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Processing optimization is an important means to inhibit manufacturing defects efficiently. However, processing optimization used
by experiments or macroscopic theories in high-speed automated fiber placement (AFP) suffers from some restrictions, because
multiscale effect of laying tows and their manufacturing defects could not be considered. In this paper, processing parameters,
including compaction force, laying speed, and preheating temperature, are optimized by multiscale collaborative optimization
in AFP process. Firstly, rational model between cracks and strain energy is revealed in order that the formative possibility of
cracks could be assessed by using strain energy or its density. Following that, an antisequential hierarchical multiscale collaborative
optimization method is presented to resolve multiscale effect of structure and mechanical properties for laying tows or cracks in
high-speed automated fiber placement process. According to the above method and taking carbon fiber/epoxy tow as an example,
multiscale mechanical properties of laying tow under different processing parameters are investigated through simulation, which
includes recoverable strain energy (ALLSE) of macroscale, strain energy density (SED) of mesoscale, and interface absorbability
and matrix fluidity of microscale. Finally, response surface method (RSM) is used to optimize the processing parameters. Two
groups of processing parameters, which have higher desirability, are obtained to achieve the purpose of multiscale collaborative
optimization.

1. Introduction

Carbon fiber/epoxy laminates, due to the advantages of low
density, high specific strength, and antifatigue ability, are
attractive in a wide array of aerospace fields, where they
are especially suitable to design the light-weight aircraft [1].
Automated fiber placement (AFP) is traditionally used on
complex surfaces, smaller structures, which utilizes single
or multiple narrow, slit tapes or tows to make up a given
total prepreg band width. Their productivity is 5–20 times
higher thanmanual fiber placement or semi-AFP [2]. How to
guarantee the better production quality is focused on in rapid
manufacturing at present. Some advanced AFP machines
are produced by MAG CINCINNATI, INGERSOLL, and
MTORRES, which have the ultimate laying speed of about
50–60m/min and compaction force of about 0.8MPa. Most
of laying speed is in the range of 10–20m/min [3]. We

consider that the high-speedmentioned refers to laying speed
greater than 20m/min in AFP process.

More manufacturing defects are driven at high-speed
manufacturing process than low-speed due to higher energy
accumulation in rapid manufacturing process. Generally,
inhibition of manufacturing defects can be beneficial to
improving the laying quality. However, the formations of
manufacturing defects, which could have impact on the
performance of entire laminate structure, have multiscale
effect. More specifically, microdefects of carbon fiber/epoxy
laminates or laying prepreg tow are triggered under the man-
ufacturing loads, preheating temperature, and environment.
Furthermore, the expansion and convergence ofmicrodefects
could result in bigger or macroscopic manufacturing defects
under continuous loads. For example, the microcracks could
be extended to the entire fiber/matrix interface, which is a
“long” creep process, and it includes different spatiotemporal

Hindawi Publishing Corporation
Advances in Materials Science and Engineering
Volume 2016, Article ID 5480352, 14 pages
http://dx.doi.org/10.1155/2016/5480352



2 Advances in Materials Science and Engineering

scales [4]. This statement also works from the physical point
of view that cracks form at the atomic scale, extend to the
macroscopic level, are irreversible, and travel far from equi-
librium [5]. However, the multiscale material damage still
remains a compelling challenge until now [6–10]. Although
much research has been done on the defects of composites
during service life [11–13], little work has been done on the
evolution mechanism of multiscale defects in AFP process.

The processing parameters optimization can offer a way
to diminish the manufacturing defects that occur during
AFP process. Grouve et al. [14] investigated the interrelation
between processing parameters, material properties, and
interlaminar bond strength. Experiments demonstrated that
an excellent bond quality can be obtained at high velocities
and low input power in case the laser is primarily aimed
at the tape. Tumkor et al. [15] established the model of
thermoplastic tape lay-up in terms of heat transfer and
investigated the effects of processing parameters on the qual-
ity of thermoplastic composite laminates fabricated by tape
placement. Sonmez and Akbulut [16] adopted two objectives
to optimize processing parameters. One was to minimize
the peak of tensile residual stress. The other was to increase
the productivity by maximizing the laying speed. Aized
and Shirinzadeh [17] analyzed and optimized robotic fiber
placement processing parameters using response surface
method. However, most of the publications performed pro-
cessing parameter optimization based on macromechanics
or experiments, which suffered from some limitations that
neglected the multiscale effect in optimization process.

There are three main processing parameters in AFP
process. One is compaction force that plays the role of
increasing the interfacial adsorption ability and reducing
bubbles. The second is laying speed, which could control
the productivity and motion paths of AFP process. The
last is preheating temperature which has a most important
function of increasing the fluidity of the resin. The aim of
this paper is to optimize the processing parameters of AFP
collaboratively based on mechanical properties of different
scales. Inmacroscopic andmesoscopic scale, ALLSE and SED
are investigated to assess the probability of the formation of
crack defects through building a relational model between
cracks and strain energy. Then the energy transfer model
is established to import energy from macro-/mesoscale
to microscale based on homogenization method. Further,
adsorption energy (AE) and diffusion coefficient (DC) of
microscopic region are calculated to reveal the characteristics
of interface absorbability and matrix fluidity. Four objectives
of optimization are separately considered, of which the first
two are to minimize the peak of ALLSE and SED, and the
others are to maximize the AE and DC. Finally, two groups
of processing parameters, which allow for multiscale effect of
defects, are optimized by RSM.

2. Relational Model between Cracks
and Strain Energy

The microcracks are induced by a high residual tensile stress
in high-speed AFP process because of different thermal

expansion coefficient between fiber and matrix [18]. The
increase of stress would result in the increase of length
and quantity of cracks under continuous loads, and finally
microcracks become the macroscopic cracks (i.e., interfiber
failure, IFF) through entire tow. Thus microcracks are the
baseline form of many manufacturing defects. For example,
crack-tips tend to follow the high stress concentration, which
may cause partial delamination defect. Similarly, Puck and
Schürmann [19] studied the relationship between IFF and
delamination using some experiments. The results show that
as long as the phenomenon of IFF cracks does not occur
in composite laminate structure, the delamination cannot
be driven. It follows that optimized processing parameters
for inhibition of microcracks should be able to reduce
other manufacturing defects effectively. So it is important
to establish defect model of cracks, which could assess the
probability of the formation of microcracks by some physical
quantities or parameters.

In this study, the method of damage mechanics is used
to reveal relationship betweenmicrocracks and strain energy.
In Figure 1, microcracks are distributed along a direction (𝛼)
uniformly within the laying tow in high-speed AFP process.
A feature unit dV (1) is shown in Figure 1:

d𝑉 = d𝑥 d𝑦 dℎ, (1)

where ℎ is the thickness of laying tow.
The presence of N microcracks within the feature unit

is assumed, and the area of each of the microcracks is
designated as 𝑆𝑚 (𝑚 = 1, 2, . . . , 𝑁). The strain energy of the
feature unit is calculated by

𝑈(𝑆1, 𝑆2, . . . , 𝑆𝑚) = 𝑈 (0) + 𝑁∑
𝑚=1

∫𝑆𝑚
0

𝜕𝑈𝜕𝑆𝑚 d𝑆𝑚. (2)

Each cracks is assumed to have an equal area. There is

𝑆𝑚 = 2𝑎ℎ, (3)

where 𝑎 is half-crack length.
The function of strain energy density is gained in

𝑢 = 𝑢0 + 2𝑛∫𝑎
0

𝜕𝑈𝜕𝑎 d𝑎, (4)

where 𝑛 is crack density.
The function of initial strain energy density is showed as

𝑢0 = 12𝐶𝑖𝑗𝑘𝑙𝜀𝑖𝑗𝜀𝑘𝑙, (5)

where 𝐶𝑖𝑗𝑘𝑙 is stiffness tensor and 𝜀𝑖𝑗 and 𝜀𝑘𝑙 are strain tensor(𝑖, 𝑗, 𝑟, 𝑠 = 1, 2, 6).
In the case of crack propagation along the direction of

crack plane, the releasing of potential energy 𝑈𝑔 is expressed
as

𝑈𝑔 = d𝑈
d𝑎 = 𝐷1𝐾21 + 𝐷2𝐾22 . (6)
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Figure 1: High-speed preheating AFP process and a feature unit.

Thematerial constants𝐷1 and𝐷2 are calculated by (7) for
the orthotropic materials:

𝐷1 = √𝑒11𝑒222 (√ 𝑒22𝑒11 +
2𝑒12 + 𝑒662𝑒11 )

1/2

,

𝐷2 = 𝑒11√2 (√
𝑒22𝑒11 +

2𝑒12 + 𝑒662𝑒11 )
1/2

,
(7)

where 𝑒𝑖𝑗 is flexibility coefficient in the main direction of
material, 𝑖, 𝑗 = 1, 2, 6.

Tensile stress intensity factor𝐾1 and shear stress intensity
factor𝐾2 are shown in

𝐾1 = 𝜎√𝜋𝑎𝑅1 (𝑎, 𝑛) ,
𝐾2 = 𝜏√𝜋𝑎𝑅2 (𝑎, 𝑛) , (8)

where 𝜎 is tensile stress in crack plane, 𝜏 is shear stress in
crack plane, 𝑅1 is interaction factor of tensile crack, and 𝑅2
is interaction factor of shear crack.

On the basis of (4)–(8), the function of strain energy
density becomes

𝑢 = 𝑢0 + 2𝜋𝑛∫𝑎
0
[𝐷1𝜎2𝑅21 (𝑎, 𝑛) + 𝐷2𝜏2𝑅22 (𝑎, 𝑛)] 𝑎 d𝑎

= 𝑢0 + 𝐵 (√𝑒11𝑒22𝜎2𝜔1 + 𝑒11𝜏2𝜔2) .
(9)

In (9), 𝜔1 is tensile damage variable, 𝜔2 is shear damage
variable, and 𝐵 is a constant. Their specific algorithms are
shown in

𝜔1 = ∫𝑎
0
𝑅21 (𝑎, 𝑛) 𝑛2𝜋𝑎 d𝑎

𝜔2 = ∫𝑎
0
𝑅22 (𝑎, 𝑛) 𝑛2𝜋𝑎 d𝑎

𝐵 = 1√2 (√
𝑒22𝑒11 +

2𝑒12 + 𝑒662𝑒11 )
1/2

.
(10)

Strain energy density can be expressed as a function
of processing parameters such as compaction force, laying
speed, and preheating temperature, which are shown in

𝑢 = 𝑢0 + 𝑓 (𝐹, 𝑆, 𝑇) . (11)

𝑢0 = 0 is assumed. And, according to (9), correlation among
damage variable 𝜔 and stress and processing parameters is
revealed in

𝑓 (𝐹, 𝑆, 𝑇) = 𝐵 (√𝑒11𝑒22𝜎2𝜔1 + 𝑒11𝜏2𝜔2) . (12)

Flexibility coefficients are constants because the same
composite prepreg is adopted. So 𝐵 is a constant. 𝜎 and 𝜏
are closely associated with 𝜔1 and 𝜔2. Equation (12) shows
that processing parameters could cause the internal stress of
the composite to change and then lead to the formation of
damage. ALLSE and SED are physical quantities which could
evaluate intensity and distribution of stress. Hence, ALLSE
and SED are changed with different processing parameters.
Also, (4), (9), and (12) show that the formation and expan-
sion of microcracks have a positive relationship with the
strain energy and its density that vary with the processing
parameters in high-speed AFP process. Therefore, the evo-
lution trend of ALLSE and SED can be investigated to assess
the probability of formation of microcracks under different
processing parameters.

3. Multiscale Optimization Method

The thickness of prepreg tow is about 100∼200𝜇m, which
belongs to a mesoscopic level; however, the length and width
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Figure 2: Antisequential hierarchical multiscale relationship.

of prepreg tow are greater than 1mm which belong to a
macroscopic level. Due to distinctive structure of prepreg tow,
a concurrent analysis method can be applied to study the
macromesoscopic mechanical properties [20]. The concur-
rent analysismethod regards themacroscale andmesoscale as
a homogenization large-scale based on the homogenization
method. Sequential multiscale analysis method is usually
used to calculate large-scale physical parameters based on the
analytical results of smaller scale [21, 22], while the boundary
conditions of small-scale are difficult to be determined in the
manufacturing process. To solve the above-mentioned prob-
lem, an antisequential analysis model is presented to arrive
at the fact that small-scale parameters can be determined
by analytical results of large-scale. It is beneficial to build
the relational model among micromechanical properties,
macromesoscopic properties, and processing parameters.
The hierarchical relationship of materials design has been
developed by Olson [23]. In this paper, the hierarchical
thought is extended to design and optimize the processing
parameters of AFP.The antisequential hierarchical multiscale
relationship is portrayed in Figure 2.

According to the antisequential multiscale analysis
method and Olson theory, an antisequential hierarchical
multiscale collaborative optimization method (Figure 3) for
AFPprocess is presented,which includes the homogenization
method, concurrent/sequential multiscale analysis, hierar-
chical model of material design, and energy transfer model
of multiscale and RSM. This method is applicable for band-
shape structure of prepreg.

In Figure 3, macroscopic and microscopic analyses are
executed using the concurrent multiscale analysis method,
which include the establishment of finite element method
(FEM) model and the calculation of ALLSE and SED. Then
energy transfer model needs to be established to input energy
from macromesosystem to microsystem homogeneously.
Furthermore, an antisequential analysis method is used to
obtain the boundary conditions of microsystem based on the

analytical results of macromesosystem. Interface absorbabil-
ity and matrix fluidity in the microsystem are assessed by AE
and DC. Finally, RSM is adopted to optimize the processing
parameters withmultiscalemechanical properties.Therefore,
optimized processing parameters could achieve multiscale
effect collaboratively, which provides great potential for
minimizing the possibility of the formation of crack defects.

4. Simulation Experiments

4.1. Macromesoscale

4.1.1. Materials and FEM Model. In this paper, optimal
processing parameter is obtained by using the proposed
antisequential hierarchicalmultiscale collaborative optimiza-
tion method, which utilizes FEM, molecular dynamics (MD)
simulation, and RSM. First of all, ALLSE and SED of lay-
ing tow in macromesoscale should be calculated by FEM.
Then boundary conditions of FEM for prepreg tow are set
up, wherein mechanical properties of a carbon fiber/epoxy
prepreg are exhibited in Table 1, where E1, E2, and E3 are the
modulus of elasticity in the x, y, and z directions, respectively
(x is the length direction of tow, y is thewidth direction of tow,
and z is the vertical direction). v12, v13, and v23 are Poisson’s
ratio in different planes (xy, xz, and yz planes, resp.).G12,G13,
andG23 are the shearmodulus in different planes (xy, xz, and
yz planes, resp.).

FEM model which includes roller, prepreg tow, and
laminates in high-speed AFP is established by using Abaqus.
Laying speed is set as 27m/min, 30m/min, 33m/min, and
36m/min, respectively, and compaction force is considered
to be 150 kPa, 200 kPa, 250 kPa, and 300 kPa, respectively.
The levels of laying speed and compaction force are cross-
linked, respectively; thus 16 groups of boundary conditions
could be obtained. In this study, simulation time is set to
be 125 𝜇s. The bottom of laminates, which are formed by 4
unidirectional layers, is fully constrained. In addition, the
actual length of lay-up tow is 280mm, and contact type is set
as rough between the laying tow and the laminates. To analyze
themesomechanical characteristics of a unit in the laying tow,
number 175 mesh is chosen to serve as an analytical object
(Figure 4), which could also be regarded as a featuremesounit
in Figure 1.

Stress distribution of entire model and laminates is
obtained under different processing parameters, wherein
laying speed of 36m/min and compaction force of 150 kPa are
shown in Figure 5.

4.1.2. Macroscopic Characteristics (ALLSE). The curves of
ALLSE in time domain (Figure 6) are calculated to reveal
the relationship between processing parameters and laying
quality directly, as well as showing the probability of the
formation of microcracks in the laying tow indirectly.

From Figure 6, it also can be seen that ALLSE have higher
peak and intense oscillationmostly in the later period of AFP,
which probably is because the accumulation of energy cannot
easily be released due to the same tow length with a shorter
rolling time. On the basis of the results of ALLSE, a range of
laying speed of about 30–36m/min and compaction force of
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Table 1: Mechanical properties of a bisphenol A epoxy matrix prepreg.

Density E1 E2, E3 v12, v13 v23 G12, G13 G23
1.49 g/cm3 121 GPa 8.6GPa 0.27 0.4 4.7GPa 3.1 GPa
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speed AFP process.

300 kPa are preferred, which shows a lower peak and stable
curves of ALLSE.

4.1.3. Mesoscopic Characteristics (SED in Number 175 Mesh).
Number 175 mesh is compressed by roller directly which is
an important featuremesounit in rolling region.The curves of
SED in number 175 mesh are calculated as shown in Figure 7.

In Figure 7, most curves of SED show intense oscillation
under different processing parameters because of propa-
gation of stress waves irregularly. The distance from the
beginning of rolling to the ending of rolling through a unit
is called roll nip of unit here. In most cases, the peaks of SED
in number 175 mesh are not within time domain of roll nip,
because the transmission, convergence and accumulation

of stress waves are not easily released at higher level of
energy. Therefore, the phenomenon usually occurs in high-
speed manufacturing. Most curves of SED present an abrupt
decreasing in correspondence of a laying speed of 36m/min.
It is explained that strain energy is not easy to accumulate in
higher laying speed because higher laying speed could lead
to shorter roll nip time. According to the stability analysis of
SED curves in number 175mesh, compaction force of 200 kPa
is a more suitable processing parameter.

4.2. Energy Transfer Model. The accuracy of energy transfer
(ET) regionmodel is crucial to accomplishing the calculation
of multiscale. There are two difficulties. One is the incoordi-
nation of constitutive relation between FEM region and MD
region, and the other is adverse effect of the incoordination
on energy wave transfer. MADD method (i.e., macroscopic,
atomistic, ab initio dynamics) [24] could be known as the
origin of the calculation of atomic engineering, which has
the combination of tight-binding method, FEM, and MD.
Quantum, atomic, and macroscopic scales are calculated
simultaneously by the MADD method, but its drawback is
that the design of ET region cannot take the reflection of
energy waves into consideration. If so, the reflected energy
is reserved in FEM region or MD region, even making the
regions melt away as a whole [25]. Focusing on the problem,
one-dimensional model [26], Cauchy-Born rule, multiscale
analytical method, and quasi continuous multiscale analysis
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Figure 5: Stress distribution of FEM model with laying speed of 36m/min and compaction force of 150 kPa: (a) the entire model; (b) the
laminates.
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Figure 6: Curves of ALLSE under different processing parameters in AFP process: (a) laying speed of 27m/min; (b) laying speed of 30m/min;
(c) laying speed of 33m/min; (d) laying speed of 36m/min.
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Figure 7: Curves of SED in number 175 mesh under different processing parameters in AFP process: (a) laying speed of 27m/min; (b) laying
speed of 30m/min; (c) laying speed of 33m/min; (d) laying speed of 36m/min.

method (QC) [27] were developed. However, these methods
are only applicable for certain special situations. Also, most
of these methods cannot solve three-dimensional problems.
First of all, the construction of energy within region of
different scales should be found out. Based on expression of
the MADDmethod, the total system consists of FEM region,
MD region, and ET region. Their energy expression is given
by

𝑢tot = 𝑢FEM + 𝑢MD + 𝑢FEM/MD

= (𝜔FEM + 1) 𝑛∑
𝑖=1

𝑢𝑖 + (𝜔MD + 1) 𝑚∑
𝑗=1

𝑢𝑗, (13)

where 𝑢tot is the total energy of system, 𝑢FEM is the energy
in FEM region, 𝑢MD is the energy in MD region, 𝑢FEM/MD is

the energy in ET region,𝜔FEM and𝜔MD are weighting factors,𝑢𝑖 is the energy of a mesh, 𝑛 is the number of mesh in FEM
region, 𝑢𝑗 is the energy of a microscopic system, and𝑚 is the
number of microscopic system in MD region.

A design method of ET region is presented to achieve the
homogeneous transfer of energy based on homogenization
method and MADD method. Homogeneous distribution of
volumetric energy of a mesomesh is assumed to establish the
scaling of strain energy as (14) which makes strain energy
input from FEM region to MD region. The design of ET
region is shown in Figure 8:

𝑢𝑐𝑚 = 𝑉𝑐𝑚𝑉 𝑢𝑐𝑛, (14)
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where 𝑢𝑐𝑚 is the strain energy in the microsystem, 𝑉𝑐𝑚 is the
volume ofmicrosystem, 𝑢𝑐𝑛 is the strain energy of amesh, and𝑉 is the volume of the mesh.

In Figure 8, ℎ𝑎 is width of microsystem, ℎ𝑚𝑓 is height
of fiber layer, ℎ𝑚𝑚 is height of matrix layer, ℎ𝑚 is height of
microsystem, ℎ𝐼 is height of interface atoms in ET region,𝐻𝑐
is height of energy transfer region,𝐻𝑎 is height of amesh, and𝐿𝑎 is width of a mesh.

In the design method of ET region, the homogenization
method can be extended to mesoscale, ET region, and even
microscopic range, which can solve the problem of energy
heterogeneous transfer and avoid the complex calculation of
reflection and absorption of stress waves. The energy data
of macromesosystem obtained by this method is provided
to support the establishment of boundary conditions in the
microsystem.

4.3. Microscale

4.3.1. Microsystem and Its Boundary Conditions. The molec-
ular structure of a bisphenol A epoxy resin is established
by using chemical formula and molecular weight (340).
And the amorphous structure of 40 epoxy resin molecules
(the density is 1.2 g/cm3) is established and optimized. The
carbon fiber layer and its supercell are established (the density
is 1.78 g/cm3); further the microsystem (24.2 Å × 24.2 Å ×
61.1 Å) of the carbon fiber reinforced plastic (CFRP) is built,
which combined epoxy resin layer with carbon fiber layer.
The microsystem is optimized to guarantee the stable system
which has the minimum total energy. Then the relaxation
process of this stable system is implemented by using NVT
ensemble with a temperature of 298K, at the time step of 1 fs
and the simulation time of 200 ps, which can obtain a bal-
anced configuration of microsystem. Furthermore, density
of the new microsystem is calculated to prove the accuracy
of the system. The calculation density of microsystem is
1.51 g/cm3and the fact is 1.49 g/cm3. The results show that the
density error is 1.32 percent. The final microsystem is shown
in Figure 9.

4.3.2. Adsorption Energy of Interface. The heating condition
of microsystem could be simplified as uniform, in which heat
conduction and thermal diffusion are ignored because the

Epoxy molecule

Carbon fiber

Matrix layer

Fiber layer

P

Strain energy (x, y, z)

OHC

C

Figure 9: The final microsystem and its boundary conditions.

volume of microsystem is small. Here, preheating factor is
increased in the microsystem. So the preheating temperature
is set to be 40∘C (313.15 K), 50∘C (323.15 K), 60∘C (333.15 K),
and 70∘C (343.15 K), respectively. Then 64 groups of MD
simulation parameters can be obtained by linking with 16
groups of FEM conditions. The maximum values of SED
in roll nip of number 175 mesh are extracted to import
the microsystem by using energy transfer model in (13),
(14), and Figure 8. It explains specifically that the energy
of microsystem is converted into pressure, and then the
pressure can be imported to x, y, and z directions by using
the system pressurization method (Figure 9), and roller
pressure (i.e., compaction force) is exerted to the z direction
simultaneously.Themicrosystem has been stabilized with the
time step of 1 fs and simulation time of 200 ps using NPT
ensemble. Thus the MD simulation time is set to 30 ps. The
adsorption process of carbon fiber to epoxy resin is shown in
Figure 10.

Fiber and matrix are joined to form a whole composite
by the interface of CFRP that acts as a role of passing
stress, enhancing compatibility of fibers and matrix. So the
mechanical properties of composites can be determined
by the strength of fiber/matrix interface to some extent.
The adsorption energy (AE) acts as analysis parameter of
interfacial adsorption, which is calculated by the following
two equations [28]:

𝐸total = 𝐸potential + 𝐸kinetic + 𝐸restrain, (15)

where 𝐸total is the total energy of microsystem, 𝐸potential is
the potential energy of microsystem, 𝐸kinetic is the kinetic
energy of microsystem, and 𝐸restrain is the restrain energy of
microsystem and

𝐸interaction = 𝐸total − (𝐸surface + 𝐸polymer) , (16)

where𝐸interaction is the adsorption energy,𝐸surface is the energy
of fiber layer, and 𝐸polymer is the energy of matrix layer.

The results of AE are calculated by using (15) and (16)
under different processing parameters, which are shown in
Figure 11.

The calculation results show that all the AE values are
negative, which indicates that the adsorption is an exothermic
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Figure 10: The adsorption process at the compaction force of 250 kPa, laying speed of 27m/min, and preheating temperature of 333.15 K: (a)
simulation time of 0 ps; (b) simulation time of 10 ps; (c) simulation time of 20 ps; (d) simulation time of 30 ps.

process, and the adsorption system is thermodynamically
stable under the processing parameters shown in Figure 11.
In order to relieve the tensile stress in the thickness direction
and further reduce the longitudinal microcracks and delam-
ination defects, strong interfacial adsorption is needed in the
selection of the processing parameters. Figure 11 shows that
the interfaces have strong adsorption ability at the preheating
temperature of 50∘C to 60∘C and compaction force of 150 kPa
to 250 kPa in high-speed AFP process.

4.3.3. Fluidity ofMatrix. Diffusion coefficient (DC) ofmatrix
is calculated by utilizing the mean square displacement
(MSD) and Einstein diffusion equation (17) [29], which act
as the analysis parameters of fluidity:

MSD = 𝑅 (𝑡) = ⟨ | ⃗𝑟 (𝑡) − ⃗𝑟 (0) |2⟩ = 6𝐷𝑡, (17)

where𝐷 is diffusion coefficient, 𝑟(𝑡) is the atomic position in
the moment of 𝑡, and 𝑟(0) is the original position of atom.

The evolutions of DC of matrix are calculated by using
(17) under different processing parameters, as shown in
Figure 12.

In Figure 12, the effect of processing parameters on the
fluidity of matrix is significant.Themaximum diffusion coef-
ficient is doubled compared tominimumdiffusion coefficient
under different processing parameters. Moreover, a better
fluidity could be represented by a higher diffusion ability
of epoxy resin, which bonds the microcracks to a certain
extent and further delays the deterioration of the mechanical
properties of compositematerials. In addition, a good fluidity

also is beneficial to reducing defect of pores precipitated by
heat volatilization due to movement and releasing of bubbles.

4.4. Multiscale Collaborative Optimization Based on RSM. A
reasonable optimization method should be chosen to resolve
strong physical coupling fields made by different processing
parameters. Several optimization methods such as factorial
design, orthogonal design, uniform design, and response
surfacemethod are usually used in industrial and agricultural
production and scientific research. Response surface method
(RSM) is a common method for structure, process design
optimization, and reliability analysis, which has the higher
precision of regression equation in comparison to orthogonal
design and uniform design, and it could obtain the coupling
interaction of several factors. Also, it is worth noting that
RSM can reflect the interaction between coupling factors
directly and have applications in engineering field [30]. In
this study, RSM is adopted to solve optimization problem
for the reason that there is strong coupling multiple physical
parameters and multiscale. In order to choose different levels
of parameters randomly, Historical Data Design (HDD) of
RSM is used to conduct the second-order design, which can
obtain an accurate approximation of a small range around the
optimum value. The second-order model of response surface
is shown in

𝑦 = 𝛽0 + 𝑘∑
𝑖=1

𝛽𝑖𝑥𝑖 + 𝑘∑
𝑖=1

𝛽𝑖𝑖𝑥2𝑖 + 𝑘∑
𝑖<𝑗

𝛽𝑖𝑗𝑥𝑖𝑥𝑗 + 𝜀. (18)

On the basis of the above methods, response surfaces of
different multiscale variables (ALLSE, SED, AE, and DC) to
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Figure 11: The absolute value of AE under the different processing parameters: (a) laying speed of 27m/min; (b) laying speed of 30m/min;
(c) laying speed of 33m/min; (d) laying speed of 36m/min.

processing parameters are calculated by usingDesign-Expert,
which are partly shown in Figure 13.

Based on the existing data, multiscale variables corre-
sponding to processing parameters could be predicted by
fitting method of RSM, which can reveal the effect laws of
processing parameters on multiscale variables clearly. For
example, in Figure 13(a), according to fitting surfaces, the
laying speed is more than 35m/min or less than 30m/min
and the compaction force is more than 280 kPa or less than
180 kPa. This range can show the region of smaller values for
ALLSE easily. ALLSE reflects physical characteristics of the
whole laying tow, which has a high degree of importance.
So the minimum value of ALLSE is needed to have an
importance of 5 stars. SED, AE, and DC reflect the physical

characteristics of the partial laying tow. So the minimum
value of SED is set as the importance of 3 stars, and the
minimum absolute value of AE and DC is required which
have the importance of 3 stars. Finally, the desirability of
different processing parameters is calculated based on the
desirability function and the contour maps of desirability are
partly shown in Figure 14.

Two groups of optimum processing parameters (F is
150.28 kPa, S is 36.25m/min, and T is 77.49∘C and F is
304.76 kPa, S is 27.31m/min, and T is 61.97∘C) are obtained in
terms of the analytical results of desirability. The desirability
of these two groups ismore than 0.68.The results indicate that
laying speed and compaction force could not be designed too
high or too low simultaneously, and preheating temperature
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Figure 12: The DC of epoxy resin in carbon fiber surface under the different processing parameters: (a) laying speed of 27m/min; (b) laying
speed of 30m/min; (c) laying speed of 33m/min; (d) laying speed of 36m/min.

could be set to be 60∘C or more. Such measures could reduce
the formation probability of defect occurrence of the entire
tape and roll nip in high-speed AFP process.

5. Conclusions

The multiscale effect of defects in high-speed AFP process
should be considered due to special structure andmechanical
properties of prepreg tow. This paper optimized processing
parameters in terms of multiscale mechanical characteristics
of carbon fiber/epoxy prepreg tow and obtained the following
conclusions:

(1) ALLSE and SED could be used to evaluate the possi-
bility of the formation of microcracks due to the close
relationship between microcracks and strain energy.

And an antisequential hierarchical multiscale collab-
orative optimization method is proposed, which is
suitable for solving the problem of multiscale effect
of band-shape prepreg.

(2) Laying speed of about 30–36m/min and compaction
force of 300 kPa are found out, which could reduce
the peak of ALLSE. The compaction force of 200 kPa
seems to enhance stability of SED.

(3) To ensure the higher adsorption ability, preheating
temperature of 50∘C to 60∘C and compaction force of
150 kPa to 250 kPa are preferred.

(4) Two groups of optimal processing parameters (i.e., F
is 150.28 kPa, S is 36.25m/min, and T is 77.49∘C and
F is 304.76 kPa, S is 27.31m/min, and T is 61.97∘C) are
obtained based on RSM, and their desirability is more
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Figure 13: The response surfaces of multiscale variables to processing parameters: (a) the response surface of ALLSE to laying speed and
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than 0.68, which could trade off the coupling conflict
of processing parameters.

Future work includes developing experiments to verify
the accuracy of two groups of optimal processing parameters
which can reduce the formation of microcracks, and curing
techniques should also be taken into account for improving
the theoretical model.
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