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Lockup, chains and the delocalization of damage 

B. N. COX 
Rockwell Science Center, 1049 Camino Dos Rios, Thousand Oaks, CA 91360, USA 

Whether damage is localized or delocalized in a composite, the composite's fracture 
toughness when localization occurs can be controlled to a much greater extent than hitherto 
exploited by properly choosing the composite's internal geometry. Delocalization and high 
toughness are both favoured by building in systematic defects and lock-up mechanisms. 
Widespread defects make available arbitrarily many sites at which energy may be absorbed 
by non-linear behaviour. Lock-up mechanisms cause local hardening following local 
damage, which drives subsequent damage to initiate elsewhere, possibly leading to damage 
delocalization. In brittle-brittle composites, these mechanisms may be the best hope for 
achieving toughness values similar to those of alloys. Illustrations are taken from recent 
research into woven composites with three-dimensional reinforcement and new work on 
model composites. 

1. Introduct ion 
When a material begins to fail under load, irreversible 
damage may occur more or less uniformly over 
the entire loaded volume before a localized damage 
band forms and causes ultimate failure. 
Representative cases are shown schematically in 
Fig. 1. This paper addresses the question of how the 
reinforcement in a composite might be arranged 
geometrically 

1. to activate delocalized rather than localized 
damage, and 

2. to maximize toughness when a localized damage 
band does form. 

The key problem is controlling displacements and 
stress redistribution around local failure events within 
the composite to avoid damage propagation driven by 
stress concentration. The potential of this approach 
will be illustrated by model materials. 

1.1. Ductile materials 
Engineering stress strain curves, ~e(e), for tensile tests 
of some ductile materials are shown in Fig. 2. Whether 
global strain can increase uniformly without 
localization in an unnotched specimen depends on 
the stability of the system with respect to fluctuations 
in strain. For  a material that conserves volume 
during deformation, so that the cross-sectional area 
decreases as strain increases, a positive axial strain 
fluctuation increases the local true stress. Stability 
requires that this stress increase be less than that 
implied by the true stress-true strain constitutive 
relation, cy(s), for the same fluctuation in strain; or 

(e.g. [-2]) 

d(y 

d-~- > cr (1) 

For  the engineering stress and strain, Equation 1 is 
equivalent to the condition dcre/de > 0. Thus necking 
will begin in a uniaxial tension bar of mild steel or 
brass at the peaks in the ~e(e) curves in Fig. 2a. The 
post-peak tails of the curves in Fig. 2a reflect the 
development of high levels of plastic strain localized to 
the necking region. 

Polycarbonate and polyethylene (Fig. 2b) are typi- 
cal of cold drawing polymers. In these materials, the 
condition Equation 1 is satisfied twice [3]: once at low 
strain, ~1, and again at a much higher strain, sz (and 
higher stress). When the strain, ~i, is reached in a ten- 
sile test, necking will set in at some part of the speci- 
men. However, when the necking material exceeds the 
true strain, ~2, it can harden sufficiently that further 
plastic strain is arrested there and plasticity spreads 
into neighbouring material instead*. The boundaries 
of the neck propagate in a self-similar fashion and thus 
the entire specimen is drawn until it shares, more or 
less uniformly, a true strain exceeding ~2. Further 
loading causes failure. Cold drawing is the origin of 
the very high engineering strains for the polymers of 
Fig. 2b. Microscopically, the hardening that stabilizes 
necking reflects straightening of molecular chains that 
were initially folded. 

For  any of the materials represented in Fig. 2, the 
damage localization leading to ultimate failure com- 
mences at the global maximum of the engineering 
stress-strain curve. The global plastic work, Wp, per 
unit volume prior to this localization can be 

*That Equation 1 should be satisfied twice is a necessary, but not sufficient, condition for cold drawing. Whether the polymer draws depends 
on how it responds to a complex triaxial stress state when Equation 1 is satisfied for the second time in the first necked region. Such details are 
beyond the interest of this paper. 
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Figure 1 Schematics ofuniaxial tensile tests showing global damage 
and localized damage band: (a) ductile (necking) material, (b) brittle 
material, and (c) brittle=brittle fibrous composite. 
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Figure 2 Engineering stress strain curves for some ductile materials 
in uniaxial tension (taken from [1]): (a) metal alloys, and (b) 
polymers. 

calculated from the true stress and strain 

Wp = cyd% (2) 
o 

where ~2 is the true strain at the global maximum in 
c~e(e); ~2 - cy(z2); and Zp = s - cy(~)/E is the plastic 
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strain. Representative values are listed in Table I. For  
ductile materials, they are 10-100 MJ m-3.  

Following the localization that leads to ultimate 
failure, further work must be expended to separate the 
specimen in two. This work should be independent of 
specimen length; it is a work per unit area. 

1.2. Brittle materials 
In a material as brittle as monolithic glass, there is no 
measurable global plastic work, Wp, expended prior to 
damage localization. Failure occurs by the propaga- 
tion of a crack from some possibly microscopic flaw, 
while the material away from the crack tip generally 
remains elastic. 

In a brittle material reinforced by strong, continu- 
ous brittle fibres, global damage can occur via multi- 
ple matrix cracking (Fig. lc) [4]. The stress-strain 
curve for a uniaxial tension test is typified by Fig. 3. 
Global plastic work, which is uniform over gauge 
lengths much greater than the crack spacing, is ab- 
sorbed by friction when the matrix and fibres slide 
relative to one another near each matrix crack. Dam- 
age localization occurs when a critical number of 
fibres fail, and ultimate failure ensues with little further 
increase in applied strain. The plastic strain is there- 
fore limited by the failure strain of the fibres. The 
global plastic work remains very modest. Table 
I shows values estimated from representative 
published stress-strain curves [5]: Wp ~ l k J M  -3. 
These modest values are the highest yet attained for 
composites of ceramic constituents. 

Global plastic work occurs by a similar mechanism 
of multiple cracking in unidirectional and 0/90 ~ poly- 
mer composites. Representative values of Wp, which 
can be deduced from stress-strain curves quite like 
those of Fig. 3 [6], are similar to those for ceramic 
composites. 

1.3. W o r k  of  f rac tu re  
When ultimate failure occurs by damage localized in 
a band, its energetics can be summarized by consider- 
ing the tractions, p, developed across the localized 
damage band as a function of the displacement dis- 
continuity, 2u, the band produces (Fig. 4). The dis- 
placement discontinuity, 2u, is defined by 

2u = A - ed (3) 

where A is the total displacement observed along 
a gauge of length d that wholly contains the damage 
band and ~ is the far field strain. 

Many forms have been conjectured or measured for 
the relation p(u). Dugdale proposed a uniform func- 
tion, p = constant, to describe localized yielding in 
a notched ductile metal in plane stress [71. 
Tension-softening relations are common in modelling 
concrete (e.g. [8, 91) or polymers [10]. In some sys- 
tems, e.g. brittle matrix composites reinforced by 
fibres or ductile metal inclusions, p(u) rises to a peak 
corresponding to bridging ligament failure before fall- 
ing back to zero at large displacements (Fig. 5). If there 



TABLE I Some ranges of material properties related to ductility 

W~ Jo c~c l~h 
(J m-  3) (J m-  2) (MPa) (mm) 

Ductile metal 40-100 X 106 < 200 X 103 200-500 < 3 
Drawing polymer" 10-80 • 10  6 10-50 x 103 10-50 1-10 
Graphite-epoxy laminate b ~ 1 x 106 100 x 103 < 103 < 3 
Graphite-epoxy three-dimensional weave c ~ 1 x 107 ~ 1 X 10 6 ~ 103 ~ 100 
Ceramic 0 1 103 10 - 6 
Fibrous ceramic composite a ~ 1 x 106 5 x 103 103 < 1 
Composite of chains ~ 25 x 106 - 50 - 

a Strongly rate sensitive. 
b From unpublished work of G. Eckold. 

Wp estimated from tow straightening effects. 
a For relatively weak fibre-matrix interfaces. 
~ J,  and lch are not defined because a dominant crack never forms. 
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Figure 3 Stress-strain curves for typical composites of brittle fibres 
in a brittle matrix (SiC-glass) in uniaxial tension (taken from [5]). 
Data are shown for a unidirectional material and a 0/90 ~ laminate, 
both loaded along the 0 ~ direction. Both materials exhibit multiple 
matrix cracking, which occurs without catastrophic fibre failure 
because the fibre-matrix interfaces are weak. 
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Figure 4 The relation between the bridging tractions, p, and the 
crack opening, u, can be inferred from a tensile test if damage is 
confined to a band within the gauge section. The opening 
displacement, u, is half the displacement discontinuity that arises 
across the damage band when the elastic displacement has been 
subtracted out. The tractions, p, are simply the uniform applied 
stress. Textile composites admit this simple test because the 
characteristic length, lch, is so large: it is always easy to create 
a damage band with essentially uniform tractions across it in 
a specimen of width < lob. 
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Figure 5 Typical relation p(u) for a ceramic matrix composite in 
which bridging fibres break and pull out in the wake of a matrix 
crack. 

is n o  g loba l  p las t ic i ty  d u r i n g  the  f o r m a t i o n  a n d  rup-  

tu re  o f  the  band ,  t h e n  w h a t e v e r  the  m e c h a n i s m s  un-  

de r ly ing  p(u) a n d  w h a t e v e r  the  shape  of  p(u), the  w o r k  

of  f rac ture ,  WF, is j u s t  [11--13] 

Wv = 2 (u)du (4) 
j 0  

whe re  p(u) = 0 w h e n  u ~> Umax. ( F o r  a m a t r i x  c r ack  in 

a c o m p o s i t e ,  d i s t inc t  m e c h a n i s m s  of ten  g o v e r n  the  

a d v a n c e  o f  the  c r ack  t ip  t h r o u g h  the  m a t r i x  a n d  the  

b r i d g i n g  t rac t ions .  I n  this case, W e  s h o u l d  h a v e  a d d e d  

to it  the  in t r ins ic  w o r k  o f  f rac tu re  o f  the  m a t r i x  i tself  

[14].  Th i s  c o n t r i b u t i o n  is u n i m p o r t a n t  here.) 

T h e  w o r k  o f  f rac tu re  is usua l ly  m e a s u r e d  in n o t c h e d  

spec imens  w h o s e  d i m e n s i o n s  satisfy the  c o n d i t i o n s  o f  

smal l  scale y ie ld ing  o r  smal l  scale b r i d g i n g  (e.g. [131). 

H o w e v e r ,  s o m e t i m e s  it c an  be  in fe r red  d i rec t ly  f r o m  

un iax ia l  t en s ion  tests o f  u n n o t c h e d  spec imens .  O v e r  

scales m u c h  l a rge r  t h a n  the  f ibre  d i ame te r ,  f ibre rup -  

tu re  a n d  p u l l - o u t  o c c u r  in f ib rous  br i t t le  m a t r i x  c o m -  

pos i tes  u n i f o r m l y  ac ross  a tens i le  s p e c i m e n  a n d  inde-  

p e n d e n t l y  of  s p e c i m e n  w i d t h  (Fig.  lc). M o s t  o f  the  
w o r k  of  f rac ture ,  w h i c h  c o m e s  f r o m  fibre p u l l - o u t  
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Figure 6 Notched strength when all material non-linearity 
(damage) is confined to a narrow, localized band (inset). The curves 
show strength in the limit a --+ oo. The universal role of the length 
scaIe, lch, is demonstrated by the asymptotic coincidence of curves 
for materials with very different constitutive laws obtaining in the 
damage band (from [17]). References to the original publications of 
separate curves are: (- .) rectilinear [16], ( - - - )  linear softening 
[17], and ( - - - - - - )  square root [21]. The curve for linear hardening 
(- -) has been reproduced from [22], to repair numerical 
inaccuracy in [17]. 

following rupture, is then given directly by equating 
the applied load to p and deducing the opening dis- 
placement 2u via Equation 2 (see also Fig. 4). In this 
analysis, the global strain, ~, in Equation 2 must be the 
average strain in the composite with multiple matrix 
cracks (far from the damage band) during unloading, 
which is dictated by the mechanics of reverse fibre 
sliding [4, 15]. 

1.4. Notch sensitivity of ultimate strength 
Once a localized damage band has formed, the de- 
pendence of ultimate strength, c~c, on notch size, c, is 
determined entirely by the bridging law p(u). Energy 
arguments suggest [16, 17] that notched strength for 
different p(u) should fall near a universal curve when 
% is normalized against p . . . .  the maximum value of p, 
and c is normalized by the length scale 

E' W v  
lch - 2 (5) 

Pmax 

where E' is an elastic constant (dimensions of stress) 
given for orthotropic materials in [18]. The length 
scale, lch, is approximately the characteristic size of the 
equilibrium bridging zone, i.e. the zone size when the 
crack satisfies the small scale bridging condition and 
the ligaments at the rear of the bridging zone are in the 
process of failing [16, 19, 20]. Fig. 6 (after [17]) com- 
pares notched strength curves for four important 
bridging laws: uniform p (Dugdale zone), linear ten- 
sion softening, linear hardening, and a quadratic law 
p oc u 1/2 (as for sliding fibres constrained by friction 
[23]). The curves in Fig. 6 were computed by deter- 
mining the applied load, (Yc, required to cause com- 
plete bridging ligament failure (p = 0) at the notch 
root for a damage band of infinite extent. For damage 
bands of finite extent, higher values of ~ would be 
found (e.g. [13, 24]). However, in the materials of most 

*See data compiled by N. Johnson and C. C. Poe, NASA Langley 
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interest here, the resistance to propagation of the 
damage band is weak, so that propagation to long 
bands generally precedes ligament failure at the notch 
root; and Fig. 6 is a useful guide to notched strength. 
When c >> ]oh, all four curves in Fig. 6 converge to 
a common curve corresponding to an equivalent Grif- 
fith crack (bridging zone of length zero), which propa- 
gates when the crack tip stress intensity factor, Ktlp, 

satisfies 

K2tip/E t =  WF (6) 

with Wv given by Equation 3. Thus for c >> lo~, the 
material is notch sensitive: cyo oc c- 1/2. When c < lch, 
the strength remains bounded by Pc, because, for 
a crack that is already long, the bridging ligaments are 
the only load bearing material in the damage band. 
For c < lch, the details of notch sensitivity depend 
strongly on the shape of p(u). For example, as c ~ 0, 
~c -* Pc for the Dugdale zone, while 1-c~o occ 2/3 when 
p oc u 1/2 [21], and 1-c~c oc c ~j2 for linear hardening 
p(u) [22]. 

2. Damage delocalization in 
three-dimensional woven 
graphite-epoxy composites 

Several papers have appeared recently on failure mecha- 
nisms in three-dimensional woven graphite-epoxy 
composites [25-28]. These materials are exemplified 
by Fig. 7. They consist of two sets of nominally 
straight tows, namely stuffers and fillers, which form 
a 0/90 ~ array; and a relatively low volume fraction of 
interlock tows (warp weavers), which provide continu- 
ous reinforcement in the through-thickness direction. 
Further details of reinforcement patterns in typical 
three-dimensional weaves appear in [25, 26, 29]. 

Along with other remarkable properties in com- 
pression, following impact, and in fatigue, three-di- 
mensional woven composites exhibit unusually high 
toughness in tension. Fig. 8a shows a typical stress- 
displacement curve obtained with a dog-bone 
specimen loaded uniaxially along the stuffer direction; 
while Fig. 8b shows the condition of the gauge section 
late in the experiment. Failure in tension occurs by the 
rupture of individual stuffers followed by stuffer 
pull-out. Tow pull-out lengths are very large, 
commonly ~ 1 0 mm,  partly because of the large 
diameter of individual tows ( ~ 1  ram) [26]. But 
pull-out lengths are also influenced by the distribution 
of flaws. In three-dimensional composites, the main 
flaws are geometrical distortions created during 
manufacture, which are generally pronounced and 
broadly distributed in space [25, 26]. 

Fig. 8a indicates substantial non-linearity prior to 
the sharp load drop. This part of the data is quite 
unusual. The load drop occurs at a strain typically in 
the range 2.5-4%, which is well above the strain to 
failure of similar fibres and resin in unidirectional tape 
laminates ( ~ 1.5%)*. Some of the additional strain to 
peak load arises from the straightening of waves and 

Research Center, Hampton, Virginia [281. 



Figure 7 Section of a through-the-thickness angle interlock 
graphite-epoxy three-dimensional woven composite (from [25]). 
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specimen possesses some mechanism for transferring 
load around sites of tow failure while the far field load 
holds steady near its peak value or in some cases 
continues to rise. 

Such load transfer is believed to occur via a lock-up 
mechanism involving tow waviness [28]. Crimp fea- 
tures are found damaged but not entirely straightened 
on pulled-out tows following tensile failure, implying 
that they have been dragged through the composite 
during pull-out in their crimped condition. Lock-up 
could occur during the pull-out process when crimp 
asperities on adjacent tows come into contact. The 
contact forces in three-dimensional composites can be 
especially high because the through-thickness 
reinforcement prevents contacting tows from 
separating to facilitate sliding. 

Like a fibrous ceramic matrix composite, and unlike 
a ductile metal or polymer, the three-dimensional 
woven composites show only small lateral contrac- 
tions during extension: the material volume increases 
as gaps appear, especially between transverse tows. 
Thus, there is no significant distinction between engin- 
eering and true stress during the tensile test for strains 
beyond 1%. Furthermore, the damage shown in 
Fig. 8b is uniform across the width of the specimen, 
apart from statistical fluctuations in pull-out lengths. 
Therefore, Fig. 8a is a direct guide to the relation p(u): 
p can be identified with the applied load and u can be 
deduced from the total displacement via Equation 3. 
When the resulting function is substituted into Equa- 
tion 4, the work of fracture is estimated to exceed 
1 MJm -2. The majority of this work derives from 
non-linearity prior to peak load; and the greater part 
of this arises from lock-up effects, the lesser part from 
plastic tow straightening [28]. The contribution from 
extended pull-out at low, post-peak loads is substan- 
tial but smaller (Fig. 8a). 

Figure 8 (a) Load-displacement record for a typical displacement 
control, uniaxial tension test of a three-dimensional interlock woven 
composite of AS4 graphite tows in Shell 1895 epoxy resin. The 
displacement is that of one end of the gauge section relative to the 
other. A displacement of 2 m m  corresponds to an average 
engineering strain of 4.5 %. The displacement beyond that expected 
for linear elasticity can be used to estimate the work of fracture. 
Estimated contributions from the two parts of the curve are shown. 
The total aligned fibre volume fraction was ~ 35% in this material 
(from [28]). (b) Extensive tow pull-out following tensile failure. 

crimp irregularities in the stuffers. Irregularities in 
nominally straight tows are always present in current 
textile composites [25,26]. However, available 
measurements of tow irregularity imply maximum 
strains of 0.25% from this source in the composite of 
Fig. 8a [28]. Non-linearity at strains exceeding 1.8% 
and up to the strain to peak load (~3.3%) is asso- 
ciated with tow rupture. Indeed, all stuffers (aligned 
tows) have failed well before the sharp drop in 
the applied load has been reached [28]. Thus the 

3. Compos i tes  of chains 
The action of distributed flaws and lock-up mecha- 
nisms can be further illustrated by model composites. 
Consider, for example, the composite of carbon steel 
chains illustrated in Fig. 9. Each chain is embedded in 
the collapsed condition shown, so that it must be 
stretched out before one link transfers load directly to 
the next. A composite is formed by embedding the 
chains in a polymer matrix. (The environmentally 
concerned might prefer to try a matrix of ice; John 
Webster, private communication). Since the matrix is 
weak, it will fail or deform before individual links of 
the chain fail. The chains occupyapproximately 15% 
of the volume of the composite. 

Failure under tensile loading proceeds as follows. 
Non-linearity begins via microcracking and local de- 
formation of the matrix, including damage at site A of 
Fig. 9. This permits movement of two interlocked 
links towards a position where load is transferred 
directly from one to the other. When the links app- 
roach contact, the local material stiffness rises, preven- 
ting further local deformation. This is a lock-up mech- 
anism. Since the links are relatively strong, subsequent 
damage must occur in the matrix at some other location. 
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Figure 9 A composite of common  carbon steel chains in an epoxy 
resin. Note that the chains have been laid up in a contracted 
configuration, so that  a strain of ~ 30% is required to draw them 
taut. The resin in this picture is transparent.  
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Figure 10 Engineering stress-strain curves for model composites of 
chains in resin; heavy curve without lateral constraints, fine curve 
with lateral constraint over part  of the gauge section. 

By repetition of this sequence, damage occurs to the 
matrix over the entire composite before links begin to 
fail. 

A typical engineering stress-strain record and the 
prevailing mechanisms in each strain domain are 
shown in Fig. 10. (The composite of chains develops 
even less lateral contraction than the three- 
dimensional woven composites during the tensile test: 
the material volume increases as large gaps appear 
between resin fragments. Thus, as for fibrous ceramic 
matrix composites and three-dimensional woven com- 
posites, the engineering stress and the true stress, de- 
fined as average tractions over surfaces bearing many 
cracks, are essentially the same.) Until strains exceed 
0.4, the individual chain links exhibit negligible plastic 
deformation. At higher strains, they narrow and 
stretch. Finally, each chain in the specimen fails, with 
the failure occurring at different strains because of 
random differences in the way in which they were laid 
down in the contracted configuration. The specimen 
of Fig. 10 contained nine chains in all, each of which 
caused a pronounced load drop when it failed. 
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Figure 11 Schematics of (a) a representative volume element in the 
composite of chains, and (b) the constitutive properties of the 
element. 

At the point of first chain failure, the damage in the 
composite of chains is uniformly distributed when 
viewed over gauge lengths much greater than the link 
length. Damage has extended over the entire specimen 
without the formation of a localized damage band. 
The relevant energy associated with the damage is 
therefore the plastic work per unit volume, Wp. It can 
be found by integrating Fig. 10, terminating the inte- 
gral at strain, ~ = 0.4, to avoid any contribution from 
plastic deformation of the chain links. This yields 
W~ ~ 25 MJ m -  3, which is at least an order of magni- 
tude higher than values for continuous fibre brittle 
matrix composites (Table I). It is also much higher 
than values for 0/90 ~ graphite-epoxy laminates. It is 
comparable to the global plastic work expended in 
failing ductile metals or polymers. 

The processes of matrix cracking, link displacement 
and lock-up involving a single pair of interpenetrating 
links can be considered to occur inside a representa- 
tive volume element of the composite (Fig. 1 la). The 
stress-strain constitutive law for this element is shown 
schematically in Fig. l ib .  After a brief initial elastic 
segment, a relatively large displacement or averaged 
strain occurs as the links displace towards one an- 
other. The displacement involves a complicated sys- 
tem of microcracks, which dissipate significant energy 
in creating new fracture surfaces and in friction. 
Fig. 10 suggests that the stress during this phase is 
comparable to that required to initiate non-linearity 
(Pl in Fig. llb). The stress in the representative vol- 
ume element increases as the links approach one an- 
other and high compressive stresses arise in the resin 



Figure 12 Fragment of epoxy that had been entrapped between two 
interpenetrating links. The beds once occupied by the links are the 
smooth, curved surfaces at top and bottom. The whitish central area 
is a fracture surface formed under hydrostatic compression. 
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(a) ~ Loading ~ Direction of 
direction ~ lateral reinforcement 

.... 2;Z  
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Figure13 (a)Tows (or other reinforcing elements) bearing 
asperities, represented schematically. Lateral separation is inhibited 
by reinforcement (not drawn) in the through-thickness (vertical) 
direction; e.g. by warp weavers in a three-dimensional interlock 
weave. Designed flaws are marked by open circles. (b)The 
formation of unbroken load paths by the lock-up of asperities 
following tow failures at each of the designed flaws. 

entrapped between them. Like many brittle materials, 
this highly constrained, compressed piece of epoxy 
absorbs considerable energy before it fails. When it 
finally does, the resulting epoxy fragments depart from 
the specimen with considerable velocity and there is 
a distinct load drop in the composite; the many spikes 
between strains of 0.2 and 0.4 in Fig. 10. Fig. 12 shows 
one such fragment. The whitish central area displays 
a high energy local fracture, quite distinct from the 
brittle crack fracture surfaces observed on all other 
microcracks in the epoxy. The representative volume 
element suffers ultimate failure only when a link fails 
at stress P2. 

The composites of chains do not exhibit cold draw- 
ing, i.e. the formation and self-similar propagation of 
a neck, as in a cold-drawing polymer. Instead, damage 
occurs randomly but uniformly throughout the speci- 
men. Necking instability is pre-empted by the weak 
coupling of adjacent chains and the absence of geo- 
metrical stress enhancement due to lateral contrac- 
tion. In terms of the constitutive properties of the 
representative volume element (Fig. lib), delocaliza- 
tion simply requires P2 > Pl. Fig. 10 suggests 
P2 ~ 1.3pt. (The stress within the metal of a single link 
when if fails is much greater than Pl. But the metal 
phase constitutes only a small volume fraction of the 
composite and therefore the representative volume 
element). 

The average stress required to strain the composite 
to the point where all links are in contact can be 
increased by confining the specimen in a sheath. This 
inhibits the loss of epoxy fragments and forces links to 
work their way through more material. Confinement 
was effected crudely in one test by clamping metal 
plates around the gauge section. Of course, as the 
specimen lengthened during testing from an initial 
gauge length of ~ 0.12 to ~ 0.17 m at a strain of 0.4, 
it was no longer wholly covered by the plates and 
many resin fragments were still lost. Nevertheless, 
fragments were held in place in the confined volume 
and there was a substantial increase in stress over the 
strain interval [0.2, 0.4] (see the fine curve data of 

Fig. 10). (The variation in stress from specimen to 
specimen is less than the difference seen between the 
two curves of Fig. 10. The stress-strain curves for 
different specimens are surprisingly consistent, given 
the loose control exercised over chain positioning 
during fabrication.) 

4. Damage delocalization in a composite 
of brittle constituents 

To achieve damage delocalization and high levels of 
plastic work in a brittle-brittle composite, three con- 
ditions must be satisfied 

1. Flaws must be distributed throughout the mate- 
rial. 

2. Localized failure at a flaw must' be followed by 
significant local displacements to accommodate the 
absorption of plastic work. 

3. Lock-up must raise the strength of locally failed 
material to levels exceeding the stress required to 
initiate damage at other flaws: i.e. in the schematic of 
Fig. l ib ,  P2 > Pt. 

T h e s e  three conditions are obviously met in the 
composite of chains. The flaws are no more than 
regions of resin that are exposed to unusually high 
stress by their position relative to chain links; for 
example, the resin between alternative links in the 
same chain (point B in Fig. 9). The lock-up mechanism 
is so strong that resin failure occurs both at such sites 
and elsewhere all over the specimen before the stress, 
P2, is exceeded anywhere. The shape (aspect ratio) of 
the links ensures that large strains are attained in 
representative volume elements before lock-up, which 
favours high energy absorption. 

Whether it is practicable to fabricate chain com- 
posites with advanced materials (carbon, ceramics, 
etc.) is rather doubtful. The topology of interpene- 
trating links presents a challenging processing prob- 
lem. A more viable approach may be via textile 
composites like those of Fig 7. Fig. 13 shows 
a schematic generalization of the salient internal 
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Figure l4 Possible decoupling of a notch from surrounding 
material by delamination cracks.. 

geometry of such composites. Reinforcing elements 
(which may be fibre tows, solid rods, or even laminae) 
contains asperities and designed flaws of strength p~. 
Fig. 13a shows one spatial distribution of designed 
flaws that could lead to delocalized damage. Not all 
intervals demarked by asperities contain flaws. 
Thus, even when all designed flaws have failed, 
continuous load paths are restored through 
undamaged reinforcing elements following sliding 
displacement of broken reinforcing elements and 
lock-up via asperity contact. In terms of a repre- 
sentative volume element analogous to that in Fig. 11, 
subsequent damage, either at contacting asperities or 
in unfailed sections of reinforcement, must occur at 
some characteristic local stress, Pz. If tensile strains do 
not generate lateral contractions, Pl and P2, which are 
volume averages rather than stresses in' surviving 
ligaments of material, can be regarded as engineering 
stresses. Then, for delocalization to be possible, 

Pl > P2- 
The composite of chains and the schematic of 

Fig. 13 share an important characteristic. Lock-up is 
achieved by arranging the geometry of the reinforce- 
ment in such a way that local failure under remote 
tension leads to the development of large compressive 
local stresses. It is hard to conceive of a mechanism for 
high global plastic work in a brittle-brittle composite 
that does not rely on generating local compression. 
Brittle materials are strong in compression, even in 
states of high damage. 
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5. Strength and stiffness 
When flaws are introduced into a material to achieve 
delocalization, strength must be sacrificed. However, 
the loss of strength need not be large. In a brittle- 
brittle composite, yield strength will be determined by 
the flaw strength; i.e. pl. For unnotched specimens, the 
only requirement on Pl is the inequality Pl < P2. (See 
Section 6 for the strong effect of notches.) However, 
both pl and P2 will usually be random variables, with 
some characteristic distributions. How far apart the 
average values of p~ and P2 must be kept will depend 
on the widths of their distributions, which will depend 
on the degree of control possible in processing. 

Ultimate strength depends on the spatial density of 
flaws (and thus local damage events) and the lock-up 
mechanism. In a system like that illustrated in Fig. 13, 
ultimate strength is determined by the partitioning of 
stress among intact segments of reinforcement after all 
flaws have failed and lock-up has been achieved in all 
representative volume elements. This difficult question 
will be resolved only after considerable research. 

In the schematic of Fig. 13, the presence of designed 
flaws need have no major effect on stiffness, at least 
until local failures trigger the large displacements that 
precede lock-up. Following lock-up, composite stiff- 
ness can again be close to that expected for pristine 
reinforcement. 

In the composite of chains, composite stiffness in 
the contracted configuration can be estimated by re- 
garding the chain links as discontinuous reinforcing 
rods of modulus, Ee, in a relatively soft matrix (shear 
modulus, Gr). Load is transferred from one link to 
another largely by shear stresses in the resin. Since the 
resin is relatively compliant, the maximum composite 
stiffness that could possibly be achieved is approxi- 
matelyfEf, wherefis the volume fraction constituted 
by the chains. This limit can be approached only if the 
links are very long compared to the characteristic 
length, l, set by shear load transfer 

1 ~D(Ef/G,) 1/2 (7) 

where D is the link diameter. This condition is not 
satisfied by the composites of chains tested here; their 
moduli ( ~ 8  GPa) are therefore much lower than 
fEe ~ 30 GPa ( f ~  0.15; Ee ~ 200 GPa for carbon 
steel). 

6. The effect of a notch on delocalization 
Consider a sharply notched specimen of a material 
whose constitutive properties are similar to those of 
Fig. 1 lb: a material in which any local failure event at 
stress pa is followed by lock-up and ultimate failure at 
a higher stress, P2. In general, damage can emanate 
from the notch in a zone of any shape. Calculating the 
stress distribution, the shape of the damage zone, and 
whether damage will be localized or delocalized is 
not an analytically tractable problem. Numerical solu- 
tions are required. Nevertheless, qualitative insight 
into the localization delocalization transition can be 
gained by assuming that the damage develops along 
a narrow band as in the inset in Fig. 6. The non- 



linearity within the damage band can be represented 
by a cohesive or bridging zone, in the usual way. The 
constitutive behaviour of the band is summarized by 
the relation p(u) between the stress across the band 
and the displacement discontinuity, 2u, it introduces 
into the elastic body. For  damage that is uniformly 
distributed from top to bot tom of the band (but with 
no assumption made about its distribution along the 
band), one has 

p(u) = n ~ ( u / w )  (8) 

where the dimensionless factor, % is unity in the 
absence of lateral contractions; (~ (~) is the constitutive 
relation of Fig. l lb ;  and 2w(x) is the width of the 
band, a function of the position variable x (Fig. 6). 
(More generally, Equation 8 should involve an inte- 
gral of damage distribution over - d < y < d whose 
value will depend on the spatial distribution of the 
flaws of strength Pl and the mechanisms for relieving 
stress concentration around failed flaws, among other 
things. However, this factor may be assumed HI  
without vitiating qualitative arguments.) 

The condition for damage to be delocalized is that 
the far field stress should exceed pl before the ligament 
of damaged material at the notch root reaches the 
stress P2. If it does not, then catastrophic failure will 
commence at the notch root while the material in the 
far field is as yet undamaged. When damage is con- 
fined to a narrow band with a bridging constitutive 
law like Equation 8, then the required information is 
immediately available from the notched strength 
curves of Fig. 6. Identifying ere and Pma, of Fig. 6 with 
pz and P2, respectively, Fig. 6 becomes a plot of the 
maximum ratio, Pl/P2, that can be tolerated to avoid 
catastrophic failure, i.e. to achieve delocalization, ver- 
sus the notch size. Or, alternatively, for a given notch 
size, Fig. 6 shows the reciprocal of the minimum ratio, 
P2/Pl, required to ensure delocalization. (Here, of 
course, pl and Pa are being considered deterministic 
rather than random variables.) 

The effect of a notch is very strong. For  all cases in 
Fig. 6 except Dugdale's law p = constant, the critical 
maximum ratio, Pl/P2, falls very rapidly from the 
value unity for a notch free specimen*. Notch insensi- 
tivity of the localization-delocalization transition is 
favoured by mechanisms leading to p g constant ini- 
tially, followed by hardening to the ultimate strength, 

P2. 
Alternatively, notch insensitivity of a material's pro- 

pensity for delocalization can be promoted by provid- 
ing a mechanism for easy shear failure, e.g. weak 
interfaces lying in the loading direction and normal to 
the notch. If the work of fracture of such interfaces is 
one-eighth [30] or one-quarter [-31] that for a mode 
I crack propagating from the notch, then the latter will 
not occur. Instead, delamination or splitting interface 
cracks will divide the specimen into non-interacting 

notched and unnotched strips (Fig. 12). Delocalization 
in the unnotched strips will be unaffected by the orig- 
inal notch. 

Decoupling notches by delamination will probably 
always be much more easily achieved as a method of 
averting damage localization in composites than ar- 
ranging that p ~ constant in the presence of mode 
I damage zones. 

7. Optimizing work of fracture 
If it is given that damage localization will occur, the 
same geometry-induced mechanisms that might have 
favoured delocalization will tend to enhance the work 
of fracture, WF. For  damage localization in a band, 
Equation 4 applies: the area under the curve p(u) is to 
be maximized. Distributed flaws, large local displace- 
ments following flaw failure, and local hardening via 
lock-up prior to ultimate failure are all favourable. 
There will usually be much more work in a constitut- 
ive law like Fig. l l b  than in one like Fig. 5, which is 
typical of current continuous fibre ceramic matrix 
composites. Optimizing WF and striving to achieve 
delocalized damage wilt evoke similar concepts for 
internal composite geometry. 

8. Non-optimality of current composites 
By virtue of their internal geometry, both textile com- 
posites and the composite of chains show exceptional 
properties. Textile composites possess a work of frac- 
ture that surpasses that of any other group of engin- 
eering materials. The composite of chains absorbs 
global plastic work that rivals that of ductile 
materials, even when its constituents are behaving as 
brittle materials. Yet neither textile composites nor the 
composite of chains have been optimized. On the 
contrary, the work of fracture of the three-dimensional 
woven composites has been achieved by pure accident. 
Interlock weaves have been fabricated to date without 
any regard to mechanical properties beyond the 
elasticity and ultimate strength implied by rules of 
mixtures. Any lock-up effects are an unintended 
consequence of geometrical irregularity, which has 
resulted from the difficulty of controlling the weaving 
process [26, 281. As for the composite of chains, it was 
cooked up with whatever carbon steel chains could be 
bought in 48 h for less than a dollar a foot; and 
whatever spare resin lay in the laboratory. With high 
aspect ratio links to maximize local displacements 
prior to lock-up (and initial stiffness), a stronger, 
brittle matrix, and some mechanisms for avoiding the 
loss of matrix fragments during failure, the global 
plastic work, Wp, could surely exceed the highest 
values recorded for ductile metals or polymers. 

*The reader can confirm the strong effect of a notch on the cold drawing of polycarbonate by a simple experiment. Cut a dog-bone specimen 
about 20 x 100 mm from a polycarbonate sheet, e.g. a zip-lock bag. Load in tension with thumbs and fingers. If the sides of the specimen have 
been smoothly cut and the load rate is not too high, cold drawing is easily achieved. Now repeat the experiment after making a nick of 
< 1 mm on one side of the specimen with a razor blade. The specimen will now show localized failure. The minimum nick to achieve this 

transition is very small. The ratio Pl/P2 for polycarbonate is not much less than one, as suggested by the flatness of the engineering 
stress-strain curve in Fig. 2a during cold drawing. 
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9. Wood and other systems of off-axis 
fibres 

Composites whose internal geometry lends them fa- 
vourable fracture properties have long since evolved 
in nature. In wood, microfibrils of cellulose are ar- 
ranged in cell walls in approximately helical paths, 
inclined to the grain at all angles, but with the major- 
ity between 10 and 30 ~ [32]. Thus, in combination 
with the hemicellulose and lignin which bind them 
together, the cellulose microfibrils form highly anisot- 
ropic composite shells within the cell walls, with far 
greater stiffness parallel to the microfibrils than per- 
pendicular to them and relatively low axial shear 
stiffness, much like manmade, filament wound com- 
posite shells. Under tensile loads parallel to the grain, 
the cellulose microfibrils tend to straighten out, tear- 
ing apart at high strains. Such cell wall splitting causes 
extensive deflections of the macroscopic tensile crack, 
with energy absorbed both by the splitting process 
itself and frictional pull-out effects [33]. 

It has also been suggested that the asymmetric 
helical winding of cell walls can cause tensile buckling, 
a reversible elastic instability [34-36]. The buckling 
may involve strains for some individual cells as high as 
20% and high rates of energy absorption even in the 
absence of  plastic tearing. However, the more com- 
monly held view is that irreversible damage to cell 
walls is the primary contributor to the work of frac- 
ture. 

In all, wood is very tough, at least for loading along 
the grain. The specific work of fracture of wood rivals 
that of any other group of materials [-33,37]. 
However, the system of cells does not harden overall 
during the damage process and wood does not exhibit 
significant global plasticity. There is apparently no 
natural selection process favouring delocalized dam- 
age or cold drawing amongst trees. 

The energy absorbing qualities of helically wound 
fibres have also been exploited in synthetic 
composites. Assemblies of hollow, wound cylinders 
possess work of fracture values between 200 and 
500 kJ m - z, somewhat higher than more common en- 
gineering materials [36]. Within the fatal damage 
band, the total plastic work per unit volume is 

10 MJm -3, distributed over a damage band, i.e. 
a band of tensile buckling and tearing, approximately 
30 mm wide [36]. However, like wood, these wound 
composites apparently did not exhibit significant glo- 
bal damage over tong gauge lengths. 

The benefits of off-axis fibres can only be expected 
in anisotropic composites. In a brittle-brittle com- 
posite, the fibre and the matrix often have very similar, 
approximately isotropic, elastic properties. In this 
case, there is no advantage in winding the fibres. The 
fibres will fail before they straighten very far (unless 
the matrix is very weak and porous); there can be no 
tensile buckling; nor will fibre straightening cause 
hardening. 

In materials that are highly anisotropic, such as 
fibre reinforced polymers, significant global damage 
can be achieved by fibre straightening provided the 
fibres are predominantly off-axis. Recent examples 
have been demonstrated with flat braided panels and 
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braided tubes [38,39]. However, in these cases 
plasticity is bought at a severe price in stiffness and 
strength, because of the absence of significant numbers 
of axial fibres. When axial fibres are added, global 
plasticity is minimal and failure reverts to 
a catastrophic localized band. 

10. Scales 
The characteristic material lengths, lob, which plays 
a fundamental role in determining notch sensitivity of 
both strength and the localization-delocalization 
transition, is not directly related to any length scale 
possessed by the microstructure or internal composite 
geometry. It derives simply from the work of fracture, 
the maximum bridging traction, and the composite 
modulus (Equation 5). Materials whose internal struc- 
ture involves multiple length scales often have high 
work of fracture, because their fracture surfaces tend 
to have high fractal dimension. Wood, seashells, 
tendons and bones are naturally occurring examples. 
In as much as multiple length scales augment WF, they 
will favour notch insensitivity and damage delocaliza- 
tion by increasing l,h. 

Yet multiple length scales are not a necessary design 
goal. High values of lob, notch insensitivity and the 
delocalization of damage can be achieved in a com- 
posite whose internal geometry has a single character- 
istic length e.g. the link size in the composite of chains. 
Neither is there necessarily a direct relationship 
between the magnitude of the single length scale and 
composite properties. In the composite of chains and 
perhaps in the three-dimensional woven composites, 
the constitutive properties (and hence WF, lob and the 
propensity for delocalization) depend primarily on 
mechanisms of damage (flaw populations, local 
displacements and lock-up) that are governed by the 
geometrical shape of the reinforcement; its scale may 
be secondary. 

Thus the mechanisms of toughening highlighted 
here, namely localized failures, local displacement and 
particularly lock-up, are distinct from the effects of 
hierarchical spatial scales. 

11. Conclusions 
Internal geometry can have a profound effect on the 
nature of damage evolution in composites. Damage 
delocalization and, if localization occurs, fracture 
toughness are both favoured by building a combina- 
tion of flaws and lock-up mechanisms into a material. 
In brittle-brittle composites, tailoring internal 
geometry to convert far-field tension into local com- 
pression appears to be the most promising method for 
achieving levels of global plastic work and work of 
fracture that rival ductile engineering materials. 
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