alloy, tensile and compression tests at strain rate
of 10 s were carried out. Furthermore, fracture
analyses were performed to determine the failures
modes.

Tensile Tests

Tensile Test Results

The high temperature tensile tests were carried out
at temperatures varying from room temperature
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up to 350 °C and the results are presented in
Figure 7. The horizontal axis of the graph is offset
by 0.05 for each temperature from the previous
temperature to better visualise the results at each
temperature else the lines falls on top of each other
especially at temperatures 200 °C and lower. The
data past yield points or plastic region has been cut
off and not shown in Figure 7 as it was not of an
interest in this work.

350 C
250 C
150 C

100 C
RT

0.0

Tensile Strain

Fig. 7: Tensile test results at several different temperatures
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Fracture Analysis of Tensile Test Specimens fractured tensile test specimens surfaces at different
Fracture analyses were carried out on the tensiletest  heat treatment conditions. The analyses show that
specimen to determine the cause/mode of failures.  room temperature sample failed in brittle manner
The SEM images in Figures 8a and 8b show the  while the 350 °C sample failed in ductile manner.

SEl 20kV WD18mmSS560 x27 V. WD10mm SS60
JTRC

a b
Fig. 8: SEM images of the fractured specimens tested at a) RT (T6) and b) 350C

The SEM images of the fractured faces of the test  faces with pits around them. The EDS spectrums of
specimens at two different heat treatment conditions  these large particles for the test specimens at RT
are presented in Figures 9a and 9b. Large particles  and 350 °C are presented.

made of Al, Mg and Si were observed in the fractured

™
SEl 20KV WD10mm  SS60
JTRC

Fig. 9: SEM image of the fracture face of the specimen tested at
(a) room temperature (T6) (b) 350 C
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Compression Tests

Compression Test Results

The compression tests were carried out on
specimens cut from the bar in extrusion direction
(ED) and 90 degree to the ED, called transverse
(Tran) direction. The compression test results were
plotted in Figure 10. The average yield strengths
in the extrusion and transverse directions are
approximately 550 and 510 MPa respectively.
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Fracture Analyses of Compression Test
Specimens

Fracture analyses of the compression test specimens
showed that pitting occurred around large particles
Figures 11a and 11b which could have led to the
initiation of cracks. The large particles mainly
consisted of Al, Mg and Si as can be seen in Figures
11a and 11b.

Tran S1
Tran S2
Tran S3

ED S2
ED S3

T 1 T T
0.00 0.05 0.10 0.15

) " T ) 1
0.20 0.25 0.30 0.35 0.40

Compressive Strain

Fig. 10: Compression test results of the new alloy for the specimens cut from
the extruded bar in two different directions
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Fig. 11: SEM image of the fracture face of the specimen in (a) extrusion b) transverse directions

Strength Contribution of different Strengthening
Mechanisms

Pedrazzini et al."® discussed the contribution of
different strengthening mechanisms to the yield

strength of an aluminium based nanostructured
alloy (Aly, Fe, Cr, Ti,). Similar approach has been
used in this work.
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Particle Strengthening

Orowan mechanism which accounts for dislocation
bowing around particles is the more common
strengthening mechanism in alloys such as the one
investigated in this work. Its contribution to the yield
strength can be estimated by equation (1)

G.b
Aoy, = MT (1)

Where Ag, (GPa) is the strengthening contribution
to yield stress due to the hard particles, M is the
Taylor factor that accounts for the homogeneous
deformation of the individual grains in a polycrystal,
G is the shear modulus (27 GPa for aluminium),
b is the Burgers vector (0.286 nm),?° and L is the
edge to edge planar inter-particle spacing (nm) for
the spherical particles that can be estimated using
equation (2)"

(1 £) (2

ZDS

Where f is particle volume fraction (22.5%) and
D, is the mean planar particle diameter, which is
related to the particle diameter in volume, Dp asin
equation (3).1°

D,= D, V(2/3) (3)

For an aluminium based nanostructured alloy (Al-
Cu),™ estimated the precipitate diameter (D) to
be 110 nm. This value was assumed for this alloy.

M in equation (1) is dependent on the matrix texture
and therefore different values are reported in
literature, but for an aluminium based hot extruded
nanostructured alloy (Al, Fe, Cr, Ti,), a value of 3.5
has been adopted,'® '® in this works.

Using equations (2) and (3) gives equation (4).

Ac. -(4)
P zpp j
(1=fv)

Substituting the above values into equation (4)
gives a value of 131 MPa. This is about 32% of the
alloy’s strength which aligns with values reported
in literature.'®

Grain Boundary Strengthening

Grain boundary strengthening can be estimated by
the Hall-Petch (H-P) equation, as shown in equation
(5), which has been found to match quantitatively
the grain size effect on the yield strength of
polycrystalline materials.'® 2!

AG,= 0+ kid ..(5)

Where Ao, (MPa) is the strengthening contribution
to yield stress due to the grain boundaries, o, is
the lattice frictional stress (for Al, it is commonly
taken as o, = 16 MPa), d is the average grain size,
and k, is known as the “locking parameter”, which
measures the relative hardening contribution of the
grain boundaries.

For an aluminium based nanostructured alloy (Al-
Cu),?® estimated the average grain size (d) and
locking parameter (k) to be 30 nm and 0.13 MPa
vm respectively.

Substituting the above values into (6) estimates that
nearly 55.5 MPa which is about 13.6% of alloy’s
strength.
Dislocation-Dislocation Interaction
Strengthening

Dislocation-dislocation interaction is an important
strengthening mechanism to be considered here and
it can be estimated using equation (7)"°

Ac,=M.a.G.bVp .. (7)

Where Ao, M, a, G, b and p are strengthening
contribution to yield stress due to the dislocation-
dislocation interaction, Taylor factor, dislocation
strengthening efficiency, shear modulus, Burger
vector and dislocation density.

Dislocation strengthening efficiency is a function of
the strain rate and temperature, and at strain rate
of 10*) s and room temperature, it is reported to
be 0.3. According to [19], a reasonable dislocation
density value for hot extruded nanostructured alloy
is of the order of 10" m=.

Substituting these values into (7) estimates that
nearly 81 MPa or 19.8% of alloy’s strength was
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contributed by dislocation-dislocation interaction.
This aligns with values reported in literature.

Solid Solution Strengthening
Considering the high solubility of the alloying
elements in this alloy facilitated by rapid solidification
method melt spinning, the remaining strength 141
MPa or 34.6% was assumed to be contributed by
the solid solution strengthening.

Discussion

Microstructure of the Alloy

The particles sizes were many folds smaller
compared to the aluminium alloys produced using
industrial metallurgy (IM) methods where the sizes
of particles vary 10 — 100 ym."® The smaller size of
particles can be ascribed to the rapid solidification
(RS) method melting spinning used to produce the
alloy investigated in this work.??

The results in Figure 2 show that there is significant
variation in particle sizes across the cross section
of the bar. The actual particle sizes were likely to
be smaller than measured because some of the
particles dislodged from the aluminium matrix during
grinding and polishing the sample. The voids left
which were measured were expected to be larger
than the particles. The particle analyses results
indicated uniform particle distribution which resulted
in uniform mechanical properties as confirmed by
the hardness tests results across the cross section
of the bar.??

The X-ray diffraction (XRD) analyses Figure 3
determined the presence of three different phases
with the most dominant being Al (a), while the other
two were Mg,Si and Mg, Al , and both of them are
known to improve not only strength of the alloy,
but other properties such as wear, corrosion and
ductility?-2#

Heat Treatments

Itis not straight forward to determine the T6 condition
from the artificial aging heat treatments results
in Figures 4 and 5 because the results overlap.
However, the aging results at 160 °C follow the
theoretical curve pattern for T6 condition Figure 5,
which increases incrementally reaching a maximum
and then slowly decreases. Furthermore, the
hardness of the sample heat treated at 160 °C for 30
hours did not change significantly after removal from

the furnace and leaving it at RT for a week, Figure
5. This appears to correspond to a T6 condition.
The hardness of the new alloy increased from an
average of 97 HV in as-received state to 175.5 HV
at T6 condition.

The samples soaked at different temperatures
reached stability at different lengths of times;
however the samples at 200 °C took the longest,
100 h to reach stability, Figure 6. While the samples
treated at 150 °C did not reflect any impact on
the hardness at all, indicating that no significant
microstructural changes occurred in the alloy up
to 150 °C. The alloy reached thermal stability at
approximately 100 hours for all temperatures.

Mechanical Properties, Deformation and Fracture
Behaviour

It can be seen from the tensile tests results in Figure
7 that the specimens in room temperature or T6
condition have the highest yield strengths with an
average value of approximately 409 MPa, but show
no appreciable elongation. On the other hand, the
specimens at 350 °C had the lowest strengths
with an average value of approximately 26 MPa,
but had the highest elongation. The results also
indicated that the alloy did not show any significant
reduction in strength up to 150 °C similar to stability
results in Figures 6 which could be due to the lack
of coarsening of the strengthening particles.
Furthermore, there was no significant scatter in
test results for different specimens in the same
testing conditions because the test specimens were
stabilised prior to testing.

Fracture analyses of tensile test specimen, tested at
room temperature shows of brittle failure, no necking
can be observed, Figure 8a. While a specimen
tested at 350 °C had appreciable necking and
failed in ductile manner, Figure 8b. Furthermore,
the specimen tested at RT fractured approximately
45° to the applied load while the specimen tested
at 350 °C fractured 90" to the applied load, showing
the fracture was caused by normal stress.

Fractographic analyses of samples, Figures 9a and
9b showed that large particles made of Al, Mg and Si
respectively form pits around them and could have
been the likely cause of fracture/crack initiation.
The average dimple sizes were 3.8 and 5.4 micron
for samples tested at RT and 350 °C respectively.
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In addition, the fracture surface of the specimen tested
at T6 state, Figure 9a, did not show any appreciable
microplasticity compared to the specimen tested at
350°C, Figure 9b. The microplasticity at 350 °C could
be due to the aluminium matrix becoming soft and
flows. Furthermore, there were more micro-cracks in
the specimen tested in T6 state than the specimen
tested at 350 C; this could be due to the lack of
microplasticity, indicating that the aluminium matrix
has been sheared.

The compression test results shown, Figure 10,
demonstrated that the specimens in extrusion
direction (ED) had higher yield strengths compared
to the transverse direction. This is because of the
grains alignment along the extrusion direction.?”-2
Furthermore, the average yield strength in transverse
direction was approximately 510 MPa which was
25% higher compared to 409 MPa in tension.
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Fractographic analyses of the specimens tested
in compression also revealed that pitting occurred
around large particles, Figures 11a and 11b; that
were made of Al, Mg and Si.

The tensile test results obtained in Section 3.3.1.1
for the new alloy showed an improvement over
other conventional aluminium alloys at the test
temperatures. Figure 12 compares the yield strengths
of the new alloy and two conventional aluminium
alloys used in high temperature applications,
specifically pistons. It can be seen that the new
alloy has higher yield strengths at test temperatures
than the conventional aluminium alloys. This opens
opportunity for high temperature applications such
as in internal combustion engine components. The
yield strength values for the conventional alloys were
obtained from.?2¢

Yield Strengths Vs Temperature for Different Alloys
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Fig.12: Yield strength comparison of two different aluminium alloys vs. the new alloy.?5-2

Conclusion

Anewly developed aluminium based nanostructured
alloy was investigated in this work to understand
its microstructure formation and determine the
mechanical properties. Microscopic analyses
showed a homogenous microstructure which leads
to homogenous mechanical properties, a highly
desired property in component design. The T6
condition was 30 hours at 160 °C and the alloy’s
hardness increased from 97 HV on average in as
received state to 175.5 HV in T6.

Tensile tests showed that the alloy had yield strength
of 409 and 26 MPa at room temperature and 350
°C respectively. The new alloy had 1.3-4.7 times
higher strengths than Al-4032 which is the commonly
used alloy for piston application. Furthermore, there
was insignificant scatter in the tensile test results
indicating homogenous microstructure.

Fractographic analyses of the test specimens
revealed that large particles made of Al, Mg and
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Si form pits around them which could have been
the likely cause of crack initiation due to thermal
mismatch between aluminium matrix and the
particles.

The different strengthening mechanisms that
contributed to the strength of the new alloy were
estimated to be 34.6% 32%, 19.8%, 13.6%, solid
solution strengthening, particle strengthening,
dislocation-dislocation interaction and grain size
strengthening.
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