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Compression testing of pultruded carbon
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The fibre waviness inherent in conventional prepreg laminates significantly reduces their
compressive strength. This waviness can be reduced through the use of unidirectional fibre
rods. In this work, the development of a new test procedure and specimen design is
reported that was used to determine the compressive properties of pultruded T300/828 and
IM7/828 carbon fibre-epoxy unidirectional rods at room temperature. The IM7/828 system
demonstrates a higher compressive strength than the T300/828 composite due to stronger
fibres used and fewer manufacturing defects. Since the fibres as in tension primarily carry
the compressive load, the final fracture of the rods occurs when the fibres fail. Post-failure
examination reveals that failure of the fibres is microbuckling-induced. This is a bending
failure as a consequence of buckling. Other events such as fibre-matrix debonding
(splitting) and matrix yielding do not by themselves cause the final failure, but they
facilitate fibre buckling by reducing the lateral support for the fibres. Microbuckling failure
models are used to predict the compressive strength of the carbon fibre rods; agreement
between theory and experiment is acceptable. © 2000 Kluwer Academic Publishers

1. Introduction strain response. Optical microscopy is employed to

Fibre waviness within a conventional laminate severelyassess material quality and scanning electron micro-

degrades the compressive strength and stiffness of congraphs are examined to identify unique fracture char-

posites [1, 2]. Prepreg tape has an inherent wavinesggteristics. Strength results are compared to theoretical

which is compounded during subsequent layering anghredictions obtained from several analytical fibre mi-

compaction. Automated tow placement reduces wavicrobuckling failure models.

ness during placement but does not eliminate it during

compaction and cure. Recently, aircraft manufacturers

and fibre suppliers recognised the potential benefits c2. Experimental procedure

minimising fibre waviness by producing small diameter2.1. Materials

unidirectional carbon fibre rods that could lead to theUnidirectional pultruded cylindrical rods of commer-

design of more efficient laminate structures, especiallycially available T300 and IM7 carbon fibresQ.67 fi-

under compressive loading. bre volume ratio) in Epon 828 epoxy resin were tested;
The measurement of the compressive response of caie rods were supplied by Cookson plc, UK. The pul-

bon fibre reinforced plastics (CFRP) has always pretrusion process generally consists of pulling continuous

sented difficulties. This is because compression testingpvings through a resin bath and then into pre-forming

is sensitive to factors such as Euler buckling, specifixtures where the section is partially shaped and excess

men misalignment in the test fixture, fibre misalign- resin and/or air are removed. Then it passes through

ment in the specimen and bending/stretching coupling heated die (12€-180C), which consolidates and

in the laminate. Therefore, special care is required irforms the shape, and cures the system. Suitable posi-

the specimen design and test procedure. tioning and tensioning of the reinforcement is required
Over the years, various test methods have been deo that it is presented to the die accurately and consis-

veloped to measure longitudinal compressive strengtkently. Fibre waviness is detrimental in compression,

of unidirectional flat plates [3-5] but there is no uni- because it initiates fibre microbuckling resulting in pre-

versally acceptable test procedure for cylindrical rodsmature failure of the composite.

loaded in compression. The aim of the present investi-

gation is to study the compressive behaviour of unidi-

rectional carbon fibre-epoxy rods. A new test method2.2. Specimen geometry and test method

and specimen design is developed. Foil type strairThirty test specimens in total were cut from the unidi-

gauges bonded to the specimen with standard strairectional composite rods using a diamond-tipped saw.

gauge adhesives are used to monitor the rod’s stres§hey have an almost circular cross-section and the
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diameter was about 1.7 mm for the IM7/828 and 4 mmCFRP and provide adequate restraint against geometric
for the T300/828 rods; diameter variation is less tharbuckling of the specimen.
2%. The overall specimen length is 33 mm and the Several specimens were cross-sectioned and ob-
gauge length is 13 mm, designed to avoid Euler buckserved under the optical microscope in order to assess
ling. The specimens were instrumented with 1 mm longtheir quality (voids content, resin rich regions and fi-
strain gauges on either side of the gauge section tbre waviness). Also, segments of tested rods contain-
measure strain and any bending. The specimens werBg the fracture surface of interest were cut, cemented
end-loaded in a modified Monsanto (Hounsfield) ten-to aluminium mounts and examined in an International
someter of 20 kN load capacity, compressed at a rat&cientific Instruments ISI-DS 130 dual stage scanning
of 1. mm/min. Load and strain data were continuouslyelectron microscope (SEM) to identify failure modes.
recorded by an IBM-based data logging system.

Successful testing of end-loaded coupons depends
upon the fibres terminating exactly at the interface or3. Test results and discussion
the end to ensure uniform loading. Itis very difficult to 3.1. Fibre volume and weight fractions
achieve uniform contact between the end faces of th&ne of the most important factors determining the me-
specimen and the surfaces of the platens of the testinghanical properties of composites is the relative pro-
machine. On loading premature failure of the specimerportion of the matrix (resin) and reinforcing materials
may occur before the entire end face of the couporffibres). The relative proportions can be given as the
comes into contact with the platen. Usually, the speciweight fractions or the volume fractions. From resin
men starts to split in the region near the loaded edge ddurn off tests it was found that the fibre volume fraction
its end face, and the crack tends to propagate along tHe) for the T300/828 and IM7/828 was approximately
length of the specimen causing premature failure. T®.665, which s close to the value quoted by the material
avoid this, special steel end caps were manufactureghanufacturer (0.67). Alternatively, the weight fraction
and bonded to the specimens, Fig. 1. Specimen end¥ the carbon fibres could be determined by chemical
were then polished in a jig to ensure that they were flagligestion of the resin.
and normal to the loading axis. The steel caps serve a The fibre volume fraction can be obtained from the
double purpose in that they reduce end failures in thdollowing expression

Vi = 22 1)
Pf

fibre density andw; =fibre weight fraction. It was

found: p/3%°= 1559 kg/n? and pM7 = 1612 kg/m.

EPOXYRESININFILL  —+| | |—giRoD The _denS|ty values a}nd other materla_ll properties for
(REDUX) the fibres and the resin are presented in Table I.
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” J wherep.e = composite density (i.e., mass/volume}:
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3.2. Voids and resin rich regions
SPECIMEN WITH COLLARS The presence of voids in the composite reduces its
LevemiL-varms wiHroDDIA.  Strength and elastic modulus since they reduce the vol-
1 ume of solid, within which the stresses are distributed.
3 HARDENED PLATEN Also, voids can act as sites of local stress concentration

that can initiate failure. Higher void contents usually

mean lower fatigue resistance, greater susceptibility to
SPHERICAL INSERT water penetration and weathering, and increased varia-
tioninmechanical properties. The compressive strength
is affected most, because the fibres have less side sup-
port by the resin and buckle at lower applied loads. The
knowledge of void content is desirable for estimation of
the quality of the composite. A good composite should
have less than 1% voids, whereas a poorly manufac-
tured composite can have up to 5% void content.
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TABLE | Material properties (Manufacturer’s data)

T,
Li——JL__l 8

15 Property T300 IM7 Epon 828
COMPRESSION PLATEN INSERT
Tensile strength, MPa 3650 5313 92
<~ GROUND SURFACE Modulus, GPa 231 301 3.04
DIMENSIONS IN mm Failure strain, % 1.4 1.81 6.10
Density, kg/n? 1760 1780 1220
Fibre diameteryum 7 5

Figure 1 Specimen configuration and compression platen insert.
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the following expression

__ Pct — Pce
Oct

W

oct 1S the theoretical composite density obtained from"l' '
the rule of mixtures, i.e.

“Vipi @V ; eSSt Lo RS,
pet = Vips + ( £)Pm 3 : YA 1828 ¢ Sans
< e matie doniy, Substiut -fgfzr“ R e
where pr, is the matrix density. Substituting the ma red ?’l-] . ‘.§‘¢ A e,

terial properties of Table | in Equations 2 and 3 we “ .

get a void content of less than 1%. However, in Equasigure 2b Cross section of a selected IM7/828 composite md

tion 3 pm is assumed to be the same in the composite a%.m). Manufacturing defects can be seen but are considerably less than
it is in an unreinforced bulk state. Although it is neces-those observed in the T300/828 rods.

sary to use this assumption in our calculations, it may

not be correct. Differences in heat and pressure duringjderably. Under uniaxial compression they can initiate
the cure cycle, and interaction with the reinforcementipre microbuckling and cause premature failure of the
surface may affect thie situresin density. Itis thought  composite. In order to get more accurate measurements
that the bulk density is lower, making the void contentof \/, and model the effect of defects (resin rich regions,

seem lower than it really is. Assuming a 10% increase;racks, etc.) on the compressive strength, further work
in thein situ resin density, Equation 2 predicts a void js required.

content of more than 3%, which is in better agreement
with optical microscopy observations.

Fig. 2a shows the polished cross section of a selecte 3. Fibre waviness ' .
T300/828 rod, revealing the existence of voids (10_n pultruded composite rods, fibre waviness may occur

12 uminlength and width) and resinrich regions. Italsofjue o unsuitable positioning and non uniform tension-

. . . ing of the reinforcement before it enters the heated die.
re_:veals dn‘f_ere_nt types Of cross sectional f|bre_shapesngis can cause a dramatic reduction in the compres-
circular, elliptical and ‘kidney’ shaped; the ‘kidney’

shaped cross section fibres exhibited the highest detfé\é%z[{iig?t;fgm}g]s shggosr?cr)t;vens t?]fa:h: ;?gﬁoi';?érﬁ‘
sity and were uniformly distributed within the compos- y 9

ite. It can also be seen that in some locations the fibre ngle between the fibres and the loading axis of only

are in contact with each other. This is not desirable be; -25'is sufficient to reduce the compressive strength of

cause cracks are passing from one fibre to another caut%]éeoéﬁﬂség%ﬁeca;qboorgﬁ]%%xzos%s:ggj];2?(;?])2Zt%i';/liza to

ing premature failure of the composite. Fibre bunching .
was observed to occur more readily towards the centr%?‘iﬁgeg Atg /;23 !P;é;hies agﬁzlrz:l(l)mc%rr?ssi?jlztreeztrtint?(teh
of the rod rather than around its circumference. This y 9 y

type of fibre distribution in the T300/828 rod is typical about 1400 MPa [6]. However, values ranging from 885

of other specimens tested in the current study. Simila'rvI Pato 1990 MPa have been reported [7]. These differ-

manufacturing defects were observed in the IM?/82£”C65 are attributed to different testing methods used

; . ut also due to fibre misalignment effects.
composite but considerably less than the case of the ; .
mm rod and with more circular fibres, Fig. 2b. Optical micrographs of T300/828 and IM7/828 rod

Fibre imperfections, resin rich regions and voids af-;%(;c'{ﬁgrl‘;g}/:;gjis:cgf inmclf:zillggénseigm?g;vnétilagom
fect the mechanical behaviour of the composite con;[he edge towards the centre of the rod. Also, broken
fibres, resin rich regions and cracks running parallel to
the fibre length have been observed. The crack widths
are approximately 10—20m and are attributed to ther-
mal stresses generated during processing, due to the
differences in thermal coefficients of expansion of the
resin and fibres when cured.

3.4. Compressive stress-strain data

The strength/stiffness properties of a composite mate-
rial depend strongly on the properties of its constituents
(resin, fibres) and their distribution and physical and

chemical interactions. They also depend on the fabri-
cation process and testing method. Defects introduced
during manufacturing, like voids, resin rich regions, fi-

1
9. S O®L08 &

Figure 2a Cross section of a selected T300/828 rod showing voids anobre m_lsa“gnment ar_ld fibre breaka_ge’ reduce the com-
resin rich regions. The fibresi(~ 7 2m) of mainly ‘kidney’ shape are ~Préssive strength_/stlffness dramatically. The currently
randomly distributed and in some locations are in contact with each othelexamined cylindrical rods (T300, IM7/828) have been
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sge] & A 3.5. Failure modes
4 A i . . . .
@ KT A - Failure of both composite systems examined is sud-
-4 ~ - Average strain . .. .
A den and catastrophic, giving a brush-like appearance,
04— T 1 T T T T T T ] Fig. 4. Some grip failures still occur due to local stress
00 02 04 06 08 1.0 12 concentrations in the end fittings. To avoid this com-
SHiiYs pletely specimens with waisted gauge section should
Stress versus strain back to back be used [1]. The effect of waisting the gauge section

Figure 3 Typical compressive stress-strain response of a T300/828 rod!S to _Cause failure in the C_entral part of the spgmmen,
but fibre damage and splitting may occur during the

. machining process. Grip failure is considered as pre-
produced by pultrusion and many of the defects de.'mature failure of the specimen, which suggests that the

scribed above have occurred during production. The'?esults represent a lower bound on the strength
compressive _strength IS Iesg than 50% .Of the theo The investigation of failure modes by fractographic
retically predicted (rule of mixtures) tensile strength methods is cumbersome because of the extensive post-

(o1 ~ Vior). failure damage. The release of strain energy from both

The room temperature stress-strain response of a Sthe specimen and the test machine causes a substantial

Ie_cteq T300/328 specimen is shown in Fig. 3. Th? Ion'amount of fibre-matrix splitting, making it difficult to
gitudinal strain on the two faces of the coupon is al-

L o . " identify the main failure mode. However, careful ex-
most the same indicating negligible bending. Bendlngamination of the broken specimens, suggests fibre mi-

canngt tt)ﬁ totall;l/t a}/qi(_jt_edl _in corfnp:gssio_n ttﬁsting. Itcrobuckling as the critical damage mechanism, which
may be he resutt of initial Imperfections in the Spec'causesthecatastrophicfracture. Longitudinal splits and

imen. The elastic modulus in the loading direction fi . :
o !fibre/matrix debonding do not occur gradually but take
measured at 0.25% strain is about 139 GPa, the fal place suddenly and concurrently with the final failure.

ure strength is 1175 MPa and the mean failure strai : P ;

0.9%. The IM7/828 rods break in a similar brittle man- m?frcii?kl?:]grqr%: F;E;Q:ggésks:towz fs CI)IiL:]r,; dvlvjﬁi gﬁ
ner but showed higher strength/stiffness properties tha ) h _10 fi : I’ Th
the T300/828 due to better material quality (smallerereates a band of about 8-10 fibre diameters long. The

] . . .microbuckle can start from a pre-existing material de-
rod diameter) and stronger fibres. The failure stress i P g

! . ?ect, like wavy fibres, a void or resin rich region. Also,
\1(676 MPa, (tjh? fallltjgezsstglntls_l._li%? ggd tge secanény weakening of the matrix or fibre/matrix interface
oungs modulus at.25v strain IS a. ompreSE)C(:urring during manufacture increases the probabil-

sive strength results of all specimens tested are SUmg, ¢ b ckiing of the fibres, which results in degraded

marised in Table II. .
. compressive strength.
Note that the results quoted in Table Il are based on P g

the average of fifteen specimens tested for each com-
posite system at room temperature level; the coefficieng
of variation is about 7.4% for the T300/828 and less
than 5% for the IM7/828 composite. When the grip
failures are not included in the calculations, the aver-jis
age compressive strength of the T300/828 rod is 118 =
(+65) MPa and for the IM7/828 is 1648-5) MPa.
However, grip failures do occur and therefore it will
be quite appropriate in any design exercise to use th

strength data presented in Table II.

TABLE Il Compressive strength properties of unidirectional rods

Composite Average failure Average failure Stiffness

system strength /MPa strain % E./GPa

T300/828 1136+484) 0.929 £0.063) 13147.5)

IM7/828 1568 (75) 1.127 £0.059) 186 £5.9) Figure 5 Fibre microbuckling failure mode observed in a T300/828 uni-

directional rod.
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4. Compressive strength prediction stressge, as

The composite strength is not easily related to fibre Ty

and matrix properties since the compressive strengths Oc = s (7)

of the constituents, especially of the fibres, are usually

not known. Experimental results overwhelmingly sup-wherezy is the shear yield stress of the composite and
port a linear relation between compressive strength and is the fibre waviness. For the T300/828 and IM7/828
fibre volume fractionV; (except for large values when assumingry =60 MPa and substituting in Equation 7
Vt > 0.8) [8]. However, the Rosen model [9], gives an the measured compressive strengths we olgiair3®
inverse relation between compressive strength and voRnd 2, respectively, which are similar to the values

ume fraction, i.e., observed in the current sectioning studies. Budiansky
and Fleck [14] have shown that variations in the shear

_ Gnm 4) yield stress{zy), elastic shear modulus@), and initial

Ge=7_" Vs fibre misalignmentdg) are related to a changéo() in

the critical stress by:
whereG,, is the matrix shear modulus. For the current

composite systems the compressive strength is an or- doc oc)dG oc )0ty oc\ 8¢
d X (2= 1 1—=2122

der of magnitude lower than that predicted by Equa- 4, G/ G G/ ¢

tion 4. (8)

It has been suggested that the composite fails at thenhys, for instance, if./G = 1/4, a fractional increase
matrix yield strain,emy [10]. Thus the compressive of shear yield stress is three times as effective in rais-
strength for the unidirectional rods in the fibre directioning the critical buckling stress as is a similar relative
is given by change in the shear modulus, and the same is true

for a fractional decrease in the initial fibre imperfec-
oc = (ViEf + VimEm)emy () tion. Fleck and co-workers [15-17] have considered
the effect of combined remote axial compression and

d fer to the fib d matri ivelv. E in-plane shear loading, random initial fibre waviness,
andm reterto the fibre and matrix, respeclively. Equa g plastic strain hardening on the predicted critical

tion 5 suggests that the fib_re compressive strength haﬁress for microbuckling. These models require knowl-
no effect on th.e compressive strength of the_composédge of the shear strength properties, the initial fibre
ite and hence it can be applied to systems with stron

Ynperfecti th tral ity of fi isalign-
fibres. It gives the required variation of strength with perfection or the spectral density of fibre misalign

, ent and the kink band orientation anghe,Angle g
Vt and to fit the measured data for the T300/828 an . . :
. g ) s a post-failure geometric parameter, which depends
IM7/828 composite rods, a matrix yield strain of about P rure g ‘P wh P

) ~—qn fibre imperfection (short-wave or long-wave), the
0'8% h_as to t_Je.assumed. At present, the yle_ld strain q lastic modulus of the laminate in the transverse direc-
the in situ resin is not known and further work is neede

. ; ! - . dtion, the shear modulus and the kinking failure stress,
in order to investigate the validity of Equation 5. g

Weaver and Williams [11] modelled the microbuck- oc [18]. It is also difficult to explain precisely how

i b lastic foundati Thwill vary with fibre properties and content.
Ing process as a beam on an elastic foundation. The et [19, 20] has proposed a model to predict the

f|br§s ?(?n?h ata crltlcaltstraln andtr:)rea_lé,ﬂ?ngﬂt]he Mitemote compressive strain at which initially misaligned
crobuckie then propagates across th€ width 0T the Speg, o yreak in tension as a result of bending. This model

imen by transfer of load to neighbouring fibres, WhIChiS an extension of Rosen’s analysis [9] to situations in

are ?"ready bu_Ck'?d by the axial strain. The critical COMyyhich matrix plasticity occurs and accounts for fibre
posite stress is given by the Euler buckling formula a

Soending stiffness and fibre volume fraction. It predicts

whereE’s are the elastic moduli and the subscripts f

follows the strength of practical composites successfully, but
a2 the geometry of the kink band needs to be known.
Oc = (4—) Ec (6) In more recent studies Berbinau and Soutis [21, 22]
Wk

obtained a general microbuckling equation wheré a 0
fibre is modelled as an Euler slender column supported

whered is the fibre diameteryy is the kink-band length by a non-linear foundation (matrix):

and E; is the longitudinal stiffness of the composite.
The model can make good strength predictions butre- 4, 2 20
quires experimental measurements of #hgd; ratio.  Esl d'v 4v°) Afaod—z M
From the SEM micrograph, Fig. 5, it can be seen that dx Vi dx dx
the length of the microbuckled zong is about 8 fibre )
diameters. Using this value in Equation 6 the predictedvhereE; is the fibre modulus], is the second moment
strength for the T300/828 ig'°°°= 1262 MPa and for  ofiinertia, As is the fibre cross section areg(x) is a sine
the IM7/828 iso!M” = 1802 MPa. This is 10%-15% function related to the initial fibre amplitude (waviness)
higher than the experimental strength results. Equaand G(y) is the composite shear modulus that varies
tion 6 shows that the compressive strength depends onith the shear strairy. Equation 9 is solved numer-
fibre stiffness E. ~ V; Ef) and diameter. ically using the MATHEMATICA [23] software and
Argon [12] and Budiansky [13] have developed agives arelationship for the compressive stegsdevel-
theory of plastic microbuckling of unidirectional com- oped in the fibres in terms of the maximum amplitude
posites and give an expression for the critical bucklingv of the 0" buckled fibre during uniaxial compression.

=0

— AG(y)
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Figure 6 Compressive failure stress vs initial fibre misalignment. (a) for
a unidirectional T300/828 rod and (b) IM7/828 rod.

Failure of the unidirectional material occurs when the *

fibre amplitudev starts to increase asymptotically. In
Fig. 6 the compressive strength results for the two com

posite rods, T800/828 and IM7/828, are compared to5.
theoretical predictions obtained from the Berbinau and

Soutis fibre kinking model [22]. A good correlation is
observed when the assumed initial fibre wavingss
between 1 and 2, which is similar to fibre misalign-
ments revealed by optical microscopy-£®°).

5. Conclusions

fibre buckling by reducing the side support for the fi-
bres. The IM7/828 composite rods showed consider-
ably fewer manufacturing defects and their compressive
strength was 15%-20% higher than equivalent speci-
mens made out of unidirectional prepreg tape. Suitable
tensioning of the reinforcement during the pultrution
process is crucial on eliminating fibre waviness and a
further improvement in material quality by reducing
voids could substantially increase the strength proper-
ties of the composite rods.

Existing theoretical models suggest that compressive
strength is resin-dominated property, giving acceptable
strength predictions, but further work is required to ac-
count explicitly for the effect of voidage, resin-rich re-
gions and fibre-matrix interface on the compressive re-
sponse; hygrothermal effects and long term behaviour
need also to be considered.
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