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Abstract

In many _ber composites\ longitudinal compressive failure leads to the formation of kink bands[ It has
been found that these kink bands\ once formed\ can be made to propagate "broaden# in a steady!state
manner at a constant stress level called the propagation stress "sP#[ This is a characteristic stress of the
material which\ for the AS3:PEEK composite used in the study reported here\ is approximately 39) of its
compressive strength[ This phenomenon is investigated experimentally using a special con_ning set!up that
allows direct observation of the propagation process[ For the composite studied\ the kink bands have a
repeatable inclination "b# of approximately 04>\ and the _bers within the bands are rotated to about 29> in
the absence of a load[ When loaded to sP\ however\ they are found to rotate further to 39>\ that is\
substantially greater than the 1b reported elsewhere[ The mechanism of propagation is found to be a bend!
break!rotate sequence undergone by short segments of _bers at the edge of the kink band[ It is well known
that polymeric matrix composites such as the one used in this study exhibit rate!dependent behavior[
Experimental results are presented which show that the kink band propagation stress is also rate dependent[
Þ 0887 Elsevier Science Ltd[ All rights reserved[

0[ Introduction

It has recently been discovered that\ under compression\ composites can exhibit signi_cant post!
failure strength and {ductility| "Moran and Shih\ 0886 ^ Vogler and Kyriakides\ 0886#[ The initial
failure is associated with _ber microbuckling which localizes and results in bands of kinked _bers[
The bands have distinct orientations\ but their width depends on the energy available from the
unloading of surrounding material during the incipient load drop[ In displacement controlled
experiments on approximately square plates "37×37 mm# presented in V and K "0886#\ the initial
failure led to the formation of a single kink band with an inclination of approximately 04> and a
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width of the order of 149 _ber diameters "h � 6mm#[ Following this initial transient event\ the
load stabilized at a level corresponding to approximately 24Ð39) of the compressive strength of
the composite[ Under continued compression\ the band inclination remained constant\ but the
band width grew in a steady!state manner at a constant stress level[ This is referred to as axial
propa`ation or broadenin` of the kink band\ and the stress required for quasi!static propagation is
de_ned as the propa`ation stress "sP# of the composite[ "Evidence of band broadening under more
complex conditions was also reported in Moran et al[ "0884# and Kyriakides and Ru} "0886#[ It
was found that the band broadened by progressive addition of narrow zones of _bers from the
adjoining intact material which bend into the inclined band and eventually break and align
themselves with the rotated kinked material[ The photograph in Fig[ 0a shows one of the test
specimens in which the band was propagated to a width "w# of approximately 399 h "the geometric
variables of the problem are de_ned in Fig[ 0b#[ Provided the two intact portions of the plate
above and below the kink band were allowed to displace freely "in the x1!direction# relative to each
other\ the axial propagation of the kink band could be continued\ providing a hitherto unknown
mechanism of ductility and energy absorption for composites[

A di}erent phenomenon involving steady!state propagation of out!of!plane kinking across a
thin composite plate was reported by Sivashanker et al[ "0884#[ This propagation phenomenon is
one characteristic of thin laminates rather than of bulk composite as is the case here\ and the
propagation stresses measured were of the order of 29) of the values of sP reported in V and K
"0886# "albeit for a di}erent material system#[ Further\ their sP depends strongly on the thickness
of the laminate and the test conditions used "V and K\ 0886#[

Steady!state axial propagation of kink bands in an IM6:PEEK composite was also observed
independently by Moran and Shih "0887# who also tried to model the phenomenon[ The _ber
rotation inside the kink band "f in our notation# was assumed to be equal to twice the band
inclination "b#[ Furthermore\ the composite shear response was assumed to exhibit a recovery of
hardening at large strains "g × 9[2#[ An elegant model of steady!state band broadening has recently
been proposed by Budiansky et al[ "0886#[ Here the _bers bend but do not break\ while their
maximum rotation is also limited to be 1b[ ðNon!breaking kinked _bers have been reported by
Moran and Shih "0887# for IM6:PEEK and by Fleck et al[ "0886# for IM7:PEEKŁ[ The assumption
that kinked material shears to f � 1b stems from the fact that at this angle the deformation is
volume preserving[ To the best of our knowledge\ this was _rst suggested by Paterson and Weiss
"0855# from observations of kink bands in phyllite*they also cite an even earlier "0787# observation
by Mu�gge[ The idea seems to have been transferred to composites by Weaver and Williams "0864#
and was later adopted by Chaplin "0866#[ Numerous authors since have accepted and used this
premise e[g[ Evans and Adler "0867# ^ Fleck and Budiansky "0880# ^ Moran et al[ "0884# ^ Siv!
ashanker et al[ "0884# ^ Moran and Shih "0886#[ A notable exception is Steif "0889# who predicted
rotation angles larger than 1b via a simple model[ A fact that has gone unnoticed is that in all
cases where the rotation angles were actually measured the specimens were in an unloaded state[

In our previous work on this subject "V and K\ 0886#\ we reported that\ although in the absence
of load our kinked composite was found to shear to approximately 1b\ the deformation was
observed to increase as the specimen was loaded so that at the propagation stress it was signi_cantly
larger than 1b[ This conclusion was reached from estimates of the angle f made from local
measurements of the overall axial "d# and transverse "n# displacements of the plate specimens
traversed by a kink band "Fig[ 0b#[ Because of the importance of this issue to the modeling of the
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Fig[ 0[ A kink band in a composite plate] "a# photograph and "b# drawing with de_nitions of geometric parameters[
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phenomenon\ the subject is revisited[ In this paper\ we present results from new experiments in
which the deformation inside the kink band is measured directly[ In addition\ new experimental
results showing that the propagation stress of our AS3:PEEK composite exhibits signi_cant rate
sensitivity are also presented[ A model of steady!state axial propagation of kink bands follows in
the accompanying paper along with a critical review of its performance vis!a�!vis that of other
models[

1[ Experimental set!up

The experiments involved axial compression of composite plates tested under approximately
plane strain conditions[ The experiment set!up was similar to the one described in V and K "0886#
but was modi_ed to enable direct measurement of the kinked _ber rotation[ The material tested
was again an AS3:PEEK unidirectional composite with a _ber volume fraction of yf � 9[59[ Its
elastic mechanical properties are given in Table 0[ The plates were 9[299 in "6[5 mm# thick\ 0[75 in
"36[1 mm# tall and 0[5Ð1[9 in "30Ð40 mm# wide[ The specimens were ground to ensure smooth and
parallel surfaces\ and the corners were rounded to reduce stress concentrations[ The top and
bottom of the specimen were potted into steel end caps with 9[02 in "2[2 mm# deep slots with an
epoxy adhesive for better load transfer[ Two well!lubricated 0:1 inch "02 mm# thick hardened steel
plates with ground surfaces were clamped onto the lateral surfaces[ This clamping was shown
previously to restrict the deformation inside the kink band to be essentially planar[

The assembly\ shown schematically in Fig[ 1\ was placed between parallel platens mounted on
a universal testing machine[ A linear roller bearing between the test assembly and the lower platen
allowed the upper and lower parts of the specimen to displace horizontally "x1!direction# relative
to each other during the formation and subsequent propagation of a kink band[ A miniature
displacement transducer "LVDT# was mounted across the end caps for a more direct monitoring
of the shortening of the specimen[ A second LVDT was used to measure the horizontal displacement
of the end caps relative to each other[ The signals from these transducers\ as well as those
corresponding to the load and testing machine displacement\ were monitored and recorded using
a computer operated data acquisition system[

Specimens were compressed at relatively slow\ constant\ end!displacement rates "d¾ ½09−3Ð09−0

Table 0
Mechanical properties of the composite tested

AS3:PEEK Composite

E00 msi E11 msi G01 msi n01 yf

"GPa# "GPa# "GPa#

07[51 0[422 9[73 9[2 9[59
"017# "09[46# "4[68#
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Fig[ 1[ Schematic of test _xture for uniaxial compression of composite plates[

in:min#[ The onset of failure was facilitated by indenting one side of the specimen at mid!height
with a 9[982 in "1[3 mm# diameter\ hardened steel rod as described in V and K "0886#[ This reduced
the stress required to initiate failure "sI# to a level corresponding to approximately 59) of the
failure stress of the intact composite[ Despite this reduction\ initiation of the kink band occurred
dynamically and\ as before\ resulted in full plate width bands\ approximately 149 h wide[ When
direct observation of the kink band during further loading was desired\ the experiment was
interrupted at this stage\ the load was removed and one of the steel side plates was replaced by a
synthetic sapphire "Al1O2# plate[ The sapphire plate was transparent and had optically smooth
surfaces[ It was 9[49 in "02 mm# thick\ and covered the whole specimen[ A ground _nished
protective steel plate with a cut!out window "9[41×9[35 inÐ02×01 mm# was placed over the
sapphire and the assembly was clamped back together as shown in Fig[ 1[

During subsequent loading\ the kink band was monitored through the window by a microscope[
In some of the experiments\ a microscope coupled with an Optronics CS349 CCD camera "657×382
pixels# was used to obtain a continuous\ real!time video recording of the events[ In other exper!
iments\ a high!resolution digital camera "Kodak Megaplus model 3[1 with 1918×1933 pixel
resolution# with a microscope lens was used in conjunction with the NIH Image Analysis program
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Fig[ 2[ "a# Typical axial stress!end shortening response "b# and axial stress!horizontal displacement response for a
composite specimen showing kink band initiation and steady!state propagation[

to record discrete views of the events[ Such digital images could subsequently be enhanced using
the Adobe Photoshop software[

2[ Results

2[0[ Kink band propa`ation

We now present the results of a typical experiment of this type[ The dimensions of the composite
plate were ] b � 0[692 in "32[15 mm#\ L � 0[748 in "36[11 mm# and t � 9[186 in "6[43 mm#[ The
specimen was compressed at a displacement rate of 9[997 in:min "9[1 mm:min# which\ during the
initial homogeneous deformation\ resulted in a strain rate of 6×09−4 s−0[ The axial stress!end
shortening response recorded is shown in Fig[ 2a[ Initially\ the response was nearly linear with a
slope of 04[9 msi "092 GPa#[ This slope is somewhat lower than the elastic modulus of the material
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because some deformation of the steel end!caps is included in the local value of d measured[ Failure
initiates at the point of indentation at a stress level of 004[5 ksi "686[1 MPa#[ This compares with
the strength of the undamaged material of 064 ksi "½0[1 GPa# "Kyriakides et al[ 0884#[ Failure
involves the dynamic formation of a kink band which traverses the specimen[ It is accompanied
by a drop in load to 42[6 ksi "269 MPa# and a sudden shortening in the measured end of 9[9973 in
"9[1023 mm#[ Although the 114 kip "0 MN# testing machine used is quite sti}\ in the con_guration
of this test the e}ective {spring constant| of the machine and the other accessories involved is
smaller than that of the specimen[ Thus\ the load drop associated with the initiation of the kink
band results in an energy release from the machine which feeds into the kink band[ The jump in
the local value of d is a consequence of this unloading[

The recorded relative axial stress is plotted in Fig[ 2b as a function of the lateral displacement
"n# between the upper and lower halves of the specimen[ Its value before the initiation of the kink
band was quite small and was primarily due to slight distortions of the testing apparatus[ During
the dynamic load drop\ n experiences a jump of 9[937 in "0[108 mm#[ This\ of course\ was the lateral
displacement associated with the formation of the kink band "see inset in Fig[ 2b#[ Immediately after
the load jump\ the specimen was unloaded and examined[ An inclined kink band which started
from the point of indentation and run across the width of the specimen had formed[ The kink
band had an average inclination\ b\ of 04[4> with a variation of approximately 03Ð07>\ the higher
values being close to the two edges of the specimen "V and K\ 0886#[ The average width\ w\ of the
band was 292 h "h � 6 mm# "measured in the direction of the rotated _bers#[ Inside the band\ the
_ber average rotation\ f¹ \ was 20>[ In addition\ a sliver of the plate was found to have split o} the
free edge opposite the indented side[ Because of this splitting\ the stress measured after the {jump|
is scaled according to the estimated new load!bearing area of the specimen which\ in this case\ was
approximately 01) smaller than the original area[

After measurements of the kink band characteristics were taken\ the sapphire plate and the steel
plate with the window were inserted in the assembly\ as shown in Fig[ 1\ and loading was resumed
at the same displacement rate[ During this phase of the experiment\ in addition to the other
measurements\ digital photomicrographs of the kink band were taken as discussed in the previous
section[ The camera was synchronized with the data acquisition system which allowed us to
subsequently identify the location of the micrographs on the sÐd and sÐn responses in Fig[ 2 "with
�#[

During reloading\ the initial part of the sÐd response had a slope of approximately 6[2 msi "49
GPa#\ that is\ approximately one half of the initial modulus of 04 msi "092 GPa#[ The stress
stabilized at a plateau level of approximately 50 ksi "310 MPa# indicating that a steady!state
deformation pattern had been achieved[ This value of the plateau stress is de_ned as the propagation
stress "sP# of the material[ Both d and n continued to increase under this applied stress[ At an end
shortening of 1[44)\ we choose to terminate the test by unloading[ The sÐd as well as the sÐn

responses were seen to exhibit signi_cant nonlinearity during unloading[
Turning to the deformation inside the kink band\ _rst we consider the sequence of digital pictures

of the kink band taken during this test[ Before reassembling the set!up\ thin vertical lines were
drawn on the region to be monitored at the upper and lower boundaries of the band[ The lines
served as an aid to visualizing the extent to which the band broadens[ Thirteen con_gurations were
recorded corresponding to the points identi_ed with empty bullets on the responses in Fig[ 2[ A
subset of six of the con_gurations from the loading part of the experiment are shown in Fig[ 3[
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Fig[ 3[ Set of digital micrographs showing the evolution of a kink band during broadening "correspond to points
identi_ed on the responses in Fig[ 2#[
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Fig[ 6[ Micrograph of features at the edge of a kink band[
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Fig[ 4[ Axial stress!_ber rotation response during "a# the loading and "b# the unloading of the specimen shown in
Fig[ 2[

Measurements of the band inclination b\ its width w and of the _ber rotation f were taken directly
from the 1Ð2 mm section of the kink band shown in these micrographs[

The discrete values of f during the loading portion of the test "con_gurations �9 to �3 # were
plotted as a function of the applied stress in Fig[ 4a and for the unloading portion of the test
"con_gurations �6 to 01�# in Fig[ 4b "identi_ed by �= #[ The measured values of w from all thirteen
con_gurations were plotted as a function of the stress in Fig[ 5[ The values of b\ f\ and w at zero
load "�9 # were respectively 04>\ 20>\ and 209 h[ The vertical construction lines were seen to stop at
the upper and lower boundaries of the band[ As the band was loaded\ its edges became more
distinct "see �1 #\ and _bers inside it rotated "23> at �0 \ 26> at �1 #[ However\ the band width
remained the same "Fig[ 5#[ By con_guration �2 \ the stress level had risen to sP and band
propagation had commenced[ This was evident from the _rst crossing of the construction lines
inside the band which now had a width of 245 h\ while f had increased to 28>[ From con_guration
�3 to �6 \ f remained essentially unchanged " ~uctuates between 39> and 30># while the band width
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Fig[ 5[ Axial stress!kink band width response during the propagation phase of the test shown in Fig[ 2[

steadily grows as seen in Figs[ 3 and 5[ At �6 \ just before unloading commences\ the width reaches
375 h[ By this time\ the local value of b has also increased slightly to 06>[

During the unloading\ the band width remained constant "see Fig[ 5#[ Fiber rotation remained
relatively unchanged until con_guration 09�and subsequently decreased[ By the time the specimen
was fully unloaded and was out of the device f returned to 21>[

The _ber rotation angle and the kink band width could also be estimated from the displacement
histories d"t# and n"t# recorded by the two local transducers used in our set!up[ Simple geometric
considerations yielded the following relationships between the kink band variables

d � w"0−cos f#¦
s00

E?00

L "0#

and

n � w sin f "1#

where s00 is the applied compressive stress\ E?00 is the measured initial modulus of the intact
composite\ and L is the height of the specimen "we neglected the increased compliance of the
kinked material#[

In principle\ "0# and "1# could be solved simultaneously for the two unknown quantities f and
w[ However\ because of their approximate nature we limited their use to estimating f for the parts
of the test when w does not change "i[e[\ for s00 ³ sP# and used the values of w measured directly
from the digital micrographs[ Values of f estimated from d"t# using "0# and from n"t# using "1#
are included in the two plots in Fig[ 4[ During the loading phase of the test "Fig[ 4a#\ agreement
between these two continuous s00Ðf responses and the discrete measurement was quite good[ The
value of f is seen to increase from about 29> at zero stress to about 39> at the propagation stress[
The angle increases nearly linearly with the applied stress\ except for the initial parts of the two
responses[ We suspected that these initial transients were due to friction in the slider device[ The
variation of f for the unloading portion of the response is shown in Fig[ 4b[ The two continuous
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responses agree qualitatively with the discrete data\ but some quantitative di}erence is present\
especially for the results from d"t#[

We also used eqns "0# and "1# to trace the evolution of w during this test as follows[ During the
loading and unloading\ w was assumed to have the constant values measured directly from the
micrographs[ During the band broadening phase of the test\ the angle f was assumed to remain
constant at 30>[ The results of this exercise can be seen in Fig[ 5[ Overall\ the three sets of
results are in reasonable agreement[ During unloading\ some quantitative di}erence between the
predictions from d"t# and those of the other two sets of measurements were observed once more[

The mechanism of kink band propagation was described in V and K "0886# as progressive
addition of narrow zones of broken _bers at the edges of the kink band[ Additional support for
this sequence of events can be seen in Fig[ 6[ The kink band shown is in an unloaded state and has
the following average parameters ] b¹ � 04[4>\ f¹ � 21> and w¹ � 399 h[ Fibers inside the band "top
of micrograph# are rotated a uniform amount\ while those outside the band "bottom of micrograph#
are straight and vertical[ As the loading progresses\ the straight _bers at the edge of the band bend
as seen\ for example\ in the middle of this micrograph[ Continued bending causes the _bers to
break o} as seen in the lower right of the micrograph[ Such segments continue to rotate until they
align themselves with the rest of the band[ These segments have lengths in the range of 4 h to 02
h[

In the band micrograph sequence in Fig[ 3\ the kink band is seen to always have distinct edges
formed mainly by broken _bers[ Close examination of video recordings of the activity at the edges
of the bands suggests that the boundary of the kink band is not perfectly straight and that it moves
in a somewhat irregular manner[ In some parts of the boundary\ the bendÐbreakÐrotate sequence
proceeds rapidly while in other parts no signi_cant changes occur[ Then\ the inactive regions go
through the process while the previously active regions remain temporarily inactive[ Also\ the
propagation of the kink band is generally not equally balanced between the top and bottom of the
band[ It appears that at any given time one side is more active than the other[

A series of similar experiments were conducted at the baseline displacement rate of 9[997 in:min
"9[1 mm:min# in order to test the repeatability of the results[ Results from eight such experiments
are summarized in Table 1[ Failure initiated at stress levels between 092 and 005 ksi "609Ð799
MPa#[ The propagation stress varied between 50 and 66 ksi "310Ð420 MPa# and had an average
value of 58[5 ksi "379 MPa# "the value of 57[7 ksi "363 MPa# reported in V and K "0886# was

Table 1
Kink band initiation stresses\ characteristic angles\ and propagation stresses from eight experiments "d¾:h � 4×09−0 s−0#

sI ksi b¹> f¹ >U f¹ >P sP ksi
"MPa# "MPa#

Average 098[5 04[4 29[4 39[4 58[5
"645# "379#

Range 092Ð005 02Ð06 16Ð22 39Ð31 50Ð66
"609Ð799# "310Ð420#

No[ of Specimens 7 7 7 3 7
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based on only four experiments#[ As pointed out earlier\ during the initial dynamic initiation of
the kink bands some splitting of the specimens took place[ At least part of the variation in sP is
due to the di.culty of accurately determining the load bearing cross sectional area of the specimen
and:or deciding exactly when the split section stopped carrying load[ The kink bands had an
average inclination of 04[4>[

The kink band variables were monitored directly during the propagation phase in four exper!
iments[ The rotation of the _bers at the propagation stress\ fP\ ranged between 39> and 31>[ By
contrast\ the _ber rotation in the unloaded state "fU# ranged between 16> and 22> with the average
value from 7 experiments being 29[4>[

2[1[ Effect of rate on the propa`ation stress

The process through which intact material is added to the kink band involves combined shear
and transverse loads[ These are the modes of loading in which the matrix nonlinearity "see
Appendix in Kyriakides et al[ 0884# and any rate dependence will come into play[ Indeed\ rate
dependence was observed in the experiments in V and K "0886# and in the present ones during
pauses in loading and at the termination of the stress plateau[ It is also important to realize that
once the band is formed and is propagating axially\ the local {strain rate| in the narrow zone of
material "½09 h wide# where the bend!break!rotate sequence is occurring is quite signi_cant even
at relatively slow end displacement rates[ The increase in strain rate from that experienced by the
material during the initial homogeneous deformation phase of the experiment is of the order of
L:09 h "½699 for our specimens#[ Since the rate dependence of the nonlinear behavior of this
composite is well documented "e[g[ Yoon and Sun\ 0880#\ we felt that some e}ect of rate on the
propagation stress was to be expected[

We _rst undertook the task of establishing the rate dependence of our composite[ This was
accomplished through a set of pure shear\ transverse compression\ and biaxial experiments involv!
ing combinations of these two all conducted for a range of strain rates[ The bulk of these results
and those of associated modelling e}orts will be reported independently[ However\ an impression
on the extent of the rate dependence of the composite can be developed from the set of pure shear
results shown in Fig[ 7[ The experiments involve pure shear loading of a long strip of the composite
conducted in a custom testing facility at constant strain rates[ Shear responses at rates spanning
_ve decades in the range of interest to this application "09−4 ¾ g¾ ¾ 09−0 s−0# are shown[ The
increase in the shear stress with strain rate is quite obvious[

Having established that rate plays a signi_cant role in the nonlinear behavior of the material\
several additional experiments were conducted to measure directly the e}ect of rate on the propa!
gation stress[ As we have already shown\ the measurements of sP exhibit some scatter[ In order to
separate the in~uence of rate from this scatter\ the experiments were conducted as follows ] a kink
band was initiated in a specimen in the manner already discussed ^ the kink band was then
propagated at a preselected displacement rate "d¾# until a well de_ned propagation stress plateau
was established ^ the displacement rate was then changed and the experiment was continued[
Following a brief transient\ the stress stabilized at a new stress plateau\ either higher or lower than
the _rst one depending on whether d¾ was increased or decreased[ This process enabled us to
establish the di}erence between the two stress plateaus from the same specimen[ A change of two
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Fig[ 7[ Shear stress!strain responses of the composite at various strain rates[

orders of magnitude in loading rate was found to result in a clearly distinguishable change in the
propagation stress[

Axial stress!end displacement responses from two such experiments are shown in Fig[ 8[ Other
problem variables are given in Table 2[ The rate of loading is quoted in normalized form as d¾:h[
In addition\ in Fig[ 8 the stress in each experiment is normalized by the lower of the two propagation
stresses[ In the experiment corresponding to Fig[ 8a\ the band is _rst broadened at a rate of
d¾:h � 5×099 s−0[ The propagation stress "sP0# is 69[7 ksi "377 MPa#[ At an overall strain of 0[6)
the rate was reduced by two decades to d¾:h � 5×09−1 s−0[ Following a brief transient\ the stress
settles to a lower plateau level "sP1# of 52[7 ksi "339 MPa#[ In other words sP0:sP1 � 0[00[

Results from the second experiment are shown in Fig[ 8b[ In this case\ the slower rate was
applied _rst and the fast rate second[ After initiation\ the kink band was propagated at a rate of
5×09−1 s−0[ The propagation stress "sP0# was found to be 57[5 ks "362 MPa#[ When the rate was
switched to 5×099 s−0\ the stress stabilized at a new plateau level "sP1# of 64[6 "411 MPa#[ The
extent of the transient is seen in the _gure to be of the same magnitude as the one in the previous
experiment[ Thus\ once more\ the two decades switch in rate changed the propagation stress by
09) "sP0:sP1 � 0[09#[ Additional test results conducted in approximately the same displacement
rate regime "d¾:h one decade higher and one lower# were consistent with this 09) change in sP per
two decades change in d¾:h[ Due to the size of the specimens used\ these experiments had to be
conducted in a 114 kip "0 MN# capacity universal testing machine[ Since the range of displacement
rates that can be applied in a machine of this size is limited\ a broader rate sensitivity study of sP

was not possible[

3[ Conclusions

Additional experiments have been presented showing that under compression aligned _ber
composites can exhibit signi_cant post!failure strength and ductility[ The onset of failure is a
dynamic event and results in kinking of _bers in well de_ned inclined bands[ Under displacement
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Fig[ 8[ Axial stress!end shortening responses for tests in which the loading rate was "a# decreased and "b# increased by
two decades during steady!state propagation[

Table 2
E}ect of end displacement rate on measured propagation stress

Spec[ sI ksi b¹> f>U d¾0:h s−0 sP0 ksi d¾1:h s−0 sP1 ksi
No[ "MPa# "MPa# "MPa#

I 098[0 04 29 5×099 69[7 5×09−1 52[7
"641[3# "377# "339#

II 88[7 04 29 5×09−1 57[5 5×099 64[6
"577[2# "362# "411#
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controlled quasi!static loading\ such bands have been shown to propagate axially "broaden# at a
well de_ned stress level\ called the propa`ation stress of the composite[ As pointed out in V and K
"0886#\ the measurement of this stress must be conducted under speci_c experimental conditions
for it to be characteristic of the bulk material[ The propa`ation stress of our AS3:PEEK composite
was found to be of the order of 69 ksi "372 MPa# which compares with the compressive strength
of the material of 064 ksi "0196 MPa#[

The kink band inclination angle of AS3:PEEK is typically 04> which is set during the dynamic
initiation of the band[ The _bers inside such bands were found to be rotated at approximately 29>
in unloaded states\ but under load this rotation was shown\ by direct measurements\ to increase
so that at the propagation stress it reached 39>[ Thus\ the assumption commonly made until now
that f � 1b is not correct in the presence of a load[

Broadening of the band is by successive addition of narrow zones of _bers from the intact
material adjacent to it[ Such zones\ which typically were 09 _ber diameters wide\ bend\ break o}
the intact composite\ and then rotate and align themselves with the rotated kink band material[
Because of the rather small width of the deforming zone\ the rate of deformation there is quite
signi_cant\ even at relatively slow end displacement rates[ At the displacement rates of our tests\
the band was observed to propagate primarily on one front at a time[

The shear response of AS3:PEEK has been measured at strain rates spanning _ve decades and
found to exhibit signi_cant rate sensitivity[ Since the main deformation mechanism during kink
band propagation is shearing\ the propagation stress is also rate sensitive[ It has been shown that
a two decade change in end displacement rate results in approximately a 09) change of sP[
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