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Abstract

This study investigates the precipitation behavior in the graphene nanoplatelets (GNPs)
reinforced bimodal structural Mg-6Zn (wt.%) matrix composite. The GNPs with an
increasing content progressively accelerate the age-hardening response in the local
regions of the composite. The composite takes only half the time that the Mg-6Zn
alloy needs to reach the peak strength when aging at 200 °C. The observation reveals
that the planar and wrinkled GNPs in the composite act as the effective trigger of
dislocations and collector of solute atoms to accelerate the precipitation. It is
concluded that GNPs have a pronounced effect on the development of matrix
microstructure. Moreover, the orientation relationship between the aligned GNPs
towards the extrusion direction and the matrix grains with a fiber type texture makes
the GNPs and [0001]wg precipitate rods constitute a hybrid strengthening architecture
in the composite. As a result, the synergistic strengthening effect of the GNPs and the

precipitates is realized.
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1. Introduction

Graphene nanoplatelets (GNPs, multilayer graphene typically consists of 10-100
layers) have attracted much attention as a promising reinforcement because of the
superior mechanical, electrical and thermal properties [1, 2]. In particular, the
two-dimensional structure and super high aspect ratio enable GNPs more favorable to
transfer stress, electrons or phonons than other widely used reinforcements [2-5]. For
example, GNPs reinforced magnesium (Mg) matrix composites has emerged as an
important class of new materials [6-11]. The introduced GNPs in pure Mg and Mg
alloys have improved their mechanical properties significantly, which expedite the
development of Mg-based structural materials with energy efficiency in the
automotive and aerospace industries [12, 13]. However, most alloys are heat treated
before use in practice. The strengthening effect of some Mg alloy-based composites is
not fully achieved without the subsequent heat treatment. It is also believed that the
matrix of the discontinuously reinforced system is highly sensitive to the
reinforcements [14]. Hence, it is important to study the aging behavior in the GNPs
reinforced Mg matrix composites in order to expand their potential for structural

applications.

There are a few early investigations on the aging behavior of Mg matrix composites
reinforced by the micro-sized spherical or whisker-like fillers [15-20]. Most results
reported that the aging response was accelerated by the addition of the reinforcements
[15, 17-20]. On the other hand, some authors claimed that the composites showed
little alteration in the aging hardening [16]. It is obvious that no consensus has been
reached regarding the effect of reinforcements on the aging behavior of Mg matrix
composites. GNPs, which possess the unique two-dimensional and wrinkled structure,
is distinctive from the traditional reinforcements. The effect of GNPs on the
precipitation process in the Mg alloys needs to be clarified. To date, the limited
research papers of the GNPs reinforced Mg alloy matrix composites only reported the

enhanced mechanical properties by the addition of GNPs without the heat treatment



[7-10]. As a consequence, experimental support for the precipitate characteristics in

the system of GNPs-Mg alloys is still lacking.

In our previous research, the heterogeneous dispersed GNPs reinforced bimodal
structural Mg-6Zn (wt.%) matrix composites, where the GNPs were distributed in the
GNPs-rich and GNPs-lean regions [10]. For the Mg-6Zn alloy, one of the most
commonly used aging hardened Mg alloys, the precipitation process has been studied

in detail by many authors [21-23]. In summary, the supersaturated Mg-6Zn solid

solution decomposes into two metastable phases, the monoclinic S, (MgsZn;) and
the hexagonal 3, (MgZn,), at 200 °C before forming the 8 equilibrium phase (MgZn

or Mg,Zns). Most of the S, phase, which forms as the rod precipitate along

[0001]mg (referred to as [0001]mg rod), is considered responsible for the strengthening
effect in the Mg-6Zn alloy and even the Mg-Zn-based alloys [24]. Owing to the
concentration gradient of GNPs in the composite, the effect of GNPs on precipitation
hardening of the Mg-6Zn alloy can vary in different local regions. Therefore, the
bimodal structure of GNPs reinforced Mg-6Zn composite provides insights into the
influence of GNPs on the precipitation behavior of the Mg matrix composites. Very
recently, attempts in tailoring the carbon nanofiller (carbon nanotubes + GNPS)
revealed the significant hybrid strengthening ability in metal matrix composites
[25-27]. However, the design of GNPs-precipitate hybrid reinforced Mg matrix
composites is still rare. The interconnected network of planar GNPs and precipitates
offers an inspiration to realize the synergistic strengthening architecture in the GNPs

reinforced Mg-6Zn matrix composites.

Accordingly, this paper investigates the precipitation behavior of the 0.7 vol.% GNPs
reinforced Mg-6Zn bimodal structural composite and the pure Mg-6Zn alloy by the
microhardness evaluation, microstructural characterization and tensile test. The results
demonstrate that the GNPs with an increasing content gradually promote the
precipitation hardening response in local areas. Under the same heat treatment
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conditions, the composite takes only half the time that the Mg-6Zn alloy needs to
reach the peak strength. The process of the GNPs assisted precipitation is discussed
based on the experimental evidence. It is concluded that the synergistic strengthening
effect is realized in the composite by the hybrid reinforcement network of

GNPs-[0001]mg precipitates.

2. Materials and Methods

2.1 Materials fabrication

The raw materials used were the pure Mg ingot and the pure Zn ingot from Yueyang
Aerospace New Materials Co. Ltd. (P.R. China). The GNPs were purchased from
Knano Co. Ltd. (P.R. China) by the thermal reduction of graphite oxide. According to
the data sheet, the thickness of GNPs was less than 10 nm and the mean planar
diameter ranged from 1-3 um. The 0.7 vol.% GNPs reinforced Mg-6Zn matrix
composite was fabricated by the multi-step dispersion method, which includes
pre-dispersing of GNPs, semi-solid stirring, high energy ultrasonic processing and hot
extrusion. The detailed parameters were discussed elsewhere and hence omitted in
this work for brevity [10]. In order to identify the effects of GNPs on the precipitation
hardening behavior, the monolithic Mg-6Zn alloy was also fabricated using the same

experimental parameters.
2.2 Aging of the GNPs/Mg-6Zn composite

The composite and the alloy were solution heat treated at 340 °C for 3 h in the muffle
furnace and quenched in water at room temperature to retain the solid solution. Aging
heat treatment was then performed at 200 °C for times ranging from 1 h to 24 h in the

oven.
2.3. Analysis of microstructure and mechanical properties

The field-emission scanning electron microscopy (SEM) (JSM-5800 LV, JEOL) was



used to study the microstructure of the composite. The evolution of Vickers hardness
of the alloy and the composite were measured under loads of 245.2 mN with a
dwelling time of 15 s, using a Shimadzu HMV automatic digital microhardness tester.
Macrotexture analysis of the Mg-6Zn alloy and the composite were operated by a
PANalytical PW3211 X-ray diffractometer on the extrusion-transverse direction (ED—
TD) planes (40 kV, 40 mA, Cu Ko radiation). Grain characteristics and the
microtexture were examined by the electron backscatter diffraction (EBSD) analyses
under a voltage of 12 kV in Oxford Instruments Aztec 2.0 system. The cross-sectional
samples for EBSD were mechanically ground and mirror-polished carefully followed
by electrolytic polishing in the electrolyte of 37.5 vol.% phosphoric acid and 62.5 vol.%
ethanol at 0.3-0.5 A at room temperature for 30-60 s. The transmission electron
microscopy (TEM) (JEM 2100, JEOL and Talos F200x, FEI) was used to evaluate the
precipitates. The specimens for TEM test were prepared by grinding-polishing to
produce a foil of 50 um thickness, followed by ion beam thinning. To measure the

particle radius and length, the TEM samples were tilted in such a way that the incident

beam was aligned parallel to the [1150] or [10i0] direction. Raman spectroscopy
was performed using a Raman Station (B&WTEK, BWS435-532SY) with a 532 nm
wavelength laser corresponding to 2.34 eV to validate the structural integrity of GNPs.
The tensile test at ambient temperature was carried out on an Instron 5569 testing
machine, in accordance with ASTM: E8/E8M-13a standard. The cross-head speed
was 0.5 mm:s™? and the strain rate was 0.5 min™, respectively. For each aging
condition, three alloy samples and three composite samples of the standard dog-bone

shape were tested.
3. Results

3.1 Bimodal structure

Fig. 1a and b are the SEM images of the extruded Mg-6Zn and the 0.7 vol.% GNPs

reinforced bimodal structural Mg-6Zn matrix composite. The microstructure of the



composite is clearly divided into the GNPs-rich and the GNPs-lean regions along the
direction of extrusion (ED) in the composites, as the result of the disintegration and
alignment effect on the reinforcement during the hot extrusion [28]. Fig. 2a—d show
the inverse pole figures (IPFs) of the extruded Mg-6Zn alloy and GNPs/Mg-6Zn
composite as well as the corresponding grain size histograms. The alloy has a
completely recrystallized microstructure with an average diameter of grains between
15 to 40 um. In comparison, the grains of the composite are refined and divided into
coarse equiaxed grains (CEG) and ultra-fine grains (UFG). The GNPs obstruct the
grain growth during the dynamic recrystallization (DRX). Thus, the bimodal grain
size of the composite is achieved owing to the inhomogeneous distribution of GNPs.
Fig. 2e displays the distribution of CEG with grain sizes larger than 3 pum after
whiting out UFG regions, which reveals that the two areas cluster into long lamellae

along ED.

» 2 .
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Fig. 1. SEM images of (a) the extruded pure Mg-6Zn alloy and (b) the extruded 0.7
vol.% GNPs reinforced bimodal structural Mg-6Zn matrix composite.

Fig. 3a and b are the {0001} pole figures (PFs) of the extruded Mg-6Zn alloy and the
composite measured by means of X-ray diffraction. Both samples show the fiber
texture [29]. Because of the addition of GNPs, the composite demonstrates a weaker
intensity of the texture than the alloy. The {0001} PFs of the CEG and UFG zones of
Fig. 2c are given in Fig. 3c and d, respectively, which also present the fiber type
texture. Nonetheless, the basal planes of the grains in the UFG zone distribute in a
larger angle away from the normal-transverse direction (ND-TD) plane in the PF, and
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Fig. 2. Grain characteristics by EBSD. (a) and (b) IPF of the extruded Mg-6Zn alloy
and the corresponding grain size distribution. (c) and (d) IPF and the grain size
distribution of the extruded composite. (e) IPF of the CEG region in (c).
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Fig. 3. Texture PFs of the materials. Macrotexture PFs of the extruded (a) Mg-6Zn
alloy and (b) the 0.7 vol.% GNPs reinforced composite. Microtexture PFs of the (c)
CEG and (d) UFG zones of Fig. 2 (c).

3.2 Aging response

The age hardening responses of the composite and the Mg-6Zn alloy at 200 °C are
shown in Fig. 4. Error bars represent standard deviation (SD) of six experimental
points. The hardness of the CEG and UFG in the composite are recorded and plotted
separately in Fig 4 because of the bimodal microstructure. The Mg-6Zn alloy exhibits
a typical age hardening response and reaches the maximum value when aging for 8 h
[21, 30]. On the other hand, both the CEG and UFG regions of the composite show
narrow peak hardness changes and reach the maximum hardness values at 4 h. It
should be noted that the maximum increase in hardness of the CEG (20 HV) is
smaller than that of both the UFG (23 HV) and the Mg-6Zn (22 HV). Considering that

the hardness values of CEG at 4 and 6 h are similar, a detailed age hardening response



of the composite from 4 to 6 h is provided in the inset of Fig. 4. The hardness of the
CEG shows a plateau at about 4 h 45min. Therefore, if the peak-aged time of the alloy
and the composite are arranged in ascending order, the sequence should be: 1) UFG, 2)

CEG and 3) Mg-6Zn alloy.
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Fig. 4. The measured hardening responses of the Mg-6Zn alloy, CEG and the UFG of
the composite, respectively, when aging at 200 °C. The inset shows the detailed
hardening response of the composite aging from 4 to 6 h. Error bars stand for SD of
six data sets.

3.3 Precipitates characterization

Fig. 5a shows the bright field TEM image of solution-treated composite without the
precipitates. Fig. 5b-f compare the TEM microstructures of the pure Mg-6Zn alloy
and the 0.7 vol.% GNPs reinforced Mg-6Zn composite aged for 4 h. It is obvious that
the rod-shaped particles are the most common type of precipitate. In the case of the

Mg-6Zn alloy (as shown in Fig 5b), the tiny rod-shaped precipitates emerge in the



matrix with a low content. Nevertheless, the micrographs of the UFG grains aged for
4 h (Fig. 5c-e) reveal a much higher density of precipitates. According to the
mass-thickness contrast in the TEM image, the embedded GNPs that locate at the
grain boundary and in the interior of the grains of Fig. 5c-e are identified by the
wrinkled surfaces or edges, as marked by the yellow arrows. Fig. 5d is a typical GNPs
induced grain, and Fig. 5e shows the same grain of Fig. 5d when we tilt the foil
slightly away from the exact diffraction condition. The broken orange lines are the
guidelines to indicate the grain boundaries in Fig. 5d and e, respectively. The
discernible GNPs in both Fig. 5d and e are numbered consistently. In Fig. 5c, the
precipitate-free zone (PFZ) is formed near the grain boundary. The PFZ is induced by
the depletion of excess vacancies at the grain boundary or interface of
reinforcement/matrix, because vacancies have a high diffusivity [21, 31]. However, a
bundle of precipitate rods extend from the GNPs which lay on the grain boundary.
Moreover, there also exist some blocky and coarse Mg-Zn phase around GNPs (Fig.
5c and e), which are generally considered to be formed during the prolonged aging
time in the alloy [32]. The typical TEM image of the CEG region aged for 4 h (Fig. 5f)

reveals a microstructure that resembles the UFG region.

In order to evaluate the effect of precipitation on the structural integrity of GNPs, the
Raman spectrum of the raw GNPs and the composites are given in Fig. 6. The D peak
around 1340 cm™ and the G peak around 1585 cm™ correspond to the introduced
defects and the vibration in sp® bond stretching in graphene, respectively. Hence, the
relative intensity ratio of D to G peak (Ip/lg) indicates the defect density in GNPs [33].
In Fig. 6, the values of Ip/lg of the GNPs, the as-extruded, solution-treated and aged
composite are calculated to be 0.48, 1.00, 1.04 and 1.02, respectively. The increase of
In/lg ratio from the raw GNPs to the composites indicates that the fabrication process,
such as the high energy ultrasonic vibration and the hot extrusion, has introduced
defects and disorders in the graphene. However, the Ip/lg of the composites at
different stages of heat treatment are almost equal, which reveals that the formation of
precipitates has little negative influence on the structural integrity of GNPs.
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Fig. 5. TEM images of (a) the solution-treated composite. Preciitate morphologies of
(b) the Mg-6Zn alloy, (c)-(e) UFG and (f) CEG in the composite aged at 200 °C for 4
h. The discernible GNPs in both (d) and (e) are numbered consistently.
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Fig. 6. Raman spectra of the raw GNPs and the composite at the as-extruded,
solution-treated and aged conditions.

3.4 Mechanical properties

The engineering tensile stress-strain curves of the alloy and composite aging at 200 °C
for different aging times are shown in Fig. 7a and b, respectively. Table 1 summarizes
the yield strength (YS), ultimate tensile strength (UTS) and fracture elongation (&;) of
the Mg-6Zn alloy and the composite. The yield strength of every sample is
determined using the 0.2 % strain offset method from the stress-strain curve [34].
Regardless of the GNPs, the strength of both the alloy and the composite increases
significantly in the initial stage of aging and then decreases slowly. The Mg-6Zn alloy
reaches the maximum tensile strength when aged for 8 h and the composite reaches
the peak value at 4 h. However, it should be noted that the peak-aged time of CEG

(about 4 h 45 min) in the composite is not consistent with the peak-aged time of UFG
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(about 4 h) from the hardness analysis. The tensile properties of the composite aged
for 4 h and 4 h 45 min reveal little significant distinction, as presented in Fig. 7b and
Table 1. Thus the peak-aged time of the whole composite can be regarded as 4 h for
simplification. The maximum increase in yield strength of the Mg-6Zn alloy and the
composite are 85 (8 h) and 80 (4 h) MPa, respectively. The smaller value of the
composite should be attributed to the heterogeneous internal precipitation rate and the
premature consumption of Zn around the GNPs in the composite (Fig. 5¢c and €). In
terms of ductility, the composite shows the decreased fracture elongation compared to
the Mg-6Zn alloy at all the aging conditions. Despite the sacrifice in the ductility, the
composite still presents the typical ductile fracture and acceptable elongation more

than 10 % at various aging times.
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Fig. 7. Tensile curves of (a) the Mg-6Zn alloy and (b) the composite aging at 200 °C
for different aging times.

Table 1. Mechanical properties of the heat-treated Mg-6Zn alloy and 0.7 vol.% GNPs

reinforced Mg-6Zn composite.

Materials Aging time / h YS / MPa UTS/ MPa el %

Mg-6Zn alloy Solution-treated 107 £5 2211 23.0£29
1 123+1 248 + 2 245+11
2 141+ 4 249 + 3 23722
4 167 +5 256+ 6 21.4+1.0
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8 192 +4 263 +5 11.0+29

12 183+6 259+ 6 16.1+3.3
GNPs/Mg-6Zn Solution-treated 161 +3 276 £5 11.0+2.8
composite 1 183+6 299+ 7 11.9+3.9
2 208+ 3 305+3 114+34
4 241 +5 330+6 10.2+4.3
4.75 242 + 3 326 +4 11.7+3.3
8 230+ 6 314 +5 113+15

4. Discussion

4.1 Precipitation behavior

In the composite, the depletion of vacancies and the generation of dislocations at the
interface of reinforcement/matrix are two competitive processes that affect the
precipitation [35]. The interface of GNPs/matrix is the sink for the excess vacancies in
the matrix, however, the excess dislocations can be generated due to the mismatch in
coefficient of thermal expansion (A«) between the matrix and GNPs. The coefficient
of thermal expansion of Mg matrix and GNPs are @, = 28.4 x 10™ (°C)" [36] and q,,,
=-8x 10" (°C)" [37], respectively. Aa equals to q, — @, Therefore, the nucleation
on dislocations should be able to offset the effect of decreased vacancies in the
accelerated aging response. Fig. 8a presents a TEM bright-field image contains a
piece of GNPs in the composite after solution treatment. The dense tangles of
dislocations arrange at the GNPs/matrix interface. When the dislocations are
generated around the GNPs, the GNPs are also effective barriers to the propagation
and annihilation of dislocations across the interface due to their high intrinsic
mechanical strength and the large surface area [38]. Because of the promoted
heterogeneous nucleation sites, the GNPs assist in the nucleation of the embryo
beyond the critical size [31]. Moreover, GNPs also act as the collector of Zn solute
atoms. In order to identify the distribution of elements after the solution treatment, the
high angle annular dark field (HAADF) TEM imaging and the element mapping of
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Mg, Zn and C of the enlarged Fig. 8a is carefully performed. In Fig. 8b-f, the blue
color corresponds to Zn overlaps on parts of the red color corresponds to C, which
indicates that Zn segregates on the surface of the GNPs after the solution treatment.
The segregation of the Zn solute should be attributed to the interfacial adsorption of
GNPs and the high diffusivity paths provided by the dislocations around. As a result,
the growth of the precipitates around GNPs can occur at rates far greater than allowed
by volume diffusion during aging. Because the GNPs induced dislocations and the
solute segregation accelerate the precipitation synergistically, the coarse Mg-Zn phase
coincides with the GNPs when aged for only 4 h (Fig. 5¢c and e). The previous
researchers have already revealed that micro-sized reinforcements (such as particles
and whiskers) and carbon nanotubes enhanced the nucleation rate of precipitates by
the increased density of dislocations [18, 20, 39]. Compared to these reinforcements,
the GNPs with abundant wrinkles and edges are superior additives to create not only
excess dislocations but also solute segregation at the interfaces. Hence, precipitates
are more likely to nucleate on these sites. Fig. 8g schematically displays the possible
nucleation process of the [0001]mg precipitates in the vicinity of GNPs in a Mg crystal

unit.

15



Dislocations

[0001|1_°precipitates
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Fig. 8. (&) TEM micrograph of the embedded GNPs in the composite after solution
heat treatment. (b) The enlarged HAADF TEM image of (a). (c)-(f) The
corresponding elemental mapping of Mg, Zn and C of (b), respectively. (g) The
schematic representation of the nucleation process of the [0001]wg precipitates near
the GNPs in a Mg crystal unit.

4.2 Mechanical properties

Fig. 9 shows two TEM micrographs of the deformed composite with the beam

directed along the [0001]mg and [11§O]Mg, respectively. The [0001]mg micrograph (Fig.

9a) indicates that the rod precipitates, which are edge-on, effectively block the

dislocation slip on the basal planes. The [11§O]Mg micrograph (Fig. 9b), where the

16



[0001]mg rods are in-plane, indicates that the dislocations move independently
between the two rods and do not shear the precipitate rods. In this situation, the effect

of Orowan strengthening by the rod precipitates can be achieved. Since the
shear-resistant S, [0001]mg rods are the main strengthening precipitates, the Orowan
strengthening contribution to the yield strength (Aoorowan) Can be estimated according
to the appropriate version of the Orowan equation for [0001]wg rod precipitate [40]

MGb d

AGOrowan = In

2nd~N1 — v - {O\./QES — l]
V
p

where M is the Taylor factor (2.1 for the extruded polycrystalline Mg [41]), G is the

1)

matrix shear modulus = 17.2 GPa [42], b is the magnitude of the Burgers vector, |b| =
0.32 nm [42], v is the Poisson’s ratio (0.35) [42], d is the particle diameter, V, is the
volume fraction of precipitates. In the present work, the volume fraction V, can be
calculated by the following equation when the truncation and overlap corrections are

considered [30]:

Vo = —In(l \ A) ' (dl + (d(jIZ + I)I'j @

where A is the projected area faction of the [0001]wq rods, | is the mean rod length, T
is the foil thickness and determined by the convergent-beam electron diffraction
(CBED) patterns [43]. The d and | are measured and averaged from at least 100 rods
in the TEM images of the CEG and UFG region, respectively. In this way, the
determined d and V, for the CEG and UFG aged for 4 h are 12.6 nm, 1.0 %, 13.3 nm
and 1.7 %, respectively. Accordingly, the results of the calculated Aoorowan 0OFf CEG and
UFG are 77 and 100 MPa, respectively. These two values represent the theoretical
lower and upper bound of Acorwan Of the overall composite aged for 4 h. The
increased value of yield strength (80 MPa) aged for 4 h stays within the range of the
predictions, which confirms that the Orowan mechanism is the main strengthening
effect on the increase in yield strength of the heat treated composite. In our previous

study of 0.7 vol.% GNPs reinforced bimodal structural Mg-6Zn matrix composite [10],
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the composite was mainly strengthened by the grain refinement and the load transfer
of the GNPs. The Orowan mechanism contributed by GNPs only took a very little
effect (less than 3 MPa) on strengthening among all the factors because of the coarse
diameter of GNPs (1-2 um). On the other hand, the precipitates in the heat treated

composite promote the Orowan strengthening effect on basal planes significantly.

Fig. 9. TEM micrographs of the interaction between the precipitates and dislocations
on the (a) basal plane and (b) prismatic plane of the composite. The insets are the

corresponding selected area diffraction patterns with the [0001] and [1010] zone axis,
respectively.

It is common that GNPs lead to the weakened texture during DRX [11]. However, the
distribution of crystallographic orientations of the extruded composite still presents
the type of fiber texture in the composite (Fig. 3b-d). Fig. 10a describes the hexagonal
close-packed (hcp) crystal orientation units in the fiber texture of extrusion. The hcp
unites in the composite form the ring of basal planes towards ED, which makes a
large proportion of [0001]wmgy rods perpendicular to ED (Fig. 10a and b). Moreover, the
GNPs are aligned along ED in the as-extruded composite (Fig. 1b). Hence, the GNPs
and [0001]mg rods build a hybrid strengthening network in the three-dimensional

space. When an external load is applied to the composite along ED, the GNPs parallel
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to ED contribute to the load transfer effect and the [0001]mg rods perpendicular to ED

lead to the Orowan strengthening effect, as illustrated in Fig. 10b.

() (b)

Basal planes

I ]

[0001],, precipitates

Fig. 10. The schematic representations of (a) the distribution of hcp units in the fiber
texture of extrusion and (b) the architecture of the hybrid GNPs-[0001]mg precipitates
in a part of the composite with a fiber texture.

The vyield strength comparison of the materials is summarized in Fig. 11. The
difference values of yield strength between the composite and the alloy at
solution-treated, peak-aged and over-aged states are calculated, respectively. All these
three values are around 50 MPa, which are labeled as Ao1, Ao, and Aas, respectively,
in Fig. 11. These similar difference values obviously derive from the load transfer of
GNPs and GNPs induced grain refinement [44], regardless of the aging stages. The
previous research has shown that the prior plastic deformation which stimulates a high
density of dislocation can also enhance the nucleation rate of precipitates [45].
However, the hardness of the deformed alloys deteriorates significantly at the
over-aged stage because of the exhausted dislocations when heated. The finding
proves that the deformation-induced dislocations do not itself contribute to hardening
during the aging procedure. Indeed, it only affects the precipitation processes during
the early stage of aging. In the present study, the composite still holds the notable
strength enhancement even during the over-aged stage. Despite the grains of the

composite may grow during heating, the load transfer effect of GNPs should be
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maintained because of the presence of GNPs with well structural integrity in the aging
process. The result shows that the addition of reinforcement is a more reliable
approach than plastic deformation to retain the enhanced strength of the composites

when the accidental overheating occurs in the industrial application.
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Fig. 11. The comparison of yield strength between the pure Mg-6Zn alloy and the
composite at different aging stages. Error bars stand for SD of three data sets.

5. Conclusions

In summary, this paper investigates the effect of GNPs on the precipitate
characteristics in the bimodal structural Mg-6Zn matrix composites. The main

findings are summarized as follows:

1. The heterogeneous distribution of GNPs in the composite leads to different aging
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responses in various local regions. The precipitation rate of [0001]ug rods in the
matrix is gradually accelerated along with the increasing local content of GNPs.

2. GNPs are the effective additives in tuning the development of matrix
microstructure. Owing to the planar structure and wrinkled surface, the GNPs
promote the generation of dislocations and the segregation of solute atoms.

3. Because of the fiber texture of the extruded composite and the alignment of the
GNPs along ED, the hybrid GNPs-[0001]mg rods assemble an interconnected
network of reinforcements in the composite. The load transfer effect of the GNPs
and the Orowan strengthening mechanism of the [0001]mg rod precipitates are

combined when the external load is applied to the composite along ED.
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