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Carbon fiber reinforced polymer composites (CFRPs) have excellent properties, e.g.,
low density, high-temperature resistance, high specific modulus, and high specific
strength, and are widely used in aerospace and civil industries. CFRP comprises
carbon fiber, polymer matrix, and the interface between them. The microstructure,
chemical composition, bonding mode, and interfacial bonding strength of the CFRPs
interface greatly influence the mechanical properties and failure behavior of CFRPs.
Accordingly, the deep, systematic and nuanced characterization of the
microstructure and properties of the interfaces is one of the critical problems in
the research field of CFRPs. In this paper, various microscopic characterization
methods of CFRPs interface micromorphology, microstructure, chemical
composition and mechanical properties developed in recent years are reviewed.
For example, scanning electron microscopy (SEM), transmission electron
microscopy (TEM), atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy (Raman), nanoindentation and other
advanced analytical characterization techniques, as well as the application of
newly developed microscopic in situ mechanical testing methods in the interface
characterization of CFRPs. The prospect and trend of interface microscopic
characterization technology of CFRPs have also been prospected.
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carbon fiber reinforced polymer composites (CFRPs), composites, interface, microscopic
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1 Introduction

Carbon fiber reinforced polymer composites (CFRPs) are composite materials with carbon
fiber (CF) as reinforcement and polymer as the matrix, accounting for more than 90% of the
total CF composites market share. Unlike polymer composites that use traditional fibers, such as
glass fibers or aramid fibers, CFRPs offer excellent performance in terms of light weight and
high strength. CFRPs are not only lightweight, but also have higher strength and higher
hardness per unit weight than glass fiber polymer composites. According to the source of the
precursor, CFs can be divided into polyacrylonitrile (PAN)-based CFs, pitch-based CFs, and
viscose-based CFs (Zhang et al., 2021a). The polymer matrix is usually classified into two types,
thermosetting resins and thermoplastic resins. Commonly used thermosetting resins include
epoxy, bismaleimide, polyimide and phenolic resins. Commonly used thermoplastic resins are
polyethylene, nylon, polytetrafluoroethylene and polyetheretherketone. CFRPs have high
specific strength and modulus, low density, low coefficient of thermal expansion, corrosion
and abrasion resistance, fatigue resistance, good electrical conductivity, good electromagnetic
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FIGURE 1
Schematic diagram of interface microscopic characterization
methods of CFRPs.

shielding performance, accessibility to large-area integral molding and
other excellent properties. Therefore, CFRPs have been used
extensively in aerospace, navigation, construction, light industry, as
well as other areas (Pilato and Michno, 1994; Zheng, 2009; Dang et al.,
2012; Park and Seo, 2012; Wichita State University NIAR, 2012; Jin
et al.,, 2013; Jin and Park, 2015; Park et al., 2015; Kim et al., 2016; Nabil,
2016; Wang et al., 2016; Lin, 2022).

The interface of CFRP is the intermediate phase connecting the
reinforced CFs and the polymer matrix, a unique and essential
component of the composites, and transferring the applied load
polymer reinforced CFs. The
microstructure, composition, bonding mode and interface bonding

from the matrix to the
strength of CFRP interface significantly impact the overall
performance of composites, affecting the mechanical properties,
environmental stability and functional expression. By enhancing
the matching of reinforced CFs, polymer matrix and interface, the
best interfacial bonding strength together with the best mechanical
properties can be obtained. Therefore, CFRPs’ interface structure and
optimization design have attracted much attention, and the inner
mechanical interface or failure mechanism are also frontiers in
materials science (Dawood et al, 2015; Liu et al., 2015; Lu and
Youngblood, 2015; Dhieb et al., 2016; Luo et al.,, 2016; Xu et al,
2016; Yamamoto et al.,, 2016; He et al., 2020; Wu et al., 2021).

The interfacial microstructure and chemical composition
significantly influence the macroscopic properties of CFRP, so it is
essential to conduct in-depth, systematic, detailed research on the
interfacial properties. A thorough understanding of the interface
properties should include the examination of the surface properties
of CF and polymer matrix and the transition zone (interface) between
the two. However, the interface size of CFRP is mainly at the micron or
even nanometer scale, and the microstructure and chemical
composition of the interface is very complex, so the microscopic
characterization of the interface in CFRP is challenging. With the
emergence and utilization of various new characterization methods
and instruments in recent years, it is possible to conduct in-depth
microstructure, chemical

research on the micromorphology,
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FIGURE 2

(A) FE-SEM images of fracture surfaces of (a, c, e) CF EP, (b, d, f) GNP

CF EP, in the transverse direction to applied tensile load. Reprinted with
permission from (Jain et al., 2021). Copyright 2021 Springer Nature. (B)
FE-SEM images of fracture surfaces of (a) CF EP and (b) GNP CF EP

in the direction parallel to the applied load. Reprinted with permission
from (Jain et al., 2021). Copyright 2021 Springer Nature.

composition and mechanical properties of the interface (Figure 1).
This provides an excellent theoretical basis for effectively controlling
the interfacial phase structure, optimizing the structural design and
mechanical properties of CFRPs, and promoting the engineering
of CFRPs. In this
characterization methods of CFRPs are reviewed to provide

application paper, the microscopic
theoretical guidance for optimizing the interface and improving the

mechanical properties of CFRPs.

2 Microscopic characterization of CFRP
interface

2.1 Characterization of CFRP interface
micromorphology

2.1.1 Scanning electron microscopy (SEM)

SEM is a commonly applied method to characterize the surface
morphology of composite materials, with a resolution of up to 1 nm.
SEM can be utilized to observe the fracture surface morphology of the
interface. Typically, the observation object of interfacial fracture
surface morphology includes the interface cross-section and the
exposed CF reinforcer surface and polymer matrix surface after
debonding. Secondary electron imaging in SEM is best suited for
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FIGURE 3

(A) Manufacturing process of carbon fiber reinforced epoxy resin
composites. Reprinted with permission from (Liang et al., 2021).
Copyright 2021 IOP Publishing Ltd. (B) Tensile fracture appearance of
short carbon fiber reinforced epoxy resin composites with various
carbon fiber content (a) 0 wt%, (b) 0.1 wt%, (c) 0.2 wt%, (d) 0.3 wt%, (e)
0.4 wt%, (f) tensile test samples and (g) tensile resistance mechanism.
Reprinted with permission from (Liang et al., 2021). Copyright 2021 IOP
Publishing Ltd.

observing interface morphology and is often used as the preferred
method for a rough understanding of interface structure.

Observation of interface fracture surface morphology is helpful for
a rough understanding of interface structure. According to the
interface morphology, combined with the properties of the CFs and
polymer, molding process parameters and other information, it can
help to determine whether there is a specific crystalline state,
amorphous state, other aggregated state states and components of
interfaces. It is also possible to give reasonable estimates of problems
related to the mechanical behavior of CFRP. For example, the degree
of bonding between the CFs and polymer, the mode of failure by force,
etc. Indeed, it should also be combined with other testing techniques
for mutual verification to obtain definite conclusion.

Jain et al. (2021) used field emission-SEM (FE-SEM) to analyze the
fracture surface morphology after tensile testing of carbon fiber-
reinforced epoxy (CF EP) composites and graphene nanoplatelet
(GNP) CF EP composites (Figure 2A). The CFs of CF EP
composite showed no epoxy traces on the fractured surface. After
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adding GNP, wrinkles appeared on the fibers, indicating that GNP was
covered and the interfacial adhesion between CFs and epoxy was
better. Figure 2B showed the morphology of CFs pull-out on the
transverse-sectional fracture surface of CF EP composites, which was
used to investigate the interfacial bonding quality. CF EP showed the
separation of CFs from the epoxy and the complete deep holes formed
by pulling out of a bundle of CFs (Figure 2B, a). This confirmed the
weak interface binding of CFs to the epoxy in CF EP composites. The
minimal gaps between carbon fibers and reinforced epoxy composites
were observed in Figure 2B, b. The morphology and roundness of the
pores were irregular and rough, demonstrating an apparent interface
binding between CFs and reinforced epoxy matrix.

Identifying the fracture morphology of CFRP helps analyze the
mechanical properties of composites. Liang et al. (2021) successfully
prepared a CF-reinforced epoxy resin composite with the structure
eagle feather-like (Figure 3A). With the increment of CF content (from
0.1 wt% to 0.4 wt%), the impact toughness and tensile strength of CF-
reinforced epoxy resin composites first increased and follow
decreased. As shown in Figure 3B, the change in CF content
obviously affected the fracture morphology of CF-reinforced epoxy
resin composites. Hackly fracture morphology of cracks in the epoxy
resin matrix, CF1 (0.1 wt%), and CF2 (0.2 wt%) bands were shown in
Figures 3B, a-c. As the CF content increased, the number of cracks
significantly increased. On the fracture morphology of CF3 (0.3 wt%),
the microfluidic crack spread along the loading direction (Figure 3B,
d). The number of cracks in Figure 3B, e was small, and the CF4 (0.4 wt
%) fracture appearance was relatively smooth. The extraction and
breaking of carbon fibers effectively improved tensile strength.

2.1.2 Atomic force microscopy (AFM)

AFM is widely used for surface topography characterization and
surface properties analysis of materials (Butt et al., 2005). AFM studies
substances’ surface structure and properties by detecting the feeble
interatomic interaction forces between sample surface and probe. AFM
can obtain high-resolution images of surface structures from a few
nanometers to hundreds of microns (resolution up to 0.1 nm). High-
precision and high-sensitivity quantitative analysis of microscopic two-
dimensional morphology, three-dimensional morphology, height,
roughness, particle size distribution, material microstructure, material
properties and other information can be obtained. AFM is also a powerful
tool for characterizing mechanical properties (such as hardness, modulus,
viscoelasticity, etc.) and solid matter’s electrical and magnetic properties in
the local region (Sokolov et al., 2006; Xia et al., 2014; Variola, 2015; Serri
et al., 2017).

AFM’s most common imaging modes are topography and phase
images (Downing et al., 2000). The topography can be used to display
the interface profile of the transverse or longitudinal cross-section of
the composites, observe the surface of the CF reinforcement, including
the morphologies of the original and modified surfaces of CFs and the
surface (interface) morphologies of CFs pulled from composites.
Based on this, the interface structure and performance under
different surface treatments and processing conditions can be
inferred or judged, and the interface bonding mechanism can be
explored. Unlike SEM, AFM can describe the topography of CF
surface from a three-dimensional scale and quantitatively
determine various parameters describing surface roughness. Phase
images can reveal the surface and subsurface organization, such as
composition, morphology, distribution, and aggregate structure. The
topography and phase images can reflect the microstructure of the
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(A) Illustration of an AFM operating principle. (B) The AFM topography and height line profiles of a cross-sectional composite. (a) AFM topography before
treatment; (b) height line profile of A;B; before treatment; (c) AFM topography after treatment; (d) height line profile of A,B5. (Taking a hygrothermal treatment
sample for example.) Reprinted with permission from (Yang et al., 2020). Copyright 2020 Elsevier Ltd.

CFRP interface. AFM tests work well in the air, under liquid, or in a
vacuum and are environmentally friendly. When detecting the surface
topography (height change), CFRP does not need special treatment,
which can avoid possible damage to the interface structure during the
sample preparation process. To detect the microstructure of the
interface region, such as crystalline structure or other microscopic
aggregated structural units, the surface must be ground and polished
or cut flat with an ultramicrotome.

Wang and Hahn, (2007) first developed a method to characterize
CFRP directly by combining height and phase AFM images. AFM was
used to observe the carbon fiber sheath-core structure, the fiber-resin
interface’s morphology, and the interface’s influence by damp heat
conditions. It was shown that the hygroscopic and heat treatment
caused the matrix to expand and shrink significantly, but there was no
quantitative data analysis to describe this change.

Yang et al. (2020) established an AFM quantitative analysis
method to assess the effects of thermal and hygrothermal
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treatment on the interfacial adhesion property of CFRP based on
the shrinkage degree of the resin matrix (Figure 4). Eq. 1 gave the
definition of the index AY of resin shrinkage extent of CFRPs after
treatment. The interfacial properties of stability and linear constraint
regions were characterized; the greater the shrinkage of the resin
matrix, the weaker the interfacial adhesion in CFRP.

_ (Yo +Y3) _ (Y +Y)

AY
2 2

1

2.2 Characterization of CFRP interface
microstructure

2.2.1 Transmission electron microscopy (TEM)

TEM is a compelling means of characterizing the matter structure
at the microscopic scale. TEM imaging has an extremely high
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(A) Series of SEM images visualizing the sample preparation process by FIB of T300/epoxy composite longitudinal direction. Reprinted with permission
from (Wu et al., 2015). Copyright 2015 Elsevier B.V. (B) The TEM image of the FIB-produced composite shows three regions: fiber, interphase, and epoxy resin.
Reprinted with permission from (Wu et al., 2015). Copyright 2015 Elsevier B.V. (C) EELS spectra analysis of the interphase region in the energy loss range of C K-
, N K-, and O K-edges. Reprinted with permission from (Wu et al., 2015). Copyright 2015 Elsevier B.V.

resolution (about 0.1 nm), and spherical aberration TEM can even
reach the pm level. TEM can visually observe the surface morphology
of CF, distinguish the crystalline and amorphous regions in the
sample, measure the thickness of the interface, and obtain the
lattice or even the molecular and atomic image of CFRP. The main
working modes of TEM include observation of transmission electron
image and analysis of selected area electron diffraction (SAD) patterns,
characteristic energy dispersive X-ray spectroscopy (EDX), and energy
loss spectroscopy (EELS). Transmission electron image observation
and SAD pattern analysis mainly reveal the interface region’s
crystallography and other aggregated structures. In contrast, EDX
and EELS are mainly used for the composition analysis of the interface
region.

In general, TEM is an effective method to detect the
microstructure of the interface. However, for CFRP, due to the vast
difference in mechanical and physical properties between CF and
polymer, it is challenging to prepare intact film specimens that contain
fiber, matrix, and interfacial regions by conventional ultra-thin
sectioning technology and ion thinning technology. Therefore,
although TEM has been widely used in the interface microstructure
analysis of fiber-reinforced metal matrix composites, ceramic matrix
composites, carbon-carbon composites, etc., its application in CFRP is
limited (Guigon and Klinklin, 1994; Wu et al, 2014). With the
development of focused ion beam (FIB) technology, using FIB
etching to prepare TEM samples has become an increasingly
common method for some particular samples. Thus, a new
solution is provided for TEM sample preparation of CFRPs.

Wu et al. (2015) used three techniques to prepare TEM samples
(FIB, ion beam (IB) etching, and ultramicrotomy (UM)) and analyzed
the interphase of carbon fiber/epoxy composites by TEM. In contrast,
UM tended to damage and deform the interphase, and the uneven
thickness of IB etched sample was not conducive to quantitative
chemical analysis. The sample preparation effect of FIB was best,
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and a complete interphase with relatively uniform thickness can be
prepared (Figures 5A, B). The chemical analysis of interphase was
studied in detail by EELS (Figure 5C). The results showed that the
width of the interphase region was 200 nm, the ratio of O/C increased
from 10% to 19%, and the ratio of N/C was maintained at about 3%.

2.3 Characterization of CFRP interface
chemical composition

2.3.1 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), a commonly used
surface analysis method in material analysis, is also called electron
spectroscopy for chemical analysis (ESCA). With high surface
sensitivity, XPS is mainly applied in the qualitative and quantitative
detection of elements on the surface and interface of solid materials,
and the analysis of different chemical states of elements. It is often used
to analyze the chemical composition, chemical states of elements, and
electronic states on the surface and interface of carbon fiber, chemical
functional groups, and the changes before and after chemical
modification, and then to study their influence on the interface
between fiber and matrix. It can also cooperate with other
technical means, such as ion beam etching and angle resolution
XPS, to obtain chemical information at different depths and
conduct in-depth research on interfaces.

Nakayama et al. (1990) used XPS to characterize chemically
modified CFs in the gas phase. The changes in carbon structure
and the number of functional groups introduced by surface
oxidation of CFs were investigated. Ryu et al. (1999) employed an
electrochemical treatment on high-strength CFs by increasing electric
current density in an aqueous ammonium carbonate solution. The
changes in surface functional groups were characterized by XPS, and
the optimal (O;s + Ny )/Cys ratio was obtained to determine the

frontiersin.org
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(A) XPS spectra of the Ni-P deposited carbon fibers as a function of the plating time. Reprinted with permission from (Park and Jang, 2003). Copyright
2003 Elsevier Science (United States). (B) Elemental composition and O1/Cs ratio of non-treated and nickel-plated carbon fibers. Reprinted with permission
from (Park and Jang, 2003). Copyright 2003 Elsevier Science (United States). (C) High-resolution spectra of O, Nizp, and Py, for the Ni-P deposited carbon

fibers (10 min): (a) NiO, (b) C=0 or -OH, (c) O-C-O, (d) P»Os, (e) -C-O; (1) Ni metal, (2) Ni-P (Ni,P, NiP,, etc.), (3) NiO, (4)

Ni-C, (5) Ni metal, and (6) Ni,Os

groups. Adapted with permission of (Park and Jang, 2003). Copyright 2003 Elsevier Science (United States).

appropriate treatment method. It was beneficial to add CFs to the
polar organic matrix, thereby improving the interlayer shear strength
of the synthetic CFRP.

Viswanathan et al. (2001) used core and valence band XPS to
research the interfacial interaction between PAN-based IM7 CFs and
thermoplastic polyimide resin Avimid K3B. The data indicated that a
definite K3B and
electrochemically oxidized IM7 fibers. Based on the chemical shift
of the core region and the differences in the valence band region in the
XPS results, the possible principles of the interaction between fiber and

chemical interaction occurred between

resin were speculated.

Park and Jang, (2003) coated the CF surfaces with a Ni-P layer for
interface modification, which improved the impact resistance of CF-
reinforced epoxy composites. The results of XRD and XPS tests
explained the possible reasons (Figure 6). The increase of NiP,,
Ni;P, and Ni metal in the Ni-P coating of CFs led to the
increment of microcrystalline and amorphous phases, which
increased the crack propagation path and adsorption energy, and
finally reduced the stress concentration and improved the impact
performance of the composite system.

2.3.2 Raman spectroscopy (Raman)

Raman spectroscopy is one of the most powerful methods to study the
structure of matter. Its main functions in exploring the microstructure of
materials include identifying constituent compounds, qualitative and
quantitative  analysis of components, molecular  structure,
crystallographic structure analysis, and determination of molecular
orientation. The development of microscopic Raman spectroscopy has

made it possible to analyze materials in micro-regions, and the progress of
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tip-enhanced Raman spectroscopy (TERS) has increased the spatial
resolution from the micron level to the nanometer level, which plays a
decisive role in the study of the interface microstructure of composite
materials. Raman spectrometer is easy to operate, without special sample
preparation, and can be used for quick analysis of points, lines, surfaces,
and imaging to obtain more sample information.

Raman spectroscopy can determine the size and order of carbon
grains on the interface and surface of CFs (Yang, 2010). CF usually
shows two main peaks in its first-order Raman scattering, a G peak at
~1,580 cm ™' and a D peak at ~1,360 cm™. The existence of the G peak
is evidence that the fiber has a graphite crystal structure, while the D
peak can reflect the size of the graphite grain, that is, the degree of
structural disorder. The intensity ratio of Raman peak D to peak G, R =
Ip/Ig, is sensitive to CF’s structural disorder, and CF’s grain size can be
calculated. The peak width also indicates the order/disorder degree of
the CF structure, and the peak width (half-height width) of peak D and
peak G become more expansive with the increase of structural disorder
degree. The Raman spectra of the interface can also judge the
formation and distribution of the components on the CF interface
and surface, as well as the morphological structure of the components.

Fei et al. (2018) grew aligned ZnO nanorods that were chemically
bonding on carbon fabric to form a multi-scale reinforcing polymer
composite. The carbon fabrics with or without aligned ZnO nanorods
were characterized by Raman spectroscopy, and peaks at 330 cm™,
441 cm™, and 1,130 cm ™ confirmed that ZnO had been modified on
the CF surface. Fu et al. (2020) put CF/epoxy microdroplet composite
exposed under UV irradiation and compared the Raman spectra of the
aromatic group, methyl group, epoxy ring and aromatic ring under
different times by micro-Raman spectroscopy.
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FIGURE 7

(A) Raman spectra and curve fitting for the CFs: (a) untreated CF, (b) CF-OH, and (c) CF-cardanol. Reprinted with permission from (Zheng et al., 2020).
Copyright 2020 MDPI (Basel, Switzerland). (B) Raman spectrum (a) of graphene oxide (GO) and (b) of the virgin carbon fibers (CFs). Adapted with permission of
(Florek et al., 2021). Copyright 2021 MDPI (Basel, Switzerland). (C) Raman spectra of (a) epoxy resin and (b) graphene oxide particle. Reprinted with permission
from (Florek et al.,, 2021). Copyright 2021 MDPI (Basel, Switzerland). (D) Raman images of (a) the reference CFRP composite and (b) the CFRP sample with
0.3% GO addition. Reprinted with permission from (Florek et al., 2021). Copyright 2021 MDPI (Basel, Switzerland).

Zheng et al. (2020) modified renewable cardanol onto CF
surfaces by in situ polymerization to strengthen the fiber-matrix
interface, and Raman spectroscopy was used to analyze untreated
CF, CF-OH, and CF-cardanol surface structures (Figure 7A). The D
band (~1,345cm™), A band (~1,500cm™'), and G band
(~1,590 cm™') were three large bands in Raman spectroscopy of
untreated and modified fibers. The A band represented amorphous
forms of carbon or interstitial defects (Li et al., 2017; Chen et al.,
2018). The change of Ip/I; value before and after modification of
CF was used to characterize the change in the order degree of
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graphite microcrystals on the fiber surface, to verify the effect of
modification treatment.

Florek et al. (2021) added graphene oxide nanoparticles (GO) to a
polymer matrix to improve adhesion between CF and epoxy resin.
Raman spectroscopy was used to study the composite’s structure and
identified chemical bonds between the composite’s individual
components. Raman imaging (Figures 7B-D) confirmed that GO
was an intermediate connection between the laminate substrates,
connecting with the epoxy resin matrix by hydrogen bonding, and
reinforcing by chemical bonding formed between GO and CF.
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(A) (a) Load vs. displacement curve and creep performance of CF-PEEK composites in polymer matrix manufactured at different temperatures; (b) 650°C
and (c) 950°C. Reprinted with permission from (Gain et al., 2022). Copyright 2022 Elsevier Ltd. (B) Nanohardness and elastic modulus as a function of
consolidation force of CF-PEEK composites; (a, b) in polymer matrix and (c, d) fibre/matrix interface. Reprinted with permission from (Gain et al., 2022).

Copyright 2022 Elsevier Ltd.

2.4 Characterization of CFRP interface
mechanical properties

2.4.1 Characterization of interface bonding strength

The interface between CFs and polymer matrix significantly
influences CFRP’s mechanical properties (Schultz et al, 1987;
Schultz and Lavielle, 1989; George et al., 2001; Gan, 2009). Because
the interface is an important medium for external stress on the
polymer matrix transfer to CF, good bonding or interaction at the
interface is essential to achieve high shear and off-axis strength of
CFRP. (Ismail and Vangsness, 1988; Park et al., 2000; Totry et al,,
2010; He et al,, 2017). Improving the interface properties between
polymer matrix and CFs, can be achieved by increasing the roughness
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of CFs surface or depositing a transition layer on CFs surface, both of
which are currently considered effective.

In CFRP, the adequate bonding between CFs and polymer matrix
guarantees the excellent performance of the composites. The higher
the interface bonding strength between CFs and polymer matrix in the
composites, the more conducive it is to the transfer of stress between
the CFs-polymer matrix, and the mechanical properties of the
obtained composites are better. However, the interfacial bonding
strength is not the higher the better, because too high interfacial
bonding strength can quickly reduce the composites’ toughness.

Since the interfacial strength of fiber-matrix is crucial to the
performance of CFRP, the measurement and analysis of interfacial
strength is a key step in the custom design of composite materials. The
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(A) Schematic diagram for the adhesion force measurement: (a) Epoxy functionalized tip and Bis (3-aminophenyl) phenyl phosphine oxide (BAPPO)
modified CF; (b) typical force-distance curves during the adhesion force measurement. Reprinted with permission from (Zheng et al.,, 2018). Copyright
2018 Elsevier Ltd. (B) Schematic illustration of single fiber microbond test. Reprinted with permission from (Zheng et al., 2018). Copyright 2018 Elsevier Ltd. (C)
Adhesion force measurement between the epoxy functionalized tip and CF samples. (a—c) AFM images of the as-received CF, de-sized CF and BAPPO-

CF used in adhesion force measurement, respectively. (d—f) The corresponding adhesion maps of (a—c). (g—i) the representative force-displacement curves
during the adhesion force measurement process. (j—1) Histograms of the measured adhesion forces between the epoxy functionalized tip and CFs. Reprinted

with permission from (Zheng et al., 2018). Copyright 2018 Elsevier Ltd.

characterization of the interfacial bonding strength of composites can
be carried out from both micro and macro levels: microscopic testing
refers to the measurement of the interfacial shear strength (IFSS) of
CFRPs by fiber pull-out (Zhandarov and Mider, 2005; Jones et al.,
2014; Zheng et al, 2016), micro-bond (Nishikawa et al, 2008;
Krishnan, 2017), fiber push-out (Liang and Hutchinson, 1993; Lin
et al,, 2001; Sha et al,, 2013) and fiber fragmentation methods (Gong
et al,, 2001; Kim and Nairn, 2002; Yilmaz, 2002; Zhao et al., 2017), in
which a single fiber in a carbon fiber bundle is used as the research
object. In the three methods of fiber pull-out, micro-bond, and fiber
push-out, the external load will directly act on the single carbon fiber,
while the external load in the fiber fragmentation method is to load the
polymer matrix. Among them, the experimental test of micro-bond is
a reliable method for quantitatively determining the interfacial
bonding strength of CFRP.
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Macroscopic testing refers to the use of a bundle of carbon fibers as
the object, the bundle of CFs immersed in the polymer matrix to make
a prepreg and then cut and mold into a composite, and then tested its
interlaminar shear strength (ILSS) by universal material testing
machine (Vijaya Kumar et al, 2017; Zhang et al, 2021b; Yavas
et al,, 2021). Experimental methods include three-point short beam
bending, off-axis stretching, guide groove shearing, Iosipescu shear,
and Noel ring (NOL) (Tomita and Chiao, 1986; Stojcevski et al., 2018;
Charan et al., 2019; Thomson et al., 2020; Xu et al., 2021; Mei et al.,
2022). The three-point short beam bending is a commonly used
macroscopic test method to reflect the interface bonding strength
of CFRP indirectly.

There are many influencing factors in the IFSS test of CFRP, which
make it difficult to test. Moreover, the research object is a single carbon
fiber, which requires high operational requirements for sample
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preparation and testing, and is easy to cause fiber breakage. Therefore,
the IFSS test is currently suitable for academic research but has limited
guiding significance for industrial production. The ILSS test of CFRP is
based on a carbon fiber bundle, and the test data can genuinely reflect
the interface bonding state between CFs and polymer matrix.
Therefore, ILSS is the measurement used mostly to characterize the
interface bonding strength of CFRP in industrial production.

2.4.2 Micromechanical characterization of CFRP
interface
2.4.2.1 Nanoindentation technology

Nanoindentation technology, that is depth-sensing indentation
(DSI) technology, is based on applying a controlled load to a
material surface to generate local surface deformation. The
mechanical properties of micro/nano-scale materials can be
characterized and observed in real-time by combining optical
microscopy and  electron  microscopy. Nanoindentation
technology is widely applied in the research filed of mechanical
properties of polymers and nanocomposites (Shen et al., 2005; Shen
et al., 2006; Jee and Lee, 2010; Liao et al., 2010; Aldousiri et al., 2011;
Ferencz et al., 2012). The typical working force of nanoindentation
technology ranges from 1puN to 500 mN, and its contact depth
ranges from Inm to 20um (Fischer-Cripps, 2009). Various

mechanical properties of materials, e.g., load-displacement curves,
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hardness, elastic modulus, strain-hardening effect, fracture
toughness, and viscoelastic or creep behavior, can be measured
on the nanoscale.

The nanoindentation technique is an effective method to measure
the properties of interphase. Due to the significant difference between
the modulus of CF and polymer matrix, and the stiffening effect of CF,
it is difficult to obtain the intrinsic properties of interphase based on
experimental data. Li et al. (2012) established a numerical method to
simulate the nanoindentation process in combination with
experiments and then studied the nanoscale mechanical properties
of the CF/epoxy resin interphase. Molazemhosseini et al. (2013) used
effective nanoindentation and nanoscraping tests to characterize the
interphase fiber/matrix region and assess its thickness, studied the
effects
displacement curves and the overall mechanical properties of poly
(ether-ether-ketone) (PEEK)-based hybrid composites.

Gain et al. (2022) comprehensively evaluated the critical mechanical

of reinforcing agents on the nanoindentation load-

properties of CF-PEEK composites matrix or interface fabricated with
automated fiber placement (AFP) processing parameters, including nano
hardness, elastic modulus and creep properties, using nanoindentation.
The creep analysis in Figure 8 showed that the penetration depth of the
CF-PEEK composite decreased with the increase of consolidation force.
The penetration depth of the sample manufactured at 950°C was lower
than that manufactured at 650°C.
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2.4.2.2 AFM peak force quantitative nanomechanical mode
In addition to characterizing the interface morphology and
microstructure of CFRP, AFM also has peak force quantitative
nanomechanical mode (PFQNM), which can directly qualitatively
or quantitatively determine the micromechanical properties and
physical properties (morphology, Young’s modulus, shape variable,
viscosity, etc.) of various local regions in the interface at a high spatial
resolution at the nanoscale (Dokukin and Sokolov, 2012). The
technique uses extremely fine diamond tips to obtain a series of
force curves based on the peak force tapping measurement mode.
It then uses the Derjaguin-Muller-Toporov (DMT) model to perform
fitting analysis calculations to obtain quantitative nanomechanical
properties of the sample. It the quantitative
nanomechanical properties and the morphology of CFRP.

can obtain

AFM nanomechanical dynamic modulus imaging technology can
quantitatively determine the modulus distribution of the interface
microregion of CFRP in situ. It can clearly distinguish the fiber,
polymer, and interface regions. The modulus of the interfacial
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phase varies between the polymer modulus and the fiber modulus,
and the morphology and average thickness of the interface can be
obtained by statistical analysis of the energy storage modulus imaging
map (Liu et al.,, 2010). Niu et al. (2016) used the force modulation
method of AFM to obtain an elastic modulus map of interphase in CF/
PEEK. They discovered the interphase shrinkage under coupled UV
and hydrothermal degradation. Qi et al. (2019) used PFQNM AFM
imaging to determine the interphase thickness and properties of
carbon fiber-reinforced epoxy matrix composites, and the surface
topography, identified
distinguished. The interphase thickness quantitatively determined

modulus, and adhesion were and
by the modulus map was consistent with the adhesion map.

Zheng et al. (2018) proposed an AFM technique to directly
characterize the interfacial adhesion carbon fiber/epoxy

composite (Figure 9). The adhesion forces between epoxy-

in
functionalized AFM tip and CFs with different surface chemistry

and morphologies were characterized. The results indicated that the
surface chemical properties of CF directly affected the interface
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(A) Schematic of the in-situ TEM experimental system for the tensile deformation tests. Reprinted with permission from (Egoshi et al., 2020). Copyright
2020 Elsevier B.V. (B) Schematic of CFRP samples for in situ TEM of tensile deformation tests. Reprinted with permission from (Ishikawa et al., 2020). Copyright
2020 Elsevier B.V. (C) Snapshot TEM images of a CF's side surface’s separation process in a sizing treatment (ST)-CFRP at on-axis tension. The upper left and
the lower right sides are a CF and the resin matrix, respectively. The white arrows indicate the tension axis. The black arrow indicates the position of the
crack tip. Pfl and Prl in (a) and (b) represent the same CF and resin matrix positions, respectively. The deformation speed was 1.5 nm/s. Reprinted with

permission from (Egoshi et al., 2020). Copyright 2020 Elsevier B.V.

adhesion. There was a good correlation between the measurement of
adhesive force and the micro-bond test of a single fiber of carbon fiber/
epoxy composite. This nanoscale AFM manipulation provided a new
way to characterize the interfacial adhesion at the molecular level
between CF and epoxy.

2.4.2.3 In situ SEM mechanical characterization

In situ SEM mechanical testing is very helpful in understanding
the micromechanical properties, interfacial strength, and damage
mechanism of CFRPs at the micron level, and helps to develop
new composite materials. Totten et al. (2016) used a single-fiber
test specimen to determine the tensile strength of the fiber-matrix
interface by in situ SEM tensile test. The fiber was embedded
perpendicularly to the loading axis through the thickness of the
bond-shaped specimen. Adak et al. (2019) directly observed the
micro delamination in GO-incorporated carbon fiber/epoxy
composite via an in-situ SEM tensile test, and failure events were
identified at the microscale.

Liu et al. (2018) developed an in situ SEM method to measure the
interfacial strength of CF/epoxy composites in different surface states.
FIB was used to prepare stretched sample lamella with half of the fiber
and epoxy, and the tensile load was applied to the lamella by a
nanomanipulator. The fiber was perpendicular to the tension axis,
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along the width of the specimen, and the deformation process was
observed simultaneously using SEM images and IB images. This
method enabled accurate strain measurement along the entire gage
length, and the stretching and fracture behavior was clearly observed
(Figure 10). And, combined with elemental analysis of EDX mapping
in scanning transmission electron microscopy (STEM), the interaction
between oxygen-containing groups and epoxy was found a key cause
for impacting the interfacial strength.

Ghaffari et al. (2021) developed an in situ SEM-based fiber push-
out test to assess interface strength in CFRP. The fiber push-out
response was measured by pushing individual fibers out of cave
samples prepared by femtosecond laser machining, and compared
with the response of benchmark specimens for high-modulus CFRP
material systems (Figure 11). The fiber-matrix interface strength
behavior was captured by SEM with a micromechanical load frame.
Furthermore, finite element analysis was used to simulate the fiber
push-out response before peak load and helped to understand the
situ

load-displacement in

micromechanical testing in SEM.

curve shape determined by

2.4.2.4 In situ TEM mechanical characterization
In situ observation of local microstructural dynamics in fracture
formation and propagation in CFRP is an advanced technique that can
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(A) Scheme and dimensions of the dumbbell single-fibre-epoxy specimens used to characterize the interface by use of Raman spectroscopy. Reprinted
with permission from (Montes-Moran and Young, 2002). Copyright 2002 Elsevier Science B.V. (B) Basic steps describing the experimental procedure followed
during Raman spectroscopy studies of interfaces in composites: (a) Raman spectra is taken along the fiber and the maximum of a Raman band is plotted vs.
distance from fiber ends; (b) the maximum of the Raman band is transformed to strain using the appropriate calibration curve; (c) the strain distribution
along the fiber is finally obtained. Reprinted with permission from (Montes-Moran and Young, 2002). Copyright 2002 Elsevier Science B.V. (C) The shift of the
G’ (~2,660 cm™) Raman band peak on the application of tensile strain for the P100 fiber. Reprinted with permission from (Montes-Moran and Young, 2002).
Copyright 2002 Elsevier Science B.V. (D) Variation of the interfacial shear strength, IFSS, of the different fiber-matrix systems with the parameter of structural
order Ip/(Ip + Ig) of the HM carbon fibers. Reprinted with permission from (Montes-Moran and Young, 2002). Copyright 2002 Elsevier Science B.V.

effectively evaluate cracks in CFRP. Combined with in situ mechanics
in TEM, not only can the fracture kinetics of individual carbon fibers
be observed (Beese et al., 2013), but also due to the atomic-level
resolution of TEM, the atomic fracture process in CFRP can be clearly
observed (Kizuka, 1998), which in turn provides experimental data
support for related theories.

Egoshi et al. (2020) observed the microstructural dynamics in
the separation of CFs from an adhesive resin matrix and the
subsequent fiber extraction process using an in-situ deformation
system in high-resolution TEM. The tensile force was applied using
a micron-level precision mechanism and a picometer-level
piezoelectric element (Figure 12A). TEM’s conventional and
lattice imaging modes observed the in situ deformation process.
During the fiber orientation tensile deformation, the maximum
mechanical properties of CFRP, the maximum strength, were
observed in situ at the CF/resin interface at atomic spatial
resolution (Figure 12C). Ishikawa et al. (2020) directly observed
the microscopic fracture process in CFRP during off-axis tensile
deformation tests by in-situ TEM. This observation of the crack
propagation and related structural variation quantitatively revealed
the sizing treatment variation in the fracture features near the fiber/
resin interfaces.
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2.4.2.5 In situ Raman spectroscopy mechanical
characterization

The parameters that describe the properties of Raman
spectroscopy mainly include the frequency shift, intensity (peak
height or peak integration area), peak width, and polarization
characteristics of Raman peaks. They reflect the material’s
structure, properties, and environments from different angles. For
example, all these parameters are related to the molecular structure
and its aggregate state, so they can be utilized to analyze the
the
frequency shift is often related to the stress state of the specimen,
and the relationship between them can be used to study the
micromechanics of the composite interface.

The Raman spectral behavior of CFs under force deformation is

microstructure of the composite interface. In contrast,

the basis for Raman spectroscopy to study the micromechanics of
CFRP interfaces. The three prominent Raman peaks of CF-D, G, and
D* (or G') are sensitive to fiber strain. Changes in peak position and
width characterize Raman spectral behavior under tensile or
compressive strain. The frequency of all three peaks shifts with
strain, and there is a roughly linear relationship between the
magnitude of the offset and the strain. This functional relationship
can determine the strain distribution of CFs in composites.
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(A) Raman spectrum of the P75 fiber in air within the 600—-4,200 cm™ geometry of single ply and eight-ply unidirectional P75/PEEK coupons. Reprinted

with permission from (Filiou and Galiotis, 1999). Copyright 1999 Elsevier Science

Ltd. (B) Raman band shift for 0.3% applied strain in tension and compression.

Reprinted with permission from (Filiou and Galiotis, 1999). Copyright 1999 Elsevier Science Ltd. (C) Raman wavenumber shift as a function of applied strain in
tension and compression for (a) first-order Raman band at 1,580 cm™ and (b) second-order Raman band at 2,705 cm™. Reprinted with permission from

(Filiou and Galiotis, 1999). Copyright 1999 Elsevier Science Ltd.

Figure 13 shows the G’ Raman peak of a pitch-based high-
modulus carbon fiber P100 under no strain and tension (0.6%) and
compression (-0.2%) (Montes-Moran and Young, 2002). Under
tensile strain, the peak position shifted in the direction of low-
frequency shift, while under compressive strain, it responded in the
opposite direction, and the peak position shifted in the direction of
high-frequency shift. Peak D and peak G showed a similar
phenomenon. Strain not only shifted the peak position but also
changed the shape of the peak, such as the peak width.

To determine the relationship between Raman peak shift and
fiber strain in Raman spectroscopy, a force application device is

Frontiers in Materials 14

required to cause stepwise strain on single fibers. For simple tensile
strains, a simple micro-tensile device can be used. For the
mechanical behavior of CFs and their composites in the
compressed state, they can use cantilever bending devices, four-
point bending devices, or three-point bending devices to apply
tensile and compressive strain to single CFs.

Figure 14 showed the shift of G peak and G’ peak frequency shifts
of CF as a function of fiber strain (measured from two fibers during
stretching and compression) (Filiou and Galiotis, 1999). It can be seen
that under both tensile strain and compressive strain, the change in the
frequency of the two peaks before the fiber destroyed was
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TABLE 1 Interface microscopic characterization methods of CFRPs.

10.3389/fmats.2023.1124338

Interface microscopic Methods Resolution Feature Application in interface microscopic
characterization characterization of CFRPs
Micromorphology SEM 1 nm Characterizing the surface morphology and Characterizing the fracture surface morphology and

elemental analysis (EDX) composition, and roughly understanding the
structure of the CFRP interface at the micro-level
resolution

AFM 0.1 nm Quantitative analysis of microscopic 2D/3D Characterizing the micromorphology (2D/3D),

morphology, height, roughness, particle size surface roughness, microstructure and organization

distribution, microstructure, and characterizing | of the CFRP interface at the nano-level resolution

mechanical, electrical and magnetic properties

Microstructure TEM 0.1 nm, ~pm Characterizing the microstructure (transmission | Characterizing the micromorphology, interface
electron imaging, SAD pattern), and analyzing | thickness, microstructure and composition of the
the composition (EDX, EELS) CFRP interface at the molecular and atomic-level

resolution
Chemical composition XPS ~pm, Qualitative and quantitative analysis of elements | The surface and in-depth analysis of the chemical
0.1 atom% and chemical states on the surface composition, chemical states of elements and
electronic states at the CFRP interface
Raman nm-~pm Qualitative and quantitative analysis of Characterizing the micromorphology,
components, crystallographic structure, microstructure, components and chemical bonds of
molecular structure and molecular orientation the CFRP interface, and determining the size and
order of carbon grains on the interface and surface
of CFRP.

Micromechanics Nanoindentation 1 pN, 1 nm Characterizing the mechanical properties at Characterizing the nanoscale mechanical properties
micro/nano-scale, and observing in real-time by | of the CFRP interface, e.g., load-displacement
combining optical microscopy and electron curves, hardness, elastic modulus, strain-hardening
microscopy effect, fracture toughness, and viscoelastic or creep

behavior
AFM PFQNM 0.1 nm Peak force quantitative nanomechanical mode Qualitatively and quantitatively determining the
in AFM micromechanical properties (hardness, modulus,
adhesion, viscoelasticity, etc.) and physical
properties (morphology, Young’s modulus, shape
variable, viscosity, etc.) of local regions in the CFRP
interface at the nanoscale resolution
In situ micromechanics In situ SEM 1 nm Performing in-situ mechanical tests in SEM Observing the stretching or compressive behavior
and micromechanical properties in situ at the CFRP
interface at the micro-level resolution
In situ TEM 0.1 nm, ~pm Performing in-situ mechanical tests in TEM Observing the microscopic fracture process and
micromechanical properties in situ at the CFRP
interface at the atomic-level resolution
In situ Raman nm-~pm Performing in-situ mechanical tests in Raman Raman frequency shift is related to the stress state of
CFRP, and the relationship can be used to study the
micromechanics of the CFRP interfaces

3 Future research directions and

approximately linear with the fiber strain. CF usually had different
ways of breaking under tension and compression, broken by shear in
the compressed state and brittle fracture in the tensile state. However,
either way, once the fibers were destroyed, the frequency shift at the
Raman peak position quickly returned to the frequency shift at zero
strain.

Ya and Pyrz, (2015) researched the reinforcement role of
single-walled carbon nanotubes (SWCNT) in CFRP using
Raman spectroscopy. SWCNT-epoxy specimen with a single
CF on the top surface was loaded incrementally until sufficient
the
spectroscopy, fiber strain profiles at each level of the applied
strain were obtained, IFSS distribution at each applied matrix

strain levels caused interfacial failure. By Raman

strain was derived, and the residual strains in the matrix near
single CF were also mapped.
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challenges

The interface is a highly complex structure formed under various
environmental conditions, such as thermal, mechanical, and chemical
conditions. Its properties are quite different from those of CF and
polymer matrix. The interface has an important influence on the
properties of CFRPs. Table 1
microscopic

summarizes various interface
of CFRPs.

microscopic characterize the micromorphology, microstructure,

characterization ~methods How to
chemical composition and mechanical properties of the interface
and how to improve and develop new interface characterization
methods are still worthy of further research. The microscopic
of CFRPs
breakthroughs in the following aspects.

characterization methods are expected to make
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(1

~

The thickness of the interface layer of CFRPs ranges from
nanometers to microns. Hence, it is necessary to improve
further the microzone detection method of the interfacial
microstructure, chemical composition and properties and
improve the resolution of the method at nanometer and
molecular scales.

(2) The microstructure and chemical composition of the same
components located inside or at the interface are very different,
which makes it challenging to quantitatively research the
microstructure, composition and properties of the interface,
and it is necessary to improve detection methods further.

(3) The characterization analysis should reflect the interface
information as honestly as possible, which requires minimizing
the damage during sample preparation and not destroying the
original structure and properties of the interface. In addition,
various factors should be integrated into the analysis of
experimental results to remove the illusion.

(4) The current interfacial mechanic’s analysis lacks support for the
experimental data at the nanoscale and molecular scales, and an
accurate quantitative basis is still needed.

(5) How to link the interface micro properties such as interface
chemical reaction, interface stress and interface microstructure
with the macroscopic properties of CFRP? Although people have
progressed through the mesoscopic mechanical theory of

interfaces in recent years, many problems remain to be solved.

4 Summary

In summary, interface theory has been widely accepted by the
scientific community and widely used to guide practical work; with the
help of advanced instrument technology, people have established
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