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ABSTRACT

In terms of aluminum alloy matrix composites, the effect of reinforcement on

precipitation is worth investigating. In this work, the silicon carbide nanopar-

ticles-reinforced 7075Al (SiCnp/7075Al) composite was fabricated through a

series of powder metallurgy procedures, shift-speed ball milling, hot pressing,

and hot extrusion, and the precipitation behavior of SiCnp/7075Al composite

was compared with that of 7075Al alloy after T6 treatment. The results show

that only a small addition (1 vol%) of SiCnp modifies the morphology and dis-

persion of precipitates. The uniformly dispersed small precipitates (g0 phase)

and increased dislocation density have a positive influence on the mechanical

properties of composites. Based on the fracture surface and element composi-

tion, a fracture mode dominated by precipitated phase-induced crack initiation

was proposed. This study suggests a promising approach to design the alloy

matrix composites through controlling the behavior of precipitated phases with

nano-reinforcement.

Introduction

As a kind of heat-treatment strengthening aluminum

alloys, 7xxx aluminum (7xxxAl) alloys are drawing

significant attention because of their high specific

strength and stiffness. They are considered having a

wide application in the fields of aerospace, automo-

tive, weapons, and transportation [1–3]. To increase

the mechanical properties of 7xxxAl alloys, many

investigations have been focused on the design of

chemical composition and heat treatment in the past

decades [4, 5]. Recent decade, thermo-mechanical

processing consisting of plastic deformation and heat

treatment has received much attention recently not

only to improve the strength of age-hardening Al

alloys but also to obtain feasible industrial applica-

tions [2–4, 6]. As a typical Al–Zn–Mg–Cu alloy,

7075Al alloy has been extensively studied under

thermo-mechanical treatments and the precipitation

sequence is always followed by supersaturated solid

solution ? GP zone ? g0 ? g (MgZn2), where the
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spherical GP zones are fully coherent with matrix and

generally form in the early stage of artificial aging,

the plate-shaped g0 phase is a semi-coherent inter-

mediate phase with hexagonal structure and form

taking GP zones as nucleation sites, and g-phase is

also a hexagonal plate-shaped phase but incoherent

with the matrix [4, 6–9]. It has been found that the g0

phase is the mainly responsible precipitate for

strengthening of 7075Al alloys at the peak-aging

condition [8].

Besides, the compositing approach has an increas-

ing appeal to materials researchers to improve the

elastic modulus and other comprehensive properties

of Al alloy matrix, especially with the particulate

reinforcements [10–12]. In fact, size and volume

fraction are two main parameters for particulate

reinforcements [10, 13]. Guo et al. [14] found small

particles were beneficial to load-transfer capability

through the interface in composites and achieving an

enhanced strength. In contrast to the easy stress

concentration in micron-particles/metal matrix com-

posites, nano-sized reinforcements play a critical role

in dispersing stress and decreasing stress localization

[15], while with the increase in addition, particles

usually lose their capability to homogeneous distri-

bution and are prone to the formation of clusters,

especially the nano-sized particles. Therefore,

nanoparticles-reinforced Al alloy matrix composites

were often fabricated with a low volume fraction

(below 2%) of reinforcement to gain an effective

dispersion [10–12, 16].

Inspired by the work of Xu et al. [17, 18], powder

metallurgy, especially assisted by shift-speed ball

milling, provides a better preparation strategy to

avoid the problems of interfacial reaction and parti-

cles settling by traditional casting or semi-solid

forming [11, 12, 19]. Nevertheless, most of the pub-

lished literature at present lays partial emphasis on

the strengthening effect of either reinforcements or

matrix precipitates [4, 10–12]. There is little research

studied on the roles of precipitation behaviors related

to nano-reinforcements in the mechanical properties

of Al alloy matrix composites. Among diverse kinds

of ceramic particulates, silicon carbide (SiC) has

several outstanding advantages and the characteris-

tics of polymorphism. Its polymorphs of 3C-, 2H-,

4H- and 6H- have cubic structure, hexagonal struc-

ture, hexagonal/cubic mixed structure and rhombic

structure, respectively. In particular, 6H-SiC with a

high melting point, high thermal conductivity, high

chemical stability, as well as irradiation effect, still

possesses widespread promising prospects of

research [20, 21].

In this study, 7075Al composites reinforced by

small addition of SiCnp were fabricated by shift-speed

ball milling method combined with hot pressing, hot

extrusion, and T6 heat treatment. The mechanical

properties and microstructural characteristics of

materials were studied, and the precipitation behav-

ior SiCnp/7075Al composite was analyzed and dis-

cussed in detail. The strengthening mechanism and

fracture mode caused by optimized precipitation

behavior were also investigated. The present work is

expected to open sight of interaction effects between

nano-fillers and precipitates in Al alloy matrix

composites.

Experimental

Raw materials

The morphologies of the raw materials are shown in

Fig. 1. Atomized spherical 7075 aluminum alloy

powders (Fig. 1a) were provided by Titd Metal

Materials Co., Ltd. (Changsha, China). The main

chemical composition of the 7075Al alloy powders

(density: 2.8 g/cm3) is Al–5.6 Zn–2.5 Mg–1.6 Cu

(wt%), and that of the other microalloying elements

(such as Fe, Mn, Cr, and Zr) is less than 2.0 wt%. The

a-SiC nanoparticles (SiCnp, density: 3.2 g/cm3) were

purchased from DK Nano Science and Technology

Co. Ltd. (Beijing, China) and spontaneously tend to

form clusters, as shown in Fig. 1b. The statistical

average diameters of the 7075Al alloy powders and

SiCnp are * 10 lm (Fig. 1c) and * 50 nm (Fig. 1d),

respectively.

Fabrication process of composites

The shifting speed of ball milling was used to dis-

perse the SiCnp into 7075Al powders. The SiCnp and

7075Al powders were first ball-milled together with a

low-speed ball milling of 250 rpm/min for 4 h under

the protection of Ar atmosphere, and then the mixing

process was performed with a high-speed ball mil-

ling of 500 rpm/min for 0.5 h to make the spherical

matrix powders slightly cold-welded and deformed.

The ball-to-powder weight ratio was always 20:1, and

1 wt% stearic acid was added as process control
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agent (PCA). The volume fraction of the SiCnp in

composite powders was designed as 0.5, 1.0, and

1.5%. The as-obtained composite powders were cold-

pressed (600 MPa, 3 min) in cylinder steel die (di-

ameter 20 mm) to form compacts. The subsequent

thermo-mechanical and heat-treatment processing is

illustrated in Fig. 2. The cylindrical compacts were

hot-press sintered at 520 �C in vacuum condition,

holding for 60 min under the pressure of 50 MPa.

The sintered bulk composites were extruded with an

extrusion ratio of 16:1 after preheating in a muffle

furnace at 500 �C for 30 min. The extruded samples

were subjected to T6 (480 �C/1 h ? water quench-

ing ? 120 �C/24 h) heat treatments.

Characterization

The morphology of powders samples and fracture

surfaces was investigated using a scanning electron

microscope (SEM, Hitachi S-4800). The microstruc-

tures of sintered and extruded samples were

observed through an optical microscope (OM, Leica

DM 2700 M). The transmission electron microscope

(TEM, JEM-2100F) including scanning TEM (STEM)

and energy-dispersive X-ray spectroscopy (EDS)

were used to observe the distributions and mor-

phology characteristics of SiCnp and precipitates. The

TEM samples (* 3 mm in diameter) were prepared

through mechanically polishing and ion milling on a

precision ion polishing system (Gatan-PIPS695).

X-ray diffractometer (XRD, Bruker D8 Advanced)

with a Cu Ka radiation source was utilized to deter-

mine the phase composition and evaluate the

Figure 1 SEM images of

a raw 7075Al alloy powders,

b raw SiCnp, and c, d the

statistics charts of their sizes in

diameter.

Figure 2 Schematic presentations of thermo-mechanical and

heat-treatment processing.
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dislocation densities of the samples. The tensile test-

ing experiments were performed by a standard

mechanical tester (Lloyd (AMETEK) EZ 20) with a

crosshead speed of 0.5 mm min-1 at room tempera-

ture. For tensile testing, an extruded rod-shaped bulk

sample was machined on a lathe into a dumbbell-like

specimen with a gauge of 15 mm in length and 3 mm

in diameter. The hardness of the samples was mea-

sured by an MH-6 hardness detector (load = 500 N,

dwell time = 5 s).

Results

The morphology of ball-milled powders, as-
sintered, and extruded composites

Figure 3a–d shows the morphology comparison of

7075Al and SiCnp/7075Al composite powders with

different SiCnp contents via shift-speed ball milling.

All the powders were flattened into the thick sheet-

like shape. The high-magnified SEM images of their

surfaces in Fig. 3e–h show the dispersion states of

SiCnp, and there is no obvious agglomeration of

SiCnp. It could be seen that most of the SiCnp were

uniformly dispersed on the surface of Al powders,

especially for the content of 0.5 vol% (Fig. 3e).

Although some small clusters were found on 1.0 and

1.5 vol% SiCnp/7075Al composite powders, as indi-

cated by the arrows in Fig. 3g, h, the corresponding

elemental maps of Al, Si, and C (Fig. 3i–l) revealed

the evenly dispersed SiCnp on Al matrix.

Figure 4 shows the OM microstructures of the

7075Al alloy matrix and 1.0 vol% SiCnp/7075Al

composite after hot-press sintering. Both the unrein-

forced alloy (Fig. 4a, c) and SiCnp/7075Al composite

(Fig. 4b, d) were densified, and no defects and voids

were observed. Etched by Keller’s reagent for 1 min,

the grain boundaries of the composite preferentially

tended to be exposed (Fig. 4b). The coarse pre-pre-

cipitated phases were mainly distributed at grain

boundaries and also randomly located in the grain of

the alloy matrix and composite (Fig. 4c, d). However,

the number of pre-precipitated phases in the com-

posite was more than that in the alloy matrix and the

grain migration of composite was impeded by SiCnp

causing a grain refinement effect. Figure 4e, f shows

the three-dimensional OM images of the extruded

7075Al alloy and 1.0 vol% SiCnp/7075Al composite.

The cylinder surface toward the extrusion direction

(ED) and the cross section on the radial direction

(RD) were each observed and then combined toge-

ther to reveal the spatial morphology of grains and

the shape of extruded samples. Some elongated

grains could be observed on both surfaces of them

parallel to the ED, while equiaxed grains were found

on the cross section. SiCnp exhibited an orientation

distribution with the plastic flow of alloy matrix

during the hot-extrusion process.

Distribution and identification
of reinforcement particles

Figure 5a shows the XRD pattern of the original

SiCnp. The strong peaks were identified to be the

phase of hexagonal 6H-SiC (PDF Card No. 75-1541)

[20]. The regular-shaped SiCnp have a narrow size of

distribution and superior crystallinity (Fig. 5b, c), and

the measured interspacing in Fig. 5c is * 0.251 nm,

which is corresponding to the d-spacing of (006)

plane of the typical hexagonal SiC. As shown in

Fig. 5d, a large number of precipitates were found

both in the grain and at the grain boundaries (marked

by yellow dotted lines) of T6-treated composites. To

identify the distribution of SiCnp in the composites,

the EDS analysis was performed to the whole region

of Fig. 5d, exhibiting the enrichment area of Si ele-

ment around the grain boundary (Fig. 5e). It has been

reported that the interface of the Al/SiC composites

prepared by powder metallurgy was chemically

stable without the formation of the Al4C3 phase when

the processing temperature below 650 �C [22].

Therefore, the enriched Si element in the EDS map-

ping was supposed to be the SiCnp. Although the

SiCnp preferentially exist at the grain boundary, there

are no porosities between the SiCnp and the 7075Al

matrix.

Tensile behaviors and mechanical
properties

To demonstrate the proper aging time we used, the

evolutions of Vickers microhardness of the 7075Al

alloy and 1.0 vol% SiCnp/7075Al were operated

during isothermal aging at 120 �C (Fig. S1). The

hardness value of the composite was always higher

than that of alloy matrix on the condition of both

solid-solution and aging processes. The peak hard-

ness was achieved after aging for 24 h, and the peak
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Figure 3 The representative SEM images and corresponding

surface morphologies of SiCnp/7075Al powders with various

contents of SiCnp: a, e 0, b, f 0.5 vol%, c, g 1.0 vol%, and d,

h 1.5 vol% via shift-speed ball milling. The EDS mapping

analysis on i the surface of 1.0 vol% SiCnp/7075Al powders: j–

l the corresponding elements of Al, Si, and C distribution.

Figure 4 Optical micrographs of hot-press sintered (a, c) 7075Al

alloy and (b, d) 1.0 vol% SiCnp/7075Al composite. Three-

dimensional images of optical microstructure of e 7075Al alloy

and f 1.0 vol% SiCnp/7075Al composite, where ED and RD stand

for the extrusion and radial directions, respectively.
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hardness of the 7075Al alloy and 1.0 vol% SiCnp/

7075Al was 175.3 and 182.5 HV, respectively.

The representative tensile stress–strain curves of

peak-aged 7075Al alloy and SiCnp/7075Al compos-

ites with different SiCnp contents are displayed in

Fig. 6a. The inset diagram shows the shape and size

of the tensile specimen. At the first stage, the stress

presented linearly elastic loading up to the yielding

point with the increase in tensile strain. Subse-

quently, a strain hardening process appeared until

reaching the maximum value of stress. The elonga-

tions from peak stress to fracture were little, for the

alloy matrix, and its composites were too rigid to

produce flow stress and necking deformation. Fig-

ure 6b shows the variations of yield strength (YS) and

ultimate tensile strength (UTS) with the amount of

SiCnp, and the average values and errors of the tensile

properties are listed in Table S1. With the increase in

the addition of SiCnp into 7075Al alloy, the YS and

UTS of SiCnp/7075Al composites increased and

reached a maximum value of YS of 559 MPa and UTS

of 609 MPa for 1.0 vol% SiCnp/7075Al composite,

which improved 72 MPa and 53 MPa compared with

matrix, respectively. Although the YS and UTS

decreased to 505 MPa and 573 MPa with SiCnp

content of 1.5 vol%, the encouraging improvements

of YS and UTS under such a small addition of SiCnp

manifested an excellent reinforced effect for the

7075Al alloy matrix.

Microstructures and precipitation
characteristics of 7075Al and SiCnp/7075Al
composites

Figure 7 depicts typical bright-field TEM, STEM (se-

lected area marked by yellow and white boxes), and

corresponding EDS mapping distributions of peak-

aged 7075Al alloy and 1 vol% SiCnp/7075Al com-

posite. From Fig. 7a–c, precipitates can be observed

within the grains and at the grain boundaries in

7075Al alloy and the coarse precipitate zone (CPZ)

and precipitate-free zone (PFZ) are also visible in the

image. The CPZ are usually related to equilibrium g
phases preferentially located at grain boundaries

[8, 23]. EDS analysis showed Zn and Mg were rich at

both coarsened precipitates along the grain bound-

aries and fine well-dispersed precipitates within the

grains. The element of Cu was also found at the

precipitates, which may be because the diffusivity of

Cu atom was slower than that of Mg and Zn atoms in

Figure 5 a XRD pattern of the original 6H-SiC; b, c TEM images of the microstructure of SiC nanoparticles; d, e TEM bright-field

image and EDS mapping (elements of Si and Al) for the distributions of SiC nanoparticles in the composite.
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Al, resulting in a further clustered [5]. Notably, a

coarse precipitate (A in Fig. 7b) was enriched with

Cu, but almost no Zn and Mg at it. The polygon-

shaped precipitate (B in Fig. 7b) besides the coarse

precipitate A had a large amount of Zn and Mg. The

same results were also seen in the EDS line-scan

across a position of the precipitated particle (Fig. S2a–

d). Some irregular precipitates appear at the edge of

the segregation area of Cu, the detected composition

of which suggests that the atom ratio of Zn/Mg is

close to 2/1. Therefore, the main nucleation

mechanism of MgZn2 precipitates is thought that Mg

and Zn atoms enrich on the edges of Cu-contained

pre-precipitates. Figure 7d–f displays precipitates in

SiCnp/7075Al composite with uniform size and no

discernible CPZ or PFZ. From EDS mapping results

(Fig. 7f), the distribution of the elements Zn, Mg, and

Cu is similar to those in 7075Al alloy, corresponding

to the precipitates in the STEM micrograph (Fig. 7e),

while Mg atoms show an aggregation not only at the

precipitates (A in Fig. 7f) but also in the vicinity of

SiCnp reinforcements (B in Fig. 7f), probably

Figure 6 a Representative

engineering stress–strain

curves of T6-treated 7075Al

alloy and SiCnp/7075Al bulk

composites, where the inset

shows the dimension of the

specimen used for tensile test.

b Relationships of YS and

UTS with the SiCnp content.

Figure 7 Microstructure of 7075Al alloy and 1 vol% SiCnp/7075Al composite. TEM images, bright-field scanning TEM (BF-STEM)

images, and high-resolution EDS of Al, Zn, Mg, Cu, and Si maps for a–c 7075Al and d–f SiCnp/7075Al composite.
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concerning the tendency to form Mg2Si or interfacial

phase of MgO reported in the previous literature

[24–26]. As shown in Fig. 7e, the SiCnp (marked by

red arrows) were prone to pile up at the grain

boundary (marked by yellow dash line) with a lot of

induced dislocations (marked by white arrows)

adjacent to it.

Figure 8a–c shows the representative TEM and

HRTEM images of precipitation characteristic in

peak-aged 7075Al alloy. The combination of g0 pha-

ses (marked by white arrows in Fig. 8a) and GP zones

(marked by yellow arrows in Fig. 8a) with a contin-

uous distribution was observed in the grain interior,

which are generally the main precipitates of 7075Al

alloy in strengthening at T6 heat treatment [8]. At the

same time, some coarse precipitates also presented

along the grain boundary, implying a discontinuous

distribution of the CPZ. From the analysis of crystal

structure, g0 phase has the typical shape of hexagon

(Fig. 8b and Fig. S2e, f) and GP zone in size of

* 10 nm is coherent with the Al matrix (Fig. 8c).

Compared with 7075Al alloy, the precipitation

behavior in peak-aged SiCnp/7075Al composite

shows a distribution of uniform-sized precipitates

without obvious PFZ and CPZ (Fig. 8d). The g0 phase

in SiCnp/7075Al composite still had the hexagonal

structure but grew into a lath-shaped platelet with

increasing diameter (Fig. 8e). GP zones were smaller

and* 5 nm in size, exhibiting a dense distribution in

grain interior (Fig. 8f). One platelet-shaped precipi-

tate in the SiCnp/7075Al composite was selected to

further confirm by crystallographic analysis, the

HRTEM image of which is shown in Fig. 8g. Fig-

ure 8g1 is the inverse fast Fourier transform (IFFT) of

an enlarged portion of the white dash box in Fig. 8g,

and the corresponding fast Fourier transform (FFT) is

displayed in Fig. 8g2. Combined with clear diffrac-

tion streaks in FFT, the inter-planar spacings of the

feature lattice fringes in Fig. 8g1 were measured to be

* 0.232 and * 0.437 nm, in consistence with the d-

spacing of 1�212
� �

g0 (equal to d 11�1 Al) and 10�10ð Þg0

(equal to 1/3 d �220 Al), respectively [5, 8, 23]. The

crystallographic relationship between g0 phase and

Al matrix along the projected direction of �12�13½ �g0

(parallel to [112]Al) is 1�212
� �

g0== 11�1ð ÞAl and

10�10ð Þg0== �220
� �

Al
, as illustrated by the simulated

diffraction pattern in Fig. 8g3. The attached growth

state of two categories of precipitates was also

observed by HRTEM (Fig. 8h). The IFFT of the yellow

dash box in Fig. 8h was conducted, where the dif-

ferent structural characteristics between these two

precipitates were detected and marked by green and

white dash lines, respectively (Fig. 8h1). Their cor-

responding FFT patterns are shown in Fig. 8h2 and

h3. Based on the FFT and IFFT images of the marked

regions, g0 phase and Al2Cu phase were identified

and the angle between 1�212
� �

g0 and �1�1�2
� �

Al2Cu
planes

was shown to be 12.8�. The atomic misfits of 1�212
� �

g0

and �1�1�2
� �

Al2Cu
can be estimated as [15, 27]:

e ¼
dð1�212Þg0 cos h� dð�1�1�2ÞAl2Cu

���
���

dð�1�1�2ÞAl2Cu
� 100% ð1Þ

where h is the angle between 1�212
� �

g0 and �1�1�2
� �

Al2Cu

planes, dð1�212Þg0 is 0.235 nm, and dð�1�1�2ÞAl2Cu is 0.212 nm.

The calculated misfit between �1�1�2
� �

Al2Cu
and

�1�1�2
� �

Al2Cu
is * 8.09% (\ 25%), suggesting that the

interface between these two phases is semi-coherent

[27, 28]. The assumed nucleation process of Mg and

Zn atoms was proved that they clustered on the

edges of Cu-contained pre-precipitates and precipi-

tated along the special crystal surface.

X-ray diffraction analysis and dislocation
density

XRD patterns of the RD surfaces of as-quenched

7075Al, as-quenched 1 vol% SiCnp/7075Al, T6-trea-

ted 7075Al, and T6-treated 1 vol% SiCnp/7075Al with

two-theta ranging from 20 to 60 degrees are shown in

Fig. 9a. Their XRD full patterns are shown in Fig. S3,

where the diffraction intensity of (220) crystal planes

disappears, indicating the preferred grain orientation

in all the extruded samples [29]. The presence of

Al2Cu peaks was identified in all materials, implying

they were precipitated in advance and hard to dis-

solve under the low-temperature solid-solution pro-

cess [30, 31]. Kenevisi et al. [32] also reported the

intergranular phase of Al2Cu was stable at the grain

boundary of 7075Al alloy. A series of MgZn2 (g0/g
phase) peaks near 40 degrees can be clearly observed

in T6-treated 7075Al and SiCnp/7075Al [26, 31]. The

TEM observations have revealed high-density dislo-

cations in the SiCnp/7075Al composite (Fig. 7e).

Based on the XRD patterns in Fig. 9a, the microstrain

(e) and the microcrystallite size (d) of all the samples

were estimated by the Williamson–Hall method
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(Fig. S4; Table S2) [33]. The dislocation densities (q) of
them were calculated by the equation [9, 33]:

q ¼ 2
ffiffiffi
3

p
e

db
ð2Þ

where b is the Burgers vector of the matrix (0.286 nm

for Al). The calculation results of dislocation densities

are depicted in Table S2 and Fig. 9b. Although the

dislocation density generally decreases with increas-

ing the aging time [6], the T6-treated 7075Al

(4.5 9 1014 m-2) in this work has much larger dislo-

cation density than as-quenched 7075Al

(3.9 9 1014 m-2), which may result from the CPZ

introducing much space mismatch in 7075Al. As a

comparison, the dislocation densities of as-quenched

SiCnp/7075Al and T6-treated SiCnp/7075Al are

improved to be 5.3 9 1014 m-2 and 5.4 9 1014 m-2,

respectively. Attributed to the elimination of CPZ

(Fig. 8d), the precipitation behavior and the annihi-

lation of dislocations operated simultaneously and

gave rise to a steady dislocation state in T6-treated

SiCnp/7075Al during aging.

Figure 8 Representative TEM and HRTEM images for

precipitation characteristics of a–c 7075Al alloy and d–f 1 vol%

SiCnp/7075Al composite; g HRTEM image of g0 phase, the

corresponding crystallographic analysis of g1 inverse FFT image

and g2 FFT image, g3 simulated diffraction patterns g0 phase;

h HRTEM image of g0 phase and Al2Cu phase, the corresponding

crystallographic analysis of h1 inverse FFT image and h2, h3 FFT

images.
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Fractography of 7075Al and SiCnp/7075Al
composites

Figure 10 shows the SEM images of the fractured

surfaces of 7075Al and SiCnp/7075Al composites

with 0.5–1.5 vol% reinforcements from low to high

magnification. All of the materials revealed typical

ductile fractography consisted of homogenous fine

dimples and local large dimples, while the dimple

size of SiCnp/7075Al composites seemed more uni-

form and smaller, which was consistent with their

higher tensile strengths. Figure 10e1–e4 shows the

dimple size distributions with different SiCnp con-

tents (0, 0.5, 1.0, and 1.5 vol%), and the mean dimple

diameters were counted to be* 2.31 lm,* 1.01 lm,

* 0.60 lm, and * 1.75 lm, respectively.

Besides, the broken and pulled-out nanoparticles

are observed under the high-magnified fracture

morphology of 1 vol% SiCnp/7075Al composites

(Fig. 11a). A region with the centralized distribution

of some small dimples and nanoparticles (marked by

yellow line box) was selected to conduct a semi-

quantitative analysis of EDS scan (Fig. 11b). The

results are consistent with the contained elements in

the composites and show the nanoparticles are

almost corresponding to the precipitated phases. To

further confirm the composition of the nanoparticles,

point-EDS was performed for one of them (marked

with yellow circle district in Fig. 11c), the result of

which is shown in Fig. 11d. Mg, Zn, and Cu as the

main elements of precipitated phases were identified,

and the atom ratio of Mg to Zn was roughly detected

as 1:1 rather than an accurate composition of MgZn2
(g0 phase). This can be attributed to the influence of

some amounts of uniformly dispersed GP zones in

the matrix caught by the penetrating electron beam of

SEM.

Discussion

Optimization mechanism of precipitation
behavior in SiCnp/7075Al composites

The precipitation behavior in SiCnp/7075Al compos-

ites has demonstrated the following features by

atomic-scale investigation: (1) No obvious CPZs or

PFZs were found and the uniform-sized precipitates

were well distributed (Fig. 8d); (2) g0 phase precipi-

tates were proved to have a compatible crystallo-

graphic relationship with Al matrix (Fig. 8g1–g3); (3)

A semi-coherent interface between g0 phase and pre-

precipitated Al2Cu phase was revealed with a rela-

tively low interfacial mismatch (Fig. 8h1), which is

beneficial to the formation and growth of g0 phase

taking Al2Cu phase as a nucleation site. As a normal

precipitation sequence of 7075Al alloy, GP zones,

metastable g0 phases, and equilibrium g phase were

still identified in peak-aged SiCnp/7075Al composite.

However, compared with the 7075Al alloy matrix, the

experimental results indicate that the addition of

SiCnp changed the kinetics of precipitation and mor-

phology of precipitates without changing their

sequence.

Commonly, a homogenous distribution of GP

zones and g0 phases can precipitate from solid state

during aging treatment in 7075Al alloy [4, 8]. The

formation of CPZ and PFZ herein was supposed to be

introduced by the thermo-elastic stress-induced dis-

locations (TSDs) and grain boundary vacancy deple-

tion, which were originated from the hot-extrusion

process before [6, 31]. Solute atoms diffused fast

toward dislocations with the help of TSDs resulting

in the formation of coarse precipitates. The thermal

plastic deformation of hot extrusion caused the

dynamic recrystallization of Al grains, and those

Figure 9 a XRD peaks

(amplified range from 20 to 60

degree) and b calculated

dislocation densities of as-

quenched 7075Al, as-

quenched 1 vol% SiCnp/

7075Al, T6-treated 7075Al

and T6-treated 1 vol% SiCnp/

7075Al.
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recrystallized high-angle grain boundaries were ideal

sinks to absorb and annihilate vacancies during the

solution treatment [6, 8]. Therefore, the small GP

zones with a higher amount and coarsened g0 phases

with a lower amount are representative precipitation

in 7075Al alloy in this work. For the SiCnp/7075Al

composite, the movement of SiCnp and the plastic

flow of Al grains during extrusion would interact

with each other; thus, the recrystallization and

growth of Al grains were constrained. The PFZ for-

mation was removed by the depression of the

vacancy concentration difference. The interfacial

mismatch between SiCnp and Al matrix when hot

extrusion and heat treatments initiated lots of dislo-

cations entangling around their interfaces. These

dislocations were subsequently inter-locked by solute

atoms during solid-solution process. The nucleation

and continuous growth of precipitates during aging

were accelerated by short-circuiting diffusion paths

composed of such solute-containing dislocations

[34, 35]. By this optimization mechanism, fine GP

zones and uniform-sized g0 phase were obtained in

SiCnp/7075Al composite with overall improved

mechanical properties, avoiding the impact of CPZs

[6, 23, 24]. Moreover, the elements of Al and Cu were

detected by EDS mapping having a good match of

atomic positions with Zn and Mg in precipitates

(Fig. 7f), but Cu and Al did not affect the crystal

structure of the precipitate phases in SiCnp/7075Al

(Fig. 9a). As a kind of pre-precipitated phase, the

Al2Cu phase has a semi-coherent interface with g0

phase (Fig. 8h), which is of relatively low interfacial

energy and beneficial to the preferential formation of

g0 phases nearby Al2Cu phases. The SiCnp were

proved to promote the pre-precipitation of Al2Cu

phases (Fig. 4c, d); thus, they could also affect the

precipitation of g0 phases indirectly.

Figure 10 a–d SEM tensile fracture surfaces of 7075Al and SiCnp/7075Al bulk composites with SiCnp content of 0.5, 1.0, and 1.5 vol%.

e The statistics charts of the dimple diameter distributions.
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Strengthening mechanism in peak-aged
SiCnp/7075Al composite

With the characterization of the microstructures and

various precipitation behaviors between 7075Al alloy

and SiCnp/7075Al composite, there are three possible

strengthening mechanisms in peak-aged SiCnp/

7075Al: (1) grain refinement (DrGR), due to the grain

boundaries pinning and plastic deformation; (2)

geometrically necessary dislocation strengthening

(DrGND) due to an increase in dislocation density

caused by thermal expansion mismatch and elastic

modulus mismatch; and (3) precipitate and disper-

soid strengthening (DrP�D) governed by either the

dislocation shearing or Orowan dislocation bypass-

ing mechanisms. Among them, the effect of grain

refinement could be calculated by classical Hall–

Petch equation [36]:

DrGR ¼ K d�
1
2

c � d�
1
2

m

� �
ð3Þ

where K is a constant (0.04 MPa m1/2 for Al [9, 33])

and dc and dm are the average gain size of composite

and matrix, respectively. The DrGR mainly depends

on the grain size. From the XRD results (Table S2)

and TEM observation (Fig. 7 and 8), the dc is similar

to dm; thus, the grain refinement was neglected.

Therefore, the DrGND and DrP�D are the major

strengthening mechanisms working in the present

composite.

The increase in dislocation density in SiCnp/7075Al

composites, especially at the as-quenched state,

originates from the different thermal mismatches

between the SiCnp and matrix, which plays an

indispensable role in blocking the motivation of dis-

locations. Additionally, the difference of elastic

modulus and yield strength between SiCnp and

matrix usually leads to the accumulation of disloca-

tion during a mechanical response. Hence, the den-

sity of geometrically necessary dislocations (qGND)
was calculated (calculation details in see Supporting

Information) and the contributed strength stemming

from the increasing qGND can be expressed as follows

[23, 37]:

DrGND ¼ MaGb
ffiffiffiffiffiffiffiffiffiffiffi
qGND

p ð4Þ

where M (3.06 for fcc metal) is mean orientation

factor, a (0.2) is a constant, G (26 GPa for Al [35]) is

shear modulus, and qGND is equal to 8.39 9 1013 m-2.

Assuming the SiCnp are uniformly distributed in the

matrix, the theoretically estimated upper limit of the

DrGND in peak-aged 1 vol% SiCnp/7075Al composite

Figure 11 a, c High-

magnification SEM

fractography of 1 vol% SiCnp/

7075Al, b, d the

corresponding selected area

and point energy spectrums.
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is 41.7 MPa. Compared with the 7075Al alloy, the

actual increase in the yield strength of the 1 vol%

SiCnp/7075Al composite was * 72 MPa. The resid-

ual contribution of the strength (* 30.3 MPa) could

be originated from the DrP�D by optimized precipi-

tation behavior.

The precipitates and dispersoids including GP

zones, MgZn2 (g0/g) phases, and Al2Cu phases were

observed in peak-aged 7075Al matrix and SiCnp/

7075Al composite. In general, the operative mecha-

nism of the incoherent g phase and Al2Cu phase is

Orowan dislocation bypassing (DrOR) and it can be

estimated according to the formula of Orowan–

Ashby [23, 38]:

DrOR ¼ 0:4MGb

pð1� mÞ1=2kp
ln

2�r

b

� 	
ð5Þ

where m is the Poisson’s ratio of the matrix (0.33 for

Al) and kp is the effective planar inter-particle spac-

ing. �r is the mean radius of a random circular cross-

plane for a spherical precipitate and could be

obtained by: �r ¼
ffiffiffiffiffiffiffiffi
2=3

p
r, where r is the average radius

of the dispersed hard precipitate particles. The

operative mechanism of coherent or semi-coherent

GP zones and g0 phase precipitates is difficult to

quantitatively estimate because dislocation shearing

is determined by the intrinsic properties of materials.

To simplify this discussion, DrOR is regarded as the

upper bound value of DrP�D for all the precipitates

and dispersoids in the matrix [24]. Since the SiCnp are

almost dispersed at the grain boundary of composite,

the resistance of the closely spaced SiCnp to the

motion of dislocations was attributed to the DrGND we

discussed above. For DrOR, the parameters of matrix

and composite in Eq. (5) were marked by �r1, r1, kp1,
and �r2, r2, kp2, respectively. To prove the relative

superiority of the precipitates in composite over in

matrix, the ratio of their DrOR was conducted, which

is denoted as DRatio and expressed as the following

equation:

DRatio ¼
DrORðmatrixÞ

DrORðcompositeÞ
¼

ln 2�r1
b

� �
� kp2

ln 2�r2
b

� �
� kp1

ð6Þ

where kp1 and kp2 could be calculated as follows [37]:

kp ¼ 2

ffiffiffi
2

3

r

r

ffiffiffiffiffiffiffiffiffi
p

4Vp

r
� 1

� 	
ð7Þ

where Vp is the volume fraction of the precipitates

inside both grains of the matrix and composites and

the values of them are approximately identical (Vp1-

& Vp2). Consequently, based on Eq. (7), the expres-

sion of DRatio could be simplified to the following

form:

DRatio ¼
DrORðmatrixÞ

DrORðcompositeÞ
¼

ln
2

ffiffiffiffiffiffi
2=3

p
r1

b

� 	
r2

ln
2

ffiffiffiffiffiffi
2=3

p
r2

b

� 	
r1

ð8Þ

It is found that the value of DRatio is only affected by

the precipitate particle size, namely the value of r.

When substituting the values of r1 and r2 with the

statistical results of 83.4 and 48.7 nm (Fig. S5), the

value of DRatio is 0.64, which is less than 1, thus

indicating the role of DrOR on the composite is more

significant than that on matrix. In summary, the

strength increments of mechanical property in peak-

aged SiCnp/7075Al composites are not only influ-

enced by the dislocation strengthening that resulted

from SiCnp reinforcements, but also relevant to its

optimized precipitation strengthening.

Fracture modes of peak-aged 7075Al
and SiCnp/7075Al

According to the results analysis of microstructure

and fractography, the different fracture modes of

7075Al and SiCnp/7075Al in this study influenced by

precipitation behaviors have been proposed, as

shown in Fig. 12.

The cracks propagation path of 7075Al alloy is

illustrated in Fig. 12a. The fracture is usually easy to

take place in 7075Al alloy when tensile due to the

formation of stress concentration and crack initiation

arose from coarse precipitates at the grain boundary

and in CPZ [8, 13]. From the above discussion, the

coarse precipitates either at the grain boundary or in

CPZ are mainly platelet g0 phase and pre-precipi-

tated Al2Cu phases. Many large dimples were

observed in the fracture surface of 7075Al alloy with

precipitates along the dimple edges (Fig. 10a). As far

as concerned of the SiCnp/7075Al composite, the

SiCnp distributed at grain boundaries improve grain

boundary energy and trigger the dislocations in the

vicinity of it through the thermal mismatch. The well-

distributed precipitates are found in SiCnp/7075Al,

because of the elimination of PFZ and CPZ, as well as

the heterogeneous nucleation of platelet g0 phase and

Al2Cu phases led by high-dense dislocations [24, 34].
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The debonding of precipitate with the matrix is

dominant for crack initiation; thus, the size of the

dimples depends on the distribution of the precipi-

tates. The remission of stress concentration and the

deflection of the crack propagation path give rise to

that the large dimples are not evident in SiCnp/

7075Al composites (Fig. 10b–d). The typical fracture

mode illustration of SiCnp/7075Al caused by its

optimization of precipitation behavior is exhibited in

Fig. 12b.

Conclusions

7075Al alloy matrix composites with 0, 0.5, 1.0, and

1.5 vol% SiCnp were fabricated by shift-speed ball

milling method with subsequent hot-press sintering,

hot extrusion, and T6 heat treatment. The effect of

SiCnp on the mechanical properties and precipitation

behavior of 7075 alloys was studied. The main con-

clusions are summarized as follows:

1. The tensile strength of 7075Al alloy was

enhanced by a small addition of SiCnp. The

SiCnp/7075Al composite had the highest strength

value with SiCnp content of 1.0 vol%, exhibiting a

YS of 559 MPa and UTS of 609 MPa. The main

operative mechanisms by SiCnp were attributed

to geometrically necessary dislocation strength-

ening and optimized precipitation strengthening.

2. The addition of SiCnp caused a lot of induced

dislocations due to interfacial mismatch with the

Al matrix during hot extrusion and heat treat-

ment. These dislocations, entangled around the

grain boundaries and pinned solute atoms, were

contributed to the formation of fine GP zones and

uniform-sized g0 phase in SiCnp/7075 composite.

SiCnp also indirectly affected the precipitation of

g0 phase by promoting pre-precipitates. Hence,

this study suggests a strategy for the design of

alloy matrix composites by using nano-reinforce-

ments to optimize the precipitation.
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