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The effects of deforming knitted fabrics on the tensile and compressive properties of their
composites have been investigated for the weft-knit Milano rib fibre architecture. The
properties have been studied for both the course and wale directions for composites with
fabrics deformed in either of the two directions. It was found that any change in the
mechanical properties of the deformed composites with respect to their undeformed
counterpart is strongly related to the changes in the knit structure brought about by the
induced deformation to the knitted fabric. Deformation in the knitted fabric also affects the
tensile fracture mode whereby increased deformation, be it wale- or course-wise,
transforms transverse fracture to shear fracture in either loading axis. On the contrary, the
compressive fracture mode is insensitive to fabric deformation. Fractographic studies using
stereo-optical and scanning electron microscopy have further revealed that tensile failure is
caused by fibre breakages occurring at two locations of the knitted loops—one, at the leg
components and, two, at fibre crossover points, whilst compression failure is controlled by
Euler buckling of the looped fibres of the knitted composite. All these characteristics were
revealed to be related to the microstructure of the knitted composite laminates.
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1. Introduction such preforms are obviously advantageous in shaving
Polymer composite structures with complex shapes caproduction cost by minimising material wastage and
be difficult and expensive to manufacture using standfeducing labour time, the development of a suitable
ard prepreg or wet lay-up technology due to the lackpreform which conforms to prerequisite properties can
of formability, the requirement for skilled workers and be a time consuming and, hence, expensive task. The
the labour-intensive nature of these more conventionagxercise of deforming a piece of flat knitted fabric over
processes. Over the years, the textile manufacturing ira shaped tool appears to be a good alternative. During
dustry has developed the ability to produce near-netthe process of forming a flat knitted fabric (e.g. during
shape fabrics with a three-dimensional fibre networkdeep drawing), it is inevitable that the fabric would be
using highly automated technigues such as stitchingjeformed due to stretching so that optimum conformi-
weaving, braiding and knitting. The use of this tech-bility to the shape of the component is achieved. The
nology with advanced fibres such as glass, carbon ankighly looped fibre architecture of the knitted fabric
aramid, and suitable liquid moulding techniques sucteasily affords such deformation, and, hence, its excel-
as resin film infusion (RFI) or resin transfer moulding lent forming characteristics. However, stretching the
(RTM), has been shown to possess tremendous potefabric results in distortion to the knit structure which
tial for lowering the manufacturing cost of composite could result in tearing and/or isolated bunching of the
structures. fabric [3]. Deformation to the fabric could also cause
Amongst the various textile techniques, knitting is a degree of fibre orientation in the direction of stretch
probably one of the more suitable methods for manuthat would, in turn, affect the mechanical properties
facturing intricately shaped composite structures. Thef the knitted composite [4, 5]. In the present study,
use of advanced knitting machines allows the prothe effects of deforming knitted fabrics on the tensile
duction of near-net-shape preforms including T-pipeand compressive properties of their composites have
junctions, cones, flanged pipes and domes [1, 2]. Whilsbeen investigated for the weft-knit Milano rib fibre
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Wale

Figure 1 Schematic of the Milano rib structure.

Course

architecture. The properties have been studied for both
the course and wale directions for composites with fab-
rics deformed in either of the two directions. Fracto-
graphic studies using stereo-optical and scanning elec-
tron microscopy have also been carried out to investi-
gate the fracture mechanisms operating in the compos-
ites under the two different loading conditions.

2. Experimental

2.1. Materials

The test panels used in this study were manufactured
via RTM from up to 7 layers of weft-knit Milano rib
fabric (see Fig. 1 for loop structure) and Derakane 411-
C50vinyl ester resin. The resin was used in conjunction
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Figure 2 RTM tooling used to manufacture the knitted composite laminates. (a) Rig used to deform the fabric prior to consolidation. (b) Schematic

of the RTM tooling used to produced the test panels.
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with 2.0% Triganox T-239 (catalyst), 0.5% Conap (pro- V A
moter) and 0.05% 2,4-P (inhibitor). A 10-gauge flat

bed weft knitting machine was employed to produce
a (undeformed) fabric with nominal areal weight of >Alignment
730 g nT? using 2x 68 tex multi-filament glass fiore. | blocks
In each complete repeat of the Milano rib structure, it
consists of three courses—two rows of single jerseys,
that are knitted on two separate set of needles, which 1 Upper grips
are held together by a row of 1 1 rib. Consequently, _— (cylindrical)
the resultant fabric is balanced, i.e. the face and back A
surfaces are identical in construction and, hence, ap- - Sleeve
pearance. '

Access
2.2. Manufacture ] windeyy
Fabrics were deformed to 20, 35 and 45% (maximum N
achievable) in the course direction and 20, 30 and 40% Test sample
(maximum achievable) in the wale direction. Unde-
formed (0%) fabrics were also considered in this study ! \\ Lower grips
and they were used as reference materials. The two | | (cylindrical)
maximum achievable deformation states were deter-
mined experimentally as the point at which the fab- %
ric begins to fray at the edges under the influence of

stretching. The fibre volume fraction®;j of the knit- _ o _ _

ted composite laminates were maintained fairly Con_glr?al;reenfwsoiﬂemanc diagram of the compression test rig used for the

stant at approximately 55% by varying the number of '

knitted fabric layers so as to isolate the effect of fibre

content on strength and stiffness. Furthermore, a reat a displacement rate of 0.5 mm minin a modified

sonably uniform resin flow pattern and, hence, qualityCelanese/lITRI test rig (see Fig. 3) using a 100 kN In-

in terms of porosity and wetting between the differentstron servo-hydraulic testing machine. A gauge length

laminates could also be maintained. The laminates weref 6 mm was used and no less than 5 samples were

subsequently manufactured using either 6 or 7 layers aested for each condition.

fabric. An open mesh emery cloth (ScreenBdkwas used

All the fabrics were deformed in tension to the re-in the gripped areas of the samples instead of end tabs

quired amount in a purpose-built rig [6] (see Fig. 2a)for all the tests and this appeared to be effective in en-

by stretching cut-to-size pieces of fabric and pinning itsuring failure within the gauge length. For both the ten-

down at the edges of the tool. This process was carriedion and compression tests, samples were tested along

out prior to resin impregnation during which the rig was the wale as well as the course axes. To identify each

incorporated into an existing RTM mould (see Fig. 2b).test condition, a notation system containing two con-

To consolidate the knitted fabric a pressure pot systergecutive alphabets, which represents the directions of

was used to inject the resin through an inlet port. Wherdeformation and loading, respectively, and a numeric,

resin was detected at the outlet port, inlet pressure anghe degree of deformation, is used in this paper. For in-

outlet vacuum were sealed and the composite was aktance, ‘45WC'’ represents a sample made from a fabric

lowed to consolidate under clamping pressures at a cungat has undergone 45% deformation in the wale direc-

temperature of 8€C for 4 hours. The test panels were tion and tested along the course axis.

then postcured for a further 2 hours at 220 Spacers

were used in the tool to ensure that the required nominal

sample thickness of 3 mm was obtained. It should how3. Results

ever be noted that the cured thickness of the test paneB 1. Stress-strain behaviours

and the areal weight of the fabric do actually deviateThe typical tensile stress-strain behaviour for the knit-

somewhat from nominal values so that slight variationged composite is illustrated in Fig. 4. The composite

in fibre content were recorded for the test panels of théasically exhibits linear behaviour at the early stages of

same type. loading but very quickly transforms to pseudo-plastic
before reaching a maximum stress (defined as the ten-
sile strength of the composite) followed by a sharp drop

2.3. Mechanical tests in stress.

Tension tests were carried out on straight-sided samples Fig. 5 shows a typical compressive stress-strain curve

measuring nominally 25 mm by 220 mm at a displacefor the knitted composite, plotted alongside its out-of-

ment rate of 0.5 mm min' using a 50kN MTS screw- plane deflection history. The graph reveals that, as in the

driven testing machine. A gauge length of 130 mm wascase of tensile loading, the composite initially exhibites

used and up to 6 samples were considered for eaablastic behaviour and then transforms to pseudo-plastic

case. For the compression tests, straight-sided samplesfore reaching a maximum stress (defined as the

of 25 mm by 56 mm nominal dimensions were loadedcompressive strength of the composite), after which a
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200 by and large, retained even under heavy deformation
180 | (compare Fig. 6a with Figs. 6b and c).
160 | On the contrary, the course deformed fabric exhibits
a more ordered and block-like structure that is quite
~ 1407 distinct from its undeformed counterpart, and this in-
& 120} duced structure is enhanced as the degree of deforma-
=S 100 + tion is increased (compare Fig. 6a with Figs. 6d and
§ 80 ’ e). This deformed structure results as rows of courses
,‘?, T are drawn together, simultaneously causing columns of
60 + wales to move apart under the influence of stretching,
40 1 thereby leaving a structure which is overall more open
20 4 compared to its undeformed counterpart.
0 , ; ;
0 1 2 3 4  3.3. Mechanical properties

The influence of deformation on the tension and com-
pression properties of the knitted composites is pre-
Figure 4 Typical tensile stress-strain curve of the knitted composites. S€nted in Figs. 7 through 10. The fibre content of the
different laminates varied between 52 and 57% and,

steep reduction in stress ensues. It should be noted thiterefore, to afford a comparison between them, the
despite an early onset, the compression samples exhifgSults presented in the four figures have been nor-

only a negligible amount of out-of-plane buckling until Malised to a constaig of 55%. _ _
the point of final failure. It will be noted from Figs. 7 and 8 that if the fabric

In both the tensile and compressive loading condiwere not deformed, the tensile strength and stiffness
tions, the stress-strain behaviours of the knitted com®f the composite laminates are higher in the wale than

posite are independent of loading axis and the directiof? the course direction. When the fabric is deformed
and amount of deformation in the fabric. along the wale axis, both the strength and stiffness are

improved regardless of the loading direction. Course

deformation, however, only improves strength and stiff-
3.2. Microstructures ness along the stretch axis, but normal to that, the two
Fig. 6 illustrates the effect of deformation on the properties are degraded.
Milano rib knit structure under both the wale and Under compression loading, the strength of the un-
course deformed conditions. It will be noticed that two deformed composite laminates in the wale and course
distinct structural patterns emerge depending on thdirections are virtually the same although stiffness in
direction of stretch. Compared with the as-received, unthe wale direction appears to be somewhat higher. Wale
deformed fabric, the wale deformed fabric appears taleformation improves stiffness along both the wale and
have extended leg components and smaller radii in theourse directions but strength is only improved in the
knitted loops, which, on the whole, also seem to havevale direction and degraded in the course direction.
been drawn closer together. Despite these differenceReforming the fabric along the course axis appears to
the overall knit structure of the undeformed fabric is, degrade compressive strength regardless of the loading
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Figure 5 Typical compressive stress-strain curve of the knitted composites.
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Figure 6 The effects of deformation on the effective fibre architecture of the Milano rib fabric. (a) Undeformed, As-received (0%). (b) Wale deformed,
Light (10%). (c) Wale deformed, Heavy (30%). (d) Course deformed, Light (10%). (e) Course deformed, Heavy (30%).

axis, whilst stiffness is only slightly improved in the 3.4. Fracture mechanisms

wale direction but remains virtually unaffected in the Regardless of the amount of deformation in the fab-
course direction. These results are represented graphie or the loading direction, the first discernible dam-
cally in Figs 9 and 10. age in the tensile samples was observed to be matrix
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Figure 7 The influence of deformation of the knitted fabric on the com-
posite tensile strength.

(b)

Figure 8 The influence of deformation of the knitted fabric on the com-
posite tensile stiffness.

cracking (see Fig. 11). This microcracking, which coin-  In the present work, ultimate failure is defined as
cides with the transition from linear to nonlinear stress-the point at which there was an appreciable drop in
strain behaviour (see Fig. 4), appears macroscopicallthe load-carrying capacity of the test sample. In most
as whitened areas in the test samples which increasesses when this happens, the samples are not com-
in intensity as loading progresses until final failure of pletely broken but rather the matching fracture surfaces
the samples occurs. The locations of the microcrackare bridged by a ligament of fabric material. Consistent
within the gauge section are initially relatively random, with this fracture behaviour, ultimate failure of the test
but with increased loading the amount of microcrack-samples is not catastrophic. The appreciable drop in the
ing multiplies and the microcracks appears to graduallyoad-carrying capacity, and, hence, ultimate failure of
coalesce, thence forming regular rows of matrix crackghe samples, occurs with the onset of gross fibre frac-
that extend the whole width of the sample. Earlier workture, i.e. breakage of the first significant group of fibre
by Leonget al. [7] has revealed that these microcrackstows.

do not actually span the whole thickness of the lami- The amount of deformation in the fabric also has an
nates but are arrested by the complex array of fibres du@fluence on the tensile fracture mode. Fig. 11 shows
to the heavy intermeshing between the different fabrigdhat the knitted composites can fail in one of three
layers. They also pointed out that the matrix crack spacmodes with respect to the relative orientation of the
ings are of the order of the distances between the loofracture plane and the loading axis. Regardless of which
components in the fabric corresponding to the loadinglirection the fabric had been stretched, the samples of
axis, and this observation appears to have been duplitndeformed (and lightly deformed) fabric failin a plane
cated here for the present laminates. normal to the loading axis (see Fig. 11a) whilst the
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Figure 9 The influence of deformation of the knitted fabric on the com- Figure 10 The influence of deformation of the knitted fabric on the
posite compressive strength. composite compressive stiffness.

samples of more heavily deformed fabrics generally ©OPtical and scanning electron microscopy reveals
fail at an angled plane of approximately°0 30° (see  that compressive failure is by and large due to Euler
Fig. 11c). It has been noted that the angles of the fracluckling of fibre tows in the laminates, as exemplified
ture planes on the whole increase with the amount of? Fig. 13. The catalyst for this buckling is clearly the
deformation in the fabrics. In some cases, the samplelgnk in the fibres which is a direct result of the looped

would fail in a combination of the two modes, usually fibre architecture that is typical of knit structures. The
initiating at an angle and finishing up normal, to the 970SS effect of these fibre breakages is shear failure of

loading axis (see Fig. 11b). the compression test samples (see Fig. 14a). In most of

Fig. 12 shows representative scanning electron micth® samples, however, shear failure is evident only on
rographs of the tensile samples after failure. FronPn€ €dge of the samples while crushing appears to have
Figs 12a, c and e it can be seen that fracture consistef2ken place on the far edge (see Fig. 14b).
tly occurs at two locations of the knitted loops, one, at
the leg components and, two, at fibre crossover points.

These sources of failure have been widely reported fod4. Discussion

a number of different knitted composites [8, 9], and The weft-knit Milano rib composite under investigation
they respectively coincide with cross-sections of mini-is anisotropic in tension. It is on the whole stronger
mum fibre content and regions of highly stressed fibresand stiffer when loaded along the wale axis com-
These observations are common for all the laminatepared with along the course. Although no systematic
under investigation regardless of the loading axis ananeasurements have been carried out, it is quite clear
the amount of induced deformation in the fabric. from qualitative assessments that the content of fibres
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Figure 11 Examples of failed tensile samples of (a) undeformed, and (b and c) deformed, fabrics. (a) Undeformed, tested along the course axis;
(b) 45CC; (c) 30WC.

oriented in the wale direction is higher, which would dominance of the matrix starts to wane somewhat. The
account for the superior tensile properties along thaimprovement in compressive strength along the course
axis. The improvements in tensile properties with in-axis is, however, quite negligible (5.1% for 40WC)
creased deformation are considerably more pronouncesince fibre loading in that direction is expected to de-
for strength (72.4% for 40WW and 89.9% for 45CC) teriorate as the fabric is stretched along the wale axis.
than they are for stiffness (17.5% for 40WW and 38.5%Nevertheless, stiffness along the axis normal to fab-
for 45CC). This is not unexpected since a slight mis-ric stretch is enhanced (10.8% for 40WC) and this is
alignment in fibre orientation from the loading axis (up believed to be attributed to the improved fibre direc-
to ~25°) is known to have a more significant influ- tionality due to stretching.
ence on strength than on stiffness. Under compression, Deformation along the course axis results in an im-
on the other hand, due to the high dominance of thegrovement and a degradation in both tensile strength
matrix properties, the laminates exhibit virtually sim- (89.9% for 45CC and-35.8% for 45CW) and stiff-
ilar strength and stiffness in the two principal loading ness (38.5% for 45CC and4.2% for 45CW) along
axes. and normal to the stretch axes, respectively. It can be
When the knitted fabric is stretched, the overall dis-seen from Figs 6a, d and e that stretching along the
tribution and orientation of the fibres are changed. In thecourse axis results in very efficient straightening of the
present work it is evident that this could translate to afibres and, hence, the improved course-wise properties.
complete change of the knit structure depending on thélowever, as course deformation is increased, the indi-
direction of stretch, which in turn could have significant vidual rows of courses are also at the same time drawn
consequences on the tension and compression propéncreasingly closer together as the individual columns
ties of the knitted composites. For wale deformed lami-of wales moves apart thereby effectively reducing the
nates, tensile strength (72.4% for 40WW and 12.0% fommount of fibres that contribute to the wale-wise prop-
40WC) and stiffness (17.5% for 40WW and 21.0% for erties. Consequently the wale-wise tensile properties
40WC) are improved with stretching irrespective of theare degraded.
loading axis. This is because as the fabric is stretched, The course deformed knit structure, which is quite
as Figs 6a—c show, the fibres are increasingly drawwlistinct from its undeformed, as-received counterpart,
to the direction of stretch (thus improving fibre load- however, brings about only a slight improvement in
ing) and/or straightened (thus improving directionality) compressive stiffness regardless of the loading axis
along both the wale and course axes. (9.8% for 45CC and 2.5% for 45CW). These supe-
The improved fibre loading and directionality also rior stiffness values are almost certainly due to the
has a positive effect on compression strength (17.6%nhanced directionality of the fibres, but, at the same
for 4A0WW) and stiffness (12.0% for 40WW) along the time, because of the dominance of the matrix on com-
axis of stretch as the contribution of the fibres to me-pression properties, only small improvements are evi-
chanical properties becomes more significant and thdent. Despite the fact that fibres in the course deformed
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Figure 12 Representative scanning electron micrographs of tensile failure. (a) Fractured fibre tow at the region of lowest fibre content in the test
sample. (b) Closeup of fibre tow in Fig. 12a showing brittle fracture in the fibres. (c) Fractured fibre tow at the fibre crossover points. (d) Closeup of
the boxed region in Fig. 12c. (e) Fracture surface showing failure of fibre tows occurring in both the regions of lowest fibre content and fibre crossover
points. (f) Schematic diagram showing possible failure locations under tensile loads.

structure have been significantly straightened, comis dictated by Euler buckling in the fibres and because
pression strength of the laminates are lower than theithe course deformed structure appears to be more open
as-received counterpart-7.6% for 45CC and-10.6  (compare Fig. 6a with Figs 6d and e) it is probable that
for 45CW). It is understood from fractographic studiesthe amount of lateral support present to delay buck-
that the strength of the knitted laminates in compressioting of the fibres under compression loads is reduced
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(b)

Figure 14 Representative compression failure. (a) shear (20CW). (b) shear-crush (45CW).

thereby bringing about a degradation in the compresacross the width of the sample as loading progresses.
sion strength. When a significant part of the sample has failed and
Macroscopically, the laminates exhibit compressivethe fracture surfaces have sheared cleanly over each
failure by shear. There is strong evidence to suggest thatther, the remainder of the sample collapses under the
in the present laminates shear failure initiates at on@ressure of an excess load thus causing the far edge of
edge of the sample which then grows and propagatethe sample to be crushed. This failure sequence which
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¥ 4 wale- or course-wise, transforms transverse fracture to
shear fracture in either loading axis. On the contrary,
N the compressive fracture mode is insensitive to fabric
deformation. Fractographic studies using stereo-optical
and scanning electron microscopy have further revealed
that tensile failure is caused by fibre breakages occur-
4 4 ing at two locations of the knitted loops—one, at the leg
(a) Start of loading. (b) Onset and subsequent propagation of shear Components and! tWO- at fibre crossover pOintS' whilst
fracture at one edge of test sample. compression failure is controlled by Euler buckling of
\ 4 A4 the looped fibres of the knitted composite. All these
characteristics can be related back to the microstruc-
[ — | ture of the knitted composite laminates.
< This study, therefore, highlights the fact that a knit-
. ted composite component is likely to contain soft spots
Y Y and hard points that are caused by a change in knit

structure due purely to stretching of the fabric during
preforming. Whether these effects are relieved or com-
pounded with stretching in more than one direction is
still under investigation. Whilst shape knitting could

Figure 15 Schematic drawing depicting the series of events occuringminimise the need to stretch the knitted fabric during

during compression loading with the onset of shear fracture, aton edgetis . natl :
the test sample, up to ultimate failure and crushing, at the far edge of th reformlng, most near-net shape knitted preforms are

test sample. (a) Start of loading. (b) Onset and subsequent propagati&“rrently produced by altering the stitch density and/or
of shear fracture at one edge of test sample. (c) Spread of shear fractukdNit architecture at selected locations of the preform
across the width of test sample. (d) Complete shear failure at one edoghich essentially means the absence of a uniform knit
of test sample thence triggering crushing at the other. structure throughout the preform. Research into these
issues is also continuing at the CRC-ACS (see for ex-

is common for all the laminates under investigation isample [10]).
described schematically in Fig. 15.

Contrary to the case of compression loading, the
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5.

5. Conclusions
In the undeformed state, the weft-knit Milano rib

composite is on the whole anisotropic in tension and ®
isotropic in compression. Under the influence of wale
deformation, the tensile properties are improved re-
gardless of the loading axis, however, under courses.
deformation they are improved along the course axis®-
and degraded along the wale. For compressive prop-
erties, wale deformation improves both strength and®
stiffness in the two principal loading axes, however,
course deformation improves stiffness but degrades
strength irrespective of the loading direction. Defor-
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