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Abstract

Biaxial knitted structures consisting of a stitching yarn system that holds high performance inlay yarns
in the 0° and 90° machine directions have been developed for structural composite applications. The
manufacturing method for biaxial weft knitted structures was refined with the inclusion of a warp
insertion device and warp yarn delivery system to a 10 gauge (E10) dubied hand flat v-bed knitting
machine. The machine modifications allowed for easy processing of biaxial knitted preforms at low
cost with E-glass fibre as the reinforcement yarn. Through maximizing the mechanisms of the
machinery, high quality biaxial knitted preforms and composites were manufactured. Two different
knitted binding structures of half milano and half cardigan were investigated to identify their effect on
the mechanical properties of the resultant preforms. It was found that the knitted binding structure
impacts the inlay density, stiffness and formability of the preform. Tensile and bending tests showed
that the use of half cardigan as a knitted binding structure yields a higher weft inlay density, thus
increasing the breaking load and bending stiffness of the preform.

1. Introduction

Textile composites are fast replacing metal and wood used in a range of applications and industries
including: aerospace, civil engineering, sporting goods and automotive [1]. The replacement of metal
with high performance fibres such as glass or carbon, can reduce weight whilst maintaining high
mechanical properties. The use of knitting technology for the manufacture of textile composite has
seen increased interest due to its design flexibility and machine capabilities. The nature of the loop
structure means that knitted structures have lower stiffness and Young’s modulus compared to woven
structures [2, 3]. However, to improve the in-plane properties such as strength, resistance to surface
deformation and directional reinforcement, inlay yarns have effectively been added to knitted
structures in the wale, course and bias directions [4-6].

The insertion of inlays in the wale and course directions (using warp and weft insertion respectively),
held together by a stitching yarn system creates biaxial knitted structures [7]. The stitching yarn
system, also referred to in this paper as the knitted binding structure, supports the inlaid reinforcement
yarns, as shown in Fig. 1.
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Figure 1. CAD drawing of biaxial knitted structure.

In the late 20™ century, interest grew in the use of biaxial knitted structures for composites [8-10],
starting with incorporation of weft inlay only, before integrating warp inlay also. At Dresden
University a method to produce a multilayer knitted structure with multiple sets of warp and weft
inlays was developed [10]. This is only capable on an electronic weft knitting machine due to the
availability of more feeders to deliver the multiple layers of weft inlay. The technology produces
highly drapeable semi-finished structures for fibre composites, with the capability to absorb tensile,
compressive and bending forces.

The reinforcement yarns in biaxial knitted structures experience zero damage, as the binding yarn is
knitted around the inlays, rather than puncturing through it (as seen in NCF’s). Biaxial knitted
structures can be produced using both warp and weft knitting technology, however, the use of weft
knitting machinery enables shaping directly on the machine, through transferring of stitches and
individual needle selection.

Modifications to a 10 gauge (E10) dubied hand flat v-bed machine have been made to allow for biaxial
knitted structures to be produced with low capital investment and easy machine set-up. In this study,
the effect of the knitted binding structure on the tensile and bending properties of the preform have
been investigated, comparing half milano with half cardigan.

2. Materials and machine design
2.1. Development of warp insertion device

The creation of biaxial knitted structures using a dubied hand flat v-bed machine required four main
components: warp insertion method, correct feeder set-up and positioning, warp yarn delivery set-up
and weft insertion set-up.

For the warp insertion method, a warp insertion device consisting of warp guide eyelets was
developed. The spacing of the warp guide eyelets is equivalent to the needle gauge of the machine, and
delivered warp yarns taught and evenly spaced between the needles. The width of the warp insertion
device defines the maximum width of the warp insertion structure.

In this study, three feeders were used to produce the biaxial knitted structures using two needle beds.
The warp insertion device was positioned on the middle feeder position, with the back feeder used for
the weft inlay, and the front feeder used for the knitted binding structure. This positioning of the
feeders ensured the warp inlay yarn was integrated within the biaxial knitted structure.
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Individual yarn packages for the warp inlay were positioned on a creel to the side of the machine. The
yarns travelled parallel to the needle bed underneath the cambox arm before reaching the warp
insertion device. Tension was applied to the warp yarns below the needle bed to ensure the yarns
remained taught as the needles passed between them. The streamlined design of the warp insertion
device prevented contact between itself and the two feeders which traversed the needle bed.

Multiple ends of yarn can be inserted in the weft direction in one inlay, with the maximum number and
width depending on the yarn type and stitch size chosen. The weft inlay was threaded through a
standard yarn feeder that traversed along the needle bed: delivering inlay yarn in-between the front and
back bed stitches.

2.2. Manufacture of biaxial knitted preforms

The biaxial knitted preforms in this study were manufactured using the mentioned dubied knitting
machine and developed warp insertion device. Polyester thread was used for the knitted binding
structure, whilst E-glass fibre was used as the inlay yarns. Half milano and half cardigan were used as
the knitted binding structure, the biaxial knitted preform using half milano structure is shown in Fig. 2.

Figure 2. Biaxial knitted prefrom (knitted binding structure of half milano).

3. Methods
3.1. Three-point bending

A three-point bending test was carried out according to test standard BS 1SO 5628:2012 [11], the set-
up is shown in Fig. 3. The test was carried out to observe the effect of the knitted binding structre on
the bending properties of the preform, with the bending stiffness indicating the preforms capability to
assume the curve of complex shaped moulds. The bending stiffness, Sb (Nm.mm) was calculated
given by the following equation:

5 - F B M
" fmax 3b
where
F Force (N),
finax Maximum linear deflection (mm), calculated by 0.132I.
| Bending length (mm),
b Specimen width (mm).
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The maximum force was recorded at a predetermined linear deflection of the anvil, and was used to
calculate the bending stiffness.

Figure 3. Bending test set-up.

3.2. Tensile testing

The biaxial knitted preforms were subjected to tensile tests on an Instron 5569 machine, according to
test standard EN 1SO 4606: 1995 [12]; the set-up is shown in Fig. 4. Paper tabs of 40mm x50mm were
attached to the ends with resin to prevent slippage of the samples, and promote failure in the centre of
the gauge section.

\ :H:Nﬂﬂ.“f

Figure 4. Tensile test set up.

Since uniaxial tests are affected by the fibres oriented in the load bearing direction, where yarns
oriented perpendicular to the tensile direction do not bear any load [13], only course wise direction
was analysed. Wale direction testing is affected by the warp inlay density, which does not change
when altering the knitted binding structure, and therefore no difference in tensile strength would be

N. Ishmael, P. Potluri and A. Fernando



ECCM18 - 18" European Conference on Composite Materials
Athens, Greece, 24-28" June 2018 5

seen across the two types of samples. Conversely, the weft inlay density changes from 8 inlays/cm to
12 inlays/cm for knitted binding structures of half Milano and half cardigan respectively.

4, Results and discussion

The bending and tensile properties of the preform samples are shown in Table 1.

Table 1. Tensile and bending properties of preform samples.

Knitted Thickness Average Average Average force at Average bending
binding (mm) breaking tensile strength  maximum deflection, stiffness
structure force (N) (MPa) fmax (MN) (Nm.mm)

Half Milano 1.3 12,800 419 170.5 36.3

Half Cardigan 2 18,750 390.6 334.8 65.2

As expected half cardigan required more force than the half milano for equivalent bending
deformation. Half cardigan increases the density of the preform, through the compaction of weft inlays
by tuck stitches, and as a result creates a stiffer preform, with the bending stiffness (Nm.mm) nearly
twice the value of the half milano structure.

Tensile tests showed that the force required to rupture the weft inlay yarns (average breaking force, N)
was higher in the half cardigan samples than the half milano samples. This is a result of half cardigan
having a higher weft inlay density. However, when cross-sectional area is taken into account, the half
milano demonstrated higher tensile strength (MPa). These results are valuable during the composite
design process, when the weight of the material is an important parameter.

5. Conclusion

A key advantage of biaxial knitted structures is their ability to drape and conform to the surface of
complex shaped moulds, where they are less susceptible to wrinkling compared to woven preforms.
The ease of deformation is owed to the lack of joints (such as cross-over points present in weaving),
where there is free movement and slippage of yarns. The knitted binding structure can impact the
drapeability, with bending stiffness reported as higher for the half cardigan samples. A higher stiffness
indicates it’s less able to drape and assume the shape of complex shaped moulds. Results suggest that
the use of half milano will provide better surface for moulding to complex shapes in composite
manufacture.

Further results have shown that using a knitted binding structure which increases the density of the
weft inlay yarns, will increase the maximum breaking load of the preform. The samples with half
cardigan structure increased the breaking load by aproximately 150% compared to half milano.
However, when taking into consideration the cross-sectional area of the samples, half milano exhibits
higher tensile strength (MPa).

Within the scope of the research, further development of the biaxial knitted structures will be carried

out to fully comprehend the capabilities of the structure. The biaxial knitted preforms will be
converted to composites and will undergo full mechanical characterization.

N. Ishmael, P. Potluri and A. Fernando



ECCM18 - 18" European Conference on Composite Materials
Athens, Greece, 24-28" June 2018 6

Acknowledgments

This work was funded by EPSRC, grant code P116020. The authors would like to thank the research
council for the financial support.

References

[1]

(2]
3]

[4]

5]
(6]

[7]
(8]
[9]

N. Ishmael, A. Fernando, S. Andrew, and L. Waterton Taylor. Textile technologies for the
manufacture of three-dimensional textile preforms. Research Journal of Textile and Apparel,
21:342-362, 2017.

S. Mukherjee. Textile and clothing design technolog. Taylor & Francis Group, 2018.

W. Ashraf, Y. Nawab, M. Umair, K. Shaker, and M. Karahan. Investigation of mechanical
behavior of woven/knitted hybrid composites. The Journal of The Textile Institute, 108:1510-
1517, 2017.

K. H. Leong, S. Ramakrishna, Z. M. Huang, and G. A. Bibo. Potential of knitting for engineering
composites - a review. Composites Part A: Applied Science and Manufacturing, 31:197-220,
2000.

L. Ciobanu. Development of 3D Knitted Fabrics for Advanced Composite Materials. Advances in
Composites Materials, 2011.

V. R. G. Dev, A. Swarna, and M. Madhusoothanan. Mechanical Properties of Knitted Composites
using Glass Ply Yarns. Journal of Reinforced Plastics and Composites mposites Part A: Applied
Science and Manufacturing, 24:1425-1435, 2005.

H. Hasani, S. Hassanzadeh, M. J. Abghary, and E. Omrani. Biaxial weft-knitted fabrics as
composite reinforcements : A review. Journal of Industrial Textiles, 46:1439-1473, 2017.

S. Ramakrishna and D. Hull. Energy absorption capability of epoxy composite tubes with knitted
carbon fibre fabric reinforcement. Composites Science and Technology, 49:349-356, 1993.

C. lyer. Directionally-oriented inlay warp knits-Some aspects of production and application.
Indian Journal of Fibre & Textile Research, 19:195-202, 1994.

[10] P. Offermann and G. Hoffmann. Multilayer knitted structure and method of producing the same.

US Patent 6,244,077, 2001.

[11] British Standards Institution. BS 1SO 5628: 2012 Paper and board — Determination of bending

stiffness — General principles for two-point , three-point and four-point methods. 2012.

[12] British Standards Institution. BS I1SO 4606: 1995 Textile glass - Woven fabric - Determination of

tensile breaking force and elongation at break by the strip method. 1995.

[13] G. M. Jiang, Z. Gao, P. B. Ma, X. H. Miao, and Y. J. Zhu. Comparative study on the mechanical

behavior of carbon weft-knitted biaxial fabrics stitched by polyester fibers and preoxidized
polyacrylonitrile fibers. Journal of Industrial Textiles, 44:5-21, 2014.

N. Ishmael, P. Potluri and A. Fernando



