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Abstract—This paper describes analytical models for predicting the elastic and tensile strength properties
of knitted fabric reinforced composites. Owing to the looped yarn architecture, knitted fabric composites
possess fiber and resin-rich regions. Initially, a geometric model has been identified for estimating the
orientation of yarn in the knitted fabric. Using the unit cell approach, a ‘cross-over model” has been
proposed for expressing the cross-over of curved yarns of knitted fabric. Using laminated plate theory,
the effective elastic properties of the yarns in the cross-over model have been estimated. Elastic properties
of the composite were determined by combining the effective elastic properties of the curved yarns and
the resin-rich regions. Tensile strength properties have been predicted by estimating the fracture strength
of yarns bridging the fracture plane. Tensile properties of knitted fabric composites with different volume
traction of fibers were predicted. The analytical procedures have been validated by comparing one set
of expcrimental results with the predictions. The applicability and limitation of these models have been
discussed.

Keywords: knitted fabric composites; analytical model; cross-over model; clastic properties; tensile
strength; fiber orientation; geometric model; fiber volume fraction.

1. INTRODUCTION

Recently, in the interest of reducing manufacturing cost, and enhancing processability
and damage tolerance, knitted fabric reinforced composite matcrials have been re-
ceiving greater attention in the composite industry [1-3]. A number of experimental
works on the mechanical properties of knitted fabric composites are now available in
the literature |[4-21]. However, only limited work has been reported on the modeling
aspects of mechanical properties of knitted fabric composites.

Ko et al. [8] made initial efforts to predict the tensile properties of multidirectional
warp knitted fabric reinforced composites using a unit cell concept and a modified
laminate theory. The knitted fabric investigated is a special case, the unit cell of which
contains five basic yarn components: 0° (weft), 90° (warp), 45° (bias), —45° (bias)
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and the stitching yarn (throughthickness). In general in knitted fabrics, the yarns
are curved and their orientation changes continuously along the loop. Hence, this
modcl needs to be modified for predicting the tensile properties of other knitted
fabric composites.

Rudd et al. [12] and Ramakrishna and Hull [16] made efforts to predict the elastic
moduli of weft knitted fabric reinforced composites. They predicted elastic mod-
uli using a combination of rule of mixtures and Krenchel’s reinforcement efficiency
factor. The agreement with the experimental results appeared to be good. They
considered fiber orientation in the planar direction of the knitted fabric only. How-
ever, in the knitted fabric composite, the fibers are oriented three-dimensionally.
Hence, a new approach is necessary to consider the three-dimensional orientation
of fibers and also to predict tensile propertics of composite material more accu-
rately.

Primary objectives of this work are: 1) develop analytical functions for estimating
the fiber orientation and fiber content of the composite and 2) develop analytical
procedures for predicting the elastic and tensile strength properties of plain weft
knitted fabric reinforced composites.

2. ANALYTICAL PROCEDURE FOR PREDICTION OF ELASTIC PROPERTIES

The research work described here is concerned mainly with a plain weft knitted fabric
(Fig. 1). Owing to thc looped yarn architecture, knitted fabric composites possess
yarn and resin-rich regions. An outline of the analytical procedure for predicting the,
elastic propertics of knitted fabric reinforced composite is shown in Fig. 2. Initially,
a geometric model has been identified for estimating the orientation of yarn in the
knit loop (Section 2.1). The main input parameters for this model are wale density
(W), coursc density (C) and yarn diameter (d). Both C and W can be measurcd
experimentally. W is defined as the number of wales per 2 ¢cm length in the course
direction of the fabric. Similarly, C is the number of courses per 2 cm length in the
wale direction. The procedure for estimation of d is outlined in Section 2.2. Using the
unit cell approach, a ‘cross-over model’ has been proposed for expressing the cross-
over of curved yarns of knitted fabric. Using laminated plate theory, the effective
elastic properties of the yarns were estimated (Section 2.4). The elastic properties of
the composite were determined by combining the effective elastic properties of the
yarns and resin-rich regions.

2.1. Geometric model

2.1.1. Determination of yarn orientation. A schematic diagram of an idealized unit
cell of knitted fabric is shown in Fig. 3. The physical meaning of various symbols
used arc also shown in the figure. The basic assumptions are 1) yarns assume circular
cross-section and 2) the projection of the central axis of the yarn on the plane of the
fabric is composed of circular arcs, i.e. the yarn forming a course lics on the surface
of a series of circular cylinders whose generators are perpendicular to the plane of the
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Figure 1. Schematic diagram of a plain weft knitted fabric.

fabric. These assumptions are reasonable as the knit loops are formed during knitting
by bending the yarn round a series of equally spaced knitting needles and sinkers. The
composite is made when the fabric is in relaxed condition without any pre-stretching.
Due to the space constraint, only the required equations are presented in this paper.
Detailed derivations of these equations may be found elsewhere [22, 23].

Consider rectangular axes Ox and Oy parallel to the wale and course directions of
the fabric. The OQ portion of the loop is assumed to have center at C. The total
angle of the portion of the loop under consideration, OCQ = ¢. ad is the radius
of projection of knit loop, CO, where a is a constant. Q is the point at which the
central axis of this loop joints the central axis of the loop with center F. H and J
arc the points at which the yarns of adjacent loops (loops with centers at C and B)
cross-over. The angles OCB = ¢ and HCB = ¢. If P is any point on the projection
of the central axis, angle OCP = 6. The coordinates of point P are given by:

hd
x =ad(l —cosf), y=uadsinb, zz—z—(l—cosrr@/go), )
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Figure 2. A flow chart of the analysis method for predicting the clastic properties of knitted fabric
reinforced composite.

where % is a constant used for representing maximum height Ad (at Q) of the central
axis above the plane of the fabric. The unknown parameters in the cquation (1)
are a, h and . It is difficult to measure these parameters cxperimentally, but they
may be determined {rom the simple geometric relations of the loop:

1
a=—— 2)
4Wd sin g

C%d
+ WZ(] _ C2d2)2]1/2

—tan™!

_ so—1
$=m+sin hm {WU—CM%}
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Figure 3. Schematic representation of a unit cell of knitted fabric.

h= [sin (%) sin (%"’)]_]. @)

To determine /1 we need to know the angles ¢ and v, which are given by

Y= sin”! <2azi 7 sin (p), (5
¢ =cos™! <2a_ ]) 6)
§ )

The orientation of yarn in a knit loop (MNOQR) can be determined by knowing
the orientation of yarn in the portion OQ (Fig. 3). It can be assumed that the OQ
portion of the loop is an assemblage of many small pieces of straight lines. Let us
assume that (x,_y, ya—1. zZp—1) and (x,, y., z,) are the coordinates of start and end
points of each scgment under consideration, respectively (Fig. 4). The length of each
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X

Figure 4. Rcepresentation of vector of a short segment of yarn.

segment, &s is given by

8s = \/([xn — X1+ fyvn — )‘n—l]2 +[zn — 2”71]2). €]

The orientations «, f and y of segment with respect to the x, y and z axes, respcc-
tively are:

1 X T Xn—1 1 Yn = Yn-1 1 %n — Zn—1
a=cos 'L B=cos ' LT y=cos ! T (8
(S“v (SS 85‘

2.1.2. Determination of loop length. If L is the length of yarn from O to Q, it is
given by
L =~ adyp. 9

Considering the symmetry of the loop, the length of yarn in one loop (MNOQR) is
given by
Ly ~ dady, (10)

where L, is the length of yarn in one loop.
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2.2. Estimation of yarn diameter (d)

Hearle et al. [24] proposed two basic idealized packing models of circular fibers in
yarns: open packing and close packing, in which the fibers arc arranged in concentric
and hexagonal patterns, respectively. The packing fraction of yarn (K) is defined as

K=—, 11
a, (1)

where Ay and Ay are the areas of yarn and fibers in the yarn, respectively. Typ-
ical values of K arc 0.75 and 0.91 for open and closed packing patterns, respec-
tively. However, experimental investigations indicate [14] that for weft knitted fab-
ric reinforced composites K = 0.45, much smaller than the ideal packing condi-
tions.

Ay Is given by

Dy

= — (12)

Caps
where Dy is the linear density of the yarn, measured using the Denier count method
(Denier is defined as the number of grams per 9000 meters of yarn); Cy = 9 x 105,
is a constant; py is the density of fiber (g/cm?).

Combining equations (11) and (12) we get

Ag

A, = Dy
YT CypK

(13)

The yarn diameter, d, is given by

4Dy
d= | —2_. (14)
7 CypeK

2.3. Estimation of fiber volume fractions

Due to the large resin-rich regions in the knitted fabric composite, it is reasonable to
assume that the volume fraction of fibers in the composite (V¢) is smaller than volume
fraction of fibers in the impregnated yarn (V). Assuming the yarn is uniform along
the length, the volume fraction of fibers in the impregnated yarn (Vys) is given by

Vyr = K. (15)
The volume fraction of fibers in the composite, V¢ is given by

_ mDyLCW

16
Capr At (16

where Lg is the length of yarn in one loop or stitch and given by equation (10); ¢ is
the thickness of composite specimen; ny is the number of layers of knitted fabric
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in the composite; A is the planar arca of the composite over which W and C are
measured. In the present work, both C and W are measured over a unit length of
2 cm and hence A = 4 ¢cm?,

Knitted fabrics are often specified using stitch density, N. N is defincd as the
number of knit loops per unit planar area of the fabric. The product of C and W
gives N, and hence the equation (16) can be rewritten as

ngDyLsN
Vi= ———. )]
CyprAt

2.4, Estimation of elastic properties

The unit cell of plain knitted can be divided into four identical sub-structures shown
in Fig. 5(a). Each sub-structure consists of two impregnated yarns that cross-over
cach other. This sub-structure is called the ‘cross-over model’. A three-dimensional
representation of the cross-over model is shown in Fig. 5(b). Using the cross-over
model, an unit cell can be constructed. Repeating the umit cell in the fabric plane
obviously reproduces the complete plain knitted fabric structure. Hence, analysis of
the cross-over model was carried out. In thc modeling process, each impregnated
yarn is further idcalized as a curved unidirectional lamina. The elastic properties of
a unidircctional lamina are given by [25]

E, = Efvyf + En(l — Vyf)-

136 <_EL___Em_)

I~ vf 1 — v,

. 1 —1.05./Vy

- 2 3
E> Ei  _Em \ _( vwE _ vnEq En
T—vi 1= I—vi 11—
1 1.36 N 1—1.05/Vye
G _ Es E E '

— m m
200+vp) 200+ vm) 2(1 + vin)

1.05./Vye (v — um)(L)

_ L—v;
) Ef _ Em 5
1— vf2 I —v

where Ey. E>. Gj> and v; represent the longitudinal elastic modulus, transverse
elastic modulus, in-plane shcar moduius and Poisson ratio, respectively; Ey, v and
E. v are the elastic moduli and Poisson ratios of fiber and resin matrix, respectively.
Material constants of glass fiber epoxy resin are given in Table 1.

Assuming that the yarn is an assemblage of short segments, the orientation of each
segment is given by equation (8).

+ Vi, (18)
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Figure 5. Schematic diagrams (a) unit cell and (b) cross-over model.
Table 1.
Material constants of glass fiber and neat epoxy resin
Elastic modulus, GPa Poisson ratio

Glass fiber 74 0.23

Epoxy resin 3.6 0.35
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The reduced lamina effective clastic properties of each small piece in the x direction
can be derived as follows [26, 27]:

cos* 1 2\)1’7 sin o
E (a)= sin® o cos” o + ,
E] G17 E>
4 4 1!
sin” o | 2v12 cos” o
E.(a) = — — =} sin*acos’ o + ,
' E, G 2

Vi, . 4 4 1 1 1 ) 5
() = Eo(o)| 22 (sina +costa) — [ — 4+ — — — 2], (19)
v.x_\( ) Mt )|:E1 (sm Cos ) (El E o S~ o COS™ o

2 2 4 1
Giyla) = [2(— bR -——) sin® @ cos®

E, E, E; G

+

-1
(sin4 o + cos® a):l ,

12

where E(«) and E, () are the elastic moduli of the segment in the x and y directions,
respectively; G, (@) and v, (a) represent shear modulus and Poisson ratio of the
segment, respectively.

In the composite from, these segments may be subjected to different stresses and
strains depending on their orientation, relative distribution with respect to each other,
and the material properties of the reinforcement fibers and resin. During tensile
testing, in the elastic region, no debonding between the yarns and matrix resin was
observed. In other words, both the yarn and resin were being stretched equally and
hence, we assume that the composite was subjected to a uniform strain condition. It
is to be noted that this is one of the many possible assumptions and this assumption is
a limitation of the proposed method for estimating elastic properties of knitted fabric
composites.

Assuming that all the segments are subjected to same strain condition:

. L _ 1 L _ 1 L
E,= —/ E(a)dx, E,= —/ Ev(a)dx, Gy = —/ Gy (a)dx,
0 - LJo - - LJo &

L
Ty = — / ve(@)dx, Ty, =T =, (20)
0

where L is given by equation (9).
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The stiffness matrix of curved yarn is [26]

E X V_\'x F.\' 0
(1 - vx'\"_)_\tx‘) (1 - V.X)'v_\'x)
Qij = U_\'x_E-.\' EA\' 0 21
(] - vxy?vx) (1 - -ﬁxyv)'x)
0 0 Gy

The above equations have been developed for one curved yarn. The cross-over
model consists of two curved yarns. From the geometry of knit loops, the orientation
of the second yarn can be obtained by rotating the first yarn by 180° in a clockwise
direction. Using o = (« + ) and equations (19), (20) and (21), the effective elastic
properties of the second yarn can be obtained.

The stiffness constants of both the yarns of the cross-over model are known. The
clastic properties of the cross-over model can be derived assuming that each of the
curved yarns is subjected to the same strain along the x direction. The total effective
stiffness parameters of both the yarns of cross-over model are given by [26]

A=Y LQym =129, 22)

n=1

where n represents the yarn number.
Thus, the stiffness matrix of the yarns in the cross-over model is

An Ap O
Aij=|An An 0 |. (23)
0 0 Ags

The cffective elastic properties of the cross-over yarns are given by [26]

_ AnAn — A} ) _Ap G — Ass
T L+ LyAnT T AT 0T L+ L)

b (24)

where L| and L, are the lengths of yarns in the cross-over model; Ep,, Gy and vy,
are the combined elastic modulus, in-plane shear modulus and Poisson ratio of both
yarns in the cross-over model, respectively.

Equation (24) gives the combined elastic properties of the yarns only. The elastic
properties of the composite can be determined by combining the elastic properties
of the yarns and resin-rich regions. For this purpose we need to know the relative
volume fractions of yarns and the resin-rich regions in the composiltc.

The volume fraction of yarns in the composite, V4, can be determined as follows.
Vit is the ratio of volume of fibers to volume of impregnated yarns. Similarly, vy is
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the ratio of volume of fibers to volume of composite. Hence, the volume fraction of
impregnated yarns in the composite is given by

Vo = Vi/ Vi, (25)

where Vyp and V; are given equations (15) and (16), respectively.
The effective elastic modulus of the composite is given by the rule of mixtures,

Ec = (Ep)(Vb) + (Em)(1 — V). (26)

Similarly, shear modulus G, and Poisson’s ratio v, of the compositc arc given
by [25]

1

o — 1.36 1 — 1.05/V, .
c — Eb Em + E 5 ( )

T+ 20+ o) X0+ o)

1.05/Vy (vp — um>( Ey )

Z
1 -y

Eb _ Em
1—vi 1=

3. ANALYTICAL PROCEDURE FOR ESTIMATING TENSILE STRENGTH

+ V. (28)

\)C =

Assuming that the ultimate fracture of the composite occurs due to the simultane-
ous fracture of matrix and reinforcement fibers, the tensile strength of knitted fabric
reinforced composite (o.) can be estimated using the rule of mixtures

o = (Vi) (05) cos’ @ + (o) (1 — V), (29)

where of and oy, are the tensile strengths of reinforcement fibers and matrix resin,
respectively; @ is the average orientation of yarn with respect to the loading direction.

However, Ramakrishna and Hull [15] showed experimentally that the failure strength
of knitted fabric reinforced epoxy composites depends mainly on the yarn bundles
bridging the fracture plane (Fig. 6). The number of yarns bridging the fracture plane
would depend on the testing direction with respect to the knitted fabric. The present
study is concerned with the wale direction properties. The wale tensile strength of
knitted fabric composite is dependent on the number of yarn bundles (np) bridging
the wale fracture plane:

W
Ny = nk(Z)—z-B, (30)

where B is the width of tensile specimen in cm.
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f

Figure 6. Schematic diagrams illustrating wale fracturc plane and a yarn bundle bridging the fracture
plane.

The area fraction of yarn bundles (Ay) bridging the fracture plane is given by

()X prL
b — Bi B

nWrd?
Ap = ——, (3D
4t

where 1 is the specimen thickness in ¢cm; d is the yarn diameter given by equa-
tion (14).
The strength of knitted fabric composite (o) in the wale direction is given by

oc = (Ap)( 0y ),

Wrd*[ oy,
Oe = %ﬂ’ (32)

where oy, is the mean strength of the set of yarn bundles bridging the fracture plane.
The @}, can be estimated using the following procedure. Assuming that all the bridg-
ing yarns possess the same tensile strength and are aligned perfectly in the loading
direction, the o}, will be equal to the longitudinal tensile strength of a unidirectional
lamina (o):

op = 01 = (o) (Vyr) + (om) (1 = Vyg). (33)

However, owing to their looped architecture, it is reasonable to assume that the yarns
in the fracture plane orient at an angle o with respect to the loading direction (Fig. 6).
An approximate estimate of o can be obtained using equation (8). The yarn bundle
can be treated as an off-axis loaded unidirectional lamina. Hence, the tensile strength
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of a yarn bundle is given by [27]

. . , -1/2
costa  sinfa  sinfacosfa sinacos?a
T = T3 2 - 2 . (34)
o] 5 12 0]

where oy, o2 and 11, are the longitudinal, transverse and shear strengths of unidirec-
tional lamina, respectively (Table 2).

Typical variation of oy, with « is shown in Fig. 7: oy decreased with increasing «.
The decrease of o, was significant in the range 0° < o < 15°. Hence, the effect of the
variation of oy, with « in this range on the composite strength was analyzed. All the
yarn bundles in the fracture plane may not have same o value, since the fracture path
is irregular and occurs at different positions of the knit loops. During tensile testing
the yarn bundles are peeled (debonded) from the fracture surface and stretched before
their failure. Due to the peeling and stretching effect, the yarn bundles try to align in
the testing direction. Determination of actual « just before the failure of yarn bundle
is a difficult task. It may be the case that different yarn bundles orient at different «
with respect to the loading direction. It can be expected that yarn bundles bridging the
fracture plane possess different strength values arising from different values of «v. The
yarn bundles may also possess different strengths due to the statistical distribution of
the fiber strength. Many researchers have investigated the statistical nature of bundle
strengths. The present study is concerned mainly with the variation of oy with «.
From Fig. 7, an exponential relationship between o, and « is given by

oy = Pe~ 27, (35)

where P and Q are parameters of exponential function and can be determined using
the following equations (36) and (37), respectively.
When a = 0,

P =o. (36)

If we assume that all the yarn bundles are oriented in the range 0 < o < g, the
maximum orientation, ay, can be determined from the fracture surfaces. Let op, be
the bundle strength corresponding to the maximum orientation, «. From equations
(35) and (36),

Opk = Ule—Qak.

Table 2.
Tensile properties of unidirectional glass fiber/epoxy lamina

Longitudinal strength, o) Transverse strength, oy Shear strength, 712
MPa MPa MPa

885 45 35
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Figure 7. Typical variation of oy with «.

Rearranging this cquation gives

] g
OQ=—1In{—|. (37)

o Obk
Equation (35) indicates the changes in o, with «. Equation (30) gives thc number
of yarn bundles bridging the fracturc plane. It is necessary to know how many of
these bundles orient at each value of «. The following exponential function f(a) was
assumed lor expressing the orientation distribution of yarn bundles in the fracture

plane:
f(@) = Re™%, (38)

where R and S are the parameters of the exponential function.

This lunction suggests that more yarns orient close to the testing direction. This
assumption 1s reasonable as the yarn bundles try to align in the loading direction due
to the debonding and stretching mechanisms. Typical curves for the function f(«)
are shown in Fig. 8. The area under a curve is unity; therefore

o [247 R .
fle)da = / Re *da = ——[e% — 1] =1,
0 0 S

S
R= m. (39)

R is dependent on the value of § and «x. Typical f(a) curves for different S and
ax are shown in Fig. 8. These curves indicate that f(«) is more sensitive to the
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Figure 8. Typical curves of function f(a).

parameter S than ax. When S is small, the yarn orientation distribution is spread out.
For large values of S, the distribution is skewed and more yarns are aligned close to
the loading direction.

Let g(o,) be the function of yarn bundle distribution with respect to the bundle
strength. Typical g(oy) curves are shown in Fig. 9. Using the variable transformation
technique,

g(op)doy, = f(a)da.



Downloaded by [Siauliu University Library] at 07:28 17 February 2013

Tensile properties of plain knitted fabric reinforced composites

0.02
0.015 -
oy = 10°
0.01
g (o)
0.005
—o—5
0
G |
1
-0.005 i | | | J ! %7
200 300 400 500 600 700 800 900
Gb, MPa
Figure 9. Typical curves of function g(oy,).
Rearranging this cquation gives
da
g(op) = f(a) ol
Op
From equations (35) and (40):
R
_ 7 (Q-Sw)
glop) = PQe .

From equation (35):

Combining equations (41) and (42):

- $/@-D
glop) = ops0° :

Let G(oy) indicate the yarn bundles fractured duc to the applied stress, oy.

surviving yarn bundles [1 — G(ay)] arc given by

7

[l - Glow] = / ¢(0v)dor,

Tp

R
[l . G(Ub)] _ W[als/Q - GBS'/Q]'

139

(40)

(41)

(42)

(43)

The

(44)



Downloaded by [Siauliu University Library] at 07:28 17 February 2013

140 S. Ramakrishna et al.

Let opm be the value of bundle stress o, which gives o,[1 — G(ot,)] its maximum
value, namely
—c-i—iob[l - Gow]] =0. (45)
doy Tb=0bm
Equation (45) implies that the maximum yarn bundle stress, opy, is found from the
condition that at failure the load borne by the bundles is the maximum. Hence,

R
Obm = P[m] . (46)

The maximum mean strength (o ) of surviving yarn bundles can be obtained by
substituting the value of oy in op[1 — G(op)],

. RP 1 Q/5+1
Gb=3[1+S/Q} ' “n

For a given composite system, the parameter P is constant (equation (36)). Q is
mainly dependent on the «y and opx (equation (37)). Parameter R is dependent on
S and ay (equation (39)). In other words, 6}, depends mainly on S and «. Typical
variation of &, with § and oy is shown in Fig. 10. Figure 10 clearly indicates that
Gy is mainly influenced by the parameter S. The &y initially increased rapidly with
increasing S from 0.2 to 2.5, above which it increase only marginally. This behavior
is expected, since large S means more yarns aligned close to the loading direction and'
hence higher mean bundle strength. Small values of S indicate that yarn orientation
distribution is spread out and hence, lower mean bundle strength.

1000

900
800
700

600

Gb, MPa

500
400

300

Parameter, S

Figure 10. Typical variation of oy with parameters S and o.
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Substituting equation (47) in equation (32), the knitted fabric composite tensile
strength is given by

_ [mWrd*|(RP] 1 ]9 48
°"_{ 4 ”Z[IH/Q} } @)

4. EXPERIMENTAL DETAILS

To check the validity of analytical methods outlined in this paper, a plain weft knitted
fabric reinforced epoxy composite was fabricated. The plain knitted fabrics were
produced on a flat bed weft knitting machine using glass fiber yarn (ECD 450 1/2
4-45Y-23, Nippon Electric Glass Co., Japan). The linear density of glass fiber yarn,
Dy = 1600 Denier. The knitted fabric has W = 4 loops/2 cm and C = 5 loops/2 cm.

A single layer knitted fabric reinforced composite was made by the hand lay-up
method using a mixture of epoxy resin (Epikote 828) and hardener, triethylenete-
tramine (11% of weight of epoxy resin). The composite was cured at 100°C for
1 h. The volume fraction of fibers (V) of the composite was 9.5%, estimated by
combustion method. Composite specimens of 200 mm length, 20 mm width and
0.6 mm thickness were prepared by cutting parallel to the wale direction of the knit-
ted fabric. Glass/epoxy end tabs of 50 mm length were glued to both ends of each
specimen. Tensile tests were carried out using an Instron testing machine (Type 4206)
at a cross-head speed of | mm/min. Strains were measured using a bi-axial strain
gauge.

5. RESULTS AND DISCUSSION

5.1. Variation of tensile properties with fiber content

Tensile properties of composite materials are dependent on the volume fraction of
fibers. Hcnce, initially, efforts have been made to estimate the volume fraction of
fibers of the knitted fabric composite theoretically (Figs 11 to 13).

Figure 11 shows the variation of volume fraction of fibers (V;) with the changes
in the linear density of yarn (Dy). For a given stitch density of knitted fabric (N),
the V¢ increased linearly with increasing Dy. This behavior can be expected from
the relationship between V¢ and Dy described in cquation (17). All the parameters
in the denominator of equation (17) are constant. Lg is dependent on the N and
yarn diameter, d. Assuming that N is constant, Lg depends mainly on d, which is
proportional to Dy (cquation (14)). Hence, from equation (17), the V; is proportional
to Dy. In other words, the fiber content of knitted fabric composites can be increased
with increasing Dy. However, the maximum V; that can be achieved is limited by
the knitting needles used in the knitting machine. Increasing Dy means using coarser
yarns. In general, the coarser yarns are difficult to knit and the coarsest yarn that can
be used is dependent on the yarn type, knitting needle size and other devices used on
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Figure 11. Variation of fiber volume fraction of composite with linear density of the yarn.
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Figure 12. Variation of fiber volume fraction of composite with stitch density of knitted fabric.
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the knitting machine. By assuming that it is possible to use yarns of different sizes,
the variation of V; with Dy is computed theoretically. These plots give an estimate
of V¢ that can be expected when different sizes of yarns are used.

For a constant Dy, the variation of V¢ with N is shown in Fig. 12. The N of
knitted fabric can be changed in two ways: 1) machine gauge and 2) stitch tightness
control setting on the knitting machine. Machine gauge is defined as the number of
needles per unit length of needle bed in the knitting machine. Most machines are
equipped with a stitch tightness control button, used to alter N within a given range.
Figure 12 suggests that V; increases non-linearly with increasing N. This can be
understood by examining equation (17). Dy and other parameters in the denominator
of equation (17) are assumed to be constant. Hence, V; is proportional to the product
of Lg and N. An increase of N means smaller knit loops, which implies that stitch
length, Lg, decreases with increasing N. The inverse relationship between the N
and Lg results in non-linear variation of V; with increasing N. Nevertheless, it can
be said that Vr can be increased with increasing N. The maximum V; that can be
achicved with increasing N is limited by the yarn diameter, d. With increasing stitch
density the course spacing, 1/C and wale spacing, 1/W decrease. In other words,
the side limbs of a knit loop come closer with increasing stitch density or tightness
of knitted fabric. The spacing between the limbs of a loop is approximately 1/(2W)
(Fig. 1). The minimum spacing of side limbs is limited by the yarn diameter. To
be able to stitch a knitted fabric, the condition (1/(2W) = d) must be satisfied. The
plots in Fig. 12 give an approximate idea of different V; that can be achieved by
changing N.

The relation between V¢ and number of plies of knitted fabric (ny) is shown in
Fig. 13. For given Dy and N, the Vf can be increased with increasing ny. This linear
relationship can be understood from equation (17). However, it is to be noted that
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Figure 13. Variation of fiber volume fraction of composite with number of plies of knitted fabric.
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the number of layers of knitted fabrics that can be used is limited by the thickness of
the composite.

Figures 11 to 13 give an approximate idea of variation of V¢ with Dy, N and
nk. The maximum V; that can be achieved in knitted fabric composites is yet to
be estimated, as it is dependent on many other parameters such as compressibility
of knitted fabrics, composite fabrication conditions, etc. Efforts are being made to
predict a theoretical maximum V; that can be achieved in knitted fabric composites.
Experimental research works reported in the literature suggest that a fiber volume
fraction of 40% is realistically possible in knitted fabric composites. Hence, the
tensile properties were predicted for fiber volume fractions less than 40%.

Using the analytical procedure outlined in Section 2 the elastic properties of knitted
fabric composites were computed for different volume fraction of fibers. Figures 14,
15 and 16 show the variation of elastic properties of knitted fabric composites with the
fiber content. In general, all the elastic properties increased linearly with increasing
fiber content. For maximum V; = 41%, elastic modules, shear modules and Poisson
ratio are 15.97 GPa, 2.56 GPa and 0.836, respectively. The clastic properties of
knitted fabric composite are comparable to the continuous random fiber composite
with similar fiber content [12].

Tensile strengths of knitted fabric composites of different V; were computed using
equation (48). The main assumptions are: 1) in the fiber content range investigated,
the failure mechanisms of knitted fabric composites are similar and 2) the composite
strength is determined mainly by the fracture strength of the yarns bridging the fracture
plane. Figure 17 shows that the composite tensile strength varies with the parameters
S and ay. The composite strength is more sensitive to the parameter S than o.
This behavior is similar to the variation of mean bundle strength, oy, with § and oy
(Fig. 10). It is essential to determine the parameter S to obtain as accurate a prediction
of composite strength as possible. In the present study, we experimentally investigated

20
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Figure 14. Variation of elastic modulus of knitted fabric composite with the fiber content.
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Figure 15. Variation of shear modulus of knitted fabric composite with the fiber content.
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Figure 16. Variation of Poisson ratio of knitted fabric composite with the fiber content.

the tensile properties of knitted fabric composite with 9.5% volume fraction of fibers.
Figure 17a, shows the comparison between the experimental strength and prediction
curves. When S = 1.25, the predicted tensile strength matches the experimental result.
Assuming that § is the same for all composites, tensile strengths of composites with
different V; were estimated. Composite tensile strength increased with increasing V;.
For Vi = 9.25%, 18.5%, 27.8% and 37%, the estimated tensile strengths of knitted
fabric composites were 65 MPa, 120 MPa, 175 MPa and 250 MPa, respectively.
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5.2. Comparison between analytical and experimental results

The typical stress—strain curve obtained from the tensile testing of glass fiber knitted
fabric rcinforced epoxy composite is shown in Fig. 18. Stress increased linearly
with increasing strain up to knee point. The knee point occurred approximately at
0.45% strain. The non-linearity of the stress—strain curve above the knee point was
associaled with material deformation and microfracturc processes in the specimen.
Optical photographs of specimen taken at different stages of tensile testing are shown
in Fig. 19. Initially, debonding of knit loop fiber bundles and micro-cracking of resin
matrix occurred. With further increase of applied stress, the cracks grew through the
resin rich regions in the widthwise direction of the specimen. The yarns bridging the
fracturc plane were observed. Peeling (debonding) of yarns from the fracture surfaces
was also observed. The fracture of bridging yarns resulted in complete separation of
fracture surfaces. Fracturc surfaces indicate that o ~ 15°. Elastic modulus was
calculated from the initial linear portion of the stress—strain curve. Tensile properties
obtained from the stress—strain curve are summarized in Table 3. Knitted fabric
composite with V; = 9.5%, displayed elastic modulus = 5.35 GPa, tensile strength
= 62.83 MPa and failure strain = 1.3%.

The elastic properties of the composite were predicted using the procedure out-
lined in Fig. 2 and the parameters W = 4 loops/2 cm, C = 5 loops/2 cm, N =
20 loops/4 cm? and Dy = 1600 Denier. The predicted elastic properties are given in
Table 3. The predicted elastic modulus and Poisson ratio were approximately 20%
higher than the experimental results. This may be atiributed to the isostrain assump-
tion made for estimating the elastic properties. Using an isostress assumption gives
a lower estimaten of the elastic properties. In view of the irregular orientation distri-

100

o Experimental’
80 - —&— Analytical-1
A Analytical-2

Tensile Stress, MPa

Strain, %

Figure 18. Tensile stress—strain curves for knitted fabric reinforced composite.
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Figure 19. a) Optical photographs and b) schematic diagrams of knitted fabric composite specimen at

different stages of tensile testing shown in Fig. 18.
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Table 3.
Tensile properties of plain knitted glass fiber fabric/epoxy composite

Fiber volume Elastic Poisson Tensile Ultimate failure

fraction, V¢ modulus, E¢ ratio, v¢ strength, o, strain

o GPa MPa T
Experimental* 9.5 5.35 (0.33) 048 (0.13) 62.83 (7.1) 1.3 (0.45)
Analytical 9.25 6.38 0.57 65.0 1.2

*

standard deviation in brackets.

bution of fibers in a knitted fabric composite, most probably neither strain nor stress
would be constant over the composite. The cxact distributions of stresses and strain
would depend on the local orientation of the fibers/yarn, their orientation relative to
each other, and the fiber and matrix elastic properties. It is to be noted that this sim-
plified assumption is the limitation of the present analysis. The proposed method is
intended to present a preliminary and simple method of estimating elastic propertics
of knitted fabric composite.

Assuming a linear relationship between the stress and strain, the analytical stress—
strain curve computed using estimated elastic modulus is shown in Fig. 18 (see
analytical-1). At strain levels above the knee point, by incorporating the effects of
microcracking of composite material, good agreement between the experimental and
analytical stress—strain curves could be obtained (see experimental and analytical-2
curves in Fig. 18). The analytical-2 curve was drawn by estimating the variation
of tangent modulus of the experimental curve and adjusting the analytical-1 curve
accordingly. For parameters § = 1.25 and o = 15°, predicted tensile strength was
65 MPa. The analytical failure strain corresponding to this stress was 1.2%. The
analytical failure strain compare favorably with the experimental failure strain 1.3%.
Using the analytical proccdurcs developed, the tensile propertics of knitted fabric
reinforced composites can be predicted with reasonable accuracy.

In the present model, the projections of the central axis of the yarn bundle on the
plane of the fabric were assumed to be composed of circular arcs. This may be an
idealized situation. Often it is the case that the loop geometry may not be circular
and suitable assumptions have to be made according to the knitted structure. The
preliminary procedure outlined in this paper has to be further developed to consider
the variations in the knit structure that greatly affect the compositc properties.

6. CONCLUSIONS

Prcliminary methodologies for predicting the tensile properties of plain knitted fabric
reinforced composites have been established. The elastic properties were predicted
using laminate theory and a ‘cross-over model” which takes into consideration the
orientation of yarns and resin-rich regions in the composite. Tensilc strength properties
were predicted by estimating the fracture strength of yarns bridging the fracture plane.
The predicted tensile properties compare favorably with the experimental results. It
is to be noted that the elastic properties were predicted by assuming uniform strain
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condition and caution should be exercised in interpreting the predicted data. A more
detailed analysis is necessary to assess fully the applicability and limitations of these
assumptions and methods.

Tensile properties of knitted fabric composites increased with increasing fiber con-
tent. It has been shown that the fiber content of the composite can be increased by
increasing a) lincar density of yarn, b) stitch density of knitted fabric and ¢) number
of plies of knitted fabrics.
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