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Chapter Two: Objectives

* Develop concepts of volume and weight fraction (mass fraction) of fiber and matrix,

density, and void fraction in composites.

* Find the nine mechanical and four hygrothermal constants: four elastic moduli, five
strength parameters, two coefficients of thermal expansion, and two coefficients of
moisture expansion of a unidirectional lamina from the individual properties of the fiber

and the matrix, fiber volume fraction, and fiber packing.

» Discuss the experimental characterization of the nine mechanical and four
hygrothermal constants. The two main processes are called chemical and mechanical

processes.

2.1 Introduction

The stress-strain relationships, engineering constants, and failure theories for an angle

lamina were developed using four elastic moduli, five strength parameters, two

coefficients of thermal expansion (CTE), and two coefficients of moisture

expansion (CME) for a unidirectional lamina. These 13 parameters can be found

experimentally by conducting several tension, compression, shear, and hygrothermal

tests on unidirectional lamina (laminates).

However, unlike in isotropic materials, experimental evauation of these parametersis
guite costly and time consuming because they are functions of several variables: the
individual constituents of the composite material, fiber volume fraction, packing
geometry, processing, etc. Thus, the need and motivation for developing analytical

models to find these parameters are very important.



In thischapter, wewill develop simple relationships for the these parametersin terms
of the stiffnesses, strengths, coefficients of thermal and moisture expansion of the
individual constituents of a composite, fiber volume fraction, packing geometry, etc.
An understanding of this relationship, called micromechanics of lamina, helps the
designer to select the constituents of a composite material for use in a laminated
structure. Because this text is for a first course in composite materials, details will be
explained only for the simple models based on the mechanics of materials approach
and the semi-empirical approach. Resultsfrom other methods based on advanced topics
such as eladticity are also explained for completeness. As mentioned in a previous
chapter, a unidirectional lamina is not homogeneous. However, one can assume the
lamina to be homogeneous by focusing on the average response of the lamina to

mechanical and hygrothermal loads (Figure 3.1).
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FIGURE 3.1
A nonhomogeneous lamina with fibers and matrix approximated as a homogeneous lamina.
The laminais simply looked at as a material whose properties are different in various
directions, but not different from one location to another. Also, the chapter focuses on
a unidirectional continuous fiber-reinforced lamina. Thisis because it forms the basic
building block of a composite structure, which is generdly made of severd
unidirectional laminae placed at various angles. The modeling in the evaluation of the
parameters is discussed first. This is followed by examples and experimental methods

for finding these parameters.

2.2 Volume and Mass Fractions, Density, and Void Content
Before modeling the 13 parameters of a unidirectional composite, we introduce the
concept of relative fraction of fibers by volume. This concept is critical because

theoretical formulas for finding the stiffness, strength, and hygrothermal properties of
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a unidirectiona lamina are a function of fiber volume fraction. Measurements of the
constituents are generally based on their mass, so fiber mass fractions must also be
defined. Moreover, defining the density of a composite also becomes necessary because
its value is used in the experimental determination of fiber volume and void fractions
of a composite. Also, the value of density is used in the definition of specific modulus

and specific strength in Chapter 1.
2.2.1Volume Fractions

Consider a composite consisting of fiber and matrix. Take the following symbol

notations;

T, i = Volume of composite, fiber, and matrix, respectively
Posw = density of compaosite, fiber, and matrix, respectively.

MNow defline the fiber volume [raction V;and the matrix volume fraction V,, as

and

v, =1, (3.1a, b)

Mote thatl the sum of volume fractions is
Vi+V, =1,
trom Equation (3.1) as

oD, =T



2.2.2 Mass Fractions

Consider a composite consisting of fiber and matrix and take the following symbol
notation: Wesm= mass of composite, fiber, and matrix, respectively. The mass fraction

(weight fraction) of the fibers (Wr) and the matrix (Wm) are defined as

]

W,=—, and
Tw,
W, =ZLm (3.2a, b)
i

Note that the sum of mass fractions is

W, + W, =1,

from Bquation {3.2) as
Wyt e, =W, -

Froan the definibion of the density of a single material,

w,=r.o,
We=Flypy and fﬂn';ﬂ{':l
I‘IIU = r:!r;ll.u'

Substituting Equation (3.3) in Equation (3.2), the mass fractions and vol-
ume fractions are related as

W= Pr v and
P
Wa=tuy (3.4a, b)
P,



in terms of the fiber and matrix volume fractions. In terms of individual
constituent properties, the mass fractions and volume fractions are related by

Pe
W= e Vi
_|r l‘rll"l ll"lll'r
i
i
wl:l = ILIIIIT 3 [‘3.511. b}
PLi-vy+v,

m

One should always state the basis of calculating the fiber content of a
compaosite, It is given in terms of mass or volume. Based on Equation (3.4),
it is evident that volume and mass fractions are not equal and that the
mismatch between the mass and volume fractions increases as the ratio
between the density of fiber and matrix differs from one.



2.2.3 Density

The derivation of the density of the composite in terms of volume fractionsis found as
follows. The mass of composite w, is the sum of the mass of the fibers w; and the mass

of the matrix wy, as

= 1w+, (3.A)
Substituting Equation (3.3} in Equation (3.6) yvields

pl :!r = Pr{'r + Prn?jrn-'

and

Ff Fd}

=pr—=+p—, 3.
S e T (3.7)

© [

Uﬁing the definitions of fiber and matrix volume (ractions from F.L'iualirm
(3.1),

p=pVrtpuVm (3.8)

Now, consider that the volume of a composite 7, is the sum of the volumes
of the fiber v, and matrix (v, )

V=T + 0. (3.9)

The dc-:t-;il}r of thie -:rnm}msile in terms of mass bractions can be found as

(3.0



Example 2.1: A glass/epoxy lamina consists of a 70% fiber volume fraction. Use

properties of glassand epoxy from Table 3.1* and Table 3.2, respectively, to determine;

1. Density of lamina

2. Mass fractions of the glass and epoxy

3. Volume of composite laminaif the mass of the laminais4 kg

4. Volume and mass of glass and epoxy in part (3)

TABLE 3.1
Typical Properties of Fibers (51 System of Units)
Progrerty Umiits Giraphite Glass Aramid

Aucial moduhus GFa il Fa L34
Tramsverse masdulus GlFa 2 FG 8
Acxdal Poisson’s ratio 30 20 (L3
Franaverse Moisson's sato 135 02 037
Auial shoar modulis GPa 2 42 K|
Acdal coofficient of thermal expansion S A 13 5 5.0
Transverse coofficient of thermal expansion  pm/fm/2C K 5 4.1
Acial tensile strength M 07 1550 133
Axial compressive strength M L 1550 274
Tramswverse tensile strength MPa 7 1550 7
Trassverse compressive strengih M 42 1550 7
Lhesar strenpth " [ A5 B i |
Specific gravity 14 25 1.4
TABLE 3.2
Typical Properties of Matrices (51 Syvstem of Units)

Froparty Limits Epoxy  Aluminum  Palvamide
Aot meesdulus i LY 1.4 il | 35
Transverse modulus Gla 14 71 a5
Acddal Pokson™s ratsn 30 30 035
Trameworse Podsson’s rato - (30 nan 035
Acxial shear modulus LGl 130 r 13
Coefficient of thermal expansiaon pra o o il bk | L) |
Coedficient of fwistun ecpansion mdmd kg kg | % LR N {1714
Al tensile strengith P 72 s 54
Aial compressive strength M1a 102 27t 10
Trassverse ensile strength kA Fa 72 27h 54
Tramsvorse compresaive streng th fFPa 12 X {112
Lhear sbrength 81 34 L2H 54
Epecific gravity - 12 7 12



Solution:

1. From Table 3.1, the density of the fiber is

Py = 2500 ke f m

From Table 3.2, the density of the matrix is
P, =1200 ke /nr'.

Using Equation (3.8), the density of the composite is

p. = (25000(0.7}+ {1200)0.3)
=2110 kg / nr'.

2. Using Equation (3.4), the fiber and matrix mass fractions are



2500
X

=222 %03
72110
=0.8294
1200

W = #*0.3

"= 2110 _
= 0.1706

Note that the sum of the mass fractions,

W, + W, = 0.8294+.0.1706

= 1.000.

3. The volume of composite is

~ 2110

=1.806 %10 m" .

4. The volume of the fiber is

'{n"lr = Il'{}"{]‘.
= (0.7)(1.896 % 10")

=1.327 x 10 m" .

The volume of the matrix is

v, =V, v

i

~(0.3)(0.1896 % 10°")



=0.5688x 107" m* .

The mass of the fiber is
u’I = va’
=(2500)(1.327 x 10°*)

=3318 kg .

The mass of the matrix is
u’m - pmvm

= (1200)(0.5688 x 10*)

= 0.6826 kg .
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An E-gluss fiber reinforced vinyl ester composite has a fiber volume fraction
of 40%. Experimentally measured density of E-plass fiber and vinyl ester is
254 glem® and 1.3 glem?, respectively, What is the weight fraction of fibers?
Solution:

p=d0%; V. =(1- V) =560% p,=2.54 gfem?, p_ = 13 glem?
According o Equation (7.1)

. ¥P . 04x3se 016 _
TV +V,p, 0D4A%254X06%13 10164078

The zlass vinyl ester composite bas a fiber weéighi fmction of 57%.

A carbon fiber reinforced polyphenylene sullide (PPS ) composite has a resin
welght fraction of 48%. What is the volume froction of carbon fiber in this
composite? The density of carbon fiher is 1.8 glom? and the density of PPX is
1.48 pfemd,

Sofution:
W, =48%; W= (1 = W,) =52%; p;= L5 gfem’; p,, = 1.48 p/cm?
According 1o Equation (7.4

_ Wi iR, _ 052714 __0a8e
' W ip +W ip, +W /p, 052718+ 048/148 0.280+0324

The fiber valume fraction of the composite i 4745%
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