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The typical SiCp/Al-Cu-Mg composites have strong natural aging hardening trend, thus decreasing performance
for cold working after quenching. The study developed a SiCp/Al-2Cu-1.2Mg-0.6Si (in wt.%) composite with low
natural aging strength and high natural aging ductility. Compared to the typical SiCp/2009Al (Al-4Cu-1.2 Mg, in
wt%) composite, the SiCp/Al-2Cu-1.2Mg-0.6Si composite had a 73 MPa decrement in yield strength and an
increment in uniform elongation from 8.5% to 10.5% after one-week natural aging due to much fewer Cu,
whereas the composite exhibited a 33 MPa increment in yield strength after artificial aging. Due to modification
of precipitation by Si, finer and equal quantity (volume fraction) of intragranular precipitates formed after
artificial aging in the SiCp/Al-2Cu-1.2Mg-0.6Si composite in comparison with the SiCp/2009Al composite.
Therefore, higher yield strength after artificial aging could be achieved although Cu content was much lower.
The SiCp/Al-2Cu-1.2Mg-0.6Si composite exhibited great potential for application, thereby enriching the clas-
sification of SiCp/Al composites.

1. Introduction

SiC particles reinforced high-strength Al-Cu-Mg alloys are widely
used as load-bearing components, such as SiCp/2009Al and SiCp/
2024Al composites [1-4]. Compared to unreinforced alloys, SiC-
p/2009Al and SiCp/2024Al composites have excellent yield strength
(YS) after artificial aging (AA) but they are too brittle to plastically form
in the AA state. By contrast, during a very short time after solution and
quenching treatments, these composites exhibit relatively high ductility
and low YS. This short natural aging (NA) stage is the best chance to
conduct cold plastic forming, such as quenching distortion correction
and stamping. However, SiCp/2009Al and SiCp/2024Al composites
have strong NA hardening, leading to fast strength increase and ductility
decrease with prolonged NA time [5,6]. Consequently, it is demanded to
develop SiCp/Al composites with low NA strength and high NA ductility.
Meanwhile, this kind of composite should have enough AA hardening in
order to meet service requirements.

In previous studies [7,8], NA hardness in some Al-Mg-Si alloys was
reduced by adding vacancy-seizing elements, such as Sn, to inhibit
vacancy-assisted solute clustering. The trapped vacancies could be
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released to form precipitates at about 170 °C, so AA hardness was not
impaired. However, it was reported that Sn had negligible effects on NA
hardening in the Al-3.9Cu-1.1 Mg (in wt.%) alloy because Cu and Mg
could form clusters before vacancies were seized by Sn [9].

This work intended to reduce NA strength and improve NA ductility
through weakening solute strengthening and cluster strengthening,
which could be achieved by reducing alloying elements that have large
atomic size mismatch and shear modulus mismatch with the Al matrix
[5,10]. However, the reduction of alloying elements will decrease
strength after AA. In order to maintain high AA strength, micro-alloy
elements should be added to modify precipitates, such as size or quan-
tity control [11]. Moreover, these micro-alloy elements should have
small atomic size mismatch and shear modulus mismatch with the Al
matrix, thereby avoiding significant improvement of NA strength.

According to the above strategy, a SiCp/Al-2Cu-1.2Mg-0.6Si (in wt
%) composite was designed. Compared to SiCp/2009Al1 (3.2-4.4 Cu and
1.0-1.6 Mg, Al bal. (in wt.%)) composites, Cu was reduced drastically to
weaken solution strengthening and cluster strengthening, and Si was
added in a small amount to enhance precipitation strengthening. Effects
of Si on AA precipitation behavior in Al-Cu-Mg alloys have been
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investigated [12-14], but little attention was paid to their composites.
For the composites, the influence of Si on the interface reactions be-
tween SiCp and the matrix should also be concerned. In addition, pre-
vious studies only reported the independent effect of Si [12], whereas
this work paid more attention to how Si replenished AA strength loss
caused by Cu reduction without significantly increasing NA strength.

In this work, the synergistic effects of Cu reduction and Si addition on
microstructures and mechanical properties of the composites were
investigated. The aims of this study are: (I) develop composites with low
NA strength and high NA ductility but strong AA hardening; (II) eluci-
date the related microstructural mechanisms responsible for mechanical
property changes.

2. Experiments

Three composites reinforced by 17 vol% SiCp were prepared by
powder metallurgy technology including powder mixing, hot pressing,
hot extruding with an extrusion ratio of 16:1 and solution treatment at
temperatures listed in Table 1. The hot pressing temperatures and so-
lution temperatures of the SiCp/2009Al and SiCp/AlCuMg were selected
according to our published work [15,16]. For the SiCp/AlCuMgSi, a
higher hot pressing temperature was used for densification and a higher
solution temperature was used to adequately dissolve Si-containing
phases. The nominal sizes of SiCp (99.5 pct. purity) and alloy powders
(99.9 pct. purity) were 7 pm and 13 pm, respectively. The nominal
composition of matrices is also listed in Table 1. The SiCp/2009Al was
prepared to compare to the SiCp/AlCuMgSi to evaluate the strategy. The
SiCp/AlCuMg was also fabricated to clarify the role of Si.

NA was conducted at room temperatures. AA was carried out at
170 °C for different time to determine the highest hardness of the SiCp/
AlCuMgSi and SiCp/2009Al.The samples that were artificially aged
immediately after quenching to the highest hardness were abbreviated
as DPA samples. And the samples that were naturally aged for one week
then artificially aged to the highest hardness were abbreviated as NPA
samples. The SiCp/AlCuMg was artificially aged with the same DPA and
NPA processes as the SiCp/AlCuMgSi in order to expound the effect of Si
on AA hardening.

Brinell hardness and Vickers hardness were measured using a Testor
1080 hardometer under a load of 250 kg and a FV-700 hardometer
under a load of 10 kg, respectively. At least three indentations were
made on each sample. Following the ISO 6892-1: 2009, tensile samples
with a gauge length of 35 mm were tested under a strain rate of 1 x 10>
s~ using an Instron 5982 tensile test machine equipped with an
extensometer. The tensile axis was parallel to the extrusion direction.
Three samples were tested for each aging condition to calculate average
values.

Transmission electron microscopy (TEM) characterization was per-
formed on FEI Tecnai F20. Bright-field (BF) and high-resolution TEM
(HRTEM) images were acquired with the electron beam parallel to the
<001> 4] zone axis. All TEM foil samples were dimpled and ion-milled at
about —70 °C. Thermodynamic calculation was conducted using the
Thermo-Calc software based on the TT Al-Alloys Database v8.1 to
further elucidate the precipitation behavior.

Table 1
Sample designations, nominal composition (Al, Bal.) of matrices and manufac-
ture temperatures of three composites.

Designations Composition, wt% Manufacture temperatures, °C

Mg  Si Cu Total  Hot Extrusion  Solution
pressing
SiCp/ 1.2 0.6 2.0 3.8 600 450 540
AlCuMgSi
SiCp/2009Al 1.2/ 4.0 52 580 450 500
SiCp/AlCuMg 1.2/ 2.0 32 580 450 500
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3. Results
3.1. Mechanical properties

During NA, the SiCp/AlCuMgSi showed much lower hardness than
the SiCp/2009Al, and slightly higher hardness than the SiCp/AlCuMg,
indicating that the reduction of Cu significantly reduced NA hardness
but the addition of Si slightly increased it (Fig. 1(a)). Compared to the
SiCp/2009Al, the SiCp/AlCuMgSi had a 73 MPa reduction in YS and an
increment in uniform elongation from 8.5% to 10.5% after one-week NA
(Fig. 1(b)).

The SiCp/AlCuMgSi and the SiCp/2009Al attained the DPA state
after AA for 8 h and 12 h, respectively (Fig. 1(c)). In the DPA state, the
SiCp/AlCuMgSi had the YS of 460 MPa and the ultimate tensile strength
of 555 MPa, which were 33 and 25 MPa higher than those of the SiCp/
2009Al, respectively (Fig. 1(d)). The SiCp/AlCuMg exhibited the lowest
DPA strength due to fewer Cu and free of Si. In the NPA state, the SiCp/
AlCuMgSi still had the highest strength among the three composites
(Fig. 1(e)).

3.2. Intragranular precipitates

Fig. 2(a—c) shows the BF and corresponding selected area electron
diffraction (SAED) images of intragranular precipitates in the DPA
composites. All precipitates were elongated along three equivalent
<001>4; directions. The SiCp/AlCuMgSi had the finest intragranular
precipitates among the three composites, indicating that Si could refine
intragranular precipitates.

The HRTEM and corresponding Fast Fourier Transforms (FFT) im-
ages of the SiCp/AlCuMgSi in the DPA state are shown in Fig. 2(d-h).
The precipitate shown in Fig. 2(d) had a monoclinic structure with the
long axis parallel to <320>; and the short axis parallel to <310>4), so
was identified as p”’ phases (probably MgsSig) [17,18]. The precipitate
shown in Fig. 2(e) with a disordered narrow rectangular cross-section
elongated along <001>; was in coincidence with L phases (uncertain
composition but rich in Cu, Mg and Si) [19]. The precipitate shown in
Fig. 2(f) had a length of about 20 nm, and its lattice constant is similar to
the Al matrix, so was identified as Guinier-Preston-Bagaryatsky (GPB)
zone [12,20].

The precipitate shown in Fig. 2(g) had a body-centered tetragonal
crystal structure and the lattice constants of a = 0.404 nm, b = 0.580
nm, which was determined to be 6’ phases [21]. S” phases were also
found (Fig. 2(h)) according to the monoclinic crystal structure [22].
However, the quantity of 6’ and S” phases was very few.

The equilibrium phase diagrams calculated by Thermo-Calc software
are shown in Fig. 3. Compared to those in the Al-Cu-Mg phase diagram,
Si promoted the formation of p and Q phases, and changed the position
of 0 and S phases in the Al-Cu-Mg-0.6 wt%Si phase diagram. Conse-
quently, intragranular precipitates of Al-Mg-Si—Cu (p’’ and L phases)
and Al-Cu-Mg (GPB zones, 8 and S” phases) alloys both existed in the
DPA SiCp/AlCuMgSi.

3.3. Intergranular phases

Fig. 4 shows the BF images of intergranular phases (phases at grain
boundaries and interfaces between SiCp and the matrix) in the DPA
composites. The SiCp/AlCuMgSi (Fig. 4(a) and (d)) had much fewer
intergranular phases than the SiCp/2009Al (Fig. 4(b) and (e)) and SiCp/
AlCuMg (Fig. 4(c) and (f)), suggesting that Si plays an important role in
reducing intergranular phases.

The theoretical volume fractions of equilibrium phases at 170 °C
(feq) in the SiCp/AlCuMgSi and SiCp/2009Al were calculated using
Thermo-Calc software. The volume fractions of intragranular pre-
cipitates (f) in the DPA SiCp/AlCuMgSi and SiCp/2009Al were calcu-
lated based on TEM images. The number density, radius (r) and length of
intragranular precipitates were counted according to Fig. 2(a and b).
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Fig. 1. (a) Variation of hardness of various composites with NA time; (b) engineering stress-strain curves in one-week NA state; (c) variation of hardness of various
composites with AA time at 170 °C; (d-e) engineering stress-strain curves in (d) DPA and (e) NPA states.

And thickness of the TEM foil was calculated according to convergent
beam electron diffraction images (supplementary data, Fig. S1). The
results are listed in Table 2.

The SiCp/AlCuMgSi had a lower f,q, than the SiCp/2009Al due to the
fewer alloying elements, but f of the two composites was nearly the
same. Compared to that in the SiCp/2009Al, the reduction of inter-
granular phases (Fig. 4) in the SiCp/AlCuMgSi indicates that alloying
elements could be transformed into intragranular precipitates in a
higher proportion, so the SiCp/AlCuMgSi had equal quantity (volume
fraction) of intragranular precipitates compared to the SiCp/2009Al.

4. Discussion
4.1. Mechanisms of reduced NA strength in the SiCp/AlCuMgSi

In the NA state, the difference in YS between the SiCp/AlCuMgSi and
SiCp/2009Al was mainly attributed to their different solution
strengthening and cluster strengthening (details of the analysis were
listed in the supplementary data). Solution strengthening was caused by
the obstruction of solute atoms to dislocation movement [10]. During

NA, solute atoms can form atom clusters from the supersaturated solid
solution. These clusters have strong interaction with dislocations,
thereby impeding their movement, that is, cluster strengthening [5].
These two strengthening mechanisms were sensitive to the concentra-
tion and feature of solute atoms [5,10].

On the one hand, the content of alloying elements in the SiCp/
AlCuMgSi was lower than that in the SiCp/2009Al (Table 1). On the
other hand, the radii of Cu atoms and Si atoms are 15% and 6% smaller
than Al atoms [23], while their shear moduli are 84% and 50% larger
than Al atoms [24,25], respectively, suggesting that Si had smaller
atomic size mismatch and shear modulus mismatch with the Al matrix
than Cu. Therefore, the SiCp/AlCuMgSi had weaker solution and cluster
strengthening than the SiCp/2009Al.

4.2. Mechanisms of increased DPA strength in the SiCp/AlCuMgSi

In the DPA state, YS is dominated by precipitation strengthening,
which is controlled by intragranular precipitates radius (r) and volume
fractions (f) [26].

Si could refine intragranular precipitates (Fig. 2) and reduce
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Fig. 2. Characterization of intragranular precipitates in DPA state: (a—c) typical BF and corresponding SAED images of (a)SiCp/AlCuMgSi, (b) SiCp/2009Al and (c)

SiCp/AlCuMg; (d-h) HRTEM and corresponding FFT images of SiCp/AlCuMgSi.
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Fig. 3. Aluminum-rich corners of (a) Al-Cu-Mg and (b) Al-Cu-Mg-0.6 wt%Si phase diagrams at 170 °C.

intergranular phases (Fig. 4), so the SiCp/AlCuMgSi had finer and equal
quantity (volume fraction) of intragranular precipitates compared to the
SiCp/2009Al, leading to the higher DPA strength.

In the SiCp/AlCuMgSi, the refined intragranular precipitates due to
Si addition mainly result from the following factors.
During AA, the formation of nano-sized precipitates starts with atom
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Fig. 4. Typical BF images showing intergranular phases (pointed by arrows) in DPA state at (a—c) grain boundaries and (d—f) interfaces between the SiCp and matrix

in (a)(d) SiCp/AlCuMgSi, (b)(e) SiCp/2009Al and (c)(f) SiCp/AlCuMg, respectively.

Table 2
The theoretical volume fractions of equilibrium phases (f.4.) and the volume
fractions of intragranular precipitates (f) in SiCp/AlCuMgSi and SiCp/2009Al.

Composite designations fequ % f, %
Mg,Si Al,Cu Al,CuMg Total

SiCp/AlCuMgSi 2.24 1.90 0.52 4.66 2.02

SiCp/2009Al / 1.08 5.24 6.32 2.03

clusters [27]. Diffusion coefficients and vacancy interaction energies of
solute atoms are important for this procedure [28,29]. In the SiC-
p/2009Al, Mg-rich clusters are dominant at the initial AA stage because
Mg has a high diffusion coefficient and strong interaction with vacancies
[30]. In the SiCp/AlCuMgSi, Si is easier to form clusters than Mg due to
its faster diffusion and easier interaction with vacancies in the Al matrix
[28,29]. Therefore, Si can enrich nucleation sites and enhance nucle-
ation, leading to the finer and denser intragranular precipitates.

In addition, the intragranular precipitates in the DPA SiCp/
AlCuMgSi were dominated by GPB zones, ”’ and L phases. These zones
and phases are much finer than 6’ and S’ phases [21], which are the main
intragranular precipitates in the DPA SiCp/2009Al [31]. This is another
factor for the refined intragranular precipitates.

In the SiCp/AlCuMgSi, the Si-induced intergranular phase reduction
mainly results from the following factors.

Phases at the grain boundaries are mainly formed during AA [32],
and are competitive with intragranular precipitates [33]. The enhanced
nucleation of intragranular precipitation leads to the decreased phases
at grain boundaries.

Phases at the interfaces between SiCp and the matrix are mainly
formed during hot pressing and subsequent cooling [2,31,34,35]. Si can
reduce phases at interfaces through inhibiting interface chemical re-
actions because Si is one of the reaction products [31,35-37]. Conse-
quently, the SiCp/AlCuMgSi had fewer phases at interfaces than the
SiCp/2009Al although its hot pressing temperature was higher.

5. Conclusions

A strategy was developed to enhance cold plastic forming perfor-
mance for SiCp/Al composites. According to the strategy, the SiCp/
AlCuMgSi, with much lower Cu and slightly added Si compared to the
SiCp/2009Al, was designed. Compared to the SiCp/2009Al, the SiCp/
AlCuMgSi had a 73 MPa decrement in YS and an increment in uniform
elongation from 8.5% to 10.5% after one-week natural aging, but
exhibited a 33 MPa increment in YS after AA. The reduced NA strength
resulted from the dramatically decreased Cu. The improved AA strength
is attributed to the Si-modified precipitation. Si could refine intra-
granular precipitates and could promote alloying elements to transform
into intragranular precipitates. Therefore, compared to the SiCp/
2009Al, the SiCp/AlCuMgSi had finer and equal quantity (volume
fraction) of intragranular precipitates despite fewer alloying elements.
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