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ABSTRACT

Composites with fabric reinforcements offer excellent energy dissipation and high damage tolerance
as compared to long fiber unidirectional composites. Their mechanical behavior depends on local stress
fields generated due to complex fabric meso-structure. Under loading, microdamage can initiate at
multiple locations in this meso-structure. Thus, the design of fabric reinforcements should be carefully
considered to achieve desired mechanical properties. In this work, hybrid fabric reinforcements are
designed with carbon- and stainless steel fibers to be used at composite-metal joints in structural
applications to achieve a smooth property gradient from the composite-side to the metal-side in such
joints. Hybrid composite test specimens are subjected to quasi-static tensile loading and their properties
are compared with non-hybrid carbon- and steel fiber reference materials. Their polished edges are
inspected under optical microscope to detect sites of micro-damage initiation in the hybrid meso-
structure. Damage propagation and corresponding stiffness reduction is also studied with increase in
applied strain levels.

1 INTRODUCTION

Since the last few decades, there has been an increase in the use of knitted and woven fabric
composites in aerospace and automotive industries due to their benefits over metals and UD composite
tapes. Fabric composites offer ease in handling and greater flexibility in processing than UD tapes [1-
8]. They also offer excellent damage tolerance at moderate costs as compared to UD composites and
great weight savings at the same performance as compared to metals [2, 4-9]. However, due to
significant crimp in the yarns [3, 7], modulus and strength are lower for fabric composites than UD
composites.

Material properties of fabric composites are highly dependent on their textile meso-structure [1, 7-
8]. It has been shown that meso-structure of fibrous yarns is the main deciding factor for nature of micro-
damage than can initiate in these materials upon mechanical loading [7]. Between knitted and woven
fabric composites, predicting mechanical behavior of knitted composites is more difficult due to large
complexity in their meso-structure. Micro-damage initiation is governed by local stress state during
loading. Knitted composites have a high degree of yarn curvature which generates a complex stress state
[10]. This makes it difficult to predict the location of micro-damage initiation with the help of analytical
models. Thus, conducting physical experiments and characterizing micro-damage becomes a necessity
to study mechanical behavior of such materials in detail.

Previously, researchers have used various methods to detect microdamage in fabric composites [9],
among which the prominent ones are described here briefly. The method of acoustic emission has been
used to identify changes in damage modes by detecting change in the energy released while cracking.
Digital image correlation has been used for strain mapping by detecting changes in speckle dot patterns
on the surface of test specimens. The main drawback of these methods is they must be followed by X-
ray or ultrasonic scanning for an accurate identification of damage mode. In the present work, we have
used optical microscopy as the tool to study micro-damage by observing polished edges of test
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specimens under optical microscope and to study nature of fiber-matrix interface by observing fracture
surfaces under high-resolution scanning electron microscope.

Incorporation of metals into fiber composites started with fiber metal laminates (FMLs) which were
prepared by interlacing metal layers with fiber reinforced resins or adhesives [11]. Such hybrids were
designed to combine benefits of both the material classes and thereby having mechanical properties
superior to composites and metals. But the weak interfacial bond between polymeric composites and
metals would cause delaminations in these hybrid materials under fatigue loading. Various efforts have
been made to increase the bond strength between composites and metals including adhesive bonding,
bolting, and welding. Among these efforts, bolting creates stress concentrations and can also cause fiber
breakage initiating further damage [12, 13]. Adhesive bonding requires higher costs and additional
surface treatments for better lap shear strength [14]. Welding can be effective, but it becomes costly and
time consuming with complex processing demands [13].

To counter these issues, as reported in our previous work [15], hybrid composites are developed with
stainless steel fibers and carbon fibers gradually inter-woven or -knitted to form a complex fabric meso-
structure reinforcing epoxy resin. Such materials, with mechanical properties intermediate between
carbon-fiber epoxy (CF/EP) textile composite and steel-fiber epoxy (SF/EP) textile composite, would
offer a smooth property gradient when used at a metal-composite joint. The reader is directed to our
previous publication [15] to know details about manufacturing of fabrics and hybrid composites and
pilot test results. In the current work, mechanical properties of these hybrids under quasi-static tensile
loading and study of initiation and propagation of micro-damage are reported.

2 MATERIALS AND METHODS

In the present study, fabric reinforcements in composite materials were either knitted or woven. Plain
weft knitting was performed on manual knitting machines by Brother (Japan). Weaving was performed
on manual weaving machines in plain weave pattern. Yarns used were carbon fiber yarn T300B-3K-
50B by Toray (France) and steel fiber yarn SY 11/1 by Fujibo (Japan) / Bekaert (Belgium). In the carbon
fiber yarns, individual fiber diameter was 7 um. In the case of steel fiber yarns, individual fiber diameter
was 12 um. CF/EP and SF/EP reference composite plates and hybrid CF/EP-SF/EP composite plates
were manufactured by vacuum infusion of epoxy resin into the fabric reinforcements. The resin used
was epoxy LY 1564 with XB 3404-1 hardener by Huntsman (USA). The types of composite plates along
with their notations and layups are listed in Tables 1-2.

Notation Type Lay-up
C1 Reference — CF/EP [(T300)s]
M1 Reference — SF/EP [(SY 11/1)g]
M2 Reference — SF/EP [(SY 11/1 3filaments)g]
H1 Hybrid [(Hybrid SY11/1+T300)g]
H2 Hybrid [(T300/SY11/1)]2s

Table 1: Knitted composites

Notation Type Lay-up
C4 Reference — CF/EP [T300 FR 1x]4
M4 Reference — SF/EP [SY 11/1 2x]3
M5 Reference — SF/EP [SY 11/1 2x]4

H5 Hybrid [T300 FR 1x + SY 11/1 2Xa
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H6 Hybrid [SY 11/1 2x + T300 FR 1x]4
H7 Hybrid [T300 FR 1x + SY 11/1 2x]5 + [SY 11/1 2x + T300 FR 1x]s
H8 Hybrid [(SY 11/1 2x + T300 FR 1x)(T300 FR 1x + SY 11/1 2X)]25
H9 Hybrid [T300 FR 1x / SY 11/1 2x]s

Table 2: Woven composites

Square-sized specimens with dimensions 25 mm x 25 mm (length and width) were cut from each
plate for fiber volume fraction studies. Fiber weight fraction and volume fraction were measured by
burning off matrix in a closed box-type furnace at 400°C. In this process, composite specimens were
kept inside the furnace for 180 minutes, and their weights before and after the process were recorded.
Weight fraction was converted to volume fraction with the help of individual yarn densities of carbon-
and steel fiber yarn. The resultant fiber volume fractions for each composite type are shown in Fig. 1.
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Figure 1: Fiber volume fraction — Knitted and woven composites

Rectangular specimens of 25 mm width and 200 mm length were cut from the composite plates for
tensile testing and their edges were polished using manual polishing machine QATM Qpol 300 M2. The
polished edges were observed under Motic 310Met optical microscope at 50x magnification to identify

meso-structure of the fabric reinforcements. The meso-structures of hybrid composites are shown in Fig.
2-3.
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Figure 2: Meso-structures of knitted composites, (a) H1 [8 layers, with each layer of hybrid yarns] and
(b) H2 [with 4 layers CF and 4 layers SF]. Note that fibers with darker shade are carbon fibers and
fibers with lighter shade are steel fibers.

Reinforcement tabs were glued on both ends of rectangular test specimens using a two-component
aerospace grade adhesive from Huntsman (USA). The specimens were tested in Zwick/Roell Z150
universal testing machine under quasi-static tensile loading. Non-contact-type video extensometer
MESSPHYSIK ME 46-NG and contact-type extensometer HBM Strain Link DD1 were used for strain
measurements.

During quasi-static tensile loading, all the specimens were initially loaded up to 0.4% strain with 1.5
mm/min strain rate and then unloaded to zero strain with 2 mm/min strain rate. During this first loading-
unloading cycle, the undamaged material modulus was measured. Following the undamaged modulus
measurements, specimens were subjected to repetitive loading-unloading cycles with an increase of
0.2% in the maximum applied strain during each cycle. Between each test cycle, the polished edges
were inspected in Motic 310Met optical microscope to detect presence of microdamage due to tensile
loading. Stiffness was measured for each specimen during the unloading interval of each cumulative test
cycle. The reduction in stiffness with increase in maximum applied strain was correlated with
microdamage accumulation inside composite specimens. After final failure, fracture surfaces of failed
specimens were observed under JEOL JSM IT-300 Environmental SEM to study similarities and
differences in fiber fracture and nature of fiber-matrix interface for carbon- and steel fibers.

(@ (b)

(c) (d)
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Figure 3: Meso-structures of woven composites, (a) H5 [4 layers, with each layer of CF warp + SF
weft], (b) H6 [4 layers, with each layer of SF warp + CF weft], (¢c) H7 [with 3 layers H5 & 2 layers
H6], (d) H8 [with 3 layers H6 & 2 layers H5] and (e) H9 [with 3 layers CF & 2 layers SF]. Note that
fibers with darker shade are carbon fibers and fibers with lighter shade are steel fibers.

3 RESULTS AND DISCUSSIONS
3.1 Elastic modulus measurements

The comparison of elastic moduli along the loading direction measured during the first loading-
unloading cycle in quasi-static tensile testing is given in Fig. 4. In the case of knitted composites, H1
with hybrid CF-SF yarn has modulus intermediate to CF/EP reference materials C1 and SF/EP reference
materials M1 and M2. H2 with alternate CF & SF layers has modulus equivalent to SF/EP reference
materials. Comparing modulus values of H1 and H2, yarn hybridization gives better results than layer
hybridization in the case of knitted composites.

In the case of woven composites, H5 with CF yarns in warp direction has modulus similar to CF/EP
reference material C4. A similar relation can be found out with H6 and SF/EP reference materials, where
H6 has SF yarns are in warp direction. This clearly indicates that for hybrid woven composites, materials
used in warp/weft direction almost entirely affect the material modulus in the respective directions. In
the case of hybrid compositions H7-H9, both CF and SF were used in warp yarns. Thus, their moduli
are intermediate to CF/EP and SF/EP reference materials. Comparing moduli of H7 and H8, the latter
has two layers with CF warp in comparison with H7 having three layers of CF warp. This reflects in the
results, with H8 having lower modulus in warp direction than H7.
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Figure 4: E (undamaged) along the loading direction — Knitted and woven composites
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3.2 Micro-damage initiation and propagation — Knitted composites

Modulus measurements for undamaged materials were followed by further loading-unloading cycles
with increasing levels of maximum applied strains. In the case of knitted composites, debondings in
fiber-matrix interface started appearing at 0.6% maximum applied strain. Damage initiation in CF/EP
reference materials as well as hybrid composites was characterized by transverse and shear cracks along
weft yarn boundaries. This is shown in Fig. 5. Note that in yarn-hybrid H1, damage starts at CF yarn
boundaries which then propagates along SF yarns at higher applied strain values (refer Fig. 6). Knitted
hybrids show interconnecting cracks (refer Fig. 6) depicting damage propagation with increasing applied
strain values.

(@) (b)

Figure 5: Damage initiation in knitted composites — (a) C1 (0.6% applied strain, 50x) and (b) H1(0.6%
applied strain, 50x). Transverse and shear cracks are highlighted with red.

(@) (b)

Figure 6: Damage propagation in knitted composites — (a) H1 (1.0% applied strain, 50x) and (b) H1
(1.2% applied strain, 50x). Transverse and shear cracks are highlighted in red.

3.3 Micro-damage initiation and propagation — Woven composites
In the case of woven composites, damage initiation was observed at 0.8% applied strain. In CF/EP
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reference materials and in hybrid composites, transverse cracks appeared at CF weft yarn boundaries
and shear cracks appeared through SF weft yarns. This is shown in Fig. 7. Fig. 8 shows damage
propagation in CF/EP woven reference materials. An interesting observation is shown in Fig. 8(b),
where local delaminations are connected by fiber breakage of the warp yarn.

@) (b)

Figure 7: Damage initiation in woven composites — (a) H8 (0.8% applied strain, 200x) (b) H9 (0.8%
applied strain, 200x). Transverse and shear cracks are highlighted in red.

@) (b)

Figure 8: Damage propagation in woven composites — (a) C4 (local delamination growth constrained
by warp yarn, 0.8% applied strain, 100x) and (b) C4 (delaminations connecting after fiber breakage,
0.8% applied strain, 100x). Delaminations are marked in red.

3.4 Stiffness reduction

One of the major consequences of micro-damage accumulation in textile composites is reduction in
stiffness along the loading direction. Fig. 9 shows trends in Ex with increase in applied strain levels for
knitted and woven composites. The values on the vertical axis are normalized according to the respective
undamaged material modulus for each material (refer Fig. 4), so that trends in different materials can be
easily compared. Stiffness reduction is not seen in CF/EP reference material C1. A non-noticeable
stiffness reduction in CF fabric reinforced composite is also reported in [7] due to low mismatch in
transverse stiffness values between polymer matrix and carbon fibers. A prominent decrease in stiffhess
is observed for SF/EP reference material M1, knitted hybrids (H1, H2) and woven hybrids (H5, H6).
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Figure 9: Ex trends for knitted and woven composites

3.5 Ultimate failure

Ultimate failure of knitted and woven specimens was characterized by multiple delaminations, and
transverse cracks connected across layers through fiber breakage in warp yarns. This is depicted in Fig.
10, which shows fractured edges of C1 (knitted CF/EP reference material) and H8 (woven hybrid
material). Fracture surfaces were also observed under scanning electron microscope. Fig. 11 shows SEM
image of H9, which is a woven hybrid with alternate layers of CF and SF yarns. In Fig. 11, carbon- and
steel fibers can be distinguished by their different sizes and shapes. Carbon fibers are smaller and round-
shaped, whereas steel fibers are bigger, and polygon-shaped. The difference in the nature of fiber-matrix
interfaces between carbon fibers and steel fibers is also noticeable.
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Figure 10: Fractured edges after ultimate failure — (a) C1 (1.0% strain-to-failure, 50x) and (b) H8
(1.0% strain-to-failure, 50x)
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Steel fiber

Figure 11: SEM image of fracture surface of H9 (1.0% strain-to-failure)

3.6 Strength and strain-to-failure measurements

After ultimate failure of each specimen, its strength (cmax) along loading direction and strain-to-
failure (emax) were measured. Fig. 12-13 show comparison of omax and emax among different types
of composites. omax comparison (refer Fig. 12) for knitted and woven composites shows a very similar
trend to Ex comparison (refer Fig. 4). In the case of knitted composites, yarn-hybrid H1 has strength
similar to CF/EP reference material C1 and layer-hybrid composite H2 has strength similar to SF/EP
reference materials M1 and M2. In the case of woven composites, H5 with CF warp yarns has strength
equivalent to CF/EP reference material C4, whereas H6 with SF warp yarns has strength equivalent to
SF/EP reference materials M4 and M5.

emax comparison (refer Fig. 13) shows that yarn-hybrid H1 has the highest strain-to-failure among
all knitted and woven configurations. Such behavior signifies enhanced damage tolerance due to CF-SF
yarn hybridisation. In woven configurations, all composite types have failure strains between 0.8% and
1.0% except SF/EP reference materials M4 and M5 and hybrid material H7. The cause of low failure
strains in SF/EP reference materials can be the weak fiber-matrix interface which was observed in SEM
images of fracture surfaces (refer Figure 11). Anomalous behavior of H7 was caused by macro-scale
imperfections which arose during its manufacturing process. Efforts will be made to minimise such
imperfections in the future work.

omax comparison - Knitted composites omax comparison - Woven composites
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Figure 12: omax comparison — Knitted and woven composites
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Figure 13: emax comparison — Knitted and woven composites

4 CONCLUSIONS

Multiple configurations of hybrid carbon/steel fabric reinforced epoxy composites were tested under
quasi-static tensile loading and their mechanical properties were compared with non-hybrid reference
materials. The tests were performed in repetitive loading-unloading cycles with increase in maximum
applied strain during each cycle. Stiffness along loading direction was measured for undamaged
materials and the reduction in stiffness was observed as a result of damage accumulation. Between each
test cycle, polished edges of test specimens were observed under optical microscope to study
microdamage initiation and propagation.

For knitted and woven composites, microdamage initiated in the form of transverse cracks at the yarn
boundaries of carbon fiber yarns and in the form of shear matrix cracks through steel fiber yarns.
Propagation of delaminations along weft yarn boundaries in woven composites was arrested by warp
yarns. At macro-level, knitted composites with hybrid yarns showed promising results in terms of
strength and stiffness when compared with knitted composites with hybrid layers. Woven hybrid
composites with carbon fibers as warp yarns had better properties than hybrids with steel fibers as warp
yarns.
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