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This paper deals with progressive failure analysis of composites structure on the
basis of the theory of micro-mechanics of failure (MMF). The MMF theory includes
micro-scale stress amplification within each constituent material (fiber and matrix)
and failure criteria for the judgment of the constituent failure. The unit cell model
with the face-centered array distribution of carbon fibers is constructed to analyze
the micro-scale stress amplification factors in the fiber and matrix. Noninteractive
failure criteria are proposed to judge the failure of the fiber and matrix. During the
process of loading, the constituents’ failure can be identified by the MMF failure
criteria, and then the material properties degradation scheme is evaluated according
to the failure modes of constituents and applied for each element to continue the
progressive failure analysis for the composite materials. The user-defined material
subroutine for the micro-scale stress amplification in the constituents, failure judg-
ment of the constituents, and degradation of ply properties is developed using the
Abaqus Fortran scripts. Micro-scale stress of the constituents is visualized for
detailed analysis. The initial failure, subsequent propagation, final failure, and the
strength of open-hole compression (OHC) structure of the carbon fiber-reinforced
polymer composites are studied based on MMF theory. The ultimate load and failure
behavior of the OHC structure obtained from both theoretical analysis and tests are
compared and analyzed.

Keywords: micro-mechanics of failure; noninteractive failure criteria; micro-scale
stress; UMAT; progressive failure

1. Introduction

In recent years, composite materials are used in various advanced structures and other
relevant fields due to their high specific strength and stiffness, outstanding design ability,
long fatigue life, corrosive resistance. Whether or not the composite material can be used
widely in the engineering application depends on that the strength of the composite struc-
ture can be correctly evaluated at various loading condition. The strength prediction and
progressive failure analysis for composite materials have attracted many researchers’
attention.[1-6] In the process of numerical simulation of composite laminates stress field,
the macroscopic lamina-based strength theories for composite material are widely used
because they are simple, easy to be understood, and implemented in analysis,[7-9] but
the specific failure mechanism is not indicated when the conventional strength theories
were used for practical design. In addition, those theories are essentially used for the
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two-dimensional cases, where the thickness effect is ignored, so the classical plate and
shell-based laminate strength theories are not adequate for the three-dimensional stress
analysis for the large structures with thick and curved characters. Moreover, the classical
theories were established using the mathematics approximation formulas which satisfy
some key points given by experimental result. Large error occurs during prediction of
strength of the structure under complicated loading conditions. Because of the limitation
of macroscopic failure criteria, the scientists suggest a more reliable strength theory for
composite materials should be developed.

Recently, the quasi-physically based failure theories have been used to analyze
ultimate load and failure behavior of the composite structure which have separate
predictions of fiber-dominated and matrix-dominated failures.[1,10-12] Hashin’s [13]
and Puck’s [14] theories fall into this category and partly account for their popularity
in progressive failure modeling, but those theories cannot point out the micro-scale
stress of the constituents.

The micro-mechanics of failure (MMF) proposed by Ha [15] is a real physics-based
strength theory for strength prediction of the structures made of carbon fiber-reinforced
polymer (CFRP) laminates, in which the initial failure of constituents is analyzed in
micro-level with the interactive failure criteria. In their research, the square or hexago-
nal unit cell model applied with the loads, corresponding to the stress state in macro-
level, at the boundaries was used to look into the stresses in fibers and matrix in
micro-level. Based on the interactive MMF, both transverse tensile and compressive
failure of the Graphite/Epoxy were analyzed in that paper. In this way, the strength and
failure modes of laminate with multidirectional stacking sequence have been predicted.
These predictions are compared with predictions from other widely used failure criteria
as well as experimental data, good agreement was confirmed. However, the large
amount of iterative calculation for the extraction of the MMF critical parameters using
the interactive failure criteria lowers the computational efficiency and has a poor con-
vergence performance. Therefore, a simple and reliable MMF failure criterion that can
increase computational efficiency and improve the convergence is necessary.

The MMF theory was extended to analyze stresses of the three-dimensional struc-
tures made of CFRP laminates by the authors [16] with the noninteractive MMF failure
criteria and the unit cell model with the face-centered array distribution of carbon
fibers. The study gave out an accurate initial strength prediction for the open-hole com-
pression (OHC) structures of polymer composites. The method was established using
the Abaqus Python scripts and user-defined material subroutine (UMAT) written in For-
tran scripts. The UMAT was used to convert the stress in macro-level to the stresses in
the key points in the fiber and matrix in micro-level. The mechanical properties of fiber
were calculated using the mixture rules.

In this paper, progressive failure analysis method based on the MMF theory for the
prediction of the ultimate load of the CFRP laminate structures is developed. In order
to improve the analysis accuracy, the finite element analysis and artificial neural net-
works are used to back-calculate the transverse Young’s modulus of the fiber Er, and
shear modulus of the fiber Gy;,. Also, the nonlinear shear behavior of laminate is taken
into account. During each step of loading, the constituents’ failure is identified by the
noninteractive MMF failure criteria, and then the material properties degradation scheme
is evaluated according to the failure modes of constituents and applied for each ele-
ment for the subsequence failure analysis. The new UMAT for the micro-scale stress
amplification in constituents, failure judgment of the constituents and properties degra-
dation of the plies are developed using the Abaqus Fortran scripts. Micro-scale stress
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of the constituents is visualized for detailed analysis. The ultimate load and the failure
behavior of the OHC structure are studied based on MMF theory.

2. The micro-mechanics-based strength theory for composites
2.1. MMF criteria

The composite material is characterized using four MMF critical parameters, including
the tensile strength of fibers T}, the compressive strength of fibers Cy, the tensile strength
of matrix T;,, and the compressive strength of matrix C,,. 7r and Cy are used to judge the
failure of fibers under tensile and compressive loading, respectively. T,, and C,, are used
to judge the failure of matrix under tensile and compressive loading, respectively. The
computing methods of the MMF critical parameters are shown in Equation (1),

Ty =dl, (¢f >0)
Cr=od,, (cf<0)

eq’
T =17 M
Cn ch]l

where Ty and Cy are extracted using the maximum stress in fiber direction, and 7}, and
C,, are extracted using the function of stress components at the key points of matrix.
The material axes 123 are used as coordinate direction. The o is the stress of fiber
direction, /, is the first stress invariant, and o.q is the equivalent stress. The superscript
and subscript, f and m, represent the fiber and matrix, respectively.

Here, it may be pointed out that Christensen [17] proposed the interactive failure cri-
teria to judge the failure of the matrix, however, the extraction of T}, and C,, from the
results of the unidirectional laminate tests is very difficult for the engineering application
because of the complexity to extract the critical parameters of the constituents from the
test results for the unidirectional laminates. Therefore, the simple and noninteractive fail-
ure criteria for the matrix are proposed to judge the failure. When the maximal first stress
invariant /; in the matrix of the element reaches 7},,, or the maximum equivalent stress in
the matrix of the element reaches C,, the crack will occur in the matrix. The noninterac-
tive failure criteria are easy to be applied in practical engineering.

A-A A-A

Fiber Matrix

Figure 1. The unit cell model with the face-centered array distribution of carbon fibers and
location of key points for the extraction of stress amplification factors within unit cell.
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2.2.  Unit cell model for micro-mechanics analysis

The micro-scale stresses amplification in fiber and matrix can be analyzed using unit
cell model. Two typical unit cell models, i.e. square model and hexagonal model are
used in the micro-scale stresses amplification factors analysis. Compared with the
square model, the hexagonal model includes more fibers and can reflect the interactive
effect between the fibers. The result of the research shows that the strength prediction
using the hexagonal model agrees well with the test data.[15] But the hexagonal model
cannot explain the ‘homogeneous’ characteristics in the transverse y and z directions of
material coordinate in the macro-level due to the length difference between the edges
of hexagonal unit cell model in the y and z directions. Therefore, the unit cell model
with the face-centered array distribution of carbon fibers is constructed to analyze the
stresses amplification in fibers and matrix in micro-level as shown in Figure 1, whereby
individual fiber and matrix are modeled by three-dimensional elements. This unit cell
model is applied with prescribed loads of average unit stress in one of three normal
stresses or one of three shear stresses as well as thermal load with temperature
increment one degree. The boundary constraint conditions set for the model are same
as described in the literature by Cai et al. [18].

The local stresses are extracted from various positions in the representative micro-
mechanical unit cell model, 17 key points in fiber and 19 key points in matrix. The
extracted stresses are normalized as mechanical amplification factors of the stresses in
the lamina at macro-level. One input stress in macro-level in lamina maps 36 sets of
states of stresses, i.e. 17 sets for fiber and 19 sets for matrix, and stored as micro-scale
stress amplification factors. The normalized thermal residual stresses are also considered
as thermal-mechanical amplification factors. The thermal residual stresses occur from
the temperature difference from the curing temperature to room temperature.

The macro-stresses of lamina are converted into the stresses of fiber and matrix in
micro-level using the stress amplification factors. The output result of macro-stresses
from the finite element analysis at macro-level or from classical laminated plate criteria
is amplified through these amplification factors before failure analysis. The critical
point among these key points is identified by comparing the values of strength ratio
using failure criteria with the MMF critical parameters of the constituents. The stresses
modification from the macro-level to the micro-level is carried out with the expression
using the obtained stress amplification factors as follows:

o\ M1l M12 M13 M4 Mmi1s M6 /6 A1\?

03 M21 M22 M23 M24 M25 M26 ) A2

03 | M31 M32 M33 M34 M35 M36 T3 n A3 AT

T12 T | M41 M42 M43 M44 M45 M46 T1n A4

T13 M51 M52 M53 M54 M55 M56 13 A5

23 / mech M6l M62 M63 M64 M65 M66 | \723 /. h A6 )

()

where ag)ech is the micro-stress of the key pint i in fiber or matrix, Gpecn 1S the macro-

stress in CFRP lamina, AT is the temperature difference between environment tempera-
ture and the curing temperature, Mﬁ’) is the stress amplification factors of the key point
i either in fiber or matrix resin, and A,(,I> is the thermal stress amplification factors for
the key point i.
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2.3. Extraction of the MMF critical parameters

In the MMF theory, the MMF critical parameters, Ty, Cy, Ty, and Cy, can be extracted
from the laminate strengths with the unit cell model and key points. The strengths of
fiber can be calculated, using the stress amplification factors of key points in fiber, and
the UD laminate longitudinal tensile strength X and compressive strength X', respectively.
The Gf * of key points is taken as MMF parameters of fibers where longitudinal tensile
stress exists. The maximum af among these key points is extracted and symbolized as
T}. Similarly, the of ' of key points is taken as MMF parameters of fibers where longitudi-
nal compressive stress exists. The maximum ¢/, q’ among these key points is taken as Cry.
The superscript number i is the key point number in the fiber from 1 to 17.

The strengths of matrix can be extracted using the stress amplification factors of
key points in matrix, and the UD laminate transverse tensile strength ¥ and compres-
sive strength Y’, respectively. The first invariant of stress /;"/ of these key points is
taken as MMF parameters of matrix where volumetric dilatation exists. The maximum
I{" among these key points is extracted and taken as T, The equivalent stress Ugfi/ of
key points is taken as MMF parameters of matrix where compressive stress exists. The
maximum ag”df among these key points is taken as Cy,. The superscript number j is the
key point number in the matrix from 1 to 19.

2.4. Failure indices of the constituents

The general failure index & of ply depends on the four specific failure indices of the
constituents which correspond to the different failure modes. At a material point, failure
is deemed to occur when the failure indices & reaches 1 with the failure mode being
identified by whichever failure criterion is satisfied first. The failure indices of the con-
stituents are defined as:

k = max[ky p, ke g+ Frms kc,m]
kre = max(a}' /Ty, ..., 01"/ Ty, ...,00" /Ty)
ke ¢ :max(a{edl/Cf,...,G/;él"/Cf,.. ,G/;q’“/Cf) 3)
[ max(l’”=1/Tm,...,1;”J/Tm,..., I | T)
ke = max(al' /Cu, ..., 00 [Ciny ., G0 [ Crn)

where & without subscript means the failure index of the element; kr, ; and k¢, ¢ are the
fiber tensile failure index and fiber compressive failure index; kt ., and k¢, , are the
matrix tensile failure index and matrix compressive failure index; i=1 ... ny, j=1 .. n
ny, ny represent the total numbers of the key points in the fiber and matrix, respectively.

3. Damage model derivation

Damage plays an important role in the analysis of fiber-reinforced composite materials.
Many such materials exhibit elastic-brittle behavior; that is, damage in these materials
is initiated without significant plastic deformation. Consequently, plasticity can be
neglected when modeling the behavior of such materials.

The effect of damage can be taken into account by reducing the values of stiffness
coefficients as originally proposed by Kachanov [19]. Here we adapt the model formu-
lated by McCarthy et al. [20] to compute the degradation of coefficients of the stiffness
matrix and the nonlinear model used by Li et al. [16] to input the nonlinear shear
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behavior of the laminate. In the damage model, the material stiffness matrix [C];, is

established as follow:

Cin Cin Cis
Cyn Cp

Cs3

[C] ikl = symm

where
Cyy =E(1 —dp)]l —
Cor = Ex(1 — d)[1 —
Css = E>y(1 —dy)[l —
Ci2 = Ex(1 —dw)(1 — dr)[(1
Ci3 = Ex(1 — dw)(1 — dy)[(1

[
[

Cos = Ey(1 — dp)? [v3; + (1 —
Cy = Glz(l dm

0
0
0 @)

OO OO

Cuy

[=NeNeNeN=)

Css
Ces

[1— (1= dn)V35]/4

(1 —dm)(1 = dr)vizvs1]/4

(1 = dm)(1 = d)vi2va]/A4

— dm)V13V23 + V12| /4

— dn)Vvi2v23 + vi3]/4 ®)

dr)viavsi]/A

A=1-— (1 — dm)(l — df)v12v21 — (1 — dm)2V23V32
—(1 = do) (1 = d)vi3v31 — 2(1 — din)* (1 — dt)vi2v31v2s

where d is the fiber damage parameter; d,, is the matrix damage parameter. The dy and

d,, are described below,
Tensile fiber failure (¢, > 0)

If krgy>1, then df = 0.99 6)
Compressive fiber failure (a'/l' <0)
If kC{yf > 1, then df = 0.99 (7
| 118 l
/ —3 —

w\
=

38.1

i

|

i

|

i

|

i

|

|
\ﬂ'}

i

|

i

|

|

!

Applied

~—— load

RS,

Figure 2. The OHC specimen with stacking sequence [45/0/—45/90],, and boundary conditions.
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If krm > 1, then dp = 0.99
Compressive matrix failure

If kcm > 1, then dp, = 0.99

483

(®)

)

For each loading step, the stress and strain are updated considering the nonlinear
shear behavior of the laminates, macro—micro stress conversion, the MMF parameters
calculation of the constituents, the damage parameters calculation based on failure indi-
ces, and the material properties degradation are implemented using the UMAT written

with the Abaqus scripts.

(a) (b)

W e

S T

" o

.

L 1

A S

Figure 3. Mesh of the FEM model for the OHC specimen, (a) mesh for the whole model,

(b) mesh near the hole.

Table 1. Material properties of the UD laminate for UTS50/E51.

Material properties Ply Fiber Matrix
Fiber volume fraction Vy 0.56 1.0 0.0
Longitudinal modulus £, (GPa) 136 240 3.0
Transverse modulus E, = E5(GPa) 10 42 3.0
Shear modulus G,= G5 (GPa) 4.7 23 1.06
Shear modulus G,3(GPa) 32 12 1.09
Poisson’s ratios u1> =13 0.35 0.33 0.38
Poisson’s ratio pp3 0.56 0.71 0.38
Longitudinal coefficient of thermal -0.34x107° -0.87x107° 6.0x107°
expansion a; (1/k)
Transverse coefficient of thermal 75%10°° 40x10°° 6.0x107°
expansion a,=az (1/k)
Table 2. The uniaxial strengths of the UD laminate for UTS50/E51.
Strength parameters Average value (MPa)
Longitudinal tensile strength X 2100
Longitudinal compressive strength X" 1932
Transverse tensile strength Y 54
Transverse compressive strength Y’ 179
Shear strength § 140
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Table 3. The MMF critical parameters of UTS50/E51.

Strength parameters Values (MPa)
Fiber tensile strength T¢ 3710
Fiber compression strength Cy 3430
Matrix tensile strength T}, 155
Matrix compression strength Cy, 207

gy ) Final failure

£ 16} -

= Initial failure — &

=]

1]

S 12t

o

=

g 8

a = Test

§ 4 — MMF

&}

0 1 1 1 1
00 02 04 06 08 1.0
Compression displacement (mm)

Figure 4. The predicted load-displacement of the OHC structure made of UTSS0/E51 laminate
with stacking sequence [45/0/—45/90], under static compressive loading.

4. Geometry model and material parameters of composites

The OHC structure was made of multidirectional quasi-isotropic laminate with a stack-
ing sequence of [45/0/—45/90],5. The specimen geometry and boundary conditions are
shown in Figure 2. The FEM element type is three-dimensional solid elements C3D8R,
and the analysis is implemented using Abaqus scripts. Figure 3 shows the mesh of the
FEM model for the OHC specimen.

The composite material properties and uniaxial ply strengths used in the demonstra-
tions were obtained from the work of Li et al. [16]. Here, the transverse Young’s modu-
lus of the fiber Er, and shear modulus of the fiber Gy, are corrected using the finite
element analysis and artificial neural networks back-calculate. The material properties

Table 4. Constituents failure modes from initial to final failure based on MMF.

45 degree 0 degree —45 degree 90 degree

. ) layer layer layer layer
Compression displacement

(mm) Fiber Matrix Fiber Matrix Fiber Matrix Fiber Matrix

0.72

0.73

0.74

0.74-0.89

>0.89 ]

Note: @ — Means damage
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Table 5. Constituents failure modes from initial to final failure based on Hashin.

45 degree 0 degree —45 degree 90 degree

. . layer layer layer layer
Compression displacement

(mm) Fiber Matrix Fiber Matrix Fiber Matrix Fiber Matrix

0.43
0.43-0.49
0.5
0.5-0.56
0.57
0.57-0.65
0.66
0.66-0.8
>0.8

Note: @ — Means damage.

of the UD laminate for UTS50/51 are listed in Table 1. The uniaxial strengths of the
UD laminate for UTS50/51 are listed in Table 2. The MMF critical parameters of
UTS50/E51 are shown in Table 3.

_.‘

(Dq

o
3

-1.94  -34.510.0 149 018 1.08
:_]:-_-E-_:_:E-
Q00 1868000 067037 1588

)8

0.00 2.80 0.
0.00
[_CBEESEREE
[ CESSSENSS J CRESERREC
| EEEEsaEEE |

Y

0.73

—
o
-
L]

0.12 0.70 0.32 1.60

Figure 5. The MMF parameters distribution of first four layer for the initial failure of OHC
structure made of UTS50/E51 laminate with stacking sequence [45/0/—45/90],s under static
compression (X100 MPa).
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Figure 6. The MMF parameters distribution of first four layer for the final failure of OHC
structure made of UTS50/E51 laminate with stacking sequence [45/0/—45/90],s under static
compression (X100 MPa).

5. Results and discussion

The load-displacement curves and damage patterns by the MMF theory approach for
the OHC structure bearing the static compressive loading are shown in Figure 4. For
comparison, the experimental results of Li et al. [16] are also presented.

From Figure 4, it appears that the MMF theory prediction of the load-displacement
curve for the OHC structure appears to be very good with the experimental curve. The
predicted ultimate load is reasonably close to peaks of the experimental curves. The
ultimate load of OHC structure, obtained from MMF analysis, is 18.4 kN. The relative
error is 3.17%.

The constituents’ failure modes are identified from the initial failure to the final fail-
ure by the MMF failure criteria. At the initial failure, the main failure modes of the
OHC structure are the fiber failure of the 0 degree layer. Then matrix failure has
formed in the 0 degree layer and the +45 degree layer. Shortly thereafter at the final
failure, matrix failure has formed in every layers and fiber failure only occur in the
0 degree layer, as shown in Table 4.

However, the Hashin theory analysis shows that the initial failure of the OHC
structure is triggered by matrix failure in the 90 degree layer, then the matrix failure is
found in +45 degree layer and the O degree layer, the fiber failure is detected in the
0 degree layer at last, as shown in Table 5. The static strength of OHC structure,
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Figure 7. Failure indices distribution of first four layer of OHC structure made of UTS50/E51
laminate with stacking sequence [45/0/—45/90],s under static compression.

obtained from the Hashin theory analysis, is 16.5 kN. The relative error is 12.7%. It
means that the approach with the MMF theory provides a more accurate ultimate load
prediction. The damage development will be discussed in detail below.

The micro-scale stresses of the constituents (fiber and matrix) of the OHC structure
are analyzed using the MMF theory. The distributions of four kinds of the MMF
parameters for each layer are plotted. The results of initial failure of the OHC structure
for the first four layers are shown in Figure 5. It shows that the distribution of four
kinds of the maximum MMF parameters is concentrated around the small hole for each
layer, where the failure of OHC structure occurs at edge of layer 0 degrees of the hole
in the transverse direction, the MMF parameter 6/;], i.e. the maximum compressive
stress in the fiber is 3451 MPa, beyond the MMF critical parameters Cr 3430 MPa.

The four kinds of the MMF parameters for the final failure of the OHC structure
for the first four layers are shown in Figure 6. It indicates that the linear distribution
areas are extended at edge of the hole in perpendicular to the loading direction. The
maximum MMF parameters are concentrated at the tip of the linear area, but the MMF
parameters out of this area are lower. All cracks in each layer propagate transversely,
being perpendicular to the loading direction. This phenomenon is consistent with the
experimental observation of Li et al. [16].

The failure indices of all elements for each layer are analyzed in each loading step.
The results of final failure of the OHC structure for the first four layers are shown in
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Figure 7. For the final failure case, it shows that the constituents failure take place in
every layer. The failure of the first, third, and fourth layer are triggered by the matrix
failure. The failure of the second layer is triggered by the fiber compressive failure, and
the fiber failure also leads to the matrix failure simultaneously. The above analysis
shows that the main reason accounting for the OHC structure failure is the fiber com-
pressive failure of 0 degree layer. Damage of the fibers initiates at the edge of the blunt
notch and then propagates perpendicular to the loading direction linearly. The matrix
failure of the second layer follows the fibers failure, and the actual area of the matrix
failure is larger than that of the fiber failure, being caused by the compressive shear.
The real-time monitoring of the failure during test step by step is very difficult. The
initial failure of the OHC test was the fiber failure of the 0 degree layer; this phenome-
non has been observed experimentally. For the OHC test, the displacement change from
the initial failure to the final failure is about 0.1 mm, it is also difficult to capture the
failure procedure by stopping the test. The peeling of 45 degree layer near the hole
was observed, but the sudden drop was not observed owing to small change of the
load, the load-displacement curve of the OHC structure of the quasi-isotropic laminate
being almost linear with descending slope until the final failure. The matrix failure of
the 45 degree layer does not make an obvious change in the tested load-displacement

Figure 8. Microscopic fractural surface of first four layers of OHC structure made of UTSS50/E51
laminate with stacking sequence [45/0/—45/90],s, (a) the 45 degree layer, (b) the 0 degree layer,
(c) the —45 degree layer, and (d) the 90 degree layer.
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curve. The final failure fractograph near the hole of each layer of OHC structure is
observed with optical microscope. In order to observe the inside layer, the surface lay-
ers should be removed by grinding. The microscopic fractural surfaces of final failure
of the OHC structure for the first four layers are shown in Figure 8. It shows that the
failure mechanism of 0 degree layer is fibers kink buckling. While, all the rest failure
mechanism of +45 degree and 90 degree layers are matrix failure. The microscopic
observation confirms that OHC structure failures are due to the fibers compressive fail-
ure of 0 degree layer. The experimental result and observation validate the accuracy of
the predicted results.

6. Conclusions

The method of strength prediction for the CFRP composites structure was established
based on the theory of MMF with noninteractive failure criteria and progressive failure
analysis. During the process of loading, the constituents’ failure was identified by the
MMF failure criteria, and then the material properties degradation scheme was evaluated
according to the failure modes of constituents and applied for each element to continue
the progressive failure analysis for the composite materials. This method can accurately
analyze the progressive failure behavior of CFRP composite structures. The UMAT for
the micro-scale stress amplification in constituents, failure judgment of the constituents
and degradation of ply properties were developed using the Abaqus Fortran scripts, and
micro-scale stress of the constituents was visualized for detailed analysis. Prediction of
the initial failure, subsequent propagation and final failure, and the ultimate load of
OHC structure made of CFRP laminates were achieved based on the MMF theory. The
failure mechanism and crack growth process predicted using the MMF theory coincides
well with the experiment observation. The predicted ultimate load agrees well with the
experimental results, the relative error being 3.17%. Therefore, the MMF theory with
noninteractive failure criteria is adequate to be used for the structure design of
composite materials.
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