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Polymer-based graphene composite products with high mechanical properties, heat resistance, corrosion

resistance and electrical conductivity are obtained by different molding technologies. Although these

processes conveniently realize the molding of polymer composites, it is often difficult to control the

product quality because of the fluctuation of the temperature and pressure threshold. At the same time,

a high temperature or external load will carbonize polymer composites or cause excessive porosity to

influence the compacted density and electrical conductivity. In this review, additive manufacturing,

injection molding, extrusion molding, hot pressing, spark plasma sintering, electromagnetic-assisted

molding and other processing methods were introduced. Meanwhile, the powder molding mechanism

and material constitutive model were introduced, providing appropriate molding methods and

theoretical guidance based on the performance of raw materials and the performance requirements of

products.
1. Introduction

With the rapid development of aerospace, automotive, medical
and health, military and other elds, polymer composites have
become important engineering materials because of their
mechanical properties, corrosion resistance, thermal conduc-
tivity, light weight and other characteristics.1 Moreover,
combinations of polymers and one or more other material that
integrates the physical and chemical properties of various
materials are widely used in aerospace, biomedical, automotive
parts, electrodes, packaging materials and oil mining.2–4

In the process of oil exploration and production, some parts
work in highly corrosive and low-conductivity media. Electro-
magnetic owmeters (EMFs) are used to monitor crude oil ow
to monitor the working condition of the device. At present, the
electrode material of EMF is primarily composed of 316 L
stainless steel, titanium, iridium and other metal materials.5

Considering that there is a large volume of formation water in
the well and it contains Ca2+, Mg2+, CO3

2− and other impurities,
it is easy to produce inorganic salt precipitation on the surface
of the equipment, thereby reducing the measurement accuracy
and service life of the electromagnetic owmeter.6 Thus, a light
utomation, University of Science and
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corrosion-resistant electromagnetic force owmeter is needed
for petroleum exploration systems to monitor crude oil ow.

Semiconductor materials synthesized from polymers have
received extensive attention compared with metal materials.
Adding nanomaterials to polymers can improve their corrosion
resistance, and a small number of ller materials can signi-
cantly improve the performance of polymers to meet the
requirements of light weight.7 In addition, the interaction
between the ller and matrix causes the particle size to affect
the physical and chemical properties of composites.8 Graphene,
as an efficient nanoller, allows a large change in the properties
of composite materials at an extremely low percolation
threshold because of its ultrahigh aspect ratio and special
planar hexagonal lattice structure.9 Graphene has a large
surface area, excellent electrical conductivity, and easily forms
a good conductive network in the polymer matrix. Graphene, as
a lling material, has become an important material for poly-
mer preparation.10 The tensile strength and thermal deforma-
tion temperature of nanocomposites are higher than those of
other large lling materials. Common nanollers include
carbon nanobers, carbon nanotubes, carbon black, expanded
graphite and graphene.11–14

Graphene has high electrical conductivity,15 high strength16

and good thermal conductivity; thus, it has become the
preferred semiconductor ller material.17 It forms a semi-
conductor polymer, and the polymer has high mechanical,
chemical and electrical properties. Hence, it can replace or
temporarily replace metal materials as conductors in the elds
of aviation, aerospace, automobile, organ repair, and so on.

Conductive graphene composites are synthesized from gra-
phene and acrylonitrile butadiene styrene (ABS), epoxy resin
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
(EP), polycarbonate (PC), polypropylene (PP), polystyrene (PS),
polyethylene (PE), polyether ether ketone (PEEK), and polyether
ketone (PEKK).9,14 The performance of PEKK is similar to that of
PEEK, but in situ polymerization has a small splash, low price,
and high safety. Furthermore, PEKK only reacts with concen-
trated sulfuric acid, with strong corrosion resistance, and only
0.5% of its adsorption for water vapour. In addition, its melting
point reaches 380 °C, and it can work for a long time below 250 °
C. It is further explained that PEKK is an important material for
national defense and military industry because of its advan-
tages, such as corrosion resistance, wear resistance, and oil
resistance.18,19 Graphene/PEKK composites not only have the
above characteristics but also ensure that the materials have
high mechanical properties and electrical conductivity.

The properties, forming methods, graphene content,
Young's modulus, tensile strength, conductivity, and thermal
conductivity of graphene composites with different matrices are
shown in Table 1. Among them, the tensile strength of
graphene/PEKK is much higher than that of the other
composites. Research shows that Young's modulus and
conductivity can be improved by increasing the graphene
content. The differences in electrical conductivity and
mechanical properties of polymer composites with the same
matrix under different molding conditions are also shown in
the table and are worthy of attention.

At present, increasing attention has been given to the
formation and application of graphene composites, which have
gradually become a research hotspot in the past decade.1,2,15,18

The primary molding methods for graphene composites
include additive manufacturing, hot pressing, spark plasma
sintering, injection molding, extrusion molding, and electro-
magnetic pulse powder compaction.

This study reviewed several typical molding methods of
polymer-based graphene composites and described the
molding process and molding mechanism of polymer-based
graphene composite powder (Section 2). Different constitutive
models of materials are also discussed, and the assumptions,
applications, and shortcomings of these models are summa-
rized. Section 3 introduces the powder-forming theory,
including the powder compaction equation, the yield criterion
of geotechnical plasticity, the micromechanical model and the
ellipsoidal yield criterion. The application characteristics and
Table 1 Research on graphene composites with different matrix

Matrix Moulding method GR/%

ABS20 Fused deposition modeling 4
EP21 Casting molding 5
PC22 Injection molding 3
PP23 Extrusion molding 2
PS24 Hot pressing molding 4
PE25 Injection molding 4
PEEK26 Selective laser sintering 0.5
PEEK27 Hot pressing molding 3
PEKK28 Spark plasma sintering 5
PEKK29 Hot pressure molding 2
PEKK30 Electromagnetic molding 3.8

© 2023 The Author(s). Published by the Royal Society of Chemistry
prospects of different theories are compared, thus providing
theoretical guidance for the formation of graphene composites
and even other polymer materials.

2. Methods
2.1. Additive manufacturing

Additive manufacturing is a technology for 3D printers to read
the section information of STL les describing the surface
shape of 3D objects to realize layer-by-layer manufacturing.31 Its
advantages, such as melt deposition and laser sintering, are
that they do not need molds to manufacture the products.
However, the printing speed is slow, and the requirements for
physical and chemical properties and dimensions of materials
are high; hence, mass production cannot be achieved. The
additive manufacturing products also express evident anisot-
ropy and have large porosity, particularly aer adding rein-
forcement materials, and the anisotropy and porosity of
materials are more evident.32 Arevo33 successfully printed PEKK
composites using direct energy deposition (DED) technology, in
which the reinforcement materials include carbon bre, aramid
bre, and glass bre. The six-axis robot printing platform can
realize 3D curved surface printing, thus making the adhesion
between layers better and the porosity smaller; however, it
cannot control the anisotropy of materials.

Graphene nanoplatelets were incorporated at 4 wt% in
acrylonitrile–butadiene–styrene (ABS) laments, which were
used to feed a fused deposition modeling machine to obtain
specimens with various build orientations,20 as shown in Fig. 1.
Although the elastic modulus and dynamic storage moduli of
the products increased, the stress and strain at break decreased.
Thus, improving the overall performance of products may be an
important goal of FDM printing.

2.2. Injection molding

Injection molding is a process that heats and melts polymers,
metals, and other materials and uses pressure to inject them
into the mold for cooling molding.34,35 H. Massé et al.34 included
an overview of the injection molding process, the primary
characteristics of the ow patterns during lling that were
relevant to bre orientation, and a review of experimental
observations of bre orientation in injection-molded parts,
E/GPa sb/MPa r/S m−1 Kx/K W−1 m−1

2.46 35.9 — —
5.6 50.3 5 1.5
2.27 81 11.36 —
0.95 29 12.2 —
1.03 12.8 — —
1.8 26 — —
3.15 107 7.7 × 10−9 —
3.07 106.2 0.1 —
— — 16.4 —
3.07 186 — —
— — — —

RSC Adv., 2023, 13, 2538–2551 | 2539
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Fig. 1 Graphene composites:20 (a) 4-H; (b) 4-V; (c) 4-P.
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including bre orientation around weld lines. Finally, an
outline of modeling techniques used in the prediction of bre
orientation in injection molding is presented. This molding
process is widely used. France Arcoma Company has developed
different series of products by injection molding. The ller
materials include carbon and glass bres. Both of these rein-
forcing materials have signicantly improved the Young's
modulus and tensile strength of PEKK composites. The tensile
strength can reach more than 250 MPa; however, the conduc-
tivity is low.36 The molding temperature of injection molding is
higher than the melting temperature of materials, whereas the
melting temperature of PEKK exceeds 360 °C, which makes its
cooling time longer, increases the production cycle, and
reduces production efficiency. Meanwhile, the internal stress of
injection molded products is large, particularly when the mold
is changed, and the sample easily cracks caused by the uneven
cooling rate. However, product quality cannot be guaranteed
when processing products with complex shapes and large sizes;
thus, the product shape and size of this forming process are
greatly limited.

Fig. 2 shows an SEM image of the fracture surfaces of the S-
PC/GNS nanocomposites with 3.0 wt% GNS contents, and the
lamellar graphene is distributed on the matrix. Blue and red
arrows indicate aggregated and individual graphene nano-
sheets, respectively. Comparing Fig. 1 and 2, the lamellar gra-
phene is distributed on the matrix. Meanwhile, the density of
the specimen obtained by injection molding is better than the
density of the specimens obtained by additive manufacturing.

2.3. Extrusion molding

Extrusion molding, also known as plasticizing extrusion, is the
process of extruding the powder or green body in the diematerial
Fig. 2 SEM image of fracture surfaces of S-PC/GNS nanocomposites
with 3.0 wt% GNS contents: (a) GNS; (b) MGNS.22

2540 | RSC Adv., 2023, 13, 2538–2551
to form different forms of the green body or other nal products
under pressure.37,38 Akoma39 processed PEKK into complex
products such as gears and racks using the extrusion molding
process. However, the extrusion molding time is long, and the
pressure and crystallinity are high. Hence, it is necessary to pay
attention to the melting and glass transition temperatures, as the
product quality is highly sensitive to temperature. A. Bendada
and M. Lamontagne37 proposed a new infrared pyrometer for
polymer temperature measurement during extrusion molding.
The key feature of the developed system is the use of two specic
wavelengths that correspond to the fundamental absorption
bands of PET. This paper shows the importance of temperature
as an inuencing factor for product quality.

Giulia Infurna et al.23 discussed two carbonaceous nanollers
inuencing the nanocomposite properties, as shown in Fig. 3.
Moreover, the radical scavenging role of the carbonaceous
nanollers was investigated under thermomechanical, thermal,
and photodegradation conditions. The results conrmed that the
aspect ratio, loading, and dispersion level of the ller play
determinant roles in the nanocomposite durability. All the
specimens containing a single type of carbonaceous nanoparticle
have a high resistivity value during extrusion molding.

2.4. Hot pressing molding

Hot pressing, also known as hot pressing sintering, is divided
into solid- and liquid-phase sintering. The powder compaction
Fig. 3 Electrical resistivity of polypropylene and its nanocomposites.23

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Tensile measurement for PEEK and graphenex/PEEK composites:29 (a) stress–strain curves from uniaxial tensile tests; (b) performance of
composite materials.
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and sintering processes are simultaneously carried out, and the
sintering temperature is generally 70–80% of the melting point.
During the sintering process, it is oen necessary to add
auxiliary materials to speed up the discharge of impurities and
gas from the compact billet.27,29 The sintered body obtained by
hot pressing sintering has ne grains and a uniform distribu-
tion, with a density of more than 96%, and the pressure is
generally 30–50 MPa.40 Quanbin Wang et al.29 utilized hot
pressing to process graphene/PEKK composite slabs with
different graphene contents in their work and carried out
tensile strength tests on the formed plates. Fig. 4 shows that
when the graphene content is 2.5%, the maximum modulus is
3.62 GPa, and the tensile strength is 120 MPa. The hot-pressing
molding process has a long pressure holding time and low
production efficiency. Die materials oen include graphite,
which can be easily damaged and has a short service life. In
general, resistance heating is the heating method, which
consumes high electric energy and is costly.

Fig. 5 shows SEM images of NG and graphene prepared
under chemical reduction conditions. CRG-KH550 was suffi-
ciently exfoliated to thin graphene sheets with larger interlayer
spacing compared with TRG, which was related to the reduction
method. Finally, Lilong Yang et al.27 concluded that composites
with excellent electrical conductivity were fabricated by a hot-
pressing technique based on a PEKK matrix and graphene. It
can be determined that temperature and pressure must be the
most important objects of concern during hot-pressing.
Fig. 5 (a) SEM images of natural graphite;27 (b) CRG-KH55; (c) TRG.

© 2023 The Author(s). Published by the Royal Society of Chemistry
2.5. Spark plasma sintering

Spark plasma sintering (SPS) is a sintering process in which
powder samples are loaded into conductive molds and a pulsed
current is applied under uniaxial pressure.41–43 Although the
density of SPS-formed products reaches 98–100%,44 the powder
materials are not completely transformed because of the short
sintering time. Fan et al.31 studied the SPS forming process of
graphene/PEKK composites and tested the conductivity and
mechanical properties of the formed specimens. The conduc-
tivity of the specimens increases continuously with increasing
graphene content. The conductivity of graphene is the best
when its content is 5%, with a conductivity of 16.4 S m−1, and
the compressive strength of the graphene/PEKK composite
exceeds 110 MPa. It is further proven that the conductivity and
mechanical properties of the sample with 5% graphene content
are enhanced. However, it remains difficult to improve the
compaction density of graphene/PEKK composite powder,
particularly the cooling rate. This is because the conductivity of
particles affects the quality of plasma sintering, and it is diffi-
cult to control the sintering temperature.

Fig. 6 shows the SEM analysis of the brittle fracture of the
electrode bar for the graphene/PEKK composite material with
5% graphene. They can be found without evident graphene
agglomeration and carbonization, and graphene is uniformly
dispersed in the substrate PEKK. Fig. 6(b) and (c) show the fake
graphene of the graphene/PEKK composite electrode bar in the
RSC Adv., 2023, 13, 2538–2551 | 2541
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Fig. 6 SEM analysis of the electrode bar for the 5% graphene/PEKK composite material:28 (a) SEM analysis of the electrode bar including sections
A and B; (b) microstructure in region A; (c) microstructure in region B.
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A and B regions. This further explains the conductivity of the
graphene/PEKK composite with 5% graphene from the tissue
structure.
2.6. Electromagnetic-assisted molding

Explosive molding is a special molding process with high-speed
impact.45–47 Experiments and nite element numerical analysis
have proven that molding speed is a key factor affecting product
quality. Therefore, controlling the explosive impact speed is an
important technique to improve molding quality. During the
explosive molding process, high-speed forming technology is
controlled by a heavy hammer. The compaction speed is
controlled by adjusting the height of the heavy hammer;
however, noise pollution cannot be avoided.

Fig. 7 shows the forming principle of a typical high-speed
molding device. Magnetic pulse powder compaction tech-
nology is also a rapid prototyping method. The powder was
impacted in the stress wave at high speed. Powder particles are
subjected to elastic–plastic deformation during molding, and
their mechanical properties are further improved. Generally,
the molding speed is controlled by adjusting the discharge
voltage to avoid noise pollution and energy loss caused by the
impact of the punch and improve the molding quality.
Fig. 7 High-velocity compaction schematic diagram.48

2542 | RSC Adv., 2023, 13, 2538–2551
Previous studies have primarily focused on metals, metal
composites,49–53 inorganic nonmetallic materials,54–56 and other
powder materials with good conductivity and thermal conduc-
tivity. Few people have studied the electromagnetic molding of
polymers and their composites. Wang et al.30 studied the
molding of graphene/PEKK composite powder using electro-
magnetic pulse powder compaction technology and obtained
the inuence rule of the main process parameters on the elec-
tromagnetic pulse compaction molding quality of graphene
composite. They will further study how powder particles inu-
ence the quality under the electromagnetic molding. Magnetic
pulse powder compaction technology can be divided into radial
and axial compaction,57,58 and its principle is shown in Fig. 8.
Magnetic pulse powder compaction technology can realize the
molding of polymer composite powder under the action of
stress waves. The compaction speed is controlled by controlling
the discharge time, voltage and capacitance.

During high-speed compaction, the punch transmits the
stress wave to the powder, thereby causing severe plastic
deformation of the powder during compaction. In addition, the
ne powder particles and broken powder particles are rapidly
lled together because of the friction, extrusion, shearing, and
other effects between powder particles, and the relative density
is further improved.59,60 Moreover, the stress wave is repeatedly
reected, consumed, and attenuated during compaction, and
multiple stress waves can increase the relative density of powder
Fig. 8 Principle scheme of magnetic pulse compaction of tubes: (1)
copper shell; (2) powder; (3) steel rod; (4) plug; (5) spacer; (6) reverse
conductor.57

© 2023 The Author(s). Published by the Royal Society of Chemistry
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through multiple compactions. Under high-speed impact, the
rotation, rearrangement, and plastic deformation of the powder
occur in a very short time to avoid carbonization caused by high
temperature.

The friction between the powder particles and between the
particles and the mold generates heat caused by the extremely
short compaction time (ms). The heat cannot diffuse, which
leads to an increase in the powder temperature in the mold,
which is conducive to particle deformation.61 The energy of
electromagnetic pulse compaction molding can be changed by
changing the discharge parameters compared with explosion
molding. Its impact speed can be controlled from several
meters per second to tens of meters per second compared with
heavy hammer high-speed forming.
3. Power molding theories

The powder-forming process discussed above is complex. The
traditional trial and error method relies on the experience of
designers and lacks theoretical guidance. Various experiments
are necessary to revise the design scheme, thereby resulting in
a long product development time cycle and high cost. Although
these methods can obtain products that meet the requirements,
there remains no unied theory on the deformationmechanism
of powder forming, which will lead to different products
needing to repeat the same work and increase costs. Therefore,
it is necessary to apply computer numerical simulation tech-
nology to predict product molding and optimize its molding
process plan.62,63

In practical modeling, secondary factors are oen ignored to
simplify the model, and the prediction accuracy of powder
compaction depends on the model's accuracy. The powder is
a whole composed of particles. Individual particles are contin-
uous, but there are pores between particles; hence, the whole
composed of particles is discrete. The discontinuous problem is
more complex; hence, both the powder and the performance of
a particle should be considered as a whole. At present, although
there are various studies on the numerical simulation of powder
Table 2 Theory formulas and experience formulas of powder compact

Year Author Formula

1923 Walker b = k1 − k2 lg

1938 Balshin dP
db

¼ �lP

lg Pmax � lg P

lg Pmax � lg P

1956 Kawakita
C ¼ abP

1þ bP
1961 Heckel

ln
1

1�D
¼ kP

1964–1980 Peiyun Huang
lg ln

ðrm � r0Þ
ðrm � rÞr

m lg ln
ðrm � r

ðrm � r

© 2023 The Author(s). Published by the Royal Society of Chemistry
compaction, there is no mathematical model that can accu-
rately predict the powder compaction process. The theories
proposed by academia primarily include the compaction
equation, ellipsoidal yield criterion, yield criterion of geotech-
nical plasticity, and micromechanical model.

3.1. Powder compaction equation

The compaction equation of powder is the relationship between
the relative volume of powder and pressure. Various researchers
have mademany important achievements and have successively
proposed different compaction equations. The most widely
used equations include Balshin, Kawakita, Heckel, and Huang
Peiyun's equations.64,65 This is a huge step since Walker rst
proposed the model in 1923. The theoretical and empirical
formulas are shown in Table 2.66

The above compaction equation has led to various ideal
treatments, such as ignoring the density gradient and stress
gradient inside the powder, which makes it difficult to explain
the uneven distribution of strength and hardness of the nal
compact. Thus, it is assumed that the powder particles are
elastic, and the work hardening phenomenon and the friction
between the powder particles are ignored. The relationship
between the pressure and density of the compact is described by
an empirical formula. The compaction process is accompanied
by sintering, and ensuring the prediction accuracy by ignoring
the inuence of temperature is difficult. At present, the limita-
tions of the models remain difficult to solve. However,
researchers have also made great progress; they modied the
model or modied the application, which has become a key
direction of research.

3.2. Yield criterion of geotechnical plasticity

Considering that rock soil and powder are particles in a loose
state, the plastic mechanics theory of rock soil is used in powder
forming. Based on geotechnical plasticity, hydrostatic pressure
has a great inuence on the yield of materials.67,68 At present,
the plastic mechanical models of rock and soil used to describe
the powder compaction process primarily include the Cap
ion66

Notes

P k1, k2 – constants, P – pressure, b –
relative volume

¼ Lðb� 1Þ
¼ m lg b

Pmax – pressure (b= 1), L – constant,
m – coefficient, b – relative volume

C – volume reduction rate, a, b –
coefficient

þ A
A, k – coefficient

r

0

¼ n lg P� lg M

0Þr
Þr0

¼ lg P� lg M

rm – ending density, r0 – initial
density, r – density, P – compacted
strength, M – compaction modulus,
n – mm−1, m – hardening index
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Fig. 9 The modified Drucker–Prager Cap model.74

Fig. 10 The expression of the dual-mechanism model proposed by
Khoei in J1 � ffiffiffiffiffiffiffi

J2D
p

space.81

Fig. 11 Representation of the modified Cam–Clay model in the p–q
84
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model,69 modied Cam Clay model,70 Mohr–Coulomb model71

and Drucker–Prager/Cap model.72,73

The Mohr–Coulomb and Drucker–Prager models are the
earliest in the application of geotechnical plasticity. However,
for the study of powder compaction theory, both of these
models believe that the powder can be innitely pressed. In
addition, both models are based on the assumption of the
associated ow rule, which will lead to deviation in the calcu-
lation results. Researchers found that the above shortcomings
can be overcome by adding a surface at the end of two conical
surfaces, thus forming a typical dual mechanism model. It
generally consists of shear failure and cap yield surfaces, where
Drucker–Prager/Cap is the most widely used model.74–78 The
model is represented in the p–q plane, as shown in Fig. 9,74 and
consists of three curves: shear failure surface Fs, transition zone
Ft and cap yield surface Fc, which are dened by eqn (1).
Moreover, Wenting He et al.79 adopted the modied Drucker–
Prager/Cap model to simulate the cold isostatic pressing
process of alumina ceramic and epoxy composite powder and
determined the optimal corner radius through numerical
analysis. They think that the combination of the shear failure
and cap yield surfaces is more suitable to describe the
compaction process of powder. Meanwhile, Mengcheng Zhou
et al.78 successfully applied the theory of Wenting He, and they
compared the simulation and experimental results and ach-
ieved good results.

Fs = q − p tan b − d = 0 (1)

Ft ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp� paÞ2 þ ½q� ð1� a=cosbÞðd þ pa tan bÞ�2

q
� aðd þ pa tanbÞ

¼ 0 (2)

Fc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp� paÞ2 þ

�
Rq

1þ a� a=cos b

�2s
� Rðd þ pa tanbÞ ¼ 0

(3)

In addition, Khoei et al.80,81 established a dual mechanism
density relationship model (Fig. 9) and simulated the large
deformation during the powder compaction process. Although
2544 | RSC Adv., 2023, 13, 2538–2551
all Cap models are based on the continuous yield theory of
materials, the stress state in most models is a 3D stress state
based on the law of invariant mechanics. Meanwhile, the yield
surface must include a moving “cap” surface in the powder
elastoplastic model. The position of the surface of the moving
“cap” can be expressed by a plastic volumetric strain equation
and expanded based on a certain hardening law. The yield
surface can be divided into three sections (Fig. 10), and the
expression is as follows:8>><

>>:
f1 ¼

ffiffiffiffiffiffiffi
J2D

p
� qJ1 þ ge�bJ1 � a ¼ 0

f2 ¼ R2J2D þ ðJ1 � LÞ2 � R2b2 ¼ 0

f3 ¼ J1 � T ¼ 0

(4)

The axisymmetric and nonaxisymmetric parts are numeri-
cally simulated and analysed using the numerical nite element
method. The density and stress gradients82,83 are obtained and
compared with the test data to verify their reliability.

Fðp; qÞ ¼
�p
a
� 1

�2

þ
� q

Ma

�2

� 1 ¼ 0 (5)

However, the model parameters need to be calibrated many
times, and the process is complex. Diarra et al.84 compared the
modied Drucker–Prager/Cap model with the modied Cam–

Clay model and showed that the prediction results of the two
models were almost the same; meanwhile, the modied Cam
Play model was more concise. Its representation in p–q space is
plane: evolution of the yield surface with the relative density.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. 11,84 and its expression is shown in eqn (5).
However, it cannot bear the static tensile load because the
model does not consider the adhesive force between particles;
thus, its mechanical properties are different from those of
powder materials.
Fig. 12 Hole model of the sinter upsetting process.90
3.3. Micromechanical model

The mechanical properties of the powder are related to the
particle size distribution, composition ratio, material type, and
other factors. In addition, its mechanical properties have an
impact on the compaction process of the powder. The powder
compaction process is a complex molding process, and various
factors affect the quality of compacts, such as the force between
particles and viscosity. The molding law is oen revealed
through discontinuous medium mechanics, powder particles
are regarded as a group of powder particles, and the relation-
ship between the movement characteristics of each particle and
the macroscopic mechanical behavior of the powder is estab-
lished.85 In micromechanics theory, compacts are primarily
regarded as compact spherical particle aggregates. At present,
there are two primary methods: discrete element and hole
model methods.

The discrete element method was initially proposed by
Cundall et al.86 to analyse the distribution and velocity of
a single element in space. Aerward, scholars applied this
method to the process of powder compaction, discretized the
powder movement into independent units, and analysed the
independentmovement of each unit, and themovement of each
unit conformed to the classical equation of motion. Meanwhile,
Wen Tong et al.87 used the discrete element method to conduct
a nite element simulation of the powder and analysed its
movement speed, trajectory, and density distribution. Yan
Shiwei et al.88 successfully predicted the temperature evolution
process during the electromagnetic pulse compaction of iron
powder using the discrete element method. They found that the
temperature rise came from the plastic deformation of the
powder. The friction between the powder particles and the
friction between the particles and the mold affect the temper-
ature gradient, and the compaction speed has a greater impact
on the temperature rise. The temperature and temperature
gradient of the iron powder increase continuously with
increasing compaction speed. Ransing et al.89 established
a multiparticle model to analyse the compaction process of
mixed ductile and brittle powders and compared it with the
Gurson model of continuum mechanics. The results of the two
prediction models were similar, which proved that the discrete
model was capable of describing the formation of powder
particle aggregates. However, their research has made an
idealized assumption on powder particles; hence, it remains
unable to predict the compression of large particle
combinations.

The pore model method sets the pores of the powder
uniformly in the continuum and then uses the numerical
simulation method to solve. Zhou Zhaoyao et al.90 used MSC
MARC soware to predict the upsetting process of iron powder
sinter by setting pores with the same size and uniform
© 2023 The Author(s). Published by the Royal Society of Chemistry
distribution and analysed the mechanical behavior of particles,
as shown in Fig. 12. The model takes into account the rela-
tionship between the powder and the compact body and can
better describe the molding characteristics under the assump-
tion that the pore size and shape are the same and its distri-
bution is uniform.

The micromechanical model can well describe the process of
powder accumulation and early compaction; however, there is
a large deviation aer the powder particles change from elastic
deformation to plastic deformation. In the model, the powder
particles are assumed to be regular spherical particles, with
severe deformation between particles, thus breaking the regu-
larity and making the force between particles complex. The
existing micromechanical models are simple, ignoring the
difference between the ideal model and the actual model. This
leads to the difference between the experimental results and
numerical analysis results. Therefore, selecting a reasonable
micromechanical model remains an effective technique to
improve prediction accuracy.
3.4. Ellipsoidal yield criterion

The ellipsoidal yield criterion is based on the Von Mises yield
criterion, which considers the inuence of hydrostatic pressure
and relative density on the ow stress. The powder is assumed
to be a “compressible continuum”; hence, continuum
mechanics theory is applied.91,92 The classic von Mises yield
criterion is expressed as follows:

F ¼
ffiffiffiffiffiffiffi
3J

0
2

q
� ss ¼ 0 (6)

The yield formula is:

F ¼ AJ
0
2 þ BJ1

2 � hss
2 ¼ 0 (7)

lim
r/1

h ¼ 1 (8)

F is the yield function, J
0
2 is the second invariant of the deviator

stress tensor, J1 is the rst invariant of the stress tensor, h is the
ow stress model and relative density function, and ss is the
yield stress of the material when the relative density is equal to
1. In the principal stress space, it appears as an ellipsoid aer
RSC Adv., 2023, 13, 2538–2551 | 2545
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Fig. 13 Evolution of the ellipsoidal surface during powder
compaction.93
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the introduction of hydrostatic pressure and relative density.

The J1 �
ffiffiffiffi
J 02

p
plane is elliptical. When the powder is nearly fully

dense, that is, when the relative density is 1, the yield equation
degenerates to the Mises yield criterion, as shown in Fig. 13.93

Since the 1970s, various scholars have proposed the yield
criterion of ellipsoidal powder. Doraivelu,94 Green,95 Shima-
Oyane,96 Kuhn-Downey,97 Gurson,98 and Song Yi99 proposed the
inuence of hydrostatic pressure and porosity on the yield
criterion based on the classical von Mises of metal material
mechanics theory and determined different yield conditions, as
shown in Table 3. The above formulas have similar forms, and
they can be used for different materials or different molding
methods by adjusting their boundary conditions and
parameters.

In summary, the ideal compaction equation cannot
completely and accurately explain the powder compaction
Table 3 Ellipsoidal yield criterion of powder

Author A, B h

Doraivelu94 A ¼ 2þ r2

B ¼ 1� r2

3

r2 � rc
2

1� rc
2

Green95 A ¼ 3

B ¼ 1

4½lnð1� rÞ�2

3½1� ð1� r

3� 2ð1� r

Shima and Oyane96 A ¼ 3

B ¼ 2:49ð1� rÞ0:514
9r5

r5

Kuhn and Downey97 A ¼ 2þ r2

B ¼ 1� r2

3

1

Gurson98 A ¼ 3

B ¼ ð1� rÞ2
8

r2 − r + 1

Yisong99 A = 1.86r + 1.14 r7 � rc
7

1� rc
7B = 0.31(1 − r)

Xu100 A = 1.86r + 1.14 rn � rc
n

1� rc
nB = m(1 − r)

2546 | RSC Adv., 2023, 13, 2538–2551
process. If only the compaction equation is used to describe the
powder compaction process, it will cause a large deviation, and
the prediction accuracy is limited. Although the plastic
mechanical model of rock and soil has a good theoretical basis
and can describe the mechanical behavior of powder, its
constitutive model is complex; hence, various mechanical tests
are necessary to calibrate the parameters.101 The micro-
mechanical model assumes that the powder is a round particle;
however, its actual particle shape is irregular, and the interac-
tion between particles is complex. The ellipsoidal yield criterion
requires fewer parameters to be determined compared with
these models. Moreover, the reliability of simulation prediction
accuracy for axisymmetric and nonaxymmetrical bodies has
been veried and widely recognized.102–106 Fan Xu et al.100 used
the modied Doraivelu model to predict the cold compaction
process of PEKK powder, which can better predict the experi-
mental process of the density, thus further conrming the
feasibility of this theory on PEKK composites.

Theoretically, porous materials need to consider the effects
of porosity and hydrostatic pressure; thus, the yield criterion
can generally be expressed as eqn (9).99

f
�
sij

� ¼ AJ
0
2 þ BJ1

2 ¼ hss
2 (9)

where J
0
2 and J1 are the second and rst invariants of the

deviatoric stress tensor, respectively. ss is the yield stress of the
material in a dense state, and h is a relative density function and
represents the contribution of geometric hardening. A, B and h

must meet the following conditions:8>>>>><
>>>>>:

lim
r/1

A ¼ 3

lim
r/1

B ¼ 0

lim
r/1

h ¼ 1

(10)
Remark

If r = 1, B = 0 and h = 1

Þ1=3�2
Þ1=4

If r = 1, B / 0 and h = 1; if r = 0, B / +N and h = 0

If r = 1, B = 0 and h = 1; if r = 0, B / +N and h = 0

If r = 1, B = 0

If r = 1, B = 0 and h = 1

If r = 1, B = 0 and h = 1

If r = 1, m˛[0, 0.62] n > 1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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That is, when the compact is in a fully dense state, it degen-
erates into the von Mises yield criterion. Fan Xu et al.100 modi-
ed the Doraivelu94 constitutive model based on the linear
equation of Poisson's ratio and relative density of iron powder
compaction, yield coefficient B,107 and ow stress model106 as
follows:

ð1:86rþ 1:14ÞJ 0
2 þmð1� rÞJ12 � rn � rc

n

1� rc
n
ss

2 ¼ 0 (11)

where m and n are constants, m˛[0, 0.62], and n(>1) is a real
number.

With the development of nite element technology, various
nite element soware programs are emerging. Various large-
scale commercial soware programs, such as ANSYS, MARC,
and ABAQUS, have been widely used in various elds. In the
numerical analysis of electromagnetic pulse powder compac-
tion, Shi Jian108 used ANSYS soware to simulate the electro-
magnetic pulse compaction process and applied the Drucker
Prager yield criterion to conclude consistently with the experi-
mental results. Meanwhile, Partha AP et al.109 successfully pre-
dicted the powder compaction process using ANSYS soware.
By comparing one-way compaction with two-way compaction,
the compactness of two-way compaction is 15% higher than
that of one-way compaction, and the compactness increases
with increasing compaction pressure.

Haifeng Hu et al.110 successfully analysed the mechanical
behavior of the powder using ABAQUS soware and simplied
it into a dense volleyball stacking model. The comparison of
simulation and experimental results proves that the assumed
dense volleyball stacking model is simple and effective. A. R.
Khoei et al.111 developed an integrated simulation module
consisting of inverse optimization and nite element methods
using ABAQUS soware. The maximum error between densities
is 2.3% compared with the experimental results. Fenqiang Li
et al.112 predicted the radial compaction process of electro-
magnetic pulse powder using the Drucker Prager Cap model
and ABAQUS/Explicit. The reliability of the model was veried
through experiments, and the uniformity of compaction speed,
pressure, and density distribution was predicted. Orest et al.113

adopted a new friction-assisted compaction technology that
uses the friction force at the powder punch interface to assist
powder compaction. The simulation results show that this
technique can greatly reduce the nonuniformity of the density
distribution. Xu Fan et al.100 used the modied Doraivelu model
to predict the PEKK cold compaction process and obtain the
compaction density distribution under different pressures.
Although the prediction accuracy of the entire model process
was poor and had a high initial relative density, it could still
accurately predict the average relative density at the end of
compaction. Therefore, we must successfully obtain a constitu-
tive model to predict the powder molding process to obtain
some process parameters.
4. Conclusions

Research on polymer composite powder molding can effectively
improve the quality of polymer composite products. Herein, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
molding equipment, molding mechanism and numerical
analysis are discussed. The electrical conductivity and
mechanical properties of graphene composites are a form of
product existence; thus, selecting appropriate researchmethods
is necessary to improve product performance and application
prospects.

(1) There are various graphene composite powder-forming
equipment and process methods. Hot pressing, spark plasma
sintering, additive manufacturing, electromagnetic pulse
compaction and other process methods are the main methods
to form graphene composite materials. However, an appro-
priate forming method must be selected to ensure that gra-
phene composite materials have high mechanical properties
and electrical conductivity. These forming schemes can also be
used in combination; that is, to ensure density, they also
eliminate carbonization caused by high temperatures.

(2) Regardless of the kind of molding process scheme, the
powder particles are bonded together through temperature or
pressure. Hot pressing, spark plasma sintering, injection
molding and addictive manufacturing are inseparable from the
inuence of temperature. Electromagnetic composite molding
relies on the discharge voltage or discharge capacitor to achieve
high-speed aggregation of particles. However, the heat gener-
ated by high-speed impact cannot be released in time; hence, it
is oen necessary to increase the sintering process aer
compaction.

(3) It is necessary to establish an appropriate constitutive
model to predict the change rule of process parameters during
the forming process of graphene composite powder. In addi-
tion, different forming process schemes are used for various
hypotheses of the constitutive model. The forming materials
oen sacrice the prediction accuracy of one aspect of the
model. Therefore, the selection or construction of the consti-
tutive model of graphene composite powder is the basis for
composite molding experiments and theoretical research.
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