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SUMMARY

An investigation was carried out, under the auspices of GARTECLR, at
four European aerospace research establishments as the first phase of a
collaborative research programme on impact damage tolerance of composite
materials. Laminates, from a common batch of material and having a [0 9¢C
0 =45 0)5 lay-up, were impacted by dropweight and residual strengths were
measured in %ension and compression. Post impact fatigue strengths were
measured under fully reversed loading for specimens containing barely
visible impact damage. The impact damage significantly reduced the static
compressive strength but subsequent fatigue loading produced little further
reduction in strength and the fatigue strength at 106 cycles was similar
to that for non-impacted specimens. All four establishments produced
similar results and in Phase 2 they will study in more detail a wider range
of materials and test parameters. Care e T
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L INTRODUCTION

A GARTEUR action group, comprising DFVLR of Germany, HLR of Holland, UNEXA Jf
France and RAE of England, was established co investigate the impact damage tolectance of
composite materials. Separate programmes at these establishments had previously compared
the effects of impact damage, simulating dropped tools and runway stones, with indenrer
damage and machined notches, in a variety of composite materials measuring residua.
static strengths and stiffnesses and post impact fatigue properties. 1In general it had
been found that broken fibres significantly reduced tensile strengchs whilst delamina-
tions reduced compressive strengths. For penetrate;-lamiA;ggs the damage had a similar
effect to that of wachined holes of a similar size, but barely visible impact damage
(BVID) could sometimes be more severe thaa artificially simulated defects.

Initially the action group sorted out test techniques to produce impacts, to detact
and characterise the damage and to measure the strengths of damaged laminates, in
particular the design of anti-buckling guides for compressive testing. Eventually the
group focussed on the problems of BVID in carboa fibre reinforced epoxy resin laminates
and the possibility of damage growth becoming critical under fatigue loading. Phase !
was to be a 'round robia' with standardised damage in a common batch of material to check
that the four lahoratories produced consistent results. Phase 2 could then study a wider
range of materials and test parameters with greater contidence in the comparability of
the results.

This report gives the results of Phase 1, collating RAE data with those from che
other three laboratories'™, 4 single batch of carbon fibre pre-preg was divided and
sent to the four lahoratories who had it layed up and moulded into [O 90 0 £45 0:5 lami-
nates. The standard level of BVID was established by preliminary testing and was used by
all four sites. Residual strengths were measured in tension and compression, and post
impact fatigue properties were weasured under fully reversed axial loading (R = -1) so as
to test the susceptibility of the material to damage under as wide a range of loading 1s
possible. Complementary investigations during and after the common programme of testing

are reported for the different laboratorties.

2 MATERIALS

The preimpregnated material was obtained from Ciba~Geigy (UK) Ltd, designated
Fibredux 914C-TS=5, batch number 75/5013l. It comprised high strength carbon fibres
(T300) in an epoxy resin (BSL 914~C), in the form of warp sheet 300 mm wide with a
moulded thickness of G.125 mm and a nominal fibre volume fraction of b0%. RAE conducted

some parallel tests on a second high strength fibre (XAS) in the same epoxy resin.

NFVLR moulded a unidirectional sheet from sixteen plies of matertal, 2 mm thick,
and tesced it {n three point bend to check the quality of the material. The results are
given in Table l. The relatively high values of ILSS and traasverse flexural streagth
indicated that the moulding was satisfactocy, although the fibre volume fraction was
slightly low. The longitudinal flexural strength {ndicated that the fibre scrength was

satisfactory but the longitudinal Young's modulus was on the low side.




Multidirectional laminates were wade in each of the £our countries $Jf Lie =mai-
part of the programme. The lay-up was 0 90 0 =45 0, 12 plies tnick naviag 5. -7
plies and containing 43° plies for torsional stiffnesz and 90° olies foac lazersl sziii-
ness, typical of aircraft skin lay-ups. The laninatces were uoulded in 3utoclives az RaZ,
DFVLR and NLR and in a2 press at ONERA, to the manufacturer's recommendaAsions: § 1our -~ .C=
at 170°C and 4 hours post cure at l90°C. The WNLR laminates were approximately 1.) =m
thick with fibre volume fractions of 2%, but the other three laboraziries produced lini-
nates approximately 1.8 mm thick with fibre vclume fractions of abouz 52%. Polisned
cross sections of typical laminates are shown in Fig l. It can be seen that i1 all -~ases

the mouldings were satisfactory with few voids.

3 DROPWEIGHT IMPACT

A dropped welight {s a simple, reproducible means of causing impact damage, tvoisal
n® i dropped hand tool, but the type and extent of the damage depeads on the tas:
gedmetfyh. The laminates were impacted befrre being cut into test speciaens

(250 mm x 50 mm), except at NLR where, by m.stake, specimens were cut out ficst. Tne
laminates were supported hbrizontally over a steel cylindrical support, 100 mm intacaal
diameter and 140 ma external diameter and clamped by means of a similar cylinder. The
impactor was dropped through | m (impact velocity 4.43 m/s) and had a nose diametec of
10 mm. Typical arrangements are shown in Flg 2 (ONERA) and Fig 3 (DFVLR). RAE did some
preliminary tests in which the mass of the dropped weight was varied. It was found chat
a mass of 306 gm (incident energy 3 J) caused damage that was barelvy visidle, had little
effect on tensile strength but caused a significant decrease in compressive strength (see
section 4). Furthermove the lateral extent of the damage was less than 1’3 of the sub-
sequent specimen width. Thus 3 J was chosen as the standard incident enerzy.  The

weight rebounded to a height of approximately 92.25 m, thus retaining 0.75 J enerzy and
imparting 2.25 J to the specimen and {ts supports. Both ONERA and DFVLR instrumentaed
their mquipment. ONERA recorded the specimen oscillatiag ac 55 Hz with 4 ceatral
displacement of about 4 mm. The DFVLR results are shown in Fig 4 showing Cthe accelera-
tion, veloctity and displacement of the weight during impact, indicating a displacement of

4.5 mm, a maxinun load of 1.58 &N and an absorbed energy of 1.63 J.

For 3 J incident enerzy, the damage visible on the surface was a very slight dent
on the front face and a split on the back face, 20 mm to 25 mn lonyg, parallel to the
fibres. Damage at 4 higher level of (acident energy, 8 J, is shown in Fig 5 for bdoth
T300/914 and XAS/9l4. Both exhihit a tough fibrous fracture which is anatrasted with the
hrittle bhehaviour of a similac (0 90 O £45 Ojs laminate made over 10 years previously,

with an excessive bond strength betwe=n the carbon fibre aad the epoxy resin.

The panels Jere exanined by ultrasonic C-scan in all four laboratories. Fig o
shows the RAE results for various levels of {acidant energy, showing the areas of damage
elongated in the dirtection of the 0° fibres. The reproducibility of the damaze is shown
(0 Fig 7 (ONERA) and Fiyg 8 (DFVLR) whece delaminated areas were 212 am® (CV 19%).
3ecause the NLR specimens were wore compliant under impact loading (thinner laminates and

less rigid supports) more of the incident energy was tik2n (n elastic deformatisn and

Ht vy
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the areas of damage were smzller (about 70 mm“); a number of specimens were Jamaged usisg

3.5 J incident energy but the areas of damage were not significantly gredter tndan for 3 ..

Cross sections were taken through the damaged areas and examined oy optical
microscope, Fig 9 (DFVLR) and Fig 10 (ONERA). These show multiple delaminatinns thronzgh
the thickness the extent »f the delaminations increasing towards the back face and
extending further in the 0° diraction. Ta Fig 10a it can be seen that the delaminactions
occurted at the +45 interface and on the impact side of all rhe 0° plies. Since the
impact supports were clrcular ali the plies were cadial through the damage area. The
asymmetcy arose therefore because of the greater stiffness Lan the 0° direction, due >
the greater number of 0° plies and the 0° plies on the outside, Cthus causing greater
stresses in this direction. The extent of delamination associated with individual {nter-
faces can be secen more clearly in translucent materials such as glass fibce or araaid
fibre laminatess, in which the delamination extended on the impact side of each piy i
the direction of the stiff fibres in that ply. Also in Figs 9 and 10 can be scen trans-
verse cracks in each ply angled ar approximately 45° to the laminate plane so as o be

perpendicular to the tensile component of the shear stress associated with the flexure.
& STATIC TESTS

Afrec impact and inspection the panels were cut into specimens 250 mm x 50 mm, so
that the damage was at the centra, and tested {n either axial tension or axiil -~on-
pression. Tn compression an anti-buckling device was used to prevent gross buckliag of
the specimen but to allow local buckling of damaged plies. All four laboraturies used
similar anti~buckling devices based on i design by DFVLR and shown in Figs Il to l4. The
side plates, coated with PTFE to reduce friction, provided edge restraint approximately
12 mm in from each side over most of the gauge length, leaving a gap of only a few mm to
allow for compressive strain. The T-pieces were used so that the small zap did not
extend in a3 straight line across the specinen. These T-pieces had roughened surfaces
(except on the tongue of the T) so that they could be clamped on to the specimen in the
test machine's grips, without having to use adhesive. It was fdund that the T-pieces had
rfo be restrained by the cross members (see Figs ll and 13) to preveat out-of-plane auve-
ment. Thus the uncestrained portion of the gauge length was 70 mm x 26 mm with the
damaged area approximately 25 mm x 10 mm at the centre. NLR tested some undamaged speci-
mens in compression with gauges on each side (see Fig 14) and found that the unrestrained
portivon buckled for applied loads greater than about 33 kN correspondiag to a strain of
0.95%. ¥For the thicker specimens used by the other three laboratories this would occur
at about 0.79% st-afn or 530 MPa applied stress. Fig 15 shows some results for damaged
specimens tested in tension; the load strain curves were almost identical for the two
strain gauge locations, confirming that the delaminat{on’ damage had had negligible effect

on the local in-plane tensile sciffness.

RAE had damaged some of the laminates over 4 range of {ncideat dripweight energies
and the residual tensinn and compression streagths are shown in Fig lb. The results for

XAS 1914 and TIN0/914 were very similar. The tenslle strength was not affected much by
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the delamination damage tnat osccurred up €0 3 U iacident energv, osur Ine Tlitre Sa

4 J and above caused significant reductions {a strength. The delamnation

reduce the csnapressive strength for incident energies gredater than I J. Ffrim tiese

resulss it was decidad thar the standard damage for the subsequent fatigue Tasis ~u.ll o=
hv

riat caused 3 0 iacident enerzy. Taples 2 £o 4 give the results

Thers was reasoradle agreement for the compressive screagti: 590 239

specimens and 340 .l MPa for damaged specimens. For the tenslile streagt
fuch zreater dirfferences between the laboratories for both damaged and undanaged
specimens: 530 Pa tu 930 MPa for undamaged specimens and 490 MPa to Jbu 'Pa 57 latizel
specimens. It is assumea tnat these differences in rensile strengtns fouad oy The

laboratories was caused by differences in stress concentrations associared with

the test specimens, and this is supported Dy pnotographs of droken Ipecimens shown 13

section 6.

ATIGUE TE3TS

v
{rn

Fatigue tests were carried out on both undamaged specimens and on specizens
contalning the damage praoduced by 3 J incident dropweight esnergzy. The lisding #ds PP

reversed axial loading (R = -l) applied by servo~hydraulic fatigue aachines

anti=bSuckling devices described ia section 4. RAE and VLR used nwdrauli.
INERA and DOFVLR used mechanical grips. The first 100 cycles were ac a freaueacy 31 L =2
while the load was adjusted to the required level. The frequency was tnen incr2dsel oo

3 Hz for the remainder of the test, higher Irequencies being avoided so as 2ot

heating problems. All the failures occurted during the compression nalf cvole,
specimens were weakar in compression than in tension. The damaged specimens failel
through the damaged reglon. Many of the undamaged specinens fallec witnin tne gligs
lenyth bur some showed evidence of fretzing round the end T-pleces Wit faiiares
yecurring in this region, and at NLR, these were at re.atively short fatigue Livas.
The cesults are given in Tables 3 to 7 and plotted {n Figs 17 to 0. The r2s..1s
for all four Lavoratories are plotted together in Fig 2l. It ¢
auch petter agreement for the fatigue results than for the static results. The values

for undamaged specimens fall from about 900 MPa at short lives zo abont 300 'Pa

107 cueles. The slope of the curve for damaged specimens shows less degraddatiisg, N
just over 300 :Pa at short lives to over 290 MPa ar 197 cyvcles.
The RAE results shown in Fig 17 indivate that far the undamaged spetinens 1nerT: «a3

sery Little difference betwesn XAs/9l+ and T3IMW,/913. For damaged specimens, Ihe siigntiis

geeatec area of delamination in XA8/91ls (see Fig 6) led to slightly lower
strengths, but for poth materials there was no evidence of any Jurther reduction in
fath e strength up to 1n® cycles. The NLR results (Fig 18) showed no s

{itforence hetween the soecimens impacted by 3 0 and those impacted by 3.5 Z.  The INERA
resnits (Fig 19) snow, for unddmaged specivens, that specimens falling 1n tie g2ig2
Leeitoand those falling near tne onds had similar tatigue Lives. Tie DFVLR resudts
faie 201 show the Laporfance of fhe restraiats on the T=pieces to aviid ug=of=rlane

Ciithae apen cireles for unrestritned ends all snowed lower Tatiguae lives Ut

Lttt oo Les taf o spediients i tesitiioed ends.
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DFVLR monitored the stiffness of the spacimens

coot mean square elongaticn of a 30 mm section of gauge l:agth. VIt undimiiol s, g Lo
no change in stiffness was detected, but with damaged snecinens the st =53 ™
towards the end of the fatigue life as shown ia iz 22. This was wii il ifie 7. a0
increase in compressive compliance. If these results were plofttwmd 0 & li7edr ~oan, o=
reduction in stiffness would commence at about half the eveatual ii{7atine. This rei.o-

tion 1n stiffness towards the end of the fatigue life of Jdamaged specinens ~is sufficiz o

to stop the test on the NLR machine. These specimens were then fested stizicills u»

i

tension; although thers had been damage growth leading to 4 reduction in “ompressiy

stiffness, there was no apparent reduction in residual teasile strength.

[} DAMAGE GROWTH AND FRACTURE SURFACES

ONERA monitsred the damage using X-rays and a radio-opaque dye. Fig 23 snows -.z
damage for two specimens, one immediately after impact and thes otner afrer 10° cvoles.

There {s no apparent evidence of any damage growth, apart perhaps from some small -~rac-

in the 0° direction. There was no evideace of any edge cracking, which has He=n observaz
wich other stacking sequencess. Calculations at ONERA, of the edge stresses expected
from the nresent stacking sequence, are shown in Fig 24, The maximum stress was for

g
zz

stress and would not be expected to cause cracking.

, the through~thickness normal stress, but this was only about 3% of the applied

The NLR specimens that had not failed in fatigue were inspected by ultrasonir
C-scan and the scans are shown in Fig 25. Comparing these results with that showa in
Fig 15 it can be seen that, with the exception of specimen 2A3, tnere is very little evi-
dence of major delamination, aven though specimeas 246, 249 aad 2aAi0 had ixdicated a
reduction in stiffness: there was however a small amount of damage growth ia the .°

direction.

Photographs of fractured specimans are shown in Figs 2b to 3i. The static tensisa
specimen shown ia Fig 26 (DFVLR) shows evidence of failure from a stress zsacentratisn it
the end yrip; this night explain why DFVLR did not get any static tensile strengths above
530 MPa. Fig 27 shows static tensile specimens for XAS$/914 and T300/91+; as in the case
of C-scans (Fig 6) and fatigue strengch (Fig 17) there is evidence of slizhtly more
splitting in the case of XAS/914 even though there was no significant difference ia
strength. Fig 28 shows ONERA specimens which indicate that fatigue specimens suffar wore
splitting parallel tc the fibres than specimens failed statically in teasi:in. This is
also shown for compressicn specimens, Fig 29. The fracture surfaces found bv DFVLR afzer
fatigue tescing show that non-impacted specimens had relatively smooth fracture surfaces
with much evidence of compression failures (Fig 30) while the impacted specimens showed

aore splitting and delamination (Fig 31).
7 DISCUSSION
Static tests were conducted at stcain rates that caused failure in a time of the

order of | minute. This was much slower than the strain rate of the fitigue tests whera

the first peak stress was reached in 0.25 secoad. For carbon fibre laminates tested ia
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tension this would nut cause much effect, whereas for GRP tner2 is 4« sig

SAND 2tIect
of strain rate. However, in compression, the mACriXx properiies CJuld a/: "wre wilizol

and strain rate might be significant.

The static tensile strengths measured were very different Zor the four
laboratories. NLR measured the highest strengths, and the smaller extent >0 Jdanage in
their impacted specimens caused no apparent reduction in strength. DFVLR recordes e
lowest values for undamaged strength with ONERA and RAE getting intermediate values.
There was better agreement for the tensile strengchs of damaged specimens but tnis was
understandable as failures occurred thcough the damaged area and thus zhe results would
be influenced less by other stress concentrations. In any further collaborazion the

source of this scatter in tensile strengths should be identified.

In compression the higher values of strength should be viewed as wmininmum values
because of NLR's findings on buckling: for NLR, strengths above abeut 430 MPa and for the
other three laboratories streangths above about 330 MPa. However the agreement between
the four laboratories was good and in future collaborations thicker specimens should bde
used to avoid buckling. The values for impact damaged specimens wevre all well betow Zhe
buckling level and again the agreement between the four laboratories was good. In
fatigue testing the four laboratories obtained very similar results. The undamaged
specimens showed fatigue strengths which fell from about 500 MPa to about 300 MPa at
108 cycles. This is typical of fatigue under compression loading; under tension fatigue
this lay-up would have shown a smaller decrease in fatigue streugth. But there was some
evidence of damage being caused by the end fittings and the anti-buckling device, so the

long term fatigue strength could possibly be better.

The damaged specimens exhibited less decrease in strength on fatigue loading, whioh
together with the evidence from X-rays, C-scans and stiffness measurements showed that
little damage rropagation occurred. This is similar to the effects of tension fatigue of
notched CFRP, where local splitting near the notch reduces the stress concentration and
can cause increases in residual strength. With compression fatigue or fully reversed
loading on specimens contalning damage in the form of deiamination it could be that local
softening could reduce the stresses near the damage and merely increase the net section
stress. This would be supported by the similar net section fatigue strengths exhibitad
by damaged and undamaged specimens at long lifetimes. 1Tt is not clear whether increases
in residual compressive strengch can tesult, as in tension, but this will be {investigated

in future collaboration in Phase 2.

The relatively flat S-N curves for damaged specimens under reversed loading,
similar to those for tension fatigue, supports the design principle that strain limits
imposed to allow for reductions in static strength, due .o notches or BVID, also allow
for fatigue eftects. However the results obtained here are for only one stackinyg
sequence and ¢ould be rather specific; the similarities between XAS/9le and T300/914
indicate that they are not so specific for tibre type. More i{nvestigations of parameters
such as lay-up, layer thickness and resin will be needed before more general conclusions

can be drawn.
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As modifications are nade in materials osriperiies T aruve L.e 3TaL. 877w Lt -
damaged laminates, for example by using higher straln fisres | impravel fus. s .7 e
; 5 . . ) . . :
laminates®, it will be important to determine whether the pos: lamage Iat: ST TG

has also been improvad. If not, then fatigue strengifns A137L 2eC.Te 4 S0 lz s..7101

feature of the design of composite structures.
8 CONCLUSTONS

These carbon fibre/epoxy resin laminates are susceptidble 2o low eferg. 30 . <ni.

impact damage, especially when tested in compression. The threshold energv

in compressive strength was about 1 J whereas {n tension it was about - J.

)
.
.
&
v

visible impact damage, comprising multiple delaminations and triansverse riacxs

T
1
L

to the fibres, had lictle effect on tensile strength but raduced the compressi’/e Trang

by about 40%.

Fatigue behaviour under fully reversed axial leoading was dominated by the
compressive loading. YNon-impacted specimens had a2 fatigue strength at 19° cycies

approximately one half that of the short life strengrh. Although the barely wvisinie

impact damage caused a marked reduction {n static compressive strength, there was .i
damage growth and little further ceduction in fatigue strength. Ar 10° cycles the net
section fatigue strength for damaged specimens was similar to that for non-impactead

specimens.

The four laboratories obtained considerable variaction in the static tensile
strength of undamaged specimens. There was better ayreement in the static compressive
strength, and in the tensile and zompressive strengths of I(mpact damaged specinens.
There was good agreement in all the fatigue results. There was suifficient confidence in

N -

the consistency of the results from the four laboratories to proceed to Phase of the
collaborative research programme in which a wider range of material and test parameters

will be studied.
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Tasle

FLEXURAL PROPERTILES JF UNILDIRECTLUNA

LS PN

MEASURED IN THREZ 2. .. 3%

Fai.. ==
Interlaminar shear strength MPa RN
(Cv) LT
Longitudinal flexural streangth MPa Tl
(cv)
Longicudinal Young's modulus  GPa 3.7 Lindzuals
(cv) Vel
Traasverse flexural strangth Pa
Transverse Young'é modulus GPa
Fibre volume fraction 51
Table 2

TATIC STRENGTH PROPERTIES OF UNDAMAGED AND IMPACT DAMAGED

(090 0 £45 0] CARBON FISRE LAMINATES (NLR)

-
! 3 Secant wdulus
; Danmage Load Strength l Strain oP
Specimen J e WPa - GPa
‘ : ] " 115 kN J-40 k¥
1Al - 70 932 jr 1.06 73 8i.h
1A2 - 61 813 J.99 T 3ien
143 coapr | - 47 625 75
32.5 buckl l 0.53
[as " - 43 572 70
41 buckl
2all 3 1 72.6 970 1.18
24a12 3 I 63.6 913 1.n9
2811 3.5 ©72.0 935 1.12
2812 3.5 65.9 872 1.4

Specimen cross section: 795 am?

NETTELEN
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STATIC

STRENGTH PROPERTLES

bH

faple 3

O N
ShoatAst

T300/914

XAS/914

0 90 0 £33 2 CARSON FIZRE LAMINATII D
Strengtt
Specizen c:t;aim J
BAB | X2 340 \
2| Bas 1 w3 830
2
ol 2 BAB 1 Kl 783
3| ¢
0
3l . BAB 1 Hl 565
3 <
-3 e . -
N BAB 1 K3 571
v
19
S| BaB 1 X5 543
| BaB 1 K6 567
5| Bag . g2 605
Sz
w3 BAB | H3 597
ol
k) o B
o 3| BaB LIS 364
g g2
3] 83 a1 Js | 33
[ 2 o

* Calculated for a mean thickness of 1.5 am

STATIC STRENGTHS OF UNDAMAGED AND IMPACT DAMAGED

Table 4

{0 90 0 45 0] CARBON FIBRE LAMINATES (RAE)
5

Width
om

50

30
20

59

50

30

249

Tension

Iapact
i

<

0

Strength
MPG

666
667
732
655
679

943
482

647
537
o031
507
762

Width
um

50

50

Compression

Impact
J

0

Strength
MPa

569
648

318
323
380
345
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1

Tanle 3

FATIGUE RESCLTS (R = =1} FIR UNDAJAGED 0D [MPacT satag=.

0090 0 =43 0

CARSON FI3RE LAMINATES (NLR)

: Load P Stress ’ o .

¢ Specimen ) Number > cycles

H N MPa AJ
186 35.4 471 ' 3560
187 35.4 571 3280
148 33.7 450 ! 5730
184 33.7 430 ! 2170
149 31.9 425 | 6220
17 31.9 o2 3350
146 30.0 400 ’ 32540
183 30.0 4Q0 | 41739
182 28.1 375 ! 35458 :
15 28.0 373 i 184320 |
181 26.2 350 : 86680 :
185 26,2 350 612550 |
1B9 2405 325 256990 i
188 24,4 325 1359000 !

2

Specimen cross section: 75 mm

Stress -

' Speciuen % Damage Load P Number of cvele
| g o MPa
244 ] 3 2404, 325 3410
! 2a5 3 24,5 ! 328 4560
‘ 249 |3 L 2.4 1 325 119220% |
24l ] 3 L2205 300 43690 i
| 2: | 3 [ 22.5 | 300 69550 ’
‘ 2410 |3 bo22.s 1 300 103270 “
26 3 P18 | 250 114730
247 3 18.7 ' 250 873730 ]
f 282 3 15.9 | 200 1258300%+ 1
i 248 ' 3 15:0 | 200 1964500~ |
H P 1
2810 LS 204 325 ' 51960 i
281 I 3. 22,5 1 300 | 6730 *
287 A 2.5 1 300 I 32280 '
| 282 ' 3.5 0.6 | 275 ‘ 104550%* |
: 288 ; 3.5 20.6 [ 275 ! 113240
286 I 3. 20.6 275 ‘ 126410
284 ‘ 3.5 18.7 ] 250 ! 34290
283 3.5 8.7 1 230 | 1000000+
289 A P 18.7 250 1041000*%

+ Untatled

* Residual strength determined after fatigue loading

IR RIIRY]
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FATIGURE RESULTS

(R = =

Taosie n

FOR SNDAMAGED AND DMPACT DAIAGED

{9 0 243 0] CARBON FIBRE LAMINATES {ONERA)
3
s ‘ Stress “umb c e
pec men \Pa* AuMDer 290 Jydaies
BAB 1 L4 514 1430
Ba3 1 L3 514 5323
BaB 1 JI 486 8922
BAB 1 J6 .86 317h
BAB 1 F3 457 22790
BAB 1 Fl 457 38530
BAB | Fé 429 23070
3
g BAB 1 Eb 429 32870
]
E BAB 1 ES 400 55400
=]
! BaB 1 Il 371 163910
.
| BAB 1 F6 s 253440
I
. BaB 1 Gl 31s 600440
| BaB 1 E3 343 811550
BAB 1 G6 il4 1035540
BaB 1 L2 286 1132620
| BAB 1 G5 286 50
E BAB 1 G4 286 510
. BAB 1 G2 257 8050
- BAB 1 G3 257 53850
3 BAB | F2 200 234440
0
8 BAB 1 FS 229 324090
g
a
BAB 1 [4 229 372850
BAB | 13 200 108
BaB 1 12 1 105

{

* Calculated for a mean thickness of (.75 mm




Table 7

FATIGUE RESULTS (R = = [) FOR UNDAMAGED AND [MPACT DAHAGED
[0 90 %45 ols CARBON FIERE LAMINATES (RAE)

Undamaged Damaged 3 J
Stress Number Stress Number
MPa of cycles MPa of cycles
T300/914 400 70 322 96000
575 20 Jl4 12500
500 97400 307 119000
483 5000 304 2760
402 203000 294 145000
284 110000
XAS/914 510 900 275 1700
510 10400 250 45600
500 2880 250 743000
500 6390 249 30500
500 10700 242 940
500 11500 232 28900
500 58500 225 201000
475 7610
475 26900
450 28500
450 58900
400 111000
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Fig la-d

a DFVLR 1.76 mm thick b NLR 1.57 mm thick

d RAE 1.83 mm thick

¢ ONERA 1.87 mm thick

Fig 1ad Cross sections through the [0 90 0 =45 0] ; carbon fibre laminates
moulded in the four laboratories
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Fig2 The ONERA apparatus for dropweight impact




Fig 3

Dimensions mm 4
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Fig3 The DFVLR apparatus for dropweight impact
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Figd
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Dropped mass 300gm

Orop height 1Cm
Kinetic energy 3.
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3ms

-
e

o

Absorbed energy 163
Displacement 4L Smm
Maximum force 158kN

Fig4 The displacement, velocity and acceleration of the dropped weight

during impact (DFVLR}
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i

Fig5a-c Backface damage on {0 90 0 =45 0] 5 carbon fibre faminates from
dropweight impact of 8 J energy t(a) T300/914C (b} XAS/914C
(c} abrittle CFRP (RAE}

Fig Sa<




Fig 6a&b
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45 0] ¢ carbon fibre laminate (ONERA)
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Fig 7 Areas of damage by ultrasonic C-scan for 3 J incident dropweiant energy
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Fig 10 Cross sections through the area of damage caused by 3 J incident dropweight

energy on a (0 90 0 - 45 0] s Carbon fibre laminate (ONERA)
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Fig 11 Exploded view of




Fig 12
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Fig 12 Exploded view of ONERA antii-buckling device
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Fig 14
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Fig 14 NLR anti-buckling device and load-strain curves of specimens tested in compression




/Strain gauges
J 50mm
ﬁ 2A12 (3.00)
Ilnmm+ ]
NDrop weight
impact R
€=104%,
b,t=872MPa
2B12 {3.5))
€=1.12°%,
6,12935MPa
€=1.18°/,
2811 (3.5J) byt =970MPa
Load
€=1.09%
SOkN 2A11(3.00) 5y =913 MPa
l
2A12 (3.0))
1 1
S000 ¢ 10000

P Strain x10

3

3

3

Fig 15 Load--train curves of impact damaged specimens tested in tension and
a typical C-scan of the damage (NLR)
i

Fig 15



Fig 16

Tensile stress MPa

900

800 F

700

GOOd

500

O XAS/914C
® T1.300/914C

Tension

400
3COot+
| Compression
200 j
| |
100 F T ‘
3J ‘1
|
!
A e —
0 2 [ 6 8
Impact energy, J
Fig 16 Effect of dropweight impact on the residual tensile and compressive

strengths of [0 90 0 =45 0] ; carbon fibre laminates (RAE)
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Fig 17

3J
T300/914C X s
XAS/914C + ]

600 (
+ +
500 |- + + + + %
LI +
+ +

400} + X
]
o
=
S
E s A
Z 300} 4 N
E o
v T T <
tH c -
= - 2
72}

2C0 i

10C +

1 i A
] ¢ 10° 10* 05 %
Number of cycles
1 :
2 Fig 17 Fatigue curves (R = - 1) for undamaged and impact damaged
z (090 0 =45 0] ; carbon fibre laminates (RAE)
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Fig 19

s {(VYHINO) satewiuiey siqy voqies
10 5¥+ 0 06 0) pabewep 1oedwt pue pabewepun 1) (I = Y) $3AInd anbuey gi Big

$312A> jo i3aquinpy

901 501 ¥ O1 ¢ 0l 0t 0t
T T™ ™ T T O
. Hd 001
-9
-—9 ® 40"
[ 1} "
° ° H
[ ® "
9 {o0e ¥
g & # ®
¢ 4 E
r
[ ;oo.\ a
g 8 z
g 2 5 A
P o 4006
f¢ pabeweyp yoedw; o 4008
pua 1eau paje;-pabewepun ¢
31U 18U pIjiej-pabewepun ©
Joou

6YOVY8 W1




Fig 20
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Fig 20 Fatigue curves (R = -1) for undamaged and impact damaged [0 90 0 =45 0} s
carbon fibre laminates (DFVLR)
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Stress amplitude MPa
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Fig 21

Cycles to faiture

Combined fatigue results (R = ~1) from the four laborataries for
undamaged and impact damaged (0 90 0 +45 0] ¢ carbon fibre laminates

Fig 21
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Fig 22
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Specimen BAB 1 3
3 J damage
108 cycles at 200 MPa

Spec-menr 348 115
3 J 3amage
O cvcte

Fiy 23 Examination of damaged laminates using X-rays and radio-opeque dye (ONERA)

Fig 23




Fig 24
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Fig 24 Calculated stresses at the edge of a (0 90 0 =45 0] ; carbon fibre laminate (ONERA)
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0, = 325 MPa

N = 119220
Opes = 995 MPa

7, = 300 MPa

N = 103270
Ogey = 1005 MPa

2A9

2A10

e 50 MM pd

9, = 250 MPa

N = 114730
ORes ° 940 MPa

o, = 200 MPa

N = 1258300
Oges = 926 MPa

o, = 200 MPa
N = 1964500

- = AnA .
= 3280
JQes QU 1

Fig 25

Fig 2% Ultrasonic C-scans of damaye after fatigue loading showing limited damage

growth (NLR)




Fig 26

nanana g

=45 0] s carbon tibre laminate (DFVLR)

Fig 26 Static tensile failure ina {0900




Fig 27

ﬂ XAS/914C T300/914C

v

Fig 27 Static tensile failures in [0 90 0 =45 0] ¢ carbon fibre laminates (RAE)
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Fig 28

BAB 1 H3 BAB 1 K1
damaged undamaged

static tension static tension

BAB 1 L4

undamaged
fatigue tension/compression
1480 cycles at £514 MPa

Fig 28 Failed test specimens of (U 3C J =45 0] s carbon fibre laminates (ONERA)
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Fig 29

BAB 115 BAB 1 U5 BAB 1 G5
damaged damaged damaged
st3tic compression static compression fatigue tension/comprassnon
and then putled 50 cvcles at =270 MP,
1 apart in tension

Fig 29 Failed test SPecimens of (0 90 O =45 0] s Carbon fibre laminates {ONERA)
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" Fig 30
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Fig 30 Fracture surfaces from non-impacted [0 90 0 +45 0) ¢ carbon fibre
laminates tested in tension/compression fatigue (DFVLR)




Fig 31

Fig 31 Fracture surfaces of impact damaged (0 90 0 =45 0] ; carbon fibre
laminates subsequently tested in tension/compression fatigue (DFVLR)
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