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Composite material is a new material prepared by several raw materials with different forms or properties through new processing
methods. The composite not only maintains the advantages of the properties of each component but also can obtain the
comprehensive properties that cannot be achieved by a single component through the complementarity and correlation of the
properties of each component. The purpose of this paper is to study the effect of wet and hot conditions on the interlaminar
fracture toughness and durability of composites. In this paper, the interlaminar fracture toughness and durability are studied,
and the prediction and analysis method under wet and hot conditions is carried out. The effects of hot and humid conditions
on interlaminar fracture toughness and durability were analyzed. The experimental results show that the longitudinal
compressive strength of the unidirectional composite at 120°C and 1.00% moisture absorption is 29.53% lower than that at
20°C and 0.50% moisture absorption. Due to the high moisture absorption of aramid fiber, the longitudinal compressive
strength of unidirectional aramid composite fiber will be significantly reduced in the humid and warm environment.

1. Introduction

Due to the special properties of nanomaterials, they are
regarded as new materials in the 21st century. Advanced
composites have been more and more used in aerospace
and cycle fields because of their excellent properties, such
as high special strength. The vulnerability and nonunifor-
mity of the composite material itself make the failure of
the hinge part of the composite material more complex,
and the failure characteristics of the damage are also more
complex. Its fracture performance is very different from that
of metal materials. In addition, the connecting parts of com-
posites are also very different. However, due to the complex-
ity of composites and the continuous emergence of various
new fibers and matrix materials, the influence of the humid
and hot environment on the mechanical and fatigue proper-
ties of composites is not obvious. At present, there is no
complete and accurate evaluation system.

Advanced composites are increasingly used in the main
structures of aircraft and automobiles. Due to the low inter-

laminar strength, delamination is one of the most serious
failure modes in composites and their structures. It is widely
used in the cohesion model and virtual crack closure
technology to predict the delamination of composites and
their structures under tensile, compressive, or impact loads
[1, 2]. Therefore, the interlaminar fracture toughness of
composites is very important for the design and analysis of
composites and their structures. Interlaminar fracture
toughness is generally considered an inherent property of
composites, which needs to be obtained by a delamination
test. Therefore, it is very important to develop a simple
and accurate test method to determine the interlaminar frac-
ture toughness.

The innovations of this paper are as follows. (1) This
paper combines damp-heat conditions with composites
and introduces the relevant methods of interlaminar fracture
toughness considering damp-heat conditions in detail. (2) In
the face of hot and humid conditions, the fracture toughness
and durability of composites are studied in this paper. By
evaluating the experimental results and comparing the data


https://orcid.org/0000-0002-2471-5428
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/2867239

changes, it is concluded that the longitudinal compressive
strength of unidirectional aramid composite fiber will be sig-
nificantly reduced in the humid and hot environment.

2. Related Work

The influence of the environment is complex. For example,
high temperature and moisture absorption will increase the
plasticity of the matrix and increase the delamination tough-
ness. On the other hand, it will cause microcracks in the
matrix, will affect the bonding strength between the fiber
matrix, may reduce the toughness, and will have different
effects on different types of resins. Zhang et al. studied the
effects of lime content, slag content, and moisture content
on the thermal and wet properties of lime slag/soil compos-
ites by the response surface method and lime preparation
process. The results showed that the lime content, slag con-
tent, and moisture content will affect the overall thermal and
wet properties. Under the action of alkaline excitation and
micro aggregate, the optimized lime slag/soil composite has
the advantages of compact structure, reasonable mechanical
properties, and comprehensive properties of heat and mois-
ture. However, their data is less [3]. Zong et al. adopted the
uniform experimental design and multiple nonlinear regres-
sion formula. They studied the Ce-La dose results (Ce-La
molecular ratio and tetrabutyl titanate). The effects of the
volume ratio of tetrabutyl titanium to tetraethyl orthosilicate
on the hygroscopicity and photocatalytic properties of Ce-
La/TiO, hollow microspheres were studied. The results show
that these four factors have an effect on hygroscopicity.
However, their research is not comprehensive enough [4].
Kasaragadda et al. applied superhydrophobic coatings to
the surfaces of carbon, Kevlar, and glass fiber composites
to eliminate the absorption of water by the composite struc-
ture. The test results show that when the composite surface
is coated with a superhydrophobic coating, the moisture
absorption is much smaller than that of the uncoated com-
posite sample. However, their influencing factors are not
single [5]. Yu et al. used the strong van der Waals force
between superaligned carbon nanotubes (SACNT) to design
a self-supporting 3D CNT/CaCl, radiator, which has better
heat dissipation performance than aluminum fins. This
high-efficiency refrigerator provides another heat manage-
ment method for electronic products. However, their con-
tent is not novel enough [6]. Tanaka et al’s study
measured the specific volume and softening point of the
resin by a single fiber drawing test at room temperature,
40°C, and 80°C. It was used to evaluate the fiber/matrix
interface characteristics of the CF/PA9T composite model,
and the results were compared with those of the CF/PA6
and CF/PA12 composite models. The resin expansion and
interfacial shear strength of CF/PA9T model composites
decreased with the increase in temperature, and the
decreased range of interfacial shear strength of CF/PA9T
model composites was less than that of CF/PA6 and
CF/PA12 model composites. The reduction of high-
temperature residual stress below 80°C does not cause
chemical modification and softening of the resin but
reduces the interfacial shear strength of the fiber matrix.
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However, their process is more complicated [7]. Liu et al.
expanded its application in the electronics and membrane
industry. It is aimed at developing radiation with heat resis-
tance, conductivity, and moisture resistance by using PCT
as the reactive reinforcement and applying the solid-state
interface reaction (SSIR) between PCT and PA6. According
to the results, SSIR occurred between PA6 and PCT. How-
ever, their research is not specific enough [8]. Chen et al.
mixed natural corn starch with galactomannan (NS-GM) to
produce the starch-galactomannan complex after wet heat
treatment (HMT). They studied the in vitro digestibility
and physicochemical properties of starch and starch-
galactomannan complex. Their study found that the resistant
starch content of HMT NS-GM composite granules was
related to the galactose/mannose residue ratio of galacto-
mannan. However, their conclusion is not comprehensive
[9]. Han et al. synthesized a unique amino-functionalized
metal-organic skeleton (sN-MIL) with a small pore size and
low specific surface and developed a new heat-resistant and
moisture-resistant bismaleimide (BD) resin with ultralow
dielectric loss and high toughness. They discussed in depth
the reasons behind these attractive properties of sN-MIL/
BD composites. However, their content is not detailed
enough [10].

3. Interlaminar Fracture Toughness Method
considering Wet and Hot Conditions

3.1. Composites in Hot and Humid Conditions

3.1.1. Composite Material. Composite material is a new
material prepared by several raw materials with different
forms or properties through new processing methods. The
new material processed and prepared by composite means
has a clear interface between the organizational components
in the material, which not only maintains some excellent
characteristics of the original material components but also
has superior characteristics that the original material com-
ponents do not have. Composite materials include the
matrix and reinforcement. Among them, the reinforcement
plays an important role in bearing the external load in
the composite, and the static properties of the composite
are mainly determined by the characteristics of the rein-
forcement [11, 12].

The matrix of another main part of the composite
mainly plays the role of coordination with the added solid.
The solid added plays the role of supporting and fastening
the solid added, and the load transfer between the solid
added and the solid added protection. Matrix materials can
also improve some properties of composites. In this paper,
resin is selected as the base material because of its low den-
sity and ceramic as the die material because of its high-
temperature resistance, and metal as the die material must
obtain higher hardness and shear properties. As we all know,
polymer matrix composites have another name in engineer-
ing applications, also known as resin matrix composites. In
practical engineering applications, we use more thermoplas-
tic resins and thermosetting resins. Among thermosetting
resins, epoxy resin has the advantages of strong adhesion
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and good corrosion resistance. It has been widely used in
engineering applications, with good fiber surface perme-
ability and convenient processing, preparation, hardening,
and casting. Thermoplastic resin has good processability
[13, 14]. Therefore, when the heating temperature reaches
the transition temperature, they will soften again. Based on
this excellent performance, it is easier to manufacture cast
composites, and this resin has very good fracture resis-
tance and high hardness. The drawback is that the coeffi-
cient of this resin is not high and the heat resistance is not
very good.

3.1.2. Influence of the Damp and Hot Environment on
Composites. During the use of composite materials, they will
encounter the changing atmospheric environment. They will
be used in nature with changing temperature T and relative
humidity RH for a long time. When the natural environ-
ment’s temperature and humidity are relatively high, water
molecules may enter the polymer components and further
diffuse. In view of the tiny cracks and gaps in the composite
structure and the defects contained in the internal interface
of the composite, the penetration rate and saturated mois-
ture absorption rate of water in the material will be
improved. The mechanical properties and electromagnetic
properties of composites are bound to be greatly affected
by them. In the end, the utilization efficiency of composites
will be reduced and even the products will be damaged
[15]. Water molecules penetrate into the tissue between the
fiber and the matrix, causing the glue of these parts to lose
viscosity and be transmitted to the fiber through the inter-
face, resulting in fiber damage.

It is generally believed that glass fiber and carbon fiber
do not absorb moisture, while aramid fiber has greater
moisture absorption. It can be seen from Table 1 that
the hygroscopicity of the glass fiber- and carbon fiber-
reinforced composites is significantly lower than that of
the resin matrix. The hygroscopicity of the aramid fiber-
reinforced composites is four times that of the resin
matrix. The phenomenon of water corrosion of glass fiber
is found.

The influence of the liquid and warm environment on
fiber-reinforced resin matrix composites is the synergistic
effect of humidity and temperature, which is mainly due to
the different degrees of damage to the resin matrix and the
connection interface between reinforced fiber and resin/
fiber. Heating can accelerate the moisture absorption rate,
increase the moisture absorption balance of the material,
and reduce the equilibrium time.

3.2. Fracture Mechanics Solution of Composite DCB. Due to
the low interlaminar strength of laminates, delamination is
the most common and main failure form.

From the point of view of mechanical fracture, separa-
tion belongs to the propagation behavior of the interlayer
crack. According to the classification of cracks in fracture
mechanics, their separation is mainly divided into three
ways: I, II, and II, which depend on the stress at the edge
of the crack. Type I separation, with the edge stress perpen-
dicular to the crack surface, belongs to the open type. Type II

TaBLE 1: Water absorption of the material after immersion in water
for 7 days (1072 g/cm3).

Material temperature 22°C 60°C 100°C
Epoxy resin 0.24 0.39 1.12
Glass fiber-reinforced composites 0.13 0.24 0.68

Carbon fiber-reinforced composites 0.24 0.33 0.82
Aramid fiber-reinforced composites 0.48 0.68 4.78

separation, with the edge stress parallel to the crack surface,
belongs to the shear type. Type III peeling, with the peak
voltage on the crack surface perpendicular to the crack, tears
in the propagation direction. In engineering practice, the
stress state at the crack tip is often a complex stress state,
which is the composite of the three basic types [16, 17].

3.2.1. Griffith’s Energy Release Rate. According to Griffith’s
law, the energy release rate refers to the energy consumed
per unit of the newly generated surface area during fracture,
as shown in Figure 1.

The mathematical form of the energy release rate can be
expressed as follows:

where u represents the total strain energy, w represents
the external force work, M represents the surface area
of the newly generated crack surface, n represents the
specimen width, and DM is the crack growth incre-
ment. Using the following relationship: C=¢/P, W = Pe,
and U = 1/2P¢, formula (1) can be transformed into the fol-
lowing form:

1 ,06C
=_—_p_—, 2
2N ém @)
where P and ¢ are the applied load and opening displace-
ment, respectively. C represents the flexibility of the DCB
specimen.

3.2.2. Fracture Mechanics Solution Based on the Beam
Theory. The energy release rate of the DCB sample shown
in Figure 2 can be analyzed by the basic beam theory.

According to Euler’s beam theory, the opening displace-
ment of DCB sample & and the force P applied at both ends
have the following relationship:

3 2Pm?
T 3E_A°

XX

&

(3)

where E,, represents the elastic modulus of the sample along
the fiber direction, M represents the crack length, h is the
thickness of the single cantilever beam, a represents the sec-
tion moment of inertia of the single cantilever beam, and
A=1/12NK.
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FIGURE 1: Schematic diagram of Griffith’s energy release rate.
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FiGUre 2: DCB sample.

By introducing formula (3) into formula (2), the expres-
sion of the energy release rate based on Euler’s beam theory
can be obtained:

Using formula (3) and its transformation form, the
energy release rate G in formula (4) can be rewritten as
follows:

9E_A - &
= T T (5)

G ,
4ANm*
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Go 3P¢ (6)
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1 9p4 . g2
G=—. & (7)
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Theoretically, the energy release rate calculated by for-
mulas (4)-(7) should be the same. However, if the load
and displacement obtained from the finite element are used
and the energy release rate is calculated by the four formulas,
the accuracy of their results is different. The reason is that
the load-displacement relationship of the DCB sample given
in formula (3) is an approximate solution.

3.2.3. Two-Dimensional Elastic Solution. Formula (3) intro-
duces some simplified assumptions when calculating the
load-displacement relationship of the DCB sample: the
energy in the DCB sample is only stored in arms ABCD
and ATHG. As shown in Figure 2, strain energy is also stored
in the noncracked region DEFG, but this is not considered in
formula (3). In addition, the uncracked region is deformed
and not completely rigid as required by the simple cantilever
theory. Therefore, formula (3) used to calculate the load-
displacement relationship of the DCB sample is inaccurate
[18]. In order to overcome the shortcomings of the simple
beam model, the researchers used the orthogonal scaling
method and finite element analysis (FEA) to give the
solution of the energy release rate of the two-dimensional
orthotropic DCB:

P*m? h K
G=—" [1+20= +a? =), (8)
N-E A m m?
where
a=[0.677 +0.146(B-1) - 0.0178(p-1)
B\ )
+0.00242(B-1)°] - <ﬂ> ,
Exx
E -1/4 /E_E
A B=Y"2_ /v E,.. (10)
E.. 2G,, )
E.E, and G,, are Young's modulus and the shear

modulus, respectively; v,, and v, are Poisson’s ratios. For
isotropic materials, 8 =1 and « == 0.677, which is consistent
with the two-dimensional elastic solution of isotropic DCB.
For the case of M/H > 1, the energy release rate given by
formula (8) is very close to that obtained by formula (4)
based on the simple beam theory.

3.2.4. Finite Element and Verification. A two-dimensional
finite element model is established to verify the accuracy of
formulas (4)-(8) in calculating the energy release rate of
orthotropic DCB. The boundary conditions of the finite
element model are shown in Figure 3, in which the lower left
hinge point is fixed (u, = u, =0), and the concentrated force

P is applied at the upper left point. The mechanical proper-

2h

FIGURE 3: Finite element model network planning and boundary
conditions.

ties of the composites used in the finite element model are as
follows: E,, =110GPa, E, =E, =8.07GPa, G,,=G,, =
3.79GPa, G,,=3.28GPa, v,,=v,,=0.32, and v,, =0.45.
Through the linear elastic finite element analysis, the open-
ing displacement required to calculate the energy release rate
in formulas (5)-(7) is obtained. It is difficult to obtain the
solution of x = -2 at the point of y = —H, because it is diffi-
cult to obtain the singularity of the displacement at the point
of y=-M.

3.3. Double Flexibility Method for Determining Interlaminar
Fracture Toughness

3.3.1. Method Overview. It can be seen from Figure 3 that
most solutions of Euler’s beam theory (except formula (7))
are not accurate enough when actually calculating the energy
release rate of the DCB sample. Therefore, these formulas
need to be modified before they can be used. The researchers
studied the complex deformation of the crack edge and pro-
posed the concept of equivalent crack length m.; =m+ A,
i.e., modified beam theory (MBT), whose compliance type
can be expressed as follows:

C:M_ (11)

E. NI’

E,. is Young’s modulus, and H is the thickness of the
single cantilever beam.

According to the ASTM standard, the A can be assured.
The linear regression method is used to linearly adjust the
compliance cube root C'* related to the crack length M.
The intersection of the straight line and the M axis is m, as
shown in Figure 4.

By replacing formula (11) with formula (2) and through
appropriate transformation, the formula of the critical
energy release rate is as follows:

3P¢
Che= —————. 12
ACT ON(m +|A]) (12)
Similarly, the flexibility calibration method (CC) and the
modified flexibility calibration method (MCC) can also cor-
rect the flexibility. The flexibility expressions are formulas
(13) and (14), respectively:

C=Mn', (13)
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Among them, R and M, are also obtained by the linear
regression adjustment method similar to A. By introducing
formulas (13) and (14) into formula (2), respectively, the
corresponding expression of the critical energy release rate
can be obtained:

rPe
Gre= —, 15
ACT ONm (15)
3P2c2/3
e (16)
ACT 2M | Nh

According to formulas (12), (15), and (16), the three
methods proposed by ASTM must record the crack propa-
gation length and the corresponding force and displacement
and determine the correction coefficients a, R, and M, in
real time. This process is troublesome, and if tested in the
high- and low-temperature environment, the method of
the ASTM standard will be very difficult to achieve. Based
on the contents, we propose a double flexibility method for
the fracture resistance of composite DCB specimens without
real-time recording of the crack length.

3.3.2. Theory of the Double Flexibility Method. In fact, if
there is a highly accurate relationship between the applied
load P, the crack length m, and the opening displacement &
, it is not necessary to measure the crack length, the applied
load, and its corresponding displacement at the same time.
In this paper, a high-precision relationship between force-
displacement-crack length is established by using the solu-
tion of the high-precision energy release rate given by prede-
cessors [19]. In this paper, the energy release rate solution
formula (8) obtained from the two-dimensional elastic anal-
ysis is adopted, and formula (8) is brought into formula (2)
for indefinite integration. The relationship between the
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applied load P and the displacement ¢ of orthotropic DCB
can be obtained as follows:

e 24 (m’ .\ m? L2 (17)
— = — ta— +at— |
P NE_ \3K h? h

C=

In this paper, the finite element model is used to verify
the accuracy of formulas (3) and (17) in calculating DCB
flexibility. When m/h is not used, the relative difference
between formulas (3) and (17) and the finite element results
are shown in Figure 5. It can be seen that formula (3)
obtained from Euler’s beam theory is too simple to calculate
the flexibility of DCB, but the flexibility formula (17)
obtained by integration is quite accurate.

For isotropic DCB, « is a constant value, equal to 0.677.
Therefore, Young’s modulus E,, required in formula (7) can
be obtained by the following method: the DCB test is con-
ducted to obtain the force-displacement curve of the linear
elastic loading section so as to obtain the DCB flexibility
under the initial crack, which is brought into formula (17)
to finally determine Young’s modulus E, . After E,  is
determined, the fracture toughness of isotropic DCB can
be calculated directly from formula (7) without measuring
the crack length.

For anisotropic DCB, E,, and « are unknowns. In order
to determine these two parameters, a double flexibility
method is proposed in this paper; that is, the flexibility C,
loaded in the DCB test curve and the flexibility C; unloaded
are used. The crack lengths corresponding to flexibility C,
and C, are m, and m,, respectively, which can be easily
obtained by ultrasonic M-scan. It brings the two groups of
crack lengths and corresponding flexibility into formula
(17) to obtain the following:

24 (m,? my> m
C.N=— _0+ _0+2_0’ 18
" Exx<3h3 T 1s)

24 (m;> m,> m
CN="—"(—-L +a—L +a>-1). 19
! Exx(sif T 1)

It takes into account « as a positive number, where « and
E,, are as follows:

-Y-VY?*-4XZ (20)

P S —
2X
24 (m)? m,? 5 My
xx:N—Cl<ﬁ+“7+a7 5 (21)
where
X=%co—%cl,
2 2
m m
V= Gz G 22)
m,? my?
BEAET A
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FiGure 5: Formulas (3) and (17) calculate the relative difference between the botulinum toxin and finite element results.

TaBLE 2: Composite material performance.

Material Compound material
Strength (MPa) 84.76 . 5
N Glass transition temperature T, ('C) 218
Stretch Modulus (GPa) 3.29 Impact strength (kgcm/cm®) 14.0 J
Elongation at break (%)  3.34 Heat distortion temperature (°C) 198

C si Strength (MP. 167.18

ompression Strength (MPa) o Density p (g/cm?) 1256
Bendi rength (MPa) ’ Fracture toughness GIC (J/m% 95 4 moi b o

endin,

g Modulus (GPa) 366 Saturated moisture absorption in 33

boiling water (%)

After determining « and E,,, determine the relationship
between flexibility C and crack length M. Using formula
(17), the crack length m can be expressed as follows:

NE
m=]ad+ o g, (23)
8P

That is, when the P force and ¢ displacement are known,
the crack length can be calculated without additional
measurement.

By introducing formula (23) into formula (8), the
expression of the energy release rate without the crack length
can be obtained:

P ( + (eNE,,/8P))*"°

G
NE_A

(24)

The significance of the formula is that the crack prop-
agation length and fracture strength can only determine
the duration of the test procedure from the force and dis-
placement information during the test. It avoids measuring
the crack propagation length during the test and makes it

suitable for the hardness test environmental conditions of
the type I interlayer under test conditions, such as low
temperature [20, 21].

4. Experiment and Analysis of Interlaminar
Fracture Toughness and Durability in the
Humid and Hot Environment

4.1. Interlaminar Fracture Toughness Test

4.1.1. Materials. In this study, the hardness and heat resis-
tance of the composite used are relatively good, and some
of its main properties are shown in Table 2.

All the 24 ply unidirectional plates used in the test are
about 4mm thick. The cut specimen is 165mm long and
30 mm wide. In one section of the test piece, a layer of Teflon
film with a length of about 35 mm is prepaved in the middle
layer as a prefabricated layer. The shape and geometric
dimensions of the test piece are shown in Figure 6. After cut-
ting, the test piece shall be dried and hygroscopic.

4.1.2. Load-Displacement Curve. Under normal temperature
and dry conditions, the typical load-displacement curve of



8 Journal of Nanomaterials

30 mm
4 mm
35mm
165 mm
FIGURE 6: Shape and size of the test piece.
A A
Load P P
Displacement " e

(a) Load-displacement curve of the MMF test under  (b) Test load-displacement curve with moisture

the normal temperature and dry state absorption of 1.15% at 120°C

FiGure 7: Comparison diagram of the load-displacement curve of the MMF specimen test.

the hybrid test is shown in Figure 7(a). Before crack propa-
gation, the load-displacement curve is linear. When the
crack propagates, it enters the nonlinear section. This is
because the crack propagates, the crack length m increases,
the stiffness of the beam decreases, the load-displacement
curve of the crack propagation thickness is different from
that before the crack propagation, and the slope of the
straight-line section of the unloading curve decreases. In this
environment, the unloading line is always straight and
points to the origin. It can be seen that the linear relation-
ship is established and there is no permanent deformation.
It can be inferred that there is no plastic deformation prob-
lem [22]. In fact, from the shape of the unloaded specimen,
there is no residual deformation.

In the high-temperature and high-humidity environ-
ment, the load-displacement curve of the MMF specimen
has entered the nonlinear response section before crack
propagation. This is most prominent in the test at 120°C
and 1.15%, as shown in Figure 7(b). It is inferred that there
is a certain plastic deformation at the tip of the crack before
the crack propagation, and the crack propagates only after
the plastic deformation. In terms of mechanism, the glass
transition temperature of the interlayer resin decreases at
high temperature after moisture absorption. The ambient
temperature is very close to the glass transition temperature
of the material after moisture absorption [23]. With the
increase of material fluidity and high stress at the crack tip,
plastic flow and plastic deformation easily occur. From the

test piece after the test, there is indeed permanent
deformation.

In addition, the unstable propagation of cracks can be
observed during the test.

It can be seen from the load-displacement curve that in
the initial stage of crack propagation, when the crack is
small, the load increases with the increase of crack length,
and the crack propagation is steady; in the later stage of
crack propagation, the crack is long. Under the displacement
loading mode, the load decreases and the propagation
belongs to an unsteady state.

4.1.3. Fracture Failure Criterion. According to the test
results, the type I and type II component values of pure type
I and type II interlaminar fracture toughness and mixed type
interlaminar fracture toughness are calculated by using the
previous calculation formula. The criterion of crack (delam-
ination) propagation under the complex load can be traced,
and the scatter diagram of G;-Gj; can be made. The pure
type I action state is regarded as the special state of Gy,
and the pure type II action state is regarded as the state of
Gy, =0 and Gy, = Gy The layered G;-Gy; scatter diagram
of specimens with different moisture contents under differ-
ent temperature conditions is shown in Figure 8.

By comparing these figures, it can be found that in the
dry state, whether at room temperature of 30°C or high tem-
perature of 120°C, the dispersion of measured data is very
small, and the envelope characteristics of delamination
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(d) G;-Gy; diagram of the high-moisture absorption specimen at 120°C

FIGURE 8: G-Gy; scatter diagram under different conditions.

failure are obvious. Except G, other points are basically in a
straight line. Therefore, it can be determined that the delam-
ination criteria of composite unidirectional plates in the dry
state are straight lines. However, G| is not on this straight
line, which shows that there are inconsistencies between
the calculation formula of pure type I and that of type I strat-
ification in mixed stratification. In particular, the value of
Gy, is larger than that of Gj.. This is difficult to explain from
the perspective of energy.

4.2. Durability Test. The relative strength of the composites
after aging at 95°C and heat was 88%. However, the humid
and hot environment will have a great impact on the resin
matrix and interface. The change of the resin matrix or
interface properties will change its failure mechanism and
failure mode and affect the longitudinal tensile strength.
For brittle resin or carbon fiber composites with a strong
interface, the mild liquid and thermal environment can
increase their longitudinal tensile strength. For the flexible
resin or weak interface, the liquid and thermal environment
will reduce the strength. It can be seen from Table 3 that liq-
uid heat has little effect on the longitudinal strength and
measurement of unidirectional composite carbon fiber. For
unidirectional glass fiber composites, the tensile strength
decreases significantly because the glass fiber is corroded
by the liquid and thermal environment. The surface treat-
ment of glass fiber and its combination with resin directly
affect the effect of protecting glass fiber from water corro-
sion, which has a great impact on the tensile strength of glass
fiber composites.

Because the warm and humid environment will lead to
the softening of the resin matrix, when the resin matrix
softens, its coeflicient will be significantly reduced. This will
significantly reduce the longitudinal compressive strength of
unidirectional composites, and the performance will degen-
erate into nonlinearity. Under high temperature and humid-

ity, the compressive strength decreases, but the compressive
strength under room temperature and humidity is basically
unchanged. With the increase in temperature, the hygro-
scopicity increases, and the strength and coeflicient decrease
significantly. It can be seen from Table 3 that the longitudi-
nal compressive strength of unidirectional composites at
120°C and 1.00% moisture absorption is 29.53% lower than
that at 20°C and 0.50% moisture absorption. Due to the high
moisture absorption of aramid fiber, the longitudinal com-
pressive strength of unidirectional aramid composite fiber
will be significantly reduced in the humid and warm envi-
ronment [24, 25].

4.3. Accumulation of Mechanical Property Degradation. The
hygroscopic environment of composites is constantly chang-
ing. When the hygroscopic environment conditions change,
the hygroscopic characteristics of composites also change.
The mechanical properties will further change on the basis
of the influence of the previous wet and hot environment,
and the changes in properties will accumulate. In this pro-
cess, the mechanical properties of the material may be
reduced or partially recovered under wet and hot conditions.
As shown in Figure 9(a), the performance of the composite
decreases after time At; in humid and hot environment 1.
In the process of time At,, the mechanical properties of
the composites recovered due to the decrease in moisture
absorption or the change in temperature.

As the hygroscopic characteristics of the materials will
change after the change in the humid and hot environment,
the change law of the mechanical properties of the compos-
ites will also change. Therefore, this paper adopts the equiv-
alent of the performance degradation amount. As shown in
Figure 9(b), it is assumed that the performance degradation
amount of composite material after time At is equal to the
performance degradation amount after time t,; under
humid and hot environment 1.
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Moisture absorption (%)  Temperature (%'C) E, (GPa) E, (GPa) X' (MPa) X (MPa) Y (MPa) Y' (MPa) S (MPa)
0.50 -30 183 10.60 1510 1507 42 261 71
0.50 20 180 10.10 1490 1490 38 244 66
1.00 120 168 7.60 1402 1050 26 167 45
A A
S

»
»

At t

At At

1 2

(a) Accumulation of degradation of damp-heat aging performance

Hot and humid environment 2

X(t)

Hot and humid environment 1

\ 4

t

(b) Equivalent relationship of performance degradation

FIGURE 9: Mechanical property degradation data.

5. Discussion

Firstly, through the study of relevant knowledge points of lit-
erature works, this paper has preliminarily mastered the rel-
evant basic knowledge. This paper analyzes how to study the
interlaminar fracture toughness and durability of composites
in the humid and hot environment. This paper expounds on
the concept and related methods of interlaminar fracture
toughness, explores the composites in the humid and hot
environment, and analyzes the interlaminar fracture tough-
ness and durability through experiments.

After absorbing water, the mechanical properties of
polymer matrix composites will change. The mechanical
properties of liquid will also change due to the change in
moisture absorption. Generally speaking, the axial properties
of unidirectional composites are not greatly affected by
moisture absorption, while the transverse and shear proper-
ties of materials are reduced due to the influence of the liq-
uid and thermal environment on the matrix and interface
[26]. When the moisture absorption reaches saturation, the
hydrodynamic properties of the composites also tend to
have a constant value.

The experimental analysis shows that moisture absorp-
tion has no obvious effect on the breaking resistance of the
material at room temperature. At high temperatures, mois-
ture absorption will increase the dimensional hardness of
the composites. The temperature has the least effect on the
mixed dimension fracture hardness of the dry sample, and

the moisture absorption of the sample is relatively high.
When the temperature is lower than 60°C, the hardness
changes slightly. When the temperature is higher than
60°C, the hardness increases with the increase in tempera-
ture. Through the microfracture analysis, it is found that
the single action of moisture absorption or high temperature
makes the matrix toughness enhanced, and the fracture pre-
sents a ductile fracture morphology. The two work together
to enhance the viscosity of the resin matrix.

6. Conclusion

Because polymers will age under the influence of external
environmental factors, moisture and heat are the most
important factors leading to the aging of composites. There-
fore, the design and use departments in this paper pay spe-
cial attention to the possible damage and mechanical
properties of such composites in the humid and warm envi-
ronment, which is an important guarantee and premise to
promote their reasonable and effective implementation.
The research on wet aging of composites is a research topic
with theoretical and practical significance. Although some
progress has been made, its important role in guiding
practical engineering applications still needs to be further
studied. The work of this paper is only a preliminary explo-
ration, and there are still many topics that need further
research.
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