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Abstract: In this study, graphene nanoplatelets (GNPs) decorated rare earth oxide CeO2 (CeO2@GNPs)
were synthesized by alcohol thermal reaction method and used to reinforce GNPs/2024Al composites
fabricated by a pressure sintering process. The results indicated that the decorating CeO2 particles
could further promote the dispersion of the GNPs as well the binding of GNPs to the matrix. As a
result, the as-prepared 0.5 wt.% CeO2@GNPs/2024Al composites exhibited yield strength and tensile
strength increased by 21.1% and 24.7% compared to these of the matrix, respectively. It is better than
the mechanical strength values of the composite enforced with the raw GNPs of the same quality.
The optimization of GNPs dispersibility and interfacial bonding with Al matrix promotes its effective
role in load-bearing strengthening.

Keywords: aluminum matrix composites (AMCs); graphene nano-platelets; rare earth oxide; mechanical
properties

1. Introduction

Since graphene was successfully separated in 2004, it has attracted attention due
to its excellent tensile properties, strength, stiffness, and attractive functional properties
such as high thermal conductivity and electrical conductivity [1–7]. Graphene or GNPs
is considered to be an effective reinforcing agent for composite materials. The unique
two-dimensional structure makes it have a larger specific surface area and provides more
interfaces and sufficient load transfer substrates. Therefore, GNPs have been used as an
important new nano-scale reinforcement material in the field of structural and functional
composites [8–10].

Particularly, GNPs have often been used as an effective reinforcement to develop
polymer-based composites. In the field of GNPs reinforced metal matrix composites, the
research on Al-based alloys as the matrix material is more common [11–13]. Jianchao Li,
et al. [14] studied the effect of heat treatment on the strengthening mechanism of GNP/Al
composites. Abhishek SHARMA et al. [15] successfully prepared the GNPs/Al6061/SiC
composite via friction stir processing. Nanoindentation results revealed a remarkable 207%
increment in surface nano-hardness of Al−SiC−GNPs composite compared to Al6061 alloy
matrix. Jun-jie Xiong [16] prepared GNPs reinforced ADC12 aluminum matrix composites
using high-energy ultrasonic casting technology. Respectively, the tensile strength, yield
strength, and microhardness of the composite produced were increased by 30.5%, 42.7%,
and 34.8%, compared with those of the matrix due to the addition of GNPs. In addition, the
OM images showed that the addition of GNPs has the effect of promoting the refinement
of the matrix grains. The results of such literature all revealed the fact that GNPs could be
an effective reinforcement to improve the mechanical properties of the aluminum matrix.

However, despite the developments in the field of nano-carbon reinforced aluminum-
based materials, there are still some major challenges in the manufacture of graphene-
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reinforced metal matrix composites (GRMMC). The force between van der Waals graphene
sheets promotes its tendency to agglomerate and the poor bonding wettability with the
matrix weakens the load transfer effect during the deformation of the composites [17].

In order to solve those challenges above, the surface modification techniques com-
bined with pressure sintering were used in the field of nano-carbon reinforcement by
materials scientists. SiC@CNTs were prepared by Yongha Park et al. [18] and used as the
reinforcement of the matrix alloys. The report showed that the presence of the SiC deco-
rating layer resulted in an improvement of the wettability. Similarly, it was reported [19]
that interfacial bonding could be effectively improved by decorating nickel oxide (NiO) on
the CNTs. The microstructure exhibited that the reinforcement NiO@CNTs shows a better
efficiency of grain refinement for the as-casted Mg alloys and dispersion compared with
the addition of CNTs. It means that the mechanical properties of composites were further
improved. These reports suggest that the surface modification technology may be beneficial
to the improvement of the interfacial bonding and the dispensability of the nano-carbon
materials. However, there are still few investigations on aluminum composites reinforced
with graphene-modified by surface decoration technology.

In the present work, 2024 aluminum matrix alloy reinforced with GNPs (CeO2@GNPs)
decorated with rare earth oxide particles CeO2 and purified GNPs were prepared by hot
pressing sintering. The comparative experiments were designed to explore the effect of rare
earth oxide decorated GNPs on the mechanical properties and the microstructure of the ma-
trix. Meanwhile, the fracture behavior and strengthening mechanism of CeO2@GNPs/2024
AL composites were systematically investigated in detail.

2. Materials and Methods
2.1. Material

GNPs with a purity of 99.0% provided by Chengdu Zhongke Group was used as
the starting materials to produce the reinforcement CeO2@GNPs. Figure 1 shows the
SEM image of the typical lamellar morphology of GNPs obtained from a field emission
scanning electron microscope (Quanta200F EDAX). The base material in this study was
2024 aluminum alloy powders provided by Hunan Tianjiu, (purity is 99.7%, 600~800 mesh
in diameter), the chemical composition of 2024 alloy is shown in Table 1.
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Table 1. Chemical composition of 2024 aluminum alloy.

Type Cu Mg Fe Zn Al

Wt pct 3.8~5.0 1.2~1.8 0.5 0.25 Bal.
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2.2. Procedure

The decorating process: the acidified grapheme (0.1 g) was placed into pure analytical
alcohol (50 mL) and subjected to ultrasonic treatment to form a suspension. Then, a small
amount of Ce(NO3)3 was put into this suspension and continued to sonicate for 12 h,
where the molar ratio of Ce(NO3)3 to graphene was 0.08:1. After that, slowly drip an
appropriate amount of ammonia into the mixture until the PH of the solution is 8. The
mixed solution was transferred to an autoclave and heated in a muffle furnace for 8 h and
then cooled to room temperature with the furnace. The reaction temperature was set to
190 ◦C. Subsequently, the powder precursor in the solution was obtained by a centrifugal
process and dried at 90 ◦C for 24 h. The resulting powder precursor was heated in a roasting
furnace for 1 h to obtain GNPs decorated rare earth oxide CeO2 material (CeO2-GNPs).

Preparation of composites: Different types of GNPs together with the as-received
Al powders were mixed through via high energy ball milling (HEBM) process under Ar
atmosphere, as schematically shown in Figure 2. 0.5 wt.% GNPs, 99.2 wt.% Al powders
and 0.3 wt.% stearic acids were placed in stainless steel jars containing quartz milling balls
of 5 mm diameter. The ratio of balls to powder ratio was 10:1. The milling process was
completed using a planetary ball mill at 400 rpm for varying milling times up to 2 h. Then,
the starting powders were sintered by a hot press sintering system at a temperature of
595 ◦C for 2 h in a vacuum of 10−3 torr under a pressure of 23 MPa. The heating rate was
maintained at 100 ◦C/min. In this study, the matrix 2024Al alloy was also prepared by the
same procedure for comparison.
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Subsequently, optical microscope (Nikon eclipse, MA-200), environmental scanning
electron microscope (Quanta200F EDAX), and transmission electron microscope (TEM, Jeol
JEM-2100) were used to observe the microstructure of the prepared composite samples.
In addition, the prepared samples of the composites fabricated were measured for their
hardness and tensile properties by using a micro-Vickers hardness tester (HVS-1000A) and
a universal tensile testing machine (Sansi JXYA-105). Vickers hardness test was performed
on the polished sample, the loading force was 0.3 kg, and the pressure was held for 15 s.
For the tensile tests, the tensile rate was set to 0.5 mm/min. In order to reduce errors,
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10 indentation inspection tests were required for each hardness pattern. The tensile test
of each material was carried out for 6 repetitions to ensure the correct change trend of the
properties obtained.

3. Results
3.1. Material Characterization

Figure 3a shows the TEM image of the CeO2 surface-decorated GNPs. It can be seen
from the image that the surface of GNPs changed considerably after the surface decorating
process. From the enlarged image shown in Figure 3b, it can be seen that even after the
ultrasonic pretreatment for the TEM test, these generated particles are still tightly adhered
to and distributed on the surface of the GNPs. This implies the existence of strong interface
bonding [20]. The corresponding EDX spectrum, as shown in Figure 3d, indicates that the
particles mainly consisted of Ce and O. Close examination of the rare earth oxides on the
surface of the GNPs (Figure 3b) shows a d-spacing with an observed fringe separation
of 0.31~0.32 nm. Consistent with the interlayer separations of the (111) [21] crystal plane
of CeO2 (Figure 3c). Therefore, it could be confirmed that CeO2 particles have been
successfully generated and decorated on the surface of GNPs.
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Figure 3. TEM photographs of CeO2-GNPs: (a) TEM and (b) HRTEM images of CeO2-GNPs; (c) SAED patterns; (d) corresponding
EDX result of the nanoparticles.

To assess the damage degree of the surface-decorated and ball milling process to the
GNPs. The comparison of the Raman spectra of original GNPs and Al-CeO2-GNPs mixture
after ball milling is shown in Figure 4. The better the structural integrity of GNPs, the
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smaller the ID/IG value in general. In this study, it is mainly to show the change of its
value after processing. The results show that the apparent peaks are located at ~1350 cm−1

and ~1580 cm−1 [22], corresponding to the D-band and G band of GNPs, respectively. The
calculated values (ID/IG) were 0.66 and 0.82, which means that even after the ball milling
process, these characteristic values only slightly increased. Namely, compared with the
original GNPs, the ball milling process only caused slight damage to the surface of GNPs.
The structural integrity of the GNPs in the mixed powder was not damaged.
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The optical micrograph and grain size distribution of 2024 matrix alloy, 0.5 wt.%
GNPs/2024Al and CeO2-GNPs/2024Al composites are shown in Figure 5. The average
values of the grains are also labeled in Figure 5d–f. The comparison of Figure 5a–c reveals
that the grains of matrix alloy was refined after adding an appropriate amount of GNPs.
This phenomenon is usually caused by the GNPs distributed in the grain boundaries
hindering the growth of the grains [23]. On the other hand, it can be observed through
Figure 5b,c that the grain size of the composite prepared by adding the reinforcement
CeO2-GNPs was smaller than that of adding raw GNPs. As can be seen from Figure 5e,f,
the average grain size of the 0.5 wt.% GNPs/2024Al composite was 26.4 µm, while that size
of the 0.5 wt.% CeO2-GNPs/2024Al composite was further reduced to 22.9 µm. In addition,
there were fewer micropores revealed on the surface of the 0.5 wt.% CeO2-GNPs/2024Al
composite compared with the others. Generally, the micropores structure is considered
to be the agglomerations of GNPs at the grain boundaries. An appropriate amount of
GNPs has a grain refinement effect on the matrix alloy existing in the grain boundary, as
mentioned above. However, a large amount of agglomerated GNPs impedes the continuity
of the metal material, resulting in the deterioration of the mechanical properties of the
composites [24]. These observations could be attributed to the decorating process that
optimizes the wettability of GNPs with 2024 alloy and, therefore, improves the dispersibility
of the GNPs in the matrix. The improvement of the wettability between the GNPs and
the matrix promotes the combination of GNPs and alloy, which leads to a reduction in
structural defects during the process.

Figure 6 shows the TEM and HRTEM analysis of CeO2-GNPs/2024Al composites
prepared with this current process. It can be seen from Figure 6a,b that the shape of some
phases is similar to the multi-layer structure of GNPs. In addition, the obvious boundary
lines of the GNPs in the matrix were clearly visible without obvious pores and defects such
as cracks, as shown in Figure 6b. This indicates that a sound interface between the GNP and
the Al matrix, which is beneficial to promote the improvement of the mechanical properties
of composites. Moreover, it is worth noting that some granular sphere nanoparticles
can also be found on the surface of GNPs as shown in the HRTEM image (Figure 6c).
The d-spacing of these nanoparticles provided by SAED pattern (Figure 6d) was 1.56 nm
and 0.31 nm, corresponding to the (222) and (111) planes of CeO2. This means that the
decorating CeO2 particles can still remain on the surface of the GNPs even after the
composite was prepared by the pressure sintering process.



Appl. Sci. 2021, 11, 11177 6 of 12

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 13 
 

structure is considered to be the agglomerations of GNPs at the grain boundaries. An 
appropriate amount of GNPs has a grain refinement effect on the matrix alloy existing in 
the grain boundary, as mentioned above. However, a large amount of agglomerated 
GNPs impedes the continuity of the metal material, resulting in the deterioration of the 
mechanical properties of the composites [24]. These observations could be attributed to 
the decorating process that optimizes the wettability of GNPs with 2024 alloy and, 
therefore, improves the dispersibility of the GNPs in the matrix. The improvement of the 
wettability between the GNPs and the matrix promotes the combination of GNPs and 
alloy, which leads to a reduction in structural defects during the process.  

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 5. Microstructures and the grain sizes distribution of the matrix and 2024Al with different reinforcement: (a,d) the 
matrix; (b,e) GNPs/2024Al composites; (c,f) CeO2-GNPs/2024Al composites. 

Figure 6 shows the TEM and HRTEM analysis of CeO2-GNPs/2024Al composites 
prepared with this current process. It can be seen from Figure 6a,b that the shape of some 
phases is similar to the multi-layer structure of GNPs. In addition, the obvious boundary 
lines of the GNPs in the matrix were clearly visible without obvious pores and defects 
such as cracks, as shown in Figure 6b. This indicates that a sound interface between the 
GNP and the Al matrix, which is beneficial to promote the improvement of the mechan-
ical properties of composites. Moreover, it is worth noting that some granular sphere 
nanoparticles can also be found on the surface of GNPs as shown in the HRTEM image 
(Figure 6c). The d-spacing of these nanoparticles provided by SAED pattern (Figure 6d) 
was 1.56 nm and 0.31 nm, corresponding to the (222) and (111) planes of CeO2. This 
means that the decorating CeO2 particles can still remain on the surface of the GNPs even 
after the composite was prepared by the pressure sintering process. 

Figure 5. Microstructures and the grain sizes distribution of the matrix and 2024Al with different reinforcement: (a,d) the
matrix; (b,e) GNPs/2024Al composites; (c,f) CeO2-GNPs/2024Al composites.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 7 of 13 
 

  
(a) (b) 

  
(c) (d) 

Figure 6. TEM images of CeO2-GNPs/2024Al composite: (a) high-angle annular dark-field image; (b,c) HRTEM image of 
regions; (c) SAED pattern of Region A; (d) SAED patterns of region (c). 

Figure 7 shows the EDX-mapping images of different elements in 0.5 wt.% 
GNPs/2024Al composite fabricated. It can be clearly seen from the images that the dis-
tribution of Al, Mg, Cu, and Ce elements, as well as the GNPs exhibiting a wrinkled 
morphology. It is consistent with the TEM images exhibited in Figure 6. It can also be 
noticed that Mg and Cu elements are relatively easy to accumulate near GNPs. In addi-
tion, Ce elements were detected near the GNPs distribution area, as shown in Figure 7. 
This proves the conclusion obtained as mentioned before: the rare earth oxide modifica-
tion CeO2 particles on the surfaces of the GNPs in the composite fabricated are retained to 
a certain extent. 

Figure 6. TEM images of CeO2-GNPs/2024Al composite: (a) high-angle annular dark-field image; (b,c) HRTEM image of
regions; (c) SAED pattern of Region A; (d) SAED patterns of region (c).



Appl. Sci. 2021, 11, 11177 7 of 12

Figure 7 shows the EDX-mapping images of different elements in 0.5 wt.% GNPs/2024Al
composite fabricated. It can be clearly seen from the images that the distribution of Al,
Mg, Cu, and Ce elements, as well as the GNPs exhibiting a wrinkled morphology. It is
consistent with the TEM images exhibited in Figure 6. It can also be noticed that Mg and
Cu elements are relatively easy to accumulate near GNPs. In addition, Ce elements were
detected near the GNPs distribution area, as shown in Figure 7. This proves the conclusion
obtained as mentioned before: the rare earth oxide modification CeO2 particles on the
surfaces of the GNPs in the composite fabricated are retained to a certain extent.
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3.2. Material Properties

The representative tensile stress-strain curve of the prepared composites and 2024Al
matrix is shown in Figure 8. Correspondingly, the yield strength (YS), ultimate tensile
strength (UTS), and microhardness obtained from the test are provided in Table 2. It can
be seen that the mechanical properties of the composites were significantly improved
after adding an appropriate amount of GNPs. The average UTS and YS exhibited were
approximately 170.6 MPa and 257.4 MPa, which represent an increase of 12.2% and 18%
compared to the matrix value, respectively. In addition, the composite fabricated shows
better mechanical properties than the original 0.5 wt.% GNPs/2024Al composite when the
reinforcement is replaced with modified GNPs. The YS and UTS of the nanocomposite
reinforced with CeO2-GNPs were 184.1 MPa and 271.8 MPa, increasing by 21.1% and
24.7%, as compared to the matrix. The carbon-based reinforcement with coated particles
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provides a pinning effect on the dislocation during the deformation process, leading to
further improvement in the mechanical properties of the composites [25].
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Table 2. Corresponding mechanical properties of composites prepared.
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2024Al composite/0.5 wt.% GNPs 170.6 257.4 111
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Figure 9a–d shows the typical fracture morphology and EDX results of composites rein-
forced with GNPs and CeO2-GNPs. The fracture morphology of the 0.5 wt.% GNPs/2024Al
composite is mainly composed of cleavage fracture, torn edges, and lots of platforms, as
shown in Figure 9a. It means that the fracture of the composite is a mainly brittle fracture.
When the reinforcement has been replaced by CeO2-GNPs, the number of brittle platforms
areas shows a decreasing trend, as can be seen in Figure 9d. Furthermore, it can be clearly
observed from the microstructure comparison in Figure 9b,d that there are more obvious
gaps between the original GNPS and the matrix. Moreover, the decorated GNPs have a
better bonding with the matrix compared with the original GNPs. It means the interface
bonding between GNPs and the matrix has been improved due to the surface decoration
effect of the rare earth oxide CeO2.
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Figure 9. SEM images showing the fracture surfaces of the as-drawn (a,b) 0.5 wt.% GNPs/2024Al composites and (c,d) 0.5
wt.% CeO2-GNPs/2024Al composites.

Coefficient of thermal expansion (CTE) mismatch strengthening, load transfer, and
grain refinement mechanisms are considered to be the three main strengthening mecha-
nisms for graphene-reinforced metal matrix composites. Coefficient of thermal expansion
(CTE) mismatch strengthening refers to the enhancement of the mechanical properties due
to the huge difference in the coefficient of thermal expansion (CTE) between GNPs and
Al alloys promoting the generation of dislocations at the interfaces. The TEM image of
dislocations is formed in the CeO2-GNPs/2024Al composite, as shown in Figure 10.
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Figure 10. TEM image of dislocation in the composite fabricated.

Load transfer mechanism, in addition, is considered to be the critical mechanism with
the greatest contribution to matrix strengthening among them. It mainly refers to the load
transfer from the matrix to GNPs during the deformation of the composites. Furthermore,
it can also be seen from Figure 6 that the addition of GNPs promoted grain refinement,
which is beneficial to the improvement of the mechanical properties of the composites.
Correspondingly, all three of them can be used to calculate the yield strength increase
numerically through their calculation models. The contribution of these three mechanisms
to the YS value improvement of composites are used to be numerically calculated through
their corresponding calculation models frequently [26–28]:

σCET = 1.25Gb

√
12∆T∆C fv

bdp
, (1)

∆σhall−patch = K(d−1/2
com − d−1/2

matrix), (2)
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∆σLT =
fv

2
σm, (3)

where G is the shear modulus of Al ( 0.26 × 105MPa), b is the burger vector of the matrix
(0.286 nm), ∆T is the change value of temperature, ∆C is the CET difference value between
Al matrix and GNPs, dp represents the average diameter of GNPs, fv is the volume fraction
and average diameter of GNPs. In addition, dmatrix and dcom are the average grain sizes of
the matrix and the composite fabricated, and K is the Hall–Petch coefficient of Al alloy. σm
is denoted the YS of the matrix.

The theoretical YS contribution value calculated according to Equations (1)–(3) are
shown in Figure 11. The comparison of Figure 11 exhibits that the theoretical YS value
is much higher than the current experimental yield strength value. Moreover, the fine-
grain strengthening mechanism contributes the lowest yield strength among the three
strengthening mechanisms. The load transfer strengthening mechanism provides the main
contribution. It confirms that the load transfer strengthening mechanism plays a major role
in the performance improvement of the composites prepared, as mentioned above.
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In fact, the results obtained through theoretical calculations mentioned above could
only represent the maximum optimal value of YS. The discrepancy of the calculated and the
actual values is mainly caused by two reasons: the uniform dispersion of GNPs in the matrix
and strong interface bonding are the prerequisites for the effective role of strengthening
mechanisms in composites. However, the existence of GNPs clusters causes that only part
of the GNPs added to be stressed when the composites fabricated are subjected to tensile
stress [29–31]. Moreover, the poor bonding force between the C-C layers or GNPs-matrix
reduces the potential of GNPs to improve the strengthing of the matrix. In other words, the
dispersion and wetting optimization of GNPs in the matrix is beneficial to the enhancement
effect of GNPs on the mechanical properties of the composites. According to Figure 5, the
composite reinforced with undecorated GNPs showed a more obvious tendency of GNPs
agglomeration at the grain boundary as compared to the composites prepared by adding
decorated GNPs. It is concluded that the decorating process is beneficial to disperse GNPs
uniformly in the matrix alloy and improves its bonding and wettability with the matrix. As
a result, the mechanical properties of composites fabricated have been further improved.

4. Conclusions

In order to explore the influence of the decorative effect of GNPs on the strengthening
efficiency of GNPs/Al composites, GNPs were decorated with rare earth oxide CeO2 and
0.5 wt.% CeO2-GNPs/2024Al composites were successfully prepared. According to the
results of microstructure observation and mechanical properties, the following conclusions
can be drawn:

(1) Reinforcement GNPs decorated by CeO2 particles were successfully prepared by
the alcohol heating method. The rare earth oxides CeO2 and GNPs were tightly bonded,
and this combination was maintained after the composites were prepared by the pressure
sintering process.
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(2) The addition of CeO2-GNPs showed a better grain refinement effect than the original
GNPs for the composites fabricated with the same preparation conditions. Moreover, the load
transfer mechanism is considered to be the critical mechanism to matrix strengthening.

(3) The effects of raw GNPs and CeO2-GNPs on the mechanical properties of compos-
ites were investigated. Results exhibited that the performances of composite reinforced by
CeO2-GNPs are better than those values of the composite enforced with the raw GNPs of
the same quality. The YS, UTS, and hardness of the composites were prepared by adding
0.5 wt.% CeO2-GNPs are 184.1 MPa, 271.8 MPa, and 128 Hv, which are increased by 21.1%,
24.7%, and 26.7% compared to these of the matrix, respectively.

(4) The fracture interface showed the change from GNPs debonding to the tight
bonding of GNPs to the matrix, indicating that the combination of the matrix and GNPs
has been optimized due to the decorative effect of rare earth CeO2. The optimization
of interface bonding and distribution promotes GNPs to play a more effective role in a
variety of strengthening effects, thereby significantly improving the mechanical properties
of composites.
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