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S%an

In glass or crrbon fibre/resin composites theoretical tensile strergths are
rarely realiszed; gocd composites produced by reprcducible conventional
techniques attaic about 607 of the theoretically predicted values, oy,. In
an atteapt to improve the tensile properties S4% V¢ carbon and 60,. Ve glass
fitro/epoxy resin rods wers manufactured by pultrusion and values of ~EOx {
’ﬂ; were odtaincd, Althoush ths fibres are continusus, thase properties

si.398t that perbaps an “offective discontimucus fibre langth®™ is an

irportant occuposits parcmetars. It is thus possible to account for the !
®rgndca bundle breek™ appearance of fractura surfaces. bither frictional i
proportises of the fidbre/resin interface or the shear failure strass of the

resin would then play an izportsnt role in determining tensile stiength;

rosulis of tests on resin and carbon fibye cazpusite specjmens under

superpoasd hydrostatic presaures between 100 and 280 ¥ia  indicate the

critical property to be the resin shear failure stress. It is suggested

that the proposed hypotheses, of direct relevance to the design of composit~

systens and design with fibre-reinforced materials, should be tested by

further experimonts. Cf particulor importance is tho increase to 3Cm LY

of the_gomposite strength when tested under a superposed pressure of

YO K@ o

53‘3 Vt carbon ﬂbu/nickel composites were prepared by the RARDE techrnique v
of plating and hot compactioyn. - The reproducible tensile rtrength, nearly
Osne Was superior to values reported by other labcratories; however,
only a marginal improvement in toughness was obsurved. In tension,
nevertheless, the nickel matrix was ductile, in contrast to the zaterial of
Brzddick et ale "Tosta under superposed hydrostatic pressures indicate the
critical stage in the failure process to be the tensile failure of the
fibras, in gontrast to the shear-operated failu=e mechanisa in the resin

ecrposite. °
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1s ITITOITICTION

In the study of the mechanical properties of fibrs-reinforcoed materials
incroesirg ephasis is now being paid to the role of the fibro/mtrix
interf2ce in the mechanimms of fracture. In the simplest failure model (1)
it is assumed that an equal strain exists in the fibres and the matrix and
that fracture occurs when the failure strain of the fibres is reached.
Outwater (2) has postulated that for some resin matrix composites debondirg
will coccur with a zhear line starting at the ends of the fibres ard moving
to ths middle. Stresses, he susgesis, are transferred frow the matrix to
the fibras by friction rather than shear. Failure may occur by either
corplete dedbonding, or if the bond is sufficiently good, by matrix shear or
failure of the fikres,

T8e effect of fibre flaws linked with non-uniform strain distritution has
boen studied dy Parratt (3) who suggests that as the lcad on a specimen
increases, the mumber of internal fibre fractures increases, shortenirg the
fitre lengths to the point where the ultimate shear utrength of the matrix
is «rceoded and composite failure takes place through shoar failure of the
matriz. Tho statistical model of Rosen (4,5), suprorted by results from a
photo—elastic stucy of the tensile failure process, again indicates that
fitre fractures occur randomly, starting at about half the composite strength
On this modsl the strength of the composite is determined by the statistical
strength characteristics of the fibres and by the efficiency with which the
matrix is adle to redistribute the high shear stressas which exist in the
vicinity of a fitre break. A composite with a ductile matrix would thus be
expected to be stronger than one with a brittle matrix.

It i generelly recognised that the dbundle strength, o,, of an assambly of
parallel fibres is always luss than the mean strength of the fibres
(nsasured at the sams length). PFor a typical scatter of ¥ 20% of the
average (6) the fibre dundle can unly achieve ~ 704 of the mean fibre
strength. Asasurement of bundle strongth has been suggested (6) ss a useful
methoi of incorporating atatistical factors into compesite strength
predictions of fibre/resin composites by the relationship;

o, = vr o (L) = 0.7 vr 9 ‘»
where ¢_ is the composite ctrength, V‘. the volume fraction of the fibres
cf loanobndd.ng strength o, and the gauge length of the fibre bundle (L)
is the sace as the composite specimen gauge length. This uncoupled
statistioal model represents the lower estimate of the theoretical composite
strength (6)0

The theory of the load carrying capacity of unlaxially loaded compos. tes
has beeon developed in scme detail (7-9). In general, for continuous fibres
the strength of a composite is given by:

0, 0, Vr A (1-Vr)

whore o’. is the atress in the matrix at the fracture strain of the fibres.

5.
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For discontinuvous fibres of length L, strengthening is alwaye less. ‘he
teasile and shear stresn distributions are ;iven in P17 1. The terciie
streas in the fibre builds up rapidly from each end arproxainately linearly,
ie:~

o= 272

x r

whore 7 i1s the maximum xatrix or interfuce shear stress, r the fibre redius
end z is the diatance froz the end of the fibre, smaller than 2L and the
eritical value }L s to be def'ined.

At ths fracture strea: ar of the fibre =z = r cf ard hence before it can
T
be troken the fibre must be of a critical length Lc = 22,

If q is the diszetsr, thea:-
o 4,

=

¥hen the fibre length is less than Lc the fracture stress of the fibre is

never reached, When L = Lc the fibre will break in the centre and the

aversge stress a&.over the fibre is 0,.e When L > Lc' 5} approaches o, and
)

the strength of the coxposite is given by:-

o, rvtoa‘ ‘.Jzaf ?L .,:J’a'ﬂ U-Vx.,ﬂ
The aim of the work dencrubed here 18 the investigation of the mechanismy
of the failure of fibre composites and the study of the importance of the
fibre, matrix, snd fibresmatirix interface in the strensthening of such a
composite. Unidirectional glass and carbon fibre reinforced epoxy resin
specimens produced by a pultrusion technique were used in the study of
resin matrix compositss, and carbon fibre reinforced nickel fatr:cated by a
rlating and hot compaction technique was used for the study of the metal
matrix composite.

The experimental technique involved the use of hydrostatic pressure during
tencile tests. Under ambient conditions, for an applied tensile stress o ,
the maximum shear stress is given as ﬂ (Fig 2). Under a hydrostatic

pressure H and an applied tensile strasn o the nett tennile stress is o-H,
but the maximum shear stress is still € , A% the same nott tensile stress,

@ , therefore,the maximum shear streas is g__g_;’! « Using hydrostatic

preasure the tensile to shear strees ratio may thus be varied. As the
tranafer of load from the matrix to the fidres involves shear stresses in
the matrix and at the interface, then variable hydrostatic pressure
techniques are important in determining the mechanism of failure. The

~ application of hydrostatic pressure has previously been used in the study

of machanical properties of metals, cerarics and thermoplastics.
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Commorige fotricntions reetn eatrix oommosites (10)

One of the undeairadle characteristics of mechanical tesis on fihre~
reinforoed plasztic (IRF) spocimens has frequently bosn the large acatter in
rezults. This has principally besn ascrided to the prezence of wvoids and
aizalisanent in the filxrea, lack of adhesion belween fibree and matrix,
defecta in the fibres thawselves and differences in the gauge length of
rpocizens tested, As the firwt three factors depend on the fatrication
procers, pultrusion appenrs to offer a possible mcans of izprovement on the
wet lay-up method, Pultruaion, the technique of pulling continuous lengths
of resin~eozked fibtre ti!mough a heated dig, has becn developed for glass
fitres and recently applied to carbon fibres by Carnett et al (11). A
mdified form of their apparatus was used in the Process Technology
Division, A3, Harwell, to mamufacture the resin matrix composites used in
our investization. The¢ pultrusion rig, Pig 3, conzisted of four asets of
tengioning rollers/fitre guides, 2 PI7E sising dies for rexoving air tubbdles,
izproving fibre impregration and removing excess resin and a third curing
die TS5cm lorg and 6.35am in diameter, which was thermostatically haated,
The entrance to the die was cooled ¥y a water jecket to prevent premsture
golling of remn which tended to build up at the throat. For the system
Araldite NYT753/17951 resin/54% carbon fibres and 601 glass fidres the
optimum conditions based on carbdon fitre/resin exotherms were found to be a
die erit temperature of 140°C and a pulling speed of 20za/min. The carbon
fitres wore Harwell Type 11 surfoce treated with a mcan strength of

2240 KZn~2 and a mean diameter of 9.08 um. The glass fibres were Owens
Corning Type 810IC. The fidres were pulled by means of a s’eel ocord cast,
via a brasy screy, into the end of the 4 fitre bundles. The rods produced
were 1.2w long and were post—cured for 1 hour at 100°C,

Cormmonite fatricaticn: pickel matrix composite (12)

One of the more usaful techniques for producing carben fibre-reinforced metal
ocomporites is elactroplating of the fibrea, followed by hot compacticn.
Recently Kistler and nxe-znf1 3), Braddick, Jackson and Walker (14) and
Donovaa and Wateon-Adans (15) have reported on tke production of carbon
fibtre-nickel composites by this method. A wodification of the last tochmique
was used to produce the composite for this investigation.

The plating rig, Pig 4, consisted of a cylindrical cage with fibre tows
vertically eligned on it, which was slowly rotated in a thermostatically
oontrolled Watts Type Bath (Table 1) at 37°C. A low current density of
1.6 A" was appliod for 24 hours to obtuin an even nickel ooating (Fig 5).
The plated fitres were thoroughly washed in running water at 50°C, follcwed
by distillod water, then allowed to dry. The thickness of the rlating was !

~1.8 $de

The hot compaction was carried out in a Nimonic mould (Pig 6) betwosn carbon
bdblocks which provide a reducing atmosphare. 1.5 x ‘IO6 Plated fitres 100rm

7.
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in lanth were alisned tetween nickel fcils in the mo 4 and a small
retaining rressure was applied. Pressure and terpers ire were then
increased over & peariod of 40 mimutes to 95 KR :EE and T00°C. Thece
cond:ticne were maintained for 7 hours, after which the mould was allowed
to ¢ool, s%1ll under preasure., Rectansular bars 1COmr x 25 x G were
trus ;roduced. Tre fidre volume fraction, fcund by dissolution of the
nickel natrix ard accurate weighing, was 53%.

Optical microgrephs were taxen of sections of tne as-plated fibres (Pig 5)
and the nickel and resin matrix cocposites (Figs 7 and 8) and similarly
the of longitudinal sections (Figs ¥ and 1U/).

Tostinug of emmiocites

The rcund tensile speciaen design (Pig 11) usad in the presert investigation
had to te developed (10) as there 18 no definite standsrd at present, Flat
specizers ure generally used with fibre-reinforced resin composites and

found sjecindens, cimilur to our design, are often used for fibre-reinforced

C melHAS.

A requirement was the design of a miniature specimen that would fit in the
vary Jinited space of the high precsure testing apparatus. In general,
where composite modulus is not reguired, wuisted specimens with no parallel
gauge section are asccepted. The length of the shoulder was calculated from
the interlamirar shear strength of the conposite, so as to rrevent the
shoulder pulling off. The Jdesign had so far proved completely successful.

Tonsile tests were carried out at an extension rete of 5 x 10.‘ mn/nin
under sggerposed hydrostatic pressures in the range atmosrheric pressure to
280 KNm © in a Universal Liedeby testing machine (Fig 12). The effects of
hydrostatic pressure were also determined on pure resin and nickal
specimens (the latter having bcen previously anncaled at 700 C for 2 hours
in the compaction rig)e Scanning electron micruvgraphs were taken of the
fracture surfaces of specimens broxen at atmospheric and uander hydrostatic
proszures (Pigs 14 ani 15). ‘

Hixn temperature treatments

It has been surgested thzt the results of tests on plated single fibres are
applicable to bulk composites. To assens the high temperature capabilities .
of the bulk composite plated fibres were accordingly used, The strength of
as-plated fibres was determined as the mean of 27 tests using a gauge length
of 5Cmmm., A tow of plated fibres was then treated under a vacuum of -.10‘6
torr for 24 hours at 1050°C and a similar numter of tests carried out on the
heat treated fidrea, Plated fidres were almo treatad under the name
conditions in a sealed, pre—evacuated tube containing a small quantity of
pure carbon powder,

Impact tests

A few Charpy impact tests were carried out for comparison of the fracture
to ess of the carbon fibre/nickel compesite with that of other workers
(14 o As the toughness of metal matrix composites t'reaquently decreases with

8.




imcrsasing Vg{16), carton fitre/nickel ccmporite tlocks were prepered with
V¢ in the range 20% to TCZ for this investigstion.

l. ) Jaenanadind. ]
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The strensths of unplated end plated fitres tcofore and oftse varioms high
tezperaturo treataents are chown in Tabdle 2. Taking isto sccoumt the
ircogth of the nickel coating, the strength of coated fitres is suacwhat
Richar thoa that of the unrlated fibres, as aleo sccas to be the wirengih

of the filtrcs truated with carton in the sealed euvelope. It is to be noted
that the rcan dismyter of the Titres in the last case was 9.00 ;s as compared
with 9.3 ;a3 of the unplatsd fitres and 12.6 j» of the plated fikrow.
Tventment of the plated fitrcs in vacuo causes a large drop in strungthe

The difficulties of mounting snd testirg cuch weak asd btrittle fitres
frovented more than thres successful tests being carried out,

Patrix materinls tants

Us’ng the cosposite test specimen design, nickel was strained at atmospheric
and superpcsed hydroatatic preasures, Atoospheric tests showed that this
douimm undorostimated the yield stress out resulted in values for the
ultisats tinsile s*rength nimilar to those cbtained with specimens_possessing
a reduced cauge le.gth. The yield strensth of the nickel (0.27 G  )was
unnltared by the application of hydrostatic pressure.

Spocimers rackined froo cast epoxy rods were sinilarly teated and the
poeacunscd effect of hydrostatic pressur= on the tensile atrength was ncted
(Fig 13)s Tha tonsile strongth o, dacreased approxizately linearly with the
superposed hydrostatic pressure bat the shear strength, Op ¢ H, (equai to

2
half the pominal ultizate applied stress o,)increased from 32 a’ with
pressurs with a slops of J.11.

The appesrance of the failure surfaces of the tensile spccinen changed frea
the norcal polyzer failure cods (Fig 14) orizicating at the surface to

a8 1lip of chonr rsiiure and a featureless "mirror™ central frazcture at

300 1o ?(Fig 15). The final brezk coul. have been cousad by the fluad
penstrating into the failing specimen.

Crmromitog

The mean tencile strength of the carbon fibre reinforced epoxy resia
cozposite vas 0.93 £ 0,05 ¢'52 and that of the carbon fitre reizforced
nicksl coxmvosite was 0.73 L 0.05 Cla™2. The effect of superposed hydrostatis
praczure oan ba seen in Fig 16. DNote that the zpplied tensile stress ¢,

not a‘-H, iz plotted. In the case of the nickel matrix ccaposite, the

erplicd gircos inoreanes with ircreasing hydrostatic prescure with the slope
~ 1,0, 10 tho stresgth is unaffected by hycrostatic prescure. The behaviour




of ths epozy recin Extrix ccopawite is cooplex and reference to fag 17U
ehoua the primcipal exiel strocs gp-H et the point of failwe for tha
oarpesite and for tha matrix material., It is seen that the strength of ,the
oonpozity first increascs with hydrostatic pressurs up to abcut 40 Ko,
eprrocxinstaly linmearly, then dscrzases to well Lelow the atmoapheric pre.sure
valuse Hots that the cozposite strenzth increases with ;ressure only 'ander
otreas conditions such that ths tensile stress in the resin (determined »her
tosted aloms) is its meximum principal stress.

ke eppesrance of the fracture surfaces of the resin matrix cospesite
chances considersdly with spplied hydrostatic pressure (Figs 18 and 19);

the entunt of fibre pull-cut decressing with increasing sressure as the oode
appeared to chonge from “random bundle” to "statisticel accumulation®™ type
«f frariurs. For the motal matrix cosposits (Pig 2C) the nicikel [ailure
sode changes with incressing hydroatatic pressure, at ~ 140 IZla , fram
tranzgromalar shear to intergrznular rupture, the result of incressing the
shoar stresses in tha zatrix to beyond the grain boundary strength.

Tests on miniature Charpy specimens were carried out on the 53~ V. carben
fibre nickel composite in the tezperatuse range 20~500°C and the galue of
tha frecture ensrgy_wea sppavently indepen-ient of temperature :

(1.9 2 0.3) 107* Ja™?, ie only slightly hirher than the values of Braddick
ot al (14) end 15% of the valus for pure nickel. It i3 interesting to nste,
kowsver, that the failure of the nickel was again entirely ductile, Fig 21,
Ths effoct of varying '1' on toughness is presented in Table 3.

4o  DISCUSSICN

The results of the hest treatment of plated fibres show large drops in the
failure stroength. Jackson and Korjorsm (17) found similar results on
aicrocozposites, but in contrast Berclay and Bonfield (18), who tested
individual Type I czybon fibres coated with evaporated nickel ard aunealed
in & vecuum of < 10 torr, found much smaller reductions ir strergth.

Por cur plated fibres 3mxeu.11n¢ in a vacuua of ~ 19-‘ torr produced a loss
of strongth from 1,55 = 0.25 to 0,092 = 0,0C4 Gl ~, but heat treatrent in
a closcd tude with pure carbon powder resulted in the loss o almost all the
nickel frcx the ribps, whose_gtrongth was not diminished, being 2.41 2 Ce55
compared with 2,24 = 0,39 Gllza  of the unplated fibres. The protlea of heat
treatamt of carbon fibre,/nickel composites is continucusly and extensively
discusaed and no clear explanation of ths phouomencn emerges. Our results
are thun presented witnout comment sclely to make the data more extensive,

Vson ocomeicdering tho sirenstbening mechsnisms in cosposites, where the
fibro/eatrix boud is good and the matrix is able to redistribute the high
shoar stresses produced at the £ibrs/matrix interface near a fibre break,
the predicted effeoct of imereesiny hydrostatic pressure on the fracture
bchavicur is to incrorse the epplied tansile stress at failurs by an amount
eguzl to tha hydrostatic pressure, ie the theoretical slope would be 1

20.




poovidnd the flow proepercles of the matrix are unaffected. The resulta

for carbon fibre/aickel show a slope of ~ 1.0, which indicates that fracture
in this composite probably results from the tensile failure of the fibres
belars either debonding or matrix failure tukes place. The nait effect of
applied hydrostatic pressure on the tensile strength of the composite is
thus epproxisately sero. At the same time, however, the maximum shear stress
bhas rizsn, resulting in the change in matrix fracture mode from the shear to
the Antergrarular rapture (?ig 20). The strength of the composite, although
well reprroducidle, 's only ~ 604 of the theoreticei value. This comparaes
favoursdly with ~ 50,° reportcd by Braddick et al (14) but falls short of the
65X occasionally obtained by Kistler and Niesz (13). They attributed the
streagth increase to a reduced arzount of fibre damage and lmproved alignment
gained by the usa of radial compaction (as opposed to unidirectional
ooupection used by Praddick et al and ourselves).

In the case of tha re3in matrix composites a different mechanism is
indicated, Thers ths composite strength is strongly linked with matrix
behaviour, as extaination of Pig 17 makes evident.

If there ware no change in the shear feilure strength of the matrix with
pressure and it controlled the failure process, there would be a linear
decrease of composite strength with pressure, ie a slope of =1 on Fig 17(b)
and & slope of O on Pig i7(2) would result. The resin shear strength.
howsvar, increases with pressure with a slope of ~ 0.1 (fig 13);Bowden (19)
simi . uriy bas roported a slope of about 0.2 for another resin. He also
notsd an equivalent increase in the bond strength between fibre and matrix
with increasing pressure up to about 50 Mz

In general, the law of mixtures is used to calculate the strength of a
ocompoaite. This neglects Poisson's ratio v (20} although the effect of
this hes boen calculated, it is normally negligible, particularly for
metal matrix osaposites, as it depends on the difference between the values
for the fibres, ¥,, and the matrix, v_, (21). Kelly has shown that

cc-B‘V,e +R=V’e+2(oa-o,)pv,

whete ¢ is the atrain, subscripts 1 and 2 refer to the components in smaller
and greater soncentration respectivaly, B is Young's modulus and p is the
pressure at the interface. If we neglect affects due to the compesite per
se, equate thereofore p with H, and consider substance 1 to be the resin
matrix (o ™ 0.4) 83 2 to be the carbon fibre (v = 0.25), we cbtain:

o = oy (law of mixtures) - 2H (1 - Vf) (uIII - vf)

The effect of this on the nickel matrix compusite strength is not significant.
Those data also indicate that the stiength of the carbon fibres is unaffected
by hydroatatic preasure and this will e assumed for the resin matrix

coposita,

If tho slgebraic sum of the coniributions to the composite tensile strepgth
frem tho fibrea, the resin (wnich becomes negative at an H of ~ 80 M\m
end Poisson's ratio effec: is caloulated, a linear decrease of the composite

11.
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. strength with hydrostatic pressure (albeit with a slope < 1) atill results:

oc = (“Vr} 0.77H =~ ("'Vr’ 0.3

op = 0.47H

This relationship is reasonsbly well obeyed for H > 80 L~ (rig 17), but

1t doea not in any way account for the pronounced strength naximm, nearly
s &t a pressure of ~ LO I o This sirpls approach, though

enco aging, is therefore inadaquate end machanisms of transi'er of stress

at the resin/fibre interface must be considsred.

The initial rige of the compomite sirength with pressure implics that a
more efficient mechaniex of loed transfor from thes reasin to ths fibres
beccmes poseible through tha attainmsnt of higher interface strecsna. The
matrix shear strengih thus appecrs to conircl ths composite strength at
atzospheric pressure, as the maximum useful strength of the fibre/ocatrix
interface is the shear strength of the m;rix. The initial strengthenirg,
with increasing pressures up to ~ 40 Xlm , can be interpreted by alluwing
the interfacial shear strass to rize with pressure with a slope of ~ 0.1,
Accordingly, as at H = 0,

op = op = Ve o ¢(1-V)a

930:0.5&0".00.105851;!@2 »

the effective strength of the fibres, 0% , is 1670 ta o If it is made to
increase with pressure with a slope of 6 11; for 0 < H < 40 Lt '

Og = 0p ¢ 0e54 x 1670 x 0.11H/32 = 0.47TH
= c, + 3.18 - 0.&73 = CF * 2.633

For values of H above ~ 40 2% " the resin marimua principal stress becores
compressive and it is seen (Fig 17) that the fall in the composite strength
is in accod with a reversal in the "extra™ pressurs-deperdent cnntributicn
to the shear stress: ‘

oc = (a,+ 124) = 3.1 (H = 20) = O.47H = 0p ¢ 104 = 3.6 (- 40) L

until a hydrostatic pressure of 80 1ma - is epplisd. Above this pressure
the stress aystem in the resin is wholly coxpressive, is the resin is no
longer pulled but is being allowsd to be squeszed oute

12.
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TADLES 1 & 2

NiSO, 7,0 2009/¢

| HyB80, 30g/¢

| Y 20q/¢
pH 32 10 3-5

TAOLE | WATTS HICKEL BATH : CCHPOSITION

TREATHMENT NUMCER OF | MEAN STRENSTH STALDARD

TESTS INGNm—2 DEVIATION
i GHm 2

UNPLATED 23 2-24 0-39

AS PLATED 21 1-56 0-25

24 ¥AS AT 1050 % 3 0-092 0-004

AKD ~10-6 terr

24 K0S AT 1050 % 10 2-41 0-35

4 SEALED TUDE

WITH PURE CARGOH =

POWDER 0-35

TABLE 2 HICKEL - PLATED FIORE @ STRELSTH DATA




TADLE 3

IH1PACT STRELGTH
UNT Jm-2X 104

0 27

20 79

30 5-1

40 3

53 19

70 29

JABLE 3 THE EFFECT OF Ve _CN TUE CHARPY IMPACT STRENGTH OF

CARDCH FIDAE J MICKEL COMSPOSITE AT 20°C
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