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Braided composites for energy absorption

under tensile loading
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A new class of braided composites has been designed to maximise the total energy
absorbed during tensile failure. Braided loops of light, continuous fiber tows are configured
in such a way that they must be drawn through relatively large displacements before they
come into direct contact with one another. Upon loop contact, the material hardens locally,
forcing further damage to develop by the same process elsewhere. In this way the entire
gauge section absorbs energy before ultimate failure. Levels of energy absorption per unit
volume reach 30 MJ/m3 and, per unit mass, 18 J/g. The mechanisms involved in damage
delocalisation and failure are detailed and modeled at a very simple level. While the current
values of energy absorption are already attractive, the simple models indicate much higher
values for composites that have been optimised. C© 2000 Kluwer Academic Publishers

1. Introduction
Many energy absorption problems involve loads that
are tensile, for example, casings designed to contain
bursting rotors, turbines, or flywheels; backing plates
in armour systems; and containers subject to internal
explosions. Here a new class of textile composites is
introduced with unusually high energy absorption ca-
pacity under tensile loading.

The new composites incorporate mechanisms for en-
suring that damage is broadly distributed throughout the
body of a specimen or structure before the instability
associated with ultimate failure sets in. Damage de-
localization is promoted by incorporating a so-called
lock-up mechanism, in which components of the re-
inforcement are arrested by physical contact with one
another after displacing through the matrix. The ex-
tent of the displacement allowed before the lock-up
of two elements of the reinforcement determines the
global strain up to which damage can be delocalized,
denotedεc. The total energy absorbed per unit volume
is bounded from below by the product ofεc and the
magnitude of the global stress required for reinforce-
ment displacement,σd. Both σd andεc can be varied
over quite wide ranges by selecting materials and the
geometry of the reinforcement, so that composites can
be designed, for example, to avoid large stresses dur-
ing energy absorption; or for maximum total energy
absorption without constraint on the stress level. The
levels of total energy absorbed per unit volume or per
unit mass by members of the new class of composites
are potentially very high.

The textile composites are variants of a concept first
demonstrated with composites of carbon steel chains
in a polymer or other matrix [1–3]. The chains are laid
up so that the links are initially in a contracted configu-

ration (Fig. 1a). Under tensile loading, damage begins
with extensive matrix cracking, which allows neigh-
bouring chain links to slide towards one another, crush-
ing resin trapped between them in a state of near hydro-
static compression. The displacement of links through
the resin absorbs most of the energy expended en route
to ultimate failure. When two links come into direct
contact, they are said to lock up: the material hard-
ens locally, resisting further local displacement and
triggering the displacement of links elsewhere in the
same chain. Only when all links in a chain are in di-
rect contact with their neighbors does the chain begin
to fail by plastic deformation of the links followed by
rupture of the weakest among them. The stress-strain
response is typified by Fig. 1b. A plateau stress is sus-
tained out to large strains, during the phase of link dis-
placement. When the links are all in contact (strain
ε≈ 0.5), the stress drops as the links begin to fail.
The total energy absorbed per unit volume for chain
composites fabricated to date ranges up to approxi-
mately 60 MJ/m3 and the specific energy absorption
(energy absorbed per unit mass) up to approximately
13 J/g. The former figure is superior to alternative can-
didates for energy absorption under tension. The latter
figure is also very competitive, but the high density
of the steel in chains suggests that higher specific en-
ergy absorption could be achieved if analogous com-
posites could be made with light, strong continuous
fibers.

In this paper, analogues of the chain composites are
demonstrated by braiding continuous fibers. Braiding
creates a reinforcement geometry that is most closely
analogous to the geometry of interpenetrating links in
chains. Large displacement capacity and a lockup ef-
fect can also be achieved by variants of weft knitting,
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Figure 1 (a) Contracted chain configuration viewed through a transparent epoxy matrix. (b) Measured stress-strain curve for a chain/polycarbonate
composite (from [3]).

but the mechanics of load transfer and lockup are
different [4].

2. Fabrication of braided composites for
energy absorption

The braided composites are fabricated using common
continuous fibers in common matrices. The essence of
the approach is to achieve the desired behavior by tai-
loring the reinforcement geometry, not by using exotic
high-performance materials.

2.1. Braided loops
Fig. 2 illustrates the principal idea of how fiber bundles
or cords can be assembled by braiding onto a set of
dowel pins to simulate the contracted arrangement of
links in a chain. The cords have been spread in Fig. 2
to allow their interlacing pattern to be seen more easily.
In the finished composite, they are tightly packed in the
horizontal direction in the figure, but retain their elon-
gation in the vertical direction, which is the intended
direction of loading.

As Fig. 2 shows, the presence of the pins allows the
braided loops to interpenetrate without initially being in
intimate contact. When loaded, the loops will slide and

Figure 2 Cords on a set of pins with loop interlacing analogous to links
of a chain.

eventually make contact on the insides of their curved
ends, just like the links in chain composites.

By varying the pin spacing and the choice of pins
around which the cords are looped, fabric with virtually
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any sliding strain capacity and loop aspect ratio (loop
length to loop width) can be fabricated.

2.2. Tooling for composite formation
After the braided fabric has been formed, it must be
released from the dowel pins without relaxation of the
desired geometry, infiltrated with a matrix, and consol-
idated. A laboratory-scale apparatus that accomplishes
these tasks quite effectively is shown in Fig. 3. It con-
sists of the array of dowel pins and their base plate (the
“braiding frame” in Fig. 3) and several other compo-
nents, all of which are Teflon-coated for easy release af-
ter curing of the finished composite. A plate (the “lid”)
containing holes slightly larger than the pin diameter
is placed over the pins and against the base plate prior
to braiding. The braid is then built above the lid. When
the braiding is complete, the pins and fabric are inverted
into a female mold (Fig. 3). Then the lid is clamped to
the mold, generating sufficient compression to fix the
cords in place by friction. The pins can then be with-
drawn through the holes in the lid by drawing away the
base plate, with minimal movement of the cords. Pis-
tons whose heads run the length of the fabric are then
pushed between the lid and the female mold by rods
extending out of the mold cavity through ports, so that
the fabric is further compacted by side pressure. Ap-
plying pressure in two directions assists in maximizing
volume fraction. It also reduces any undesirable distor-
tions created in the fabric when the pins are removed.
Epoxy matrix is added in an uncured, inviscid state by
vacuum infiltration. The epoxy is cured and the speci-
men is released by breaking apart the lid and female
mold.

The cords to be braided are fastened initially onto
the base plate, typically one at each dowel pin. The in-
terlacing pattern is then created by passing the cords
in sequence around the pins to the right and left of the
pin to which they are first fastened, so that the fabric
is built up continuously along a front that moves away
from the base plate. During braiding, idle cords are held
in tension by a system of cleats, to assist in compacting
the braided fabric to an acceptably high volume frac-
tion. It is not necessary to pass a cord end through a
loop that has already been formed when producing the
interpenetrating pattern. Thus one key advantage is the

Figure 3 Apparatus for forming braided composites with high sliding
strain capacity.

ease with which this process could be adapted to large
scale manufacturing.

Because of the topology of the braiding process,
loose ends of cords must remain when specimen fabri-
cation is halted at the prescribed layer size. During load-
ing to high strains, the loose ends tend to slide through
the composite, unraveling the fabric. Unless the fab-
ric is quite wide, the unraveling can propagate through
an entire specimen. This premature failure mechanism
can be averted by splicing the loose ends together to
close the last row of loops. The splice must be strong
enough to transmit the large loads experienced by indi-
vidual cords. After considerable experimentation, the
best splice that could be made by hand was found to
consist simply of two cord ends laid side by side and
glued together with epoxy while held fast by a wrap-
ping of Teflon. When carefully formed, these splice
joints are nearly as strong as a single straight cord.

Since the pins are coplanar, the braid built up on
them will consist of a single flat layer. Laminates can
be formed by stacking together layers with desired fiber
orientations.

2.3. Optimal cords for braiding
The first generation of braided composites were made
with loose rovings of Kevlar (or glass or carbon) fibers,
which were held together relatively weakly by a small
quantity of uncured polymer sizing. These tows tended
to splay during braiding, especially at the crowns of
loops (where tows turn around pins), which weakened
them and gave them a flat, tape-like aspect. The flat-
ness of the crowns inhibits their displacement through
the matrix in the composite. As a result, failure of the
reinforcement tends to precede matrix failure and re-
inforcement sliding, resulting in localized rather than
delocalized failure; and therefore poor energy absorp-
tion characteristics.

Obtaining twisted or wrapped fiber tows that retain
strength and cross-sectional aspect ratio during braid-
ing was a major challenge. Commercial Kevlar cord
was tried next, which consisted of moderately large
denier tows (approximately 20k denier) sheathed in
a braided skin. The commercial cord is easily han-
dled without obvious damage and suffers a relatively
small change of aspect ratio where it is bent around
pins. However, the commercial cord is disappointingly
loose in its packing and the majority of its fibers lie in
its braided sheath, rather than in its core. The overall
volume fraction of aligned Kevlar fibers achievable in
the final composite is therefore low. Since the tensile
strength of the cord and thus of the composite arises
mainly from the aligned fibers, with the sheath con-
tributing minimally, the ability of the cord to sustain
loop displacement is severely degraded.

As an alternative to sheathed cord, a three-strand rope
was fabricated by plaiting or braiding∗ tows of sized

∗ The term “braid” refers most generally to a generic textile process
that involves interlacing multiple tows or yarns that are fixed at one
end and fed from a system of spools or bobbins at the other. Braiding
creates patterns that are topologically distinct from weaves, knits, and
other textiles. In this paper, braiding usually refers to the action of
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Figure 4 Braid reinforcement on nail bed showing Kevlar fiber tows (wrapped in black shrink-wrap plastic tubes to enhance fiber packing) and Teflon
wrapped splices.

Kevlar together before using them for braiding. This
plaited rope also exhibits reduced fiber damage and
change of aspect ratio during braiding. However, be-
cause it is braided, its fibers are not aligned with the
axis of the rope and therefore it cannot yield the same
ultimate strength as a well compacted, sheathed cord
of mainly aligned fibers.

Two solutions to the problem of forming adequate
cords were eventually found. The first was to revisit
the concept of sheathing axial fibers in a braided wrap.
This process was done to preferred specifications using
a hand-winding machine†. Large denier Kevlar tows
were wrapped by a light rayon yarn wound in a fairly
open pattern. Thus the ratio of axial to wrapped fibers
was maintained at a high level. In spite of some variance
in the skill of the operator of the hand winder, reason-
ably high packing densities of the aligned fibers were
achieved within cords (40–50%) and the cords held to-
gether during braiding onto the dowel pins quite well.

The second solution was to encase the Kevlar tows in
lengths of shrink-wrap plastic tubing. When the tubing
was subsequently warmed with a hair dryer, it formed
a tight sheath around the fibers. This method achieved
the highest packing densities and had the further advan-
tage of protecting the fibers during braiding. A typical
braided preform made with tows in shrink-wrap tub-
ing and partially finished with Teflon bound splices is
shown in Fig. 4.

Specifications of the cords used in specimen fab-
rication are listed in Table I. The cord radius,r , is
defined as

r =
√

1

π fρψ
(1)

where f is the fiber packing factor in the cord, taken to
be 0.7 (an indicative value only),ρ is the density of the
fibers (0.00145 g/mm3 for Kevlar), andψ is the yield‡

of the axial fibers in the cord.

forming the composite reinforcement on the dowel pins, as illustrated
in Fig. 2. However, in this section on Optimal Cords, braiding also
refers to the plaiting of some tows to form thicker, more coherent cores
for cords; and the wrapping of cores in a braided sheath. The reader
must recognise that these are distinct steps in the processing.
† Courtesy Dr. Chris Pastore, Philadelphia College of Textiles and Scie-

nce.
‡ The yield is the mass per unit length of a fiber bundle, tow, or yarn.

TABLE I Specifications of cords used

Yield, ψa Cord radius,r b

Cord label Containment (mm/g) (mm)

S1c None 1056 0.545
S2d Shrink wrap 277 1.064
S7e Wound polyester 151 1.44

aYield of the core of axial fibers only.
bFor core of axial fibers only, assuming a fiber packing factor of 0.7.
cFormed from a single Kevlar tow with approximately 3 weight percent
resin binder.
dFormed from two dry Kevlar tows.
eFormed from seven Kevlar tows with approximately 3 weight percent
resin binder.

When shrink-wrap tubing is used, resin is prevented
almost entirely from entering the interior of the cord
during infiltration. The only polymer present amongst
the fibers of the cords during curing of the composite
is the small amount of sizing on the Kevlar tows as
supplied. It is not known whether the net strength of
individual tows in the braided and consolidated com-
posite is higher or lower because of this. The absence
of resin may facilitate turning of the cords around nails
during braiding, minimizing residual strains and phys-
ical damage in the fibers. It also changes the mechanics
of load transfer between fibers in the tow as they begin
to break during failure of the composite.

2.4. Geometrical characteristics of the
braided composites

Fig. 5 shows schematics of two different patterns of
braiding around pins, which will be called cases (a)
and (b). Cord segments drawn as solid lines pass in
front of the pins, while those drawn as dashed lines pass
behind. The cords are drawn stretched out in they di-
rection for easier visualization of their interlacing. The
braid pattern is periodic, with convenient unit cells as
indicated by dotted lines in Fig. 5. In case (b) (Fig. 5b),
pins are provided in pairs, with the left pin in each pair
used exclusively for reversals of the direction of a cord
to the left, and the right pin for reversals to the right.
This allows abutting crowns of loops (e.g., marked C1
and C2 in the figure) to slide down opposite one an-
other when the fabric is beaten up (compacted) in they
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Figure 5 Two braid configurations. (a) Single pin system in which op-
posing crowns overlap above and below one another. (b) Dual pin system
that can separate abutting crowns.

Figure 6 Schematic of two interpenetrating cords in a braided
composite.

direction. The compacted fabric can therefore collapse
into a configuration where the straight tow segments are
horizontal (parallel to thex-axis). In case (a), crown C1
must remain above crown C2. The straight segments of
the cords will therefore remain at some angleθ to the
x-axis after beating up.

Fig. 6 shows the loci of two cords in the collapsed
configuration in a perspective drawing. The lines cor-
respond to the axes of the cords.

Simple analysis of the geometry of the composites
and their mechanical behaviour can be made by idealis-
ing the braid geometry. Each cord is assumed to consist
of a sequence of straight segments (legs) alternating
with curved segments (crowns) where the cord passes
around a pin, as suggested by Figs 5 and 6. The crowns
follow helical paths with radius of curvatureRand legs
and crowns both have circular cross-sections with ra-
diusr . Predictions for the area and volume fractions of
fibers for this idealisation are presented in Appendix A.

3. Properties of braided composites
3.1. Tests on single tows
Indicative strengths,σ (ult)

cd , were determined for the
cords by testing single tows of dry Kevlar fibers, each
with a yield of approximately 554 mm/g (16.2 k de-
nier). The tests were conducted by potting the ends of
tow segments in resin blocks and loading in uniaxial
tension by gripping the blocks. The tested gauge length
was approximately 120 mm. Failure by fiber rupture
generally occurred away from the blocks. The strength
was recorded as the failure load divided by the total
cross-sectional area of fibers in the tow, 1.24 mm2.

The first series of tests determined the strengths of
splice joints. The lap-joint splices eventually preferred
for specimen fabrication showed values ofσ (ult)

cd be-
tween 1.8 and 2.2 GPa. Even though failure usually
occurred in or adjacent to the splice, the spliced tows
were comparable in strength to pristine Kevlar fiber
bundles of the same gauge length.

The second series of tests were conducted on looped
specimens, which were formed by bending two tow
segments into half loops and linking them together in
the same way as two interpenetrating half loops would
be linked in the composite (Fig. 5). Thus each end of
the specimen comprised two tow ends, potted together
in a resin block. The reported strengths from these tests
were defined as the failure load divided by the cross-
sectional area of the fibers in two tows, 2.48 mm2. Val-
ues ofσ (ult)

cd for these tests ranged from 550 to 700 MPa.
Thus the strength of a cord can be expected to be re-
duced by a factor of about three by the stress concen-
tration associated with loop intersection.

3.2. Specimens and tests
All specimens were fabricated in the pattern of case
(a) (Fig. 5a) on a frame with uniformly spaced pins
with dx = 12.7 mm and with processing as described
in Section 2. Other specimen details are summarised
in Table II. Braiding was terminated after 4, 6, or 10
courses of loops had been formed, each course cor-
responding to two turns of a cord in they direction of
Figs 5 or 6. All specimens were approximately 200 mm
long, with lateral dimensions,l y and l z, as tabulated.
The lateral dimensions refer to a so-called core re-
gion, which contained all the fiber reinforcement but
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TABLE I I Composite specifications and properties

Specimen BR5798a BR5798b BR5798c BR6298a BR6298b BR6298c
Cord S2 S2 S7 S1 S7 S7
Featuresa Wrapped/ Wrapped/ Wrapped Wrapped/ Wrapped/ wrapped/Al2O3

interlaced interlaced interlaced interlaced in matrix
Courses 4 4 8 10 4 4
ly (mm) 26.7 29.7 28.7 15.2 28.4 30.0
lz (mm) 13.7 15.0 18.5 9.7 12.2 11.1
Acd (measd.) 0.078 0.064 0.147 0.127 0.151 0.156
Vf (measd.) 0.22 0.18 0.36 0.30 0.38 0.42
β 2.9 2.9 2.2 5.3 2.2 2.2
Failureb del del del loc loc del
Peak stressσp (MPa) 78 32 91 84 146 33
Strain at peak stressεp 0.4 0.25 0.4 0.07 0.08 0.02
Strain at ultimateεult 1.4 2.0 1.0 0.3 0.8 1.3
W/volumeWv (MJ/m3) 27.5 18 28.5 4.5 22 15
W/massWm (J/g) 17.5 11.5 18.5 3 14.5 10

aSee text for details.
b“del” = delocalised; “loc”= localised.

excluded any peripheral zones of pure resin. Peripheral
resin extends to the dimensions of the mold, whereas
the reinforcement is compacted into a smaller volume.
The peripheral resin cracks many times very early in
the failure process and does not affect the composite
behaviour.

The fiber volume fractions reported in Table I were
calculated by measuring the total length of cords in-
corporated into the braids during braiding, multiplying
by the cross-sectional area of fibers expected for a cord
of the given yield, and dividing by the volume of the
core region. The area fraction,Acd, refers to the frac-
tion of planesA− A in Fig. 5a occupied by the legs
of cords (including internal resin or void), calculated
according to

Acd = 2ncourseπr 2

l ylz
= 2ncourse

l ylz fρψ
(2)

wherencourseis the number of courses of loops.
The matrix in all specimens consisted of student-

friendly Epofix resin§, cured at 50◦C for two hours. Var-
ious measures were sometimes built into the composite
to resist matrix loss during loading to large strains. In all
cases, additional Kevlar tows were wrapped by hand in
helices around the outside of the fabric, working along
an axis parallel to thex-direction. In some cases, ad-
ditional Kevlar tows were interlaced in they direction
through the channel-like cavities of the braided loops.
In one specimen, the resin was reinforced with chopped
Al2O3 fibers approximately 10–20 mm long, stuffed by
hand into the loop cavities.

Uniaxial tension tests were carried out in a screw-
driven machine at low strain rates. All specimens were
straight bars, as formed in the mold. To enhance grip-
ping, steel pins were sometimes inserted into the ulti-
mate loop cavities of the braid before resin infiltration,
with their ends left protruding from the specimen. The
pins were then inserted into slots in the grips. This elim-
inated slippage in the grips, which otherwise can be a

§ Struers Co., Westlake, Ohio.

difficult problem. Even at high grip pressures, disinte-
gration of the specimen near the grips at high strains
can cause loss of shear load transfer.

3.3. The achievement of delocalized failure
In four of the reported tests, completely delocalised
failure was achieved. Fig. 7 shows the appearance of
two such specimens after testing. The braided loops
have been drawn out into intimate contact over the
whole gauge length without reinforcement failure. (The
less damaged regions at either end were in the grips.)
The black shrink-wrap tubing has been torn in many
places, but the fibers within the tubing have suffered
minimal damage. In Fig. 7b, wrapping Kevlar yarns
can still be seen in the less damaged regions. Ultimate
failure ensues by rupture of the cords, not usually at
splices.

The first damage observed in all specimens at rel-
atively low strains consists of matrix cracking. The
cracks are at first predominantly normal to the load
axis, but develop into cracks of complicated shape with
some segments parallel to the load axis at higher strains.
When failure is delocalised, resin fragments are lost
from the composite at strains exceeding approximately
0.1, but some resin remains out to much higher strains.

In the two specimens exhibiting localised failure,
damage was confined to a limited region of the gauge
section. In the case of specimen BR6298b, this band
still extended over approximately one third of the gauge
length and included substantial loop displacement and
resin ejection. In this specimen, splice failure was ob-
served well before ultimate failure, leading to the con-
jecture that the splice was unusually weak. Reasons
for the localised failure in specimen BR6298a will be
discussed below.

3.4. Stress-strain response and energy
absorption

Records of engineering stress,σa, vs. engineering
strain,εa, are presented in Fig. 8. Each record shows
an initial phase of monotonically increasing stress,
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Figure 7 Failed composites showing lock up of loops following delocalized damage.

reaching a peak stress,σp, at some strain,εp. Values of
σp range from 30 MPa to 140 MPa and values ofεp from
0.1 to 0.4 (Table II). Stress variations following the peak
vary from specimen to specimen. In one specimen that
suffered localised failure (specimen BR6298a), the load
plummeted almost to zero following the peak, although
it remained nonzero out to moderately large strains dur-
ing a phase of unraveling and pullout of ruptured cords.
In other specimens, the stress dropped to levels in the
range 20–40 MPa, remaining there to strains not far
from the ultimate strain,εult, listed in Table II. The re-
gion following the peak load is often punctuated by nu-
merous drops and spikes in the load, corresponding to
periods of resin fracture and ejection of resin fragments.

In all specimens, damage tends not to develop uni-
formly over the whole gauge section, even though, in
cases of delocalised failure, the whole gauge section is
uniformly damaged and strained prior to ultimate fail-
ure. Large strains usually develop in one region of the
specimen, in a band involving two to three loops or,
in other words, an interval of length approximately 2dx

(25 mm) along thex-axis. When the damage in the band
is mature (loops in direct contact with one another or
local strainε≈ εult), damage spreads to neighbouring
material. Peak load usually corresponds to maturation

of the damage in the initial band. In cases where the
stress following the peak is considerably lower than
the peak stress, one infers that the development of sim-
ilar damage in neighboring material is facilitated by
the pre-existing damage in the initial band. A mech-
anism for this effect will be suggested in the next
section.

The energy absorbed per unit volume of the origi-
nal gauge section,Wv, is given by the area under the
engineering stress-strain curve¶:

Wv =
∫
σa dεa (3)

When damage is delocalised, values range from 15
to nearly 30 MJ/m3 (Table II). The specific energy

¶ For Equations 3 and 4 to yield material constants, damage must be
uniform over the gauge length and the stress to displace loops must be
independent of location in the gauge length. This is not the case for all
the specimens tested. Damage was nonuniform in the two specimens
suffering localised failure and the stresses varied as the damage pro-
gressed through the others. However, the latter stress variations were
relatively modest and therefore the figures quoted for energy absorp-
tion in the cases of delocalisation ought to be reasonably indicative of
material properties.
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Figure 8 Engineering stress–engineering strain records for the specimens of Table I.

absorption,Wm, i.e., the energy absorbed per unit mass,
is related toWv by

Wm
Wv

ρ
(4)

with ρ the composite density. Values ofWm range from
10 to 18 J/g.

4. Mechanisms
4.1. Prediction of the displacement stress
Some insight into the mechanics of delocalization and
damage progression in the braided composites can be
inferred from a model developed by Gong and Zok [2]
for chain composites such as that depicted in Fig. 1.
The model predicts the tensile stress component in the
centers of the legs of the links (on the planeA− A in
Fig. 1) as the links are dragged through the matrix.

The matrix is modeled as a rigid/perfectly plastic
medium. Stress transfer into the links from the matrix
during the displacement can be partitioned into sev-
eral contributions. 1) The resin trapped in near hydro-

static compression between two links as they approach
one another exerts pressure over the inner surface of
the crown of each link. 2) Shear tractions develop over
the crown as it slides through the matrix. 3) Tensile
tractions act on the outer surface of the crown where
the matrix is being pulled apart between the crowns of
abutting links, at least until the matrix fails along the
line A− A. 4) Shear tractions act over the legs as the
links slide through the matrix. The sum of the four con-
tributions, when resolved in the direction of the motion
of the links, must be balanced by tension in the legs,
which takes its maximum value,σ (leg)

max , at the centre of
the legs. All four are proportional to the matrix shear
flow stress,σm, the constants of proportionality depend-
ing on the link geometry.

The model is developed by considering the interac-
tion of just two interpenetrating half-links. But this is
exactly the geometry of two interpenetrating half-loops
in a braided composite, at least in the geometrical ide-
alization introduced in Section 2. Therefore, the prob-
lems of dragging two braided loops or two chain links
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towards one another can be expected to have many sim-
ilarities. The chain model is a good starting point for
discussing the braided composites.

The results obtained in [2] can be summarised as
follows, using the notation of this paper (note especially
that R has different definitions in [2] and here). The
stress in the centre of the leg of a braided loop is related
to the matrix flow stress by

σ (leg)
max = βσm

β ≡ 2

π
(C1+ C2+ 3.664C3)

(
1+ R− r

r

)
−
(

C1− C2

2

)
+ C4

2dx

r
(5)

whereC1, C2, C3, andC4 are dimensionless constants
of proportionality corresponding in order to the four
contributions listed above. Equation 5 is restricted to
links consisting of semi-toroidal crowns connected by
cylindrical legs, which is the standard geometry of com-
mercially available chains and a reasonable approxima-
tion for the braided loops. For unbonded, frictionless
cord/matrix interfaces∗, all load transfer from matrix to
cord occurs on the compressive side of the crown and
the proportionality factorβ reduces to the even simpler
result

β = 0.36+ 1.69
R− r

r
(6)

Values are shown forβ in Table II. They range approx-
imately from 2 to 5. If the cord/matrix interfaces are
strong, then much higher values result forβ, ranging
approximately from 10 to 20 for the cases of interest
here (using results forC1, etc., from [2]).

For either strong or weak interfaces, if the matrix
is much more compliant than the reinforcement, as is
epoxy resin relative to Kevlar, then Equation 5 multi-
plied by the area fraction,Acd, should be approximately
equal to the composite stress during link displacement.
This is shown in Fig. 8 by the line marked “σcd=βσm”,
whereσcd is the value ofσ (leg)

max predicted by Equation 5
in the limit of Equation 6 (weak cord/matrix interfaces
– lowest values ofβ).

Also marked in Fig. 8 is the expected strain to lockup,
εc, which is (Appendix A)

εc = 1

2
+ R− r

dx
. (7)

Loop displacement through the matrix might be ex-
pected to occur mainly at strains belowεc.

∗ The interfaces in question are not those between individual fibers and
resin. Fiber/resin interfaces are usually relatively strong and do not
commonly fail during composite failure. The relevant interfaces are
instead those between entire cords and the surrounding matrix. When
these debond, they do so by means of a peripheral matrix crack that
separates the cord as an entity from its environment.

4.2. Mechanisms underlying the
stress-strain curves

Consider first the three specimens other than the speci-
mens that suffered localised failure and the specimen
whose matrix was strengthened with chopped Al2O3
fibres, i.e., the specimens of Fig. 8a–c. For these spec-
imens, the strain to peak stress,εp, is quite high–in
the range 0.1 to 0.4. The peak stress therefore oc-
curs when substantial damage has already pervaded the
specimen. The damage must include significant link
displacement, at least in the initial damage band. Yet
the peak stress far exceeds the stress for loop displace-
ment,βσm (Fig. 8a–c). This implies that, in spite of the
extensive damage to the matrix at peak stress, there is
still sufficient coupling between the cords and the ma-
trix that the constraint factor,β, has a value somewhat
larger than its value for weak (debonded) cord/matrix
interfaces. Observations were not sufficiently detailed
to confirm this conjecture (details are difficult to see
in the midst of widespread damage), but one would ex-
pect that the additional load transfer to the legs probably
comes through strong friction around the legs, which is
assumed zero in Equation 6.

Since premature cord rupture or splice failure was
not observed in these cases, the load drop following
peak stress in Fig. 8a–c is probably associated with loss
of matrix material and loss of frictional contact with
the legs of the displacing cords. Since the difference
in values ofβ for debonded, stress-free interfaces and
interfaces with some load transfer is quite pronounced,
the fall in stress can be large.

In the case of the specimen with Al2O3 reinforced
fibres (Fig. 8f), the strain to peak stress is relatively
small (εp= 0.02) and the peak stress is very near the
predicted displacement stress for weak interfaces. One
can speculate that the Al2O3 fibres have embrittled the
matrix, so that it could not follow the displacements of
the cords and broke away from them much earlier.

For the four cases of delocalised failure, the stress
in the period following the peak stress and up to or
somewhat beyond the expected lockup strain,εc, is not
far from the prediction ofσcd for weak interfaces. Here
the chain link model seems to work quite well. With
corroborating observations from tests, the validity of
the description of the mechanics of link displacement
embodied in Equation 5 is confirmed.

In the two specimens fabricated with cords contained
in shrink-wrap tubing, relatively large stresses were
sustained well beyond the nominal lockup strain,εc
(Fig. 8a and b). The shrink wrap tubing creates a fairly
stiff cord that does not turn around the dowel pins dur-
ing braiding as easily as the served cords. Consequently,
the shrink-wrapped cords tend to bow out more in the
braided fabric, with crowns of larger radius of curva-
ture and shorter legs (Appendix A). Under the high
loads of a test, the loops can stretch by changing their
shape, raising the effective strain to lockup. This ef-
fect could account for test strains approaching 1. Even
higher recorded strains correspond to the last gasps of
a specimen’s strength after one or more cords has rup-
tured and is unraveling through the fabric. This process
can sustain appreciable stress levels and also accounts
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for the tail of the curve (εa> 0.6) for the specimen with
Al2O3 reinforced matrix (Fig. 8f). The presence of the
Al2O3 fibers inhibits unravelling.

In all the specimens exhibiting delocalised failure,
a minor peak can be identified at about the lockup
strain (or somewhat beyond it for the shrink-wrap tub-
ing specimens) beyond which the stress declines fairly
steeply and monotonically to zero. These points have
been labeledPu. While direct observations were incon-
clusive (because of the high level of damage accrued
prior to such strains), this peak can be conjectured to
correspond to the failure of a cord. The stress in the
cords atPu (right hand ordinate of Fig. 8) ranges from
200 to 350 MPa (Fig. 8a–c and f), which corresponds,
for a fiber packing factor of 0.7, to fiber stresses ranging
from 340 to 500 MPa. This is somewhat lower than
σ

(ult)
cd determined from loop tests (550–700 MPa), sug-

gesting that the cords are weakened by the damage sus-
tained during loop displacement.

The localised failure observed in the specimen fabri-
cated with thin cords (Fig. 8d) is now easily understood.
For a thin cord, the ratio (R− r )/r is large, the factor
β is therefore large, and the stress required to displace
loops (σcd= 550 MPa) is larger than the cord strength.

In several cases, the stress for loop displacement fol-
lowing peak stress is markedly lower than the predicted
displacement stress (Fig. 8b and f). This probably signi-
fies loss of matrix material that was previously trapped
between two loops, which will lower the effective con-
straint factor,β. A similar effect occurs in chain/epoxy
composites [3]. In braided composites, it can be ex-
acerbated by separation of the legs of loops in they-
direction, which can be wedged apart by the entrapped
matrix as they are drawn towards one another. This
can happen relatively easily in the braided composites,
because the legs are highly anisotropic unidirectional
composites that are strong in tension but weak in axial
shear; and the braided loops are not closed like chain
links.

Loop displacement prior to peak stress commonly
(but not always) occurs at significantly higher stresses
than loop displacement following peak stress. This and
the fact that damage prior to the peak stress occurs
mainly in the initial damage band implies that pre-
existing damage to large strains in adjacent loops facil-
itates loop displacement. It is possible that loop spread-
ing in the previously damaged material promotes matrix
cracking in neighbouring regions, facilitating matrix
loss and the reduction of the constraint factor,β.

5. Potential for energy absorption
The values of energy absorption for the braided com-
posites are very encouraging, but substantially higher
values could be obtained by better design and pro-
cessing. The energy absorption will be maximized by
1) raising the fiber volume fraction; 2) using the
strongest possible reinforcing fibers; 3) choosing a ma-
trix with a flow stress,σm, for which the productβσm
is as great as possible without exceeding the reinforce-
ment strength,σ (ult)

cd ; and 4) preventing the premature
loss of matrix from between loops by brittle matrix
fracture and fragment ejection.

The fiber volume fraction,Vf , can be raised in sev-
eral ways. Fabricating composites in which crowns abut
without overlapping, such as in Case (b) of Fig. 5, will
immediately raiseVf by up to 50%. Benefit will also
come from starting with a supply of fiber cords, such as
fibers wrapped in wound yarns, that have been prepared
in an automated serving apparatus to high consistency
and therefore higher fiber packing factors. Further de-
velopments of compacting apparatus will also enable a
tighter fabric arrangement in the mold.

The effective fiber strength can be improved by
minimising fiber damage during loop displacement,
which currently degrades cord strength by approxi-
mately 40%. A more effective protective sheath than
the shrink wrap tubing could be developed; and matri-
ces such as elastomers that are more ductile than the
epoxy resin might be less abrasive.

In this work, reinforcing the matrix with Al2O3 fibers
was tried as a method of resisting matrix loss during
loop displacement. An alternative route that may work
better would be to use an elastomeric matrix, such as
natural rubber.

With such modifications, goals of 100 MJ/m3 for the
energy absorbed per unit volume and 50 J/g for the
specific energy absorption would seem to be attainable.

6. Scale changes
As far as the model of loop displacement embodied in
Equation 5 is correct, the stress required for loop dis-
placement will be unchanged by changes in the scale
of the reinforcement that maintain similarity. The dis-
placement stress depends only on the ratiosR/r and
dx/r , not on their absolute values. Likewise, the area
fraction, Acd, depends only on ratios of lengths (Equa-
tions A.4 and A.9) and so the global stress required for
cord rupture will be invariant under changes in scale
(apart from possible size effects in the statistics of fiber
bundle strength). Thus there may be neither advantage
nor disadvantage for energy absorption in producing
finer or coarser braids.

If the cords can decouple relatively easily from the
matrix, as in all the composites reported here, then the
stress for loop displacement will also be neutral with
respect to changes in the loop aspect ratio,dx/r . If,
however, the cords can remain coupled to the matrix
through large displacements, then the stress in the legs
of the cord can rise quite dramatically withdx/r . The
constraint factor,β, is much higher when load transfer
along the legs is significant [2]. Where this occurs, the
efficacy of the matrix in resisting loop displacement,
and therefore in taking best advantage of the strength
of the cords, is enhanced. Furthermore, the surface
area of the legs varies asdxr while Acd varies asr 2, so
the matrix resistance will rise if the aspect ratio rises
under conditions where the matrix and legs remain
mechanically coupled.

Reduction of the scale of the reinforcement will
be very important in reducing the sensitivity of the
composite to intrinsic flaws, including unusually weak
splices, or damage from an external source. The speci-
mens tested here contained only a few loops across
their width and were therefore especially vulnerable to a
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weak flaw. If hundreds of courses of loops were present
in the same volume, which would seem a reasonable
achievement for an automated braiding process, then
one poor splice would have little effect.

7. Summary remarks
A new class of braided composites has been presented
that exhibit lockup mechanisms following loop dis-
placement, thus delocalising damage and achieving
high levels of energy absorption. The energy absorbed
per unit mass is especially attractive.

The mechanisms of the progression to failure appear
to be similar in many regards to those observed previ-
ously in chain composites. In particular, the stress re-
quired for loop displacement can be predicted to a use-
ful approximation by a model developed for the chain
composites. This allows some simple inferences about
design optimization.

Further prospects for optimization lie in improving
the volume fraction of reinforcing fibers, towards which
automating the braiding process should be a major step,
and selecting a tougher matrix to avoid premature loss
of matrix during damage to large strains.

Appendix A. Model of the composite
geometry
A simple model of the geometry of the braided loops
aids material design and the analysis of stress distri-
butions and mechanisms. The model shown here be-
gins with the assumptions stated in Section 2.4, that the
braided cords comprise straight legs and helical crowns
with circular cross-sections of radiusr . Their positions
can be represented by the loci of their axes. The junc-
tions of leg and crown segments are assumed to lie ex-
actly at thex-coordinate of the centre of the pin around
which the crown bends. The axis of the helical crown
segment passes around a cylindrical surface of radius
R. ThusR= rpin+ r , whererpin is the radius of one of
the pins.

Case (b) of Fig. 5, which has a slightly simpler
geometry because of the avoidance of overlap of abut-
ting crowns, will be dealt with first.

Case (b):Let dx andd′x denote the centre-to-centre
separations of the pins, as indicated in Fig. 5b. Fol-
lowing compaction in they direction, the legs in case
(b) are horizontal. Since the cords rest directly on one
another, the apexes of successive crowns such as those
marked E in Fig. 5b must be separated by 4r (the di-
ameter, 2r , of one leg plus twice the half-thickness,r ,
of the crowns.) Therefore, the helix followed by each
crown must have pitch 4r in one complete turn. The
length of the axis of one representative half loop,s1,
such as that highlighted by bold lines in Fig. 5b, is the
arc length of the helix over a half-turn plus the length
of one leg, i.e.,

s1 = πR

√
1+

(
2

π

r

R

)2

+ 2dx + d′x. (A.1)

The are four such half-loops in one unit cell. The dimen-
sions of the unit cell are 2(dx + d′x), 4r , and 2(R+ r ) in
thex, y, andzdirections, respectively, where thez-axis

points into the page of Fig. 5 (see additional note be-
low). Since the cross-sectional area of a cord isπr 2, the
fraction of the composite occupied by the cords,Vcd,
follows as

Vcd =
π
[
π R̄

√
1+ (2/π R̄)2+ 2d̄x + d̄′x

]
4(d̄x + d̄′x)(R̄+ 1)

(case (b)) (A.2a)

where

R̄≡ R

r
d̄x ≡ dx

r
d̄′x ≡

d′x
r
. (A.2b)

If the packing factor of the axial fibers in the cords is
f , then the volume fraction of the axial fibers in the
composite,Vf , is given by

Vf = f Vcd. (A.3)

A useful parameter for analyzing stress distributions is
the area fraction,Acd, of a plane such as that marked
A− A in Fig. 5a or b occupied by the legs of the cords.
Since there are two legs crossing such a plane in each
unit cell,

Acd = π

4

1

R̄+ 1
(case (b)). (A.4)

The strain capacity,εc, which is the engineering strain
expected before interpenetrating loops come into direct
contact with one another, is

εc = d̄x + 2[R̄− 1]

2[d̄x + d̄′x]
(case (b)). (A.5)

Case (a):In case (a), the legs do not compact to loci
parallel to thex-axis, but remain inclined to it at an
angleθ . The right end of each leg segment sits higher
than the left by the thickness, 2r , of one crown (Fig. 5a),
so that

θ = tan−1
[

2r

dx

]
(case (a)). (A.6)

Inclination of the legs to thex-axis is visible in the spec-
imen shown in Fig. 4. The pitch of the helical crowns is
the same as in case (b), so the path length of a half-loop
becomes

s1 = πR

√
1+

(
2

π

r

R

)2

+ 2
√

d2
x + (2r )2

(case (a)). (A.7)

The dimensions of the unit cell of Fig. (5a) are 2dx, 6r ,
and 2(R+ r ) in thex, y, andz directions, respectively.
The volume fraction occupied by the cords is thus

Vcd =
π
[
π R̄

√
1+ (2/π R̄)2+ 2

√
d̄2

x + 4
]

6d̄x(R̄+ 1)

(case (a)). (A.8)
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The area fraction of the plane markedA− A in Fig. 5a
occupied by the legs is

Acd = π

6

1

R̄+ 1
(case (a)). (A.9)

The strain capacity is given by

εc = 1

2
+ R̄− 1

d̄x
(case (a)). (A.10)

In both cases (a) and (b), the following restriction must
hold for cords of circular cross-section:

d̄x ≥ 2(R̄+ 1). (A.11)

In practice, the lower bound̄R≥ 2 also holds, equality
corresponding to a pin of radius equal tor .

The results forVcd for cases (a) and (b) are plot-
ted in Fig. A.1 for representative values of parameters.
The fiber volume fraction,Vf , will typically be approx-
imately 70% ofVcd. Some improvement over the esti-
mates shown in Fig. A.1 can be achieved by compacting
the composite, which reduces the gaps between legs in
they direction and achieves closer packing of both legs
and crowns by squashing them into square rather than
circular cross-sections.

Fig. A.2 shows a cross-sectional view of two inter-
lacing half-loops in a compacted braid projected onto
anx− z plane. A similar figure appears in an appendix
of [3] for two links in a steel chain composite. Inspec-
tion of Fig. A.2 reveals that, if the legs are assumed to
sit directly on one another as shown (and as assumed
in calculating the volume of the unit cells in Fig. 5)
and the crowns remain toroidal, then the crowns of the
two half-loops must interpenetrate. In dealing with steel
chain links, this must be taken into account and the legs
must remain separated. The fibrous cords, in contrast,
can deform fairly easily under lateral loads. Thus they
will reshape themselves as suggested in Fig. A.2 and the
legs will come into contact. Indeed, since the legs can
also change fairly easily from a circular cross-section,
they can be pressed even closer together in practice than
indicated by a centre-to-centre separation of 2r .

Table A.I shows various parameters as predicted by
the model and measured in specimens. For predictions
of Vf , a packing factorf = 0.7 was assumed. The pre-
dictions and measurements agree quite well generally,
with some significant variances. The dimension,l z, is

Figure A.1 The volume fraction of the composite occupied by cords in
case (a) of Fig. 5.

TABLE A. I Measured and predicted dimensions and fiber volume
fractions

l y expt l y model l z expt l z model Vf Vf

(mm) (mm) (mm) (mm) expt model

BR5798a 26.7 25.5 13.7 9.6 0.22 0.28
BR5798b 29.7 25.5 15.0 9.6 0.18 0.28
BR5798c 28.7 51.8 18.5 11.8 0.36 0.34
BR6298a 15.2 32.7 9.7 6.5 0.30 0.19
BR6298b 28.4 34.6 12.2 11.8 0.38 0.34
BR6298c 30.0 34.6 11.2 11.8 0.42 0.34

Figure A.2 Schematic of the cross-sections of two half-loops compacted
in they-direction. The plus and minus symbols indicate the direction in
which the legs progress in or out of the page towards their crowns.

underestimated in several cases, especially for those
specimens made with cords contained in shrink-wrap
(BR5798a and BR5798b). This implies that the cords
are too stiff to follow the radius of the dowel pins during
braiding. For specimens made with served Kevlar tows
wherel z is underpredicted (BR5798c and BR6298a),
the probable cause is compaction in thex-direction
in the mold, which causes bulging in thez-direction.
Note thatl y is overpredicted for these two composites,
whereas it is predicted correctly for the composites with
shrink-wrapped cords.

Acknowledgements
Work supported by the U.S. Army Research Office,
Contract No. DAAH04-95-C-0050. The authors are
very pleased to record the enthusiastic, patient, and
skilful handicraft of Noemi Altamirano, Christian Berg,
Jenny Garredo, Rachel Goldberg, Gloria Rios, Annalise
Keen, and Amber Sands in supplying the numerous
specimens consumed in this study. Helpful discussions
with Drs. Sridhar Narayanaswamy and Frank Zok are
also acknowledged.

References
1. B. N. C O X, J. Mater. Sci.30 (1996) 4871.
2. X . G O N G,F. Z O K,B. N. C O X andJ. D A V I S ,Acta Materialia,

in press.
3. B . N. C O X,J. D A V I S ,N. S R I D H A R,F. Z O K andX . G O N G,

ibid., in press.
4. B . N. C O X andJ. B. D A V I S , Composites, submitted.

Received 1 September 1999
and accepted 14 January 2000

3478


