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The manufacturing process often results in hierarchical microstructures of porous woven composites,
with pores and cracks in the matrix and fibers ranging from nanometers to hundreds of micrometers.
This research is devoted to the mechanical behavior of porous woven composites with hierarchical pores
of very different sizes under thermomechanical loading. A micromechanics-based damage model is
developed within the continuum damage mechanics (CDM) considering the contribution of hierarchical
pores for capturing the thermomechanical behaviour of porous woven composites. The predicted results
of the proposed model are compared with available experimental results as well as other analytical
methods to verify its correctness. The main advantages of the proposed model, comparing to the existing
counterparts, are that the contributions of hierarchical pores can be examined on the material macro-
scopic mechanical responses, and the capability in characterizing the damage behaviour of matrix and
fibers. This work can provide theoretical guidance for controlling the formation of hierarchical porosity
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1. Introduction

Porous woven composites, are extensively applied in many
structural components in aircraft and other industries attributing
to excellent durability, high strength, high stiffness to weight ratio,
low density and design flexibility. Thus, to understand and to pre-
dict the mechanical properties of porous woven composites is crit-
ical (Vincent et al, 2009; Chateau et al, 2014). Besides,
experimental studies, as well as observation, have shown that
there are hierarchical pores of rather different sizes in the porous
woven composites due to the manufacturing process, and the
change of hierarchical porosity during loading significantly affects
the mechanical properties of the composites (Rajan and Zok, 2014;
Liebig et al., 2016). In particular, when the composites are suffering
thermomechanical loading, the thermal stress of the materials
results in the hierarchical pores growth, until the pores coalesce
to form a macro-crack leading to the failure of the materials
(Bale et al., 2013). The expansion or combination of pores may
exist in the fiber architecture, matrix and even interfacial regions,
which has a significant impact on the mechanical property of com-
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posites and may lead to the fiber misalignment, matrix voids and
delamination, etc. The questions addressed in this work are estab-
lishing a quantitative relationship between the effective properties
and the porosity of porous woven composites under thermome-
chanical loading considering the hierarchical porosity, and under-
standing the influence of hierarchical porosity on the
thermomechanical damage in the matrix and fibers of porous
woven composites.

Hierarchical pores, also known as hierarchical porosity, can be
defined as the third component in porous woven composites
(Sevostianov, 2009; Vural and Ravichandran, 2003). Evidently,
the porosity is a fundamental microstructural quantity that
strongly controls the physical properties of the material such as
strength, stiffness, conductivity, diffusivity and permeability (Ma
etal., 2014; Patel et al., 2019). To date, a lot of research has focused
on the effect of porosity on the mechanical properties of compos-
ites, and several analytical models have been proposed to predict
the elastic properties in the presence of pores (Rajan and Zok,
2012), which extended traditional inclusion theories. Huang and
Talreja (2005) considered the geometry of voids in the unidirec-
tional composites in the elastic property predication model, and
compared the results with finite element analysis and the Mori-
Tanaka theory, which showed that the voids have a great influence
on the out-of-plane modulus of the material, but small influence
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on the in-plane properties; Xia et al. (2009) and Xia et al. (2011)
proposed a method to predict the effective elastic properties of
nanoporous materials taking into account the hierarchical struc-
tures, and the uniaxial microtensile tests were conducted to ana-
lyze the mechanical behaviour of the nanoporous materials. Sun
et al. (2013) established the scaling laws for nanoporous metals
to predict the mechanical properties in terms of the porosity.
Timothy and Meschke (2016) estimated the elastic properties of
porous materials by the principle of recurrence and mean-field
Eshelby homogenization scheme, and proposed an explicit model
allowing for a simple computational implementation. Choi et al.
(2018) proposed an expanded unmixing-mixing model incorporat-
ing micro-state correction factors to predict the material properties
of porous woven composites, and the poroelastic strain was also
added in a thermoelastic constitutive equation. Chao et al. (2018)
investigated the influence of the pore volume fraction change on
the bending strength of 2D carbon/carbon composites, which
demonstrates that the bending strength decreases greatly with
the porosity increases, and the Mori-Tanaka approach was used
to calculate the change of pore volume fraction.

To describe the damage of porous woven composites consider-
ing the pore structure, many researchers developed
micromechanical-based models to predict the damage evolution
and the overall behaviors of materials. Some researchers estab-
lished micromechanics-based constitutive models for composites,
using the Eshelby matrix-including solution and Mori-Tanaka
homogenization solution (Liang et al., 2006; Mihai and Jefferson,
2017). Others focus on the micromechanical modeling considering
the microstructure of composites. Chateau et al. (2015) analyzed
the effect of the irregular shape of pores on the properties of mate-
rials by establishing a micromechanical model considering the
heterogeneous microstructure. Nguyen and Bui (2019) defined
the internal variables representing micromechanical failure pro-
cesses within the localisation zone in the formulation and derived
constitutive models, and two spatial scales were involved in the
localised failure mechanisms, considering the macro scale of vol-
ume element and smaller scale of the localisation zone. Chen and
Silberstein (2019) proposed a micromechanical-based damage
model for non-woven materials, which can reproduce experimen-
tally observed behaviours of material under uniaxial tensile load-
ings. However, due to the occurrence and mixing of several
damage accumulation mechanisms during the loading process,
the impact of damage should be considered from both micro and
macro scales. Consequently, considering the hierarchical porosity
in the matrix and fibers becomes important for predicting the
damage evolution of composites.

Recent studies for composite porosity characterization tech-
niques include micro-computed tomography (micro-CT) and X-
ray CT (Morales-Rodrguez et al., 2009; Tretiak and Smith, 2019;
Larson et al., 2019), which are accurate in determining pore distri-
bution but costly. On the other hand, the mercury intrusion
method has been applied to obtain the porosity in the composites
as well as the pore diameter, and performed well in the previous
work (Yang and Yang, 2020). In this study, the mercury intrusion
method is used to obtain the hierarchical porosity of the porous
woven composites.

The principal objective of the present work is to develop a
micromechanics framework to describe the effect of hierarchical
porosity on material properties of the porous woven composites
under thermomechanical loading. Toward this aim, adopting the
idea of hierarchical porosity, a description of the constitutive law
for determining the effective elastic properties of porous woven
composites is proposed. Then a continuum damage mechanics
framework that utilizes this constitutive law to describe the dam-
age evolution in the matrix and fibers of the porous woven com-
posites is presented. Finally, the proposed model is applied to a

porous woven composite as the demonstrative example, and the
prediction results are compared with the detailed experiments.
The present work analyzed the effect of hierarchical porosity on
the mechanical behavior of porous woven composites, and can
be used to predict the elastic modulus of the materials with differ-
ent scales of voids, providing the guidance in the manufacturing
process of a specific material with selected modulus.

2. Micromechanics-based model considering the contribution
of hierarchical pores

To estimate the effective elastic properties of porous woven
composites, a micromechanics-based model is introduced consid-
ering the hierarchical porosity, the motivations of which are as
follows:

(i) To interpret the influence of the hierarchical microstructure
of a porous woven composite on its effective elastic modulus,
thus enabling to consider hierarchical porous microstructures;
(ii) To unify a single scheme for the estimation of the effective
elastic properties that allows for a flexible application to vari-
ous hierarchical microstructures of porous woven composites.

2.1. Hierarchical porosity in composites

Pores or voids in composites have obvious stratification charac-
teristics for constituents at some scales. The observation of the
scanning electron microscope (SEM) confirms this point. Fig. 1
shows the SEM observation of the porous woven oxide/oxide cera-
mic matrix composites (uncoated Nextel™610 fibers and
Al,0; — SiO; — ZrO, matrix), which are used for the experimental
validation later. As shown in Fig. 1(a), at the scale of the matrix,
there are nanopores around particles formed in the manufacturing
process, which are smaller than 0.1 pm. At the scale of fiber bun-
dles, micropores exist between fibers due to the lack of matrix
(Fig. 1(b)), with sizes of larger than 1 pum. At the scale of composite,
sintering shrinkage cracks were found in the fibers and matrix
which are perpendicular to the plies (Fig. 1(c)), and some air-
filled cavities at the interface of matrix and fiber bundles, which
can be considered as micropores, reveal small incompleteness in
manufacturing, as demonstrated in Fig. 1(d).

Therefore, the concept of ‘hierarchical porosity’ has been intro-
duced to describe two populations of pores of rather different sizes
in the matrix and fiber bundles of porous woven composites (Yang
et al., 2019): (i) the first population of pores can be found in the
matrix with a few nanometers in diameter (they are referred to
as nanopores), and (ii) the second population of pores, usually a
few microns in diameter, can be observed at the matrix, fiber bun-
dles and interface, these pores are referred to as micropores. Let V
be the volume of the composite; w; is the domain occupied by the
nanopores and wjy is the domain of the micropores. Then the
nanoporosity and microporosity {;, {; and the total porosity { can
be expressed as:

C1:%7C11:%,ZZWZCI+CH (1)

It should be noted that the different diameters of the nanopores
and micropores (nanometers versus microns) make it possible to
consider the pores in matrix and fiber bundles as well-separated.
The fiber bundles contains micropores with volume fraction ¢,
and the matrix contains nanopores and micropores with volume
fraction {, as illustrated in Fig. 2, then

=0 =G+ (2)

P of o
where {; = {; + -
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Fig. 1. SEM observation of the porous woven oxide/oxide ceramic matrix composites. (a) Nanopores around particles in the matrix, is made up of interconnected pores
located between the matrix grains formed in the manufacturing process; (b) Micropore between fibers due to the lack of matrix, located mainly in areas rich in the matrix; (c)
Sintering shrinkage cracks, perpendicular to the plies, due to drying and pressing during the phase of preparation of the composite plates; (d) Micropores at the interface of

fibers and matrix revealing small incompleteness in manufacturing.

:l Matrix

Fig. 2. Porosity in the fiber bundles and matrix. The fiber bundles contain micropores and the matrix contains nanopores and micropores.

Thermomechanical loading will induce microstructural
changes, which result in the decrease of mechanical properties.
Generally, the evolution of porosity for composites under thermo-
mechanical loading can be divided into two stages: Firstly, when
suffering from the thermomechanical loading, the material is sub-
jected to the thermal stress through the thickness. Its surface is at a
lower temperature, resulting in tensile stress, and the interior is at
a higher temperature, resulting in compression stress, which may
lead to the generation and expansion of the original micropores.
The microporosity will rapidly increase, and there are some small
cracks initial in the matrix, leading the nanoporosity to increase.
However, as the time increase, the nanoporosity begins to decrease
and finally reaches a saturated stage, this may be because that the
original nanopores remain unchanged under thermomechanical
loading, as the original nanopores are the pores around particles
in the matrix, and the size of particles remains unchanged during

the thermomechanical loading. The crack density reaches a satura-
tion level with crack growth. The microporosity increases to the
saturation level with newly formed pores and the pores coalesce.

With the increase of porosity, the effective loading area of the
composite decreases, implying that the material properties degen-
erate with porosity. To incorporate the influence of pores evolution
on the macroscopic response of materials, simplifying assumptions
are introduced to isolate the effects of hierarchical porosity on the
mechanical properties of matrix and fibers.

(i) The nanopores exist in the matrix, and their volume fraction
is assumed to be a constant during the thermomechanical load-
ing. In other words, the nanopores are little influenced by the
thermomechanical loads.

(ii) The micropores exist in the matrix and fiber bundles, and
the microporosity increases with the thermomechanical load-
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ing, which implies there are increasing material damage in the
fiber bundles and matrix (Yang et al., 2019).

2.2. Constitutive model

A new constitutive model of porous woven composites consid-
ering hierarchical porosity changes is proposed in this section. The
pores in composites can be regarded as the third phase except for
matrix and fibers, and the inclusion theory of the Mori-Tanaka
solution is applied to describe the pores in the constitutive model,
which assumes that the pores are inclusions in materials but the
stiffness of them is zero.

Consider a representative volume element (RVE) consisting the
matrix, fibers and pore phase with volume V. The average stress
and strain of the RVE can be defined as the average stress and
strain of the point dividing the total volume V:

6'2%./\/0'(X)d1); E:%//s(x)dv (3)

The total volume V is composed of the matrix pore volume V7',

the matrix volume V,, the fiber pore volume V‘; and the fiber phase
volume Vi, as mentioned in Section 2.1.

Therefore, the average stress and strain in Eq. (3) can be
expressed by the four volumes. The following relationship is
obtained:

0 = (mO] + [ 0™ + (6", + fra' @
&= (8] + [ + (18, + ¥

where 6% & (k=m,f) are the average stress and strain in the
matrix and fiber; 6¥, E’I; are the average stress and strain in the pores
of matrix and fibers; f is the volume fraction of fibers and matrix.
The average stress and strain in each volume satisfies:
AM _ FM . am. =f _ gf . af.

6)=E; &' 6,=E,: &; (5)
6" =E":g" o' =E . &

where E,E™ , E]f) and E are the stiffness tensors of the pores in
matrix, the matrix, the pores in fibers and the fibers, respectively,
and E;' = E;= 0.

Similar to the inclusions, the pores in the material may disturb
the homogeneous far-field strain field. Therefore, the strain of the
pores (assuming that the pores are inclusions in the material) can
be divided into the disturbance part &; and the far-field uniform
part &, as:

m __ m i m
&y =& +& In Vp
f _ f i f
&, =8 +&, In Vp
e =gy +&f inVy
& =g+ inV;

Thus, the stress of the pores can be obtained:

o = EI‘J“ : <so + s{}},) invg‘ 7
f . f
ol =E, <so T s’;p> inv,

Consider one equivalent volume that has the same size and
shape as the pores in the matrix, and the material is the same as
the matrix, one equivalent volume that has the same size and
shape as the pores in fibers, and the material is the same as the
fibers, then the strain in the equivalent volume can be seen as
eigenstrain &*, which is used to approximate the stress field inside
the pore volume. The stress field of the pores can then be expressed
as,

m _ gpm m x| __ pm m s m
op —E™: (so+ef— &) —Ey: (s0+ep) inVy "
f _ gf. f <) — Ef . f ; f
ap_E.<£0+8dpfs)_Ep.(so+sdp> inV,

Bedsides, the disturbance strain &} can be expressed by &*:

&l =Sn:g, inVy
C o i ©)

f Lok d f
&, =Sr:8 InV,

where S; is a function of fiber stiffness and the shape of the pores in
fibers; S, is a function of matrix stiffness and the shape of the pores
in the matrix; Substituting Eq. (9) into Eq. (8), one obtains
& =(An—Sn) &

~ (10)
g =(A—-S)" &

-1
where A, — (E" —E™) ' E™ A; = (Ef - Ef) E'. The average
stress and strain of the pores can be obtain by substituting &; into
Egs. (6) and (8),

éﬁ =& +Sk : (A/( — Sk)71 1 &

ok =B (804 (S —1): (Ac—S0 " &)

(11)

where I is the 4th order symmetric identity tensor. The average
strain in matrix and fibers are (Huang and Talreja, 2005),

6™ =E": & inVy,

g—¢, 6" =E:& inV;

em =gm
o (12)

Substituting Eqs. (11), (12) into Eq. (4), and considering
E =0 : &', the stiffness in the RVE is expressed as,

E™: {(1 =G = fl + (S~ 1) (A — )

E=
B {(1 = G~ Fu)l + G(Se— 1) s (Ar =S '} (13)

-1
{14+ S (Am = Sm) "+ USe: (A - S) '

Considering E'; = Elfj= 0, Eq. (13) becomes,
-1
E— {mem +ffEf} : {1 4 CnSm (= Sm) ™" + iS¢ (I - sf)*l}
(14)
Eq. (14) provides the analytical solution of effective stiffness
tensor of the material consisting of hierarchical pores, expressed
in term of stiffness and compliance tensors. For the convenience
of comparison with the experimental results, the tensor expression

is transformed into a scalar form and expressed as a function of
individual elastic modulus with pores (Yang et al., 2019),

Ei = noEraf(1 = = () + Enfn(1 —@)(1 = & — {n)°
170(1 - Cf - (m)szfEm (15)
[Mo(1 — @)Esf 1, + TEnfY]

E, =

where E; and E, are the elastic modulus of the principal directions
of the material, 77, the parameter considering the effects of the fiber
orientation (Baghaei et al., 2014), for the unidirectional fiber ,=1;
w is a weight factor for representing the pores in fibers and
matrix,and is decided by the porosity in fibers and matrix; a is a
material parameter obtained by experiments. Ef and E2 devote
the elastic modulus of the fibers and matrix without pores, respec-
tively. In this case, the elastic modulus of the fibers and matrix are,

Er= No(1 = — ) "B
En= (1-4 - 'E
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Fig. 3. The parameter study of Eq. (15) to understand the effect of material
parameter a on the form of the effective elastic modulus.

The advantage of Eq. (15) is that the contributions of hierarchi-
cal porous can be examined on the material macroscopic mechan-
ical responses. If the porosity changes in the materials, which can
be caused by the thermomechanical loading and so on, the effec-
tive elastic modulus can be obtained by using Eq. (15). The model
can not only apply to the porous woven composites subjected to
thermomechanical loading but also other loadings that cause the
porosity changes in the materials.

Fig. 3 shows the parameter study of Eq. (15) to understand the
effect of material parameter a on the form of the effective elastic
modulus. It is found that the effective elastic modulus displays dif-
ferent shapes of the curves with different values of a. If the porosity
and matrix and fiber volume fractions of some materials have been
known, then the effective modulus of the material can be predicted
using Eq. (15). Fig. 4 shows the predicted modulus for different
porosity and matrix and fiber volume fractions, and each point in
the curves refers to a particular material with corresponding
porosity and matrix and fiber volume fractions. For the present
work, the porosity in the material was assumed less than 40%,
the fibers and matrix volume fraction changed up to 70%.

—
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3. Thermomechanical damage evolution

Models representing thermomechanical damage evolutions in
the matrix and fibers are briefly discussed in this section. The lin-
ear elastic-damage constitutive framework is applied for the dam-
age behavior of fibers and matrix. Two CDM-based scalar damage
variables are introduced to predict the reduction of stiffness in
the fibers and matrix, which are defined as:

E En
L Dp=1-_2

Di=1-
f E¢ En,

(16)

where subscript f and m denote the fibers and matrix, respectively.
E is the elastic modulus of damaged material and E° is the elastic
modulus of undamaged material. Consequently, the strain energy
density is defined as:

1
Py = py(&j, Dy, Dm) = 58i0j (17)

where p is the density of the material, and y is the strain energy,

3.1. Matrix damage evolution

The strain energy density release rate Y,, associated to D, is
introduced to describe the matrix damage evolution, which is
defined as (Lemaitre and Desmorat, 2005):

oy _1[onen + opep)

Ym=Pap- =2 (1-Dn)

Many damage models use a power law to describe the relation-
ship between the damage and the strain energy density release
rate, which can not predict accurately and are difficult to accu-
rately describe damage evolution. To build the effective quantities
in the material properties characterization and damage evolution
under thermomechanical loading condition, the potential function
is introduced for the matrix damage evolution, which can predict
damage initiation and growth under the elastic state, and is
defined by,

F(Dm)=Ym — L(Dn),

(18)

(19)

where £ is a function of damage, and it can represent the material
resistance against damage. Referring to the principle of CDM, the
matrix damage occurs when the damage driving force Ym reaches
the material resistance L.
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Fig. 4. The predicted modulus obtained by Eq. (15) for different porosity and matrix and fiber volume fractions.
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The material resistance £ can be defined as the form (Cicekli
et al., 2007),

D
L=exp|— 20
» (%) 20
where D, is the damage at failure, 8 is a model parameter, and Y,
is the initial energy density release rate as the threshold.
Considering the maximum dissipation principle, the matrix
damage evolution law is written as,
OF (D)

Dn=4 oY = m- (21)

where /, is the damage multiplier, according to the Kuhn-Tucker
relations, as

Jm =0

Jm =0
it is non-negative under thermomechanical conditions, and /, is
determined by the damage consistency condition, as

for 7(Y,Dp) =0,

(22)
for 7(Y,Dn) <0,

7(9.7:(Dm) Y oL -
dF(Dp) = oY, Ym— D, m = 0. (23)
Then, the matrix damage evolution law can be deduced as
CI
Do ="0ly,, (24)
Yim

Integrating Eq. (24) over [Yum, Ym], the explicit matrix damage
expression is in the form as,

Dy = Dj + DS [IN Vi — I Ve ] (25)

Eq. (25) gives the damage evolution law of the matrix between
the initial state or the pre-damage state and the fracture failure
state. Obviously, the matrix damage is characterized by the param-
eter f, the initial damage resistance Y, the initial damage D™
and the failure damage D;;.

3.2. Fibers damage evolution

Fibers damage modeling is an issue specific to the porous
woven composites as they contain a large number of fibers, and
the breaking of fibers may have consequences on the composite
damage behavior. As for the fibers subjected to global loading,
the load will transmit from each failed fiber to the intact fibers,
and there may be some microcracks considered as micropores to
induce a loss of energy and cause the final failure of the fiber. For
precisely estimate the damage evolution, the statistical distribu-
tion of the micropores in the fibers must be taken into account.

To illustrate this point, W. Weibull proposed a model of the
probability of failure considering the stress and the volume
(Rajan and Zok, 2012; Chao et al., 2018). The fracture probability
of the fibers under the stress o} can be described by the following
Weibull function,

Flop)=1- exp{—V(ﬁ—i)z} (26)

where g, is the scale parameter, and « is the shape parameter; V
denotes the stressed volume of fibers. Assuming that the total num-
ber of fibers is g, then the number of broken fibers can be
determined,

0, = F(07)@ (27)

and the number of unbroken fibers is ¢ — ¢, = (1 — F(0}))e.

The applied load is
Pr = 201‘30 (28)
i

where Sy is the area of cross section, g; is the stress applied to each
fiber, for the broken fibers g; = 0; for the remaining fibers, ¢; = E?e.
Then,

Pr = EerSo(1 - F(07)) 0 = ElerS(1 — F(o7)) (29)

where E is the elastic modulus of fibers, S is the remain area of the
cross section which carries loading.

For fibers, the probability density of micropores in the applied
plane is considered as the fiber damage variable of CDM, Dy, then
Dr = F(o;). The applied load P¢ on the fiber bundles has been
defined by Eq. (29), then the mean applied stress of fiber bundles
is obtained as,

P
=s
The damage evolution is obtained from Eq. (26) and (30),

D -1 _exp{_<§> } 31)

4. Results and discussion

=Eer(1-F(07)) = Eler(1 - Dy) (30)

As a concrete example, we apply the proposed model to the
oxide/oxide ceramic matrix composites (CMCs), which were man-
ufactured using uncoated Nextel™610 (99% o — Al,03) fibers and
Al,O03 — SiO, — ZrO, matrix. The thermomechanical loading is
applied to the materials in the form of cyclic thermal shocks.
Firstly, the previously published experimental characterization
results of the CMCs are summarized. Then, the identification of
the parameters used in the model are presented, and the damage
evolutions of matrix and fibers are predicted and compared with
the experimental data.

4.1. Experimental results summary

Experimental results and mechanical characterization of the
oxide/oxide CMCs are detailed in previous works (Yang and Liu,
2020) and are briefly summarized here. According to the applica-
tion of the material, the cyclic thermal shock tests were conducted
at 1100°C. After each thermal shock, the specimen was put into the
Micromeritics Autopore IV 9510 porosimeter to determine hierar-
chical porosities as well as generate the change of pore size distri-
bution of the CMCs under thermomechanical loading.

According to the mercury intrusion results and the SEM obser-
vation, the nanopores in the CMCs are defined as the pore diameter
smaller than 200 nm, and the micropores are considered as pore
diameter larger than 200 nm. Fig. 5 shows the evolution of hierar-
chical porosities of the whole material with the increase of thermal
shock cycles. The total porosity of the material is increased with
the thermal shock cycles, which is the sum of the nanoporosity
and the microporosity. The nanoporosity experiences a rapid
increase, then decreases and finally reaches a saturated stage, this
may due to that there are some small cracks initial in the matrix in
the beginning, and the decrease after a single thermal shock can be
regarded as the nanopores transferring into micropores, then the
crack grows with the thermal shock cycles. The original nanopores
remain unchanged, due to that the original nanopores are the pores
around particles in the matrix, and the size of particles remains
unchanged during the thermomechanical loading. As for the
microporosity, it also experiences a rapid increase, then gradually
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Fig. 5. The evolution of hierarchical porosities of the whole material with the
thermal shock cycles N for the shock temperatures equal to 1100 °C.

increases to a saturation level with thermal shock cycles, which is
due to the accumulation of micro defects with newly formed pores
and the pores coalesce, and finally the crack density reaches satu-
ration level with crack growth.

The mechanical properties of the thermal shocked CMCs were
also quantified by uniaxial monotonic tensile loadings in the fiber
direction (the weft direction). The experiments were conducted on
the servo-hydraulic MTS 809 testing machine at room tempera-

ture, with a constant displacement rate of 0.06 mm-min~!.

4.2. Effective elastic modulus

The mechanical properties used in the model are summarized
in Table 1. To compare with the proposed model, The classical
methods to predict the effective elastic modulus, such as the
Mori-Tanaka scheme, non-interaction approximation and differen-
tial scheme, were used to compare with the proposed model, as
well as the experimental results.

The effective elastic modulus E; of the CMCs after thermal
shocks are expressed in Fig. 6. The solid line in the figure shows
the prediction results of the proposed model, the dotted lines are
the predicted results of other methods, and the circle is the exper-
imental results. As the porosity increases, the elastic modulus
decrease near linearly, implying that the change of porosity con-
trols the material property.

The results also suggest that the errors of the proposed model
with the experimental results are smaller than the other models,
as the other models may overestimate or underestimate the

Table 1
Mechanical properties of the components in oxide/oxide CMCs (Yang and Yang, 2020;
Moser et al., 2001; Moser et al., 2004).

Parameter Symbol Value Unit
Elastic modulus of fiber E¢ 379 GPa
Elastic modulus of matrix Em 210 GPa
Density of fiber Os 4.2 g/cm®
Density of matrix Pm 4.0 g/cm?
Volume fraction of fiber Vi 44 %
Porosity of composite 14 27.6 %
Tensile strength of fiber T¢ 2730 MPa
Tensile strength of matrix Tm ~45 MPa
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Fig. 6. The effective elastic modulus E; of the CMCs after thermal shocks. The solid
lines are the predict results of the proposed model, the dotted lines are the
predicted results of other methods, and the circles are the experimental results.
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Fig. 7. The predicted modulus of fibers and matrix by the proposed model as
function of porosity.

impact of pores, which may due to the hierarchical porosity isn’t
taken into account when predicting the elastic modulus.

Besides, the fiber and matrix elastic modulus were also pre-
dicted by the proposed model, as demonstrated in Fig. 7. The fiber
modulus is much higher than the matrix modulus, as the fibers
carry more load. Moreover, with the porosity increases, both the
fiber modulus and matrix modulus decrease, because that there
are micropores in the fiber bundles and matrix, when suffering
from thermomechanical loading, the pores will expand and coa-
lesce, leading to the carrying capacity of the material decrease,
and the macroscopic performance is the decrease of modulus.

4.3. Characterization of the matrix damage

4.3.1. Identification of the damage model
The identification of the matrix damage model presented in Eq.
(25) needs four material parameters:
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Fig. 8. The identification of damage exponent f of matrix damage evolution, where
the slope of the best linear fit is the first verification of the damage exponent .

(a) The threshold strain energy release rate Y, ,, which indi-
cates the damage process initiation;

(b) The initial matrix damage DLT, because damage present in
the matrix is evaluated through the decrease of stiffness with
respect to the initial elastic modulus, Dir'nli is assumed equal to
zero;

(c) The critical matrix damage Df;, when the damage reaches
DS, the matrix will fail;

(d) The damage parameter B, determining the shape of the
matrix damage evolution.

It should be noted that in the matrix damage model, all param-
eters have physical meaning and can be determined experimen-
tally and the iterative calculations are not necessary. The
identification of the parameters describing the damage model of
the matrix is performed by the experimental results measured in
a simple uniaxial test.

In fact, the matrix damage as a function of the strain energy
density release rate can be obtained using a logarithmic plot

(Dm - D;‘}i>/D§; versus (InYm — In Y m), the meaning of the slope

of the best linear fit is the first verification of the damage exponent
p, as
D. _ Dini
% = ﬁ(]l‘l Ym - ln Yth‘m) (32)
m
Then p can be derived from the available data point. Fig. 8
shows the logarithmic plot for the damage exponent f estimation,
and B is obtained as 1.13 for the oxide/oxide CMCs.

4.3.2. Matrix damage evolution

Fig. 9 gives the matrix damage evolution in the oxide/oxide
CMCs under cyclic thermal shocks, and the experiments have been
carried out in the previous work (Yang et al., 2019). The matrix
damage is obtained by measuring the porosity in the matrix and
calculating the effective elastic modulus of the matrix. The thermo-
mechanical damage starts with the threshold strain energy release
rate Yy m, in correspondence with which microcracks and pores
begin to nucleate around the included particles by original pore
breaking. With Y,, increases, the new pores are nucleated, while
the size of the existing pores basically remains unchanged, and a
large number of micropores are formed, leading to the damage
accumulates rapidly. Finally, the matrix damage reaches a satura-

0.20
D, =D} +D;[pInY,~pY,, ] !
coalesce newly formed crack r\owth
0.154
1S .
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B Experiments
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Fig. 9. Matrix damage evolution in the oxide/oxide CMCs under cyclic thermal
shocks with the strain energy release rate Yp,.

tion stage, where D = 0.2 at Yy, = 3.1 MPa as the crack density
no longer increase. With the spacing between pores reduction, fur-
ther loading increase will cause the sudden coalescence of pores
and the final failure of the matrix.

The damage evolution law of the matrix takes into account the
overall effects of micropore nucleation, stable growth, and agglom-
eration, which is a nonlinear damage evolution with the strain
energy release rate. Besides, the global effect of the pore growth
on the decrease of the matrix property can be accurately described
by the four damage parameters mentioned above considering the
three stages of the pore growth. The determination of the parame-
ters has been described in the above.

4.4. Fiber damage characterization

4.4.1. Identification of the damage model

Eq. (31) shows that the fiber damage D¢ is a function of the
strain &. Furthermore, when the damage Dy gets close to the criti-
cal value, Df', the final deformation stage before failure is mainly
dominated by the brittle fracture of the fibers, which quickly
pushes the net resistance area to instability. Besides, when the
strain is less than &g, ¢, elastic deformation occurs, and the damage
amount D¢=0. To apply the Eq. (31), the damage and strain thresh-
old should be considered, the evolution equation of fiber damage
becomes:

Dy = D {1 _exp {_ <M> } } (33)

where (-) notes the Macauley brackets, i.e. x > 0, (x) =x;a is the
material parameters. Then the fiber damage evolution can be deter-
mined by the four parameters: the damage threshold Df', the strain
threshold &, ¢, the shape parameters o,, and o.

Experimental data has shown that the fiber bundles damage
evolution is a nonlinear process, and the identification of the
parameters in the damage evolution law should enable the exper-
imental results and model predictions to be optimal under a vari-
ety of load cases such as thermal loads, mechanical loads, and even
their coupling.

However, the damage exponent o, which carries information for
the shape of the damage evolution, can describe the kinetic law of
damage evolution as a function of strain &, thus include the global
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Fig. 10. The exponent « determined as the slope of the best-fit line of the
experimental damage measurements.

effects in the proposed nonlinear damage model, and it can be
determined by experimental results. The exponent « is determined
as the slope of the best-fit line of the experimental damage mea-
surements, as shown in Fig. 10, which is given by

In <— In (%)) = o In (Er (& — €mg)) — C (34)

with
C=oln(ow)

In the absence of experimental data related to proportionally
loading geometry, a failure strain was assumed until a proper fit-
ting of the damage measurement was obtained.

4.4.2. Fiber damage evolution

Fiber damage evolution prediction in CMCs has been obtained
by Eq. (33) and compared with experimental results, as illustrated
in Fig. 11, which shows that the prediction of the model is in good
agreement with experimental results. It is evident that these slope
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Fig. 11. Fiber damage evolution predictions in CMCs obtained by Eq. (33) are
compared with experimental results. The schematic of the fracture behaviors for
the fibers is also exhibited.

changes are related to damage processes that alter the material
microstructure and its global response.

From the point of view strain, three different zones can be iden-
tified: For & from 0 to 0.32%, the fibers are in the elastic range, with
no damage in this regime, and the elastic modulus is constant;
When strain increases between 0.32% and 1%, damage starts to
take place and accumulates rapidly, as the fibers are brittle for
CMCs; As soon as strain higher than 1%, the damage is maintained
through the final fracture, which can be explained as: when the
critical strain level for one fiber is reached, it fails and the excess
stress is redistributed to the remaining fibers. Near the end of
the fracture process, the additional strain is absorbed by the open-
ing of the new cracks.

The results have indicated that the fibers in CMCs can exhibit
three-stage behavior: (i) The fibers begin to crack as the damage
occurs with the strain reaches &y ¢; (ii) There are multiple cracks
exists in the fibers perpendicular to the loading direction, and
the already existing cracks extend across the section, leading to
the rapid increase of damage; (iii) When the damage reaches the
stable stage as the strain increases, there may exhibit a dominant
crack, and when the crack extends across the fibers, the fiber fail-
ure occurs. The behaviors of the fibers are also sketched in Fig. 11
as a schematic, which is not the actual fracture process of the
CMCs, as the CMCs are the woven composites.

5. Conclusions

In the present work, the effect of hierarchical porosity on elastic
properties of porous woven composites under thermomechanical
loading is investigated, and a micro-mechanics based damage
model of the porous woven composites containing hierarchical
porosity is proposed within the CDM framework to analyze the
effect of hierarchical porosity in both the matrix and fibers on elas-
tic properties and damage. Experiments are also performed to ver-
ify the correctness of the proposed model. A key distinction from
approaches adopted by others is considering the change of the
hierarchical porosity of the porous woven composites during load-
ing when predicting the effective elastic property, and thus, the
distribution of manufacturing process-induced hierarchical pores
throughout the composites could be controlled. The main conclu-
sions can be drawn as follows:

e The concept of 'hierarchical porosity’ is introduced to describe
nanopores and micropores of rather different sizes in the porous
woven composites, which is produced in the manufacturing
process and has been verified in the SEM observation. The nano-
pores can be found in the matrix and the micropores can be
observed in the matrix, fibers and interface. More essentially,
the change of hierarchical porosity during loading controls the
mechanical behavior of materials.

e A micromechanics-based model to determine the effective elas-
tic properties of porous woven composites is proposed, which
can interpret the change of effective elastic property of a porous
composite as a consequence of its hierarchic porosity, thus
enabling to consider hierarchical porous microstructures. The
model allows for flexible applications of micromechanical esti-
mation to the microstructures of a large variety of porous
woven composites.
Taking into account stiffness reduction in the matrix and fibers
during thermomechanical loading, a CDM-based damage model
is proposed to describe the damage evolution in the matrix and
fibers. Two damage variables in the micromechanics level are
used and the damage evolution law is established based on
microscopic damage mechanism for each of the damage
variables.
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e The proposed model is applied to the oxide/oxide CMCs as a
demonstrative example. A good agreement between the pro-
posed model and experimental results shows the capability of
the proposed model in effective property prediction and dam-
age characterization of porous woven composites under ther-
momechanical loading conditions.
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