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Abstract :

The aim of this paper is to present an experimental study of impact and compression after
impact (CALl) tests performed on composite laminate covered with a cork thermal shield
(TS) intended for launchers fairing. Drop weight impact tests have been performed on
composite laminate sheets with and without TS in order to study its effect on the impact
damage. The results show the TS is a good mechanical protection towards impact as well
as agood impact revealing material. Nevertheless, totally different damage morphology is
obtained during the impact test with or without TS, and in particular at high impact
energy, the delaminated areais larger with TS, Afterwards, CAl tests have been
performed in order to evaluate the TS effect on the residua strength. The TS appears to
increase the residual strength for a same impact energy, but at the same time, it presents a
decrease in residual strength before observing delamination. In fact, during the impact
testswith TS, invisible fibres' breakages appear before delamination damage contrary to
the impacts on the unshielded sheets.

Keywords : Impact behaviour (B), Damage tolerance (C), Delamination (C), Residual
stress (C)



[ ) Introduction
Composite materials have been increasingly introduced in airframe and spatial applications

in the last decade because of their interesting characteristics, like their low specific weight,
enhanced mechanical strength, high stiffness... Nevertheless, during the structure’ s life,
damage induced in these materias by impacts of minor and major objects like hail stones,
runway debris or dropping tools can drastically decrease the structure’ s life. Consequently,
it is essentia to define a damage tolerance demonstration as soon as a new project begins.
Damage tolerance is intended to ensure that, with serious fatigue, or accidental damage
occurring within the operational life of the airplane, the remaining structure can withstand
reasonable loads without failure or excessive structural deformation until the damage is
detected. The accidental damage is characterised by its visual detectability (cf. figure 1) and
compared to the so called barely visible impact damage (BVID) which is a very important
concept in relation to the damage tolerance and fatigue evaluation (JAR25.571).

The aviation requirements, e.g. JAR25.571, state that the effect of damage on the strength
of the structure must be analysed and controlled through the application of a proper design
philosophy and proper maintenance and repair.

The damage tolerance philosophy was introduced at the end of 1978 for aircraft structures
[1, 2]. But in the military and spatial launchers' fields, the damage tolerance concept has
been introduced recently.

This study presents the characterisation works performed on laminates used for civil and
military launchers' fairing considering damage tolerance demonstration. The accidental
damage are realized with a drop weight system which alow to perform low velocity
impact tests [3, 4]. Afterwards residua strength is classically evaluated thanks to
compression after impact (CAl) tests[5, 6, 7, §].

The impact’ s problem on laminated structures has been a subject of intense research efforts
[9, 10, 11, 12...], but thiswork’ s feature is the cork thermal shield (TS) glued on composite
panels and its effect on the damage tolerance demonstration. This TS is made of natural
cork pellets agglomerated by impregnation and polymerisation of a phenolic nitrile resin
and is glued on civil and military launchers' fairing as thermal protection system. But
during impact tests, this thermal protection modifies the structure behaviour and causes
unusual impact damage.

This original damage morphology influences the structure behaviour during the CAI test
and modifies the residual strength compared with unshielded panels[13, 14].
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These tests could allow analysing and improving numerical models under impact and CAI
on an unusual case which product different results than the classical ones on unshielded

panels.

Il ) Impact experimental investigation

[I-1) Materialsand specimens
Two composite materials, with carbon fibres and epoxy matrix, are tested in this

investigation : a high modulus (HM) unidirectional composite, often used in spatial
structures and, a well known aeronautical material, a high strength (HS) unidirectional
composite T300/914 are used. The names of HM and HS are used in regards, respectively,
with the high modulus (Ez' = 230 GPa in the longitudinal direction) and with the high
failure strain (e’ = 11540.10° in the longitudinal direction) in the fibres direction. The
complete mechanics characteristics of these materials, determined by experimental tests,
are given table 1.
Ei', E;° are the Y oung modulus, respectively in tension and compression in the fibres
direction (1), E> the Young modulus in the transverse direction (2), s1' , s1° the failure
stresses, respectively in tension and compression in the fibres direction, s,', s,° the failure
stresses, respectively in tension and compression in the transverse direction, t 1, the failure
shear stressin the 1-2 plane, e1' , e1° the failure strains, respectively in tension and
compression in the fibres direction determined by the ratio between the failure stress and
the Y oung modulus and n1» the poisson’s ratio in the 1-2 plane.
HM rectangular panels of 150 x 100 x 3.78 mnT are manufactured with 18 unidirectional
plies with the stacking sequence (0°/60°/0°/-60°/0°/60°/90°/-60°/0°) s representative of the
sequence used on launchers' fairing. However, HS rectangular panels of
150 x 100 x 3.6 mnT are manufactured with 28 unidirectional plies with the stacking
sequence (0°/60°/0°/-60°/0°/60°/90°/90/-60°/0°/-60°/0°/60°/0°) s in order to have the
thickness and the sequence as close as possible to HM panels.
The studied TS is made of “Norcoat Liege” which is natural cork pellets agglomerated by
impregnation and polymerisation of a phenalic nitrile resin. Two thermal shield thickness
are tested :

3.5 mm, typica on launchers' fairing;

6.5 mm for analysing the influence of the thermal shield thickness during impact.
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Some specimens are presented in figure 2. 1t can be noticed, that the TS is glued only on the
central part of the panels, and not under the clamp sysem (cf. § I1-2), to avoid changing the

boundary conditions compared with the unshielded panels.

[1-2) Impact test system
The impact test system (cf. figure 3) used to impact the composite coupons is drop weight

system. It consists in dropping an impactor, equipped with aload cell, on a 150 x 100 mm?
laminate panel, clamped by a125 x 75 mn? window.
Its principal features are :
A 2 kg free falling mass ;
A load cell mounted under the mass to measure the force between the mass and the
specimen ;
An accelerometer mounted over the mass to measure the acceleration. This measure
alowsto correlate the load cell measure ;
A spherical impactor of 16 mm diameter ;
An optical sensor to measure the velocity just before impact ;
A clamp system to hold the specimen ;
A control system preventing multiple hits on the specimen ;
An analogical data acquisition system.
The impact force Fimpaet between the impactor and the specimen is determined due to the

measured force, Freasured , taken by the load cell:

Mmpactor
Fimpast =——2% __ Fenared
mpect Mmpactor = Mtip ' (1)

Where Mmpactor @d Mip are respectively the mass of the impactor and the impactor tip. To
determine this expression, the acceleration of the impactor tip and body are of course
supposed equal like classiquely admitted in the litterature [9]. In this study, the
accelerometer signal was not used because it is more noisy than the load cell due to the

waves propagation in the impactor [9], but its correlation with the force signal was verified:

= Finpeat_ @

g Mnpactor

Where gmpat 1S the impactor accelaration.

On the figure 4, the impact forces are drawn as a function of time during impact tests on

HM panels without and with 6.5 mm TS for different energies. These curves, and all the
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other impact ones presented in this article, have been filtred at 15 kHz to avoid a free
frequency of the impactor at about 20 kHz. These curves, representative of al performed
impact tests, are very classic in the litterature [ 7, 9]. They are globally smooth and almost
sinusoidal at low impact energy, with little oscillation due to natural frequencies of the
panels. At higher impact energy, they show an important force signal fall followed by
oscillations, which is characteristic of delamination onset (from 1.9 Jfor unshielded panels
and 29.4 Jfor panels with 6.5 mm TS). This result is confirmed by C-scan analyses aswell
as by others authors [10, 15] in the literature.

Then, due to this load measurement, the projectile tip displacement as a function of time
X(t) is obtained by a double integration :

t .

t .
X(1) = (o, + Ay M it it 3

0 0 mpactor 4}

Where \p istheinitia velocity just before impact.
Afterwards, the impact energy E is evaluated :

E=imy; (4

[1-3) Impact testsresults
A lot of impact tests have been performed on HM and HS panels, nude and with 3.5 and 6.5

mm TS (cf. figure 5). We can precise, that to clarify these plots, only afew impact tests on
the HM panels have been reported. On these curves, the first impact energy which involves
the delamination, measured with C-scan method, is equally reported. These curves show
the same force signal peak as soon as the delamination begins. They aso show, that with
TS, the delamination appears at higher energy and at higher impact force than without TS;
cf. figure 6 which plots the energy and the impact force of delamination onset versusthe TS
thickness.

Therefore, it can be concluded from figure 6, that the TS reveals to be a mechanical
protection because it delays the delamination onset. This result is very important for the
tolerance damege tolerance concept.

This mechanical protection is, for a part, due to a structure effect of the cork which acts like
a spring between the impactor and the composite sheet. This spring stocks a part of the

impact energy and thus decreases the maximum force during the impact. This effect is
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confirmed by the plot of the maximum impact force versus the impact energy (cf. figure 7)
. a low impact energy, the impact force is lower with TS.
But at higher energy the phenomenon is very different; the maximum impact force is higher
with TS. This phenomenais aso visible on the plot of delaminated area versus the impact
energy (cf. figure 8): at low energy the TS protects the composite panel, but a high energy
it increases the impact damage area. This behaviour can be attributed to the force spreading
effect of the cork which increases the impactor contact area on the composite panel surface.
In particular, the maximum impact force, obtained at high energy, near panel perforation, is
higher with TS and causes a more extended damage area. A dynamic effect can equally
causes this phenomenon, because at high energy the velocities are higher and can cause a
modification of the plate deflection mode. However in this study the velocities remains
lower than 7 m/s (about 50 J) and the static / dynamic equivalence can be admitted [15].
To separate this force spreading effect of the spring one, the delaminated area versus the
impact force has been drawn (cf. figure 9). It can be confirmed that for the same impact
force, the delaminated area is lower with TS but the maximum impact force reached is
higher and causes more extended damage. The force spreading effect of the TS can be
compared to an impactor diameter increasing.
Afterwards, in order to define a damage tolerance demonstration for the shielded panels,
the impact depths are measured just after the test and again after 10 days (cf. figure 10). An
indentation depth decrease was noted for al specimens. The following reductions were
noted:

25% on average for unshielded parels;;

20 to 25% on average for 3.5 mm TS panels;

10% on average for 6.5 mm TS panels.
Thus, a more important reduction is noted for unshielded composite panels than for
shielded ones: the thermal shield acts with less relaxation. Consequently, to cover thetime
effects (resin viscoelasticity / Norcoat Liege relieving), and in order to be sure to have the
expected detectability threshold after few days of storage (0.3 mm according to Airbus
certifications), it is necessary to increase the penetration depth of 25% at the moment of the
impact. This coefficient does not cover the effects of wet ageing, thermal and fatigue
effects. In this study, it is decided to take 0.6 mm of penetration depth as detectability



criterion at the impact’s moment, which corresponds to the usual aeronautic criterion called
Barely Visible Impact Damage (BVID).

Thus the delaminated area evolution is plotted versus the permanent indentation depth
(indentation depth measured after 10 days) (cf. figure 10). The curves show that the
composite degradation appears well before having a visible depth on the unshielded
composite panels.

Unlike unshielded panels, the mark caused by the impact on the TS is visible before having
adelamination in the composite. Therefore, the thermal protection has a shock revealing

role and allows detection of impacts before composite delamination onset.

[1-4) Materials comparison
It iswell known and clearly visible on the materials characteristics (cf. table 1), that the

HM material is more brittle than the HS one. In particular, the failure strain in the fibres
direction is twice higher for HS than for HM. So, this behaviour is also found in the impact
behaviour : the delamination onset energy or impact force is greater for the HS materials
(cf. figure 6) and for the same impact energy the delamination area is aways larger for the
HM panel (cf. figure 8).

Nevertheless the evolutions of the delaminated area versus the impact force or permanent
indentation depth are very different for the 2 materials. In fact, when the delamination onset
is reached, the delaminated area increases much quicker for the HS material (cf. figure 9
and 10) according to impact force as well as to the permanent indentation. This behaviour is
negative for damage tolerance because it will be very difficult to estimate the delamination
areain function of the permanent indentation depth, in particular for HS structures.

The reason of this behaviour difference has not yet been explained. On the other hand,
complementary works are necessary to understand this phenomenon. In particular, to
determine if it isamateria effect or another one, like for example stacking sequence or ply
thickness...

[1-5) Post-impact C-scan and photomicrogr aphs
For impacts that do not result in complete penetration of the target, experiments indicate

that damage consists of delaminations, matrix cracking and fibre failures [14]. Investigators
have observed that the typical impact damage shape for laminate compositesis conical in
the thickness direction with the in-plane damage area increase from the impact surface to

the backside [16]. Nevertheless, the post-impact C-scan views and the microscope
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observations of laminate coupons nude and with TS show three kinds of impact behaviour
(cf. figure 11).

For unshielded impacted composite panels, each interface is delaminated (cf. figure 11a).
C-scan views show that pairs of twin-triangles develop at each interface. With the rotation
of fibres from one ply to the other one, the scheme depicts a typical “double-helix” through
the thickness. Increasing from the impacted side to the free side of the plate, delaminations
are wrapped in a conica shaped envelope. This result is well-known in the literature [11,
17].

For shielded impacted composite panels and below a certain level of impact energy & (cf.
figure 11b), delamination is only located in the middle of the specimen thickness. Matrix
cracking are visible in the nonrimpacted side of the plate. It can be noticed in figure 11b
that the photomicrograph represents only a part (20 mm) of the global damage (about 78
mm), and the central delamination only exists outer of this micrograph.

For shielded impacted composite panels and above a certain level of impact energy Eo (cf.
figure 11c), the main delamination is till located in the middle of the coupon thickness, but
this delamination is superposed with conic shape delaminations. It can be noticed, like in
the previous case, the different images scales.

From these observations, a typical impact damage mode is depicted for each case in the
schematic representations shown in the figure 12.

The previously mentioned impact energy threshold & is different for each material and
each thermal shield thickness. The different values are given in the table 2 and have been
determined by analysing the C-scan views and the photomicrographs.

This very interesting and surprising behaviour is difficult to explain, complementary
experimental and numerical investigations will be necessary to deeply understand it.
Nevertheless, in our opinion, this different morphology is due to fibres' breakages which
appear before the delamination onset in the inferior part of the sample for the shielded
panels, and contrary to the unshielded panels where the fibres breakages appear after the
delamination onset.

This hypothesis can be confirmed by the numeric calculation of the first fibres breakage
during the impact. The panel is classically modelised with composite shell finite elements,
and a maximum strain criterion is used. This numeric model shows that the first ply to
break is the 60° ply located just above the 0° last ply (nonimpacted side), and explainsin
particular why this breakage is not visible during experiments. Thisfirst ply breaks at a
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load of 4.2 kN for the HM materia and at 5.4 kN for the HS one. These values are reported
on the curve of delaminated area versus maximum impact force (cf. figure 9) and show
clearly the difference of damage scenario between nude and shielded panels: for nude
panels, delamination begins before fibres breakage contrary to the shielded panels case.
These broken fibres seem to act like a delamination protection in the inferior part of the
panel, perhaps because they decrease the out of plane stresses, delay the delamination onset
in this zone and it also begins in the certral zone of the panel. This explanation must be

confirmed and will be discussed in the paragraph I11-3.

I1-6) Impact investigation conclusion
Impact experimental investigation allows the following conclusions:

Firstly, the thermal protection has a mechanical protection function: composite damage
appears at higher impact energies for shielded laminates, which is favourable for damage
tolerance justification. However, above a certain impact energy threshold, delaminated
areas reach a saturation point for unshielded panels (composite laminates tend toward
perforation), whereas those concerning shielded panels go on increasing. Thus, for impact
energies above this threshold, it is possible to have more important delaminated areas for
shielded panels than for unshielded ones.

Secondly, the thermal protection has an impact revealing role: the mark caused by the
impact on the TS is visible before the composite delamination onsets. However, above a
certain indentation depth, delamination area suddenly increases and, for the same
indentation depth, the delaminated area for shielded panels is higher than for unshielded
ones.

Thirdly, the effect of he TSis globaly smilar on HS and HM materias; it delays the
delamination onset but when the delamination appears, the delaminated area increases very
much quicker for the HS material than for HM one.

And finally, the thermal protection modifies the impact behaviour of the composite: the
delamination distribution in the laminate thickness changes when specimen are shielded,
and the delamination area, which is only the projection of all delaminations in the laminate
thickness, is insufficient to characterise the delamination damage in the laminate. This last
point seems to be very important because it can allow to test numeric damage model under
impact and to improve them due to atest which products different damage morphology

than the classical impact on nude panels. This work is actually in progress.
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11 ) Residual strength experimental investigation

[11-1) Residual strength test system
As amean of testing residual strength, compression was chosen because it is among the

most critical loading conditions for damaged composite materials and it is reasonably
simple to achieve [8, 17]. CAl test setup is shown in figure 13. Anti-buckling knives are
used to avoid the global buckling of the sample during the compression. The tested
specimens are the two 150 x 100 mn¥ laminate panels previously mentioned.
The tests were conducted in a 160 KN compression panel testing machine at a displacement
rate of 0.2 mm/min. A LVDT sensor was placed at the mid section on the non-impacted
side of the specimen to record the out-of-plane displacement. Strain gages were attached at
three locations of the coupon (cf. figure 14) :
face to face, in the middle of the specimens’ top. The average of these two strains is
ameasure of the membrane in-plane loading and the semi-difference is a useful
measure of the bending [9].
On mid-region of the norrimpacted side.
Otherwise, two CCD cameras are used to determine the out-of-plane displacement field of
the impacted side. The TS is obviously removed before the CAl tests, so the indentation

depths are obtained on the carbon and not on the TS.

[11-2) Residual strength testsresults
In this section, an experimental CAl test on an nude HM panel impacted with 15 J (cf.

figure 15) and on a3.5 mm TS HM panel impacted with 25 J (cf. figure 16) are presented.

On the figures 15a and 16a, are plotted the evolution of the 3 strain gages J1', J2 and J2',

the compression and flexion strains :

R+ and

e e
comp=""=7== flexz%

On the figures 15¢ and 16c¢, the out-of-plane displacement field, measured with 2 CCD
cameras, on the impacted side, is drawn for different compression load and for the centra
part of the sample. The figures 15b and 16b show the sheet deflection, measured by LVDT
sensor at the non-impacted side and by the 2 CCD cameras at the impacted side, versus the
compression load.

The delamination area measured after the impact tests was respectively 1900 and 4200 mn?
for the HM panels nude and with 3.5 mm TS. These delaminated areas, which are

-10-

©®)



represented on the figure 15c and 16c¢, are very different in shape. The one of nude panel
has a characteristic shape of impact near perforation with two ears induced by the breakage
of the last ply, when the one of shielded panel has a circular shape characteristic of low
impact energy. The initial indentations are also very different: - 0.53 mm for the nude panel
and - 0.15 mm for the shielded one. So even if the delaminated area of the HM nude sample
is lower than the shielded one, it is evident that the shielded sample is less damaged than
the unshielded one. And in fact, the residua strength of the unshielded sample (160 MPa) is
lower then the shielded one (180 MPa).
The CAl test on the unshielded HM panel impacted with 15 Jis presented on the figure 15.
It can be divided in 3 parts :

O => A : Compression behaviour :
The test consists globally in compression and the sampl€e' s bending is very weak. The local
buckle, induced by the impact test, progresses dowly, but already produces an imbalance
between the impacted and nortimpacted side, which is evident because the J2 gage
(impacted side) is lower than the J2' gage (non-impacted side). The deflections of the two
sheet sides progress together, so there isn’t decohesion in the sheet depth. There are also
two little buckles in the positive z direction, near impact mark, appeared during impact test,
which progress slowly with the load.

A =>B : Sheet depth increasing :
The panel’ s behaviour is similar to the previous one, but the deflection of the non impacted
side begins to progress quicker than the impacted one, so there is a decohesion in the sheet
depth. But the global bending of the sample remains very weak.

B => rupture : Final buckling :
The non-impacted side deflection progresses quickly when the impacted side deflection
remains constant, and the bending strain increases al'so quickly, which is characteristic of
local buckling behaviour. Thislocal buckling is aso visible on the gages evolution: from
the point B, the J2 gage is around constant when the J2' gage increases faster. The two
buckles in the positive z direction, near impact mark, increase fast, and initiate the final
failure of the sample.
This test is representative of compression on unshielded or shielded panels at high energy;
i. €. energy which induces a high permanent indentation. The CAl tests on shielded panels
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with weak permanent indentation are different. For example the CAl test on the 3.5 mm
shielded HM panel impacted with 25 Jis presented figure 16 :

O => A : Compression behaviour :
The test globally consists in compression and the sample’ s bending is very weak. The local
buckle, induced by the impact test, doesn’t progress, but produces yet an imbalance
between the impacted and nortimpacted side, which is evident because the J2 gage
(impacted side) is lower than the J2° gage (nonimpacted side).

A =>failure : Final buckling :
The non-impacted side deflection progresses very quickly when the impacted side
deflection remains very weak, which is characteristic of buckling behaviour of the non
impacted side. However, the impacted side presents also a buckling in the positive z
direction, but above the central buckle. Indeed, the deflection of the central bucklein the
negative z direction locks its buckling in this direction. This is this positive buckle which
initiate the final breakage.
Therefore, the TS can totally modify the failure scenario of the CAl test, and the residua
strength. Furthermore, the delaminated area is not yet a sufficient criterion to estimate the
residual strength.

[11-3) TSinfluence on the compression residual strength
At this moment, it is important to study the TS effect on al CAl tests in function of the

impact. Figure 17 gives the residua strength evolution versus the impact energy. The
reference value of compression failure stress without damage and the theoretical value of
buckling failure stress, determined with an analytical approach, are aso noted. For the HM
panels with 4 simply supported sides, the buckling stress is 320 MPa. Therefore, it is
possible to guarantee that the CAIl stresses evaluated in this study are not due to global
buckling. In fact, the real buckling stress is located between the 4 simply supported sides
buckling stress (320 MPa) and the 2 clamped and 2 simply supported sides buckling stress
(620 MPa). But for the HS panels, the experiment residual strengths are located between
the 4 smply supported sides buckling gress (205 MPa) and the 2 clamped and 2 simply
supported sides buckling stress (415 MPa). Moreover, they present an asymptote to about
330 MPawhich can be the real buckling stress. So the experimental value of all residual
strengths, of HS samples, located near 330 MPa, are not reliable, and must be perhaps

situated above this value: this curve (cf. figure 17b) must be used with alot of precautions.
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The three curves of residual strength (cf. figure 17a) for the HM, seem to present an
asymptote at the same level towards 145 MPa, which correspond to deformations of about
1600 re. The asymptote corresponds to about 65 % average loss of characteristic in
compression relative to an undamaged material (e1%w = 4630 ne). Thisresult is very
important since it shows that, despite a more important saturation delamination area in the
case of shielded specimens (cf. figure 8); the maximum diminution of the residua strength
is the same than for unshielded specimens. This can probably be justified by the fact that on
shielded specimens, the mid-thickness delamination seems to have less influence on the
residua strength than the conical shape delaminations obtained on unshielded specimens
(because it is less influent on local buckling).

It can be aso noted, on the three curves of the HM panels (cf. figure 17a), the residua
stress decreases strongly before the delamination appears, in particular for the panels with
6.5 mm TS. This decreasing is due to a different type of damage, which is probably fibres
breakage (cf. 8 11-5). This hypothesis has been confirmed by a numeric model which shows
that the first ply to break isthe 60° ply located just above the 0° last ply (norimpacted
side), and explains in particular why this breakage is not visible during experiments. This
first ply breaks at aload of 4.2 kN for the HM material and at 5.4 kN for the HS one (cf.
figure 9).

This hypothesis can be also confirmed by the load - displacement curve of the HM panels
with 6.5 mm TS obtained at 19.8 J impact (cf. figure 5¢). This cuve shows, in fact, an
inflexion at about 5 mm displacement and 4.5 kN load which is coherent with the first
fibre's breakage load found numerically at 4.2 kN.

This phenomenon, of fibres breakage on shielded panels during impact, is more or less
observable in impact tests on all shielded panels: at about 4 mm displacement and 4.5 kN
load for HM panels with 3.5 mm TS (cf. figure 4b), and 5 mm and 4.5 kN load for HM
panels with 6.5 mm TS (cf. figure 4c). It is, in our opinion, a possible explanation of the
mid-thickness delamination. In fact, when the fibres breakages propagate in the inferior part
of the sheet, shears in this sample part decrease and delay the delamination appearance. So
the delamination begins and propagates above this fibres breakage zone, at the middle of
the sheet thickness. Complementary works are actually being performed to confirm this

conclusion.
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The phenomena of the HS panels (cf. figure 17b) are similar to the HM one, but it is more
difficult to conclude. At first, the maximum impact energy tested seems insufficient to
reach the asymptote for the shielded panels. Nevertheless, the three curves seem to tend to
the same asymptote towards 120 M Pa, which corresponds to a deformation of about 2400
me. The asymptote corresponds to 80 % average loss of characteristic in compression
relative to an undamaged material (e;° = 12730 ne). Secondly, the residual strengths are
close to real buckling stress, like previously mentioned.

Afterwards, theresidua strengths versus delaminated area are plotted (cf. figure 18) for
HM and HS panels. The figure for the HM panels (cf. figure 18a) confirms, that for the
same delamination area, the mid-thickness delamination obtained on the shielded panels
has less influence on the residual strength than the conical shape delamination obtained on
unshielded specimens. However, in the same time the residual stress decreases before the
delamination appears because of fibres breakages. And like previously, the figure for the
HS panels (cf. figure 18b) is more difficult to interpret.

Finally, the residual strength evolution versus the permanent carbon indentation depth is
plotted (cf. figure 19). The HM curve (cf. figure 19a) show that the three curves, with or
without TS, are relatively similar. This similarity is difficult to explain, but leads to a
conclusion that the permanent carbon indentation depth is an important parameter in the
characterigtic’sloss in CAl. And as previoudly, the figure for the HS panels (cf. figure 18b)

is more difficult to interpret, because of the lack of experimental points at high energy.

[11-3) Residual strength investigation conclusion
Residual strength experimental investigation allow the following conclusions :

At first, the difference of the damage shape after impact between shielded and unshielded

panels is very important on the residual strength. On shielded specimens, the mid-thickness
delamination obtained after impact has less influence on the residual strength than the
conical shape delaminations obtained on unshielded ones. Hence, for the same
delamination area, the residual strength is higher for shielded specimens than for
unshielded ones. Nevertheless, the diminution of the residual strength after impact obtained
towards the asymptote, i. . near the sheet perforation, is equivalent for panels with or
without TS. In effect the asymptote value is due to the sheet perforation and not to the
delamination shape.
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Secondly, on shielded specimens, impact damage without delamination, can cause
compression characteristic loss. In fact, on shielded panels, fibres breakages start before
delamination, contrary to unshielded panels. This original behaviour could allow to test
numeric damage model under impact and to improve them by a test which produces
different damage chronology than the classical impact on unshielded panels.

Finally, the experimental tests show the permanent carbon indentation seems to be
relatively a good indicator to evaluate the residual strength of a shielded or unshielded

specimen.

V) Conclusion
This study attempted to understand the impact and CAl behaviour characteristics in two

fibrous composite materials with thermal protection.

Low velocity impact and CAI tests were carried out on shielded and unshielded panels to
analyse the thermal protection influence on impacted damaged composite structures used
for launchers fairing.

The TS during the impact test has three main effects:

At firgt, the thermal protection has an impact revealing role: the mark due to the impact of
the thermal shield iswell visible before delamination onset. However, above a certain
indentation depth, delamination area suddenly increases and it is impossible to estimate the
damage size at a given indentation depth.

Secondly, the thermal protection has a mechanical protection function: composite damage
appears at higher impact energies for shielded laminates, which is favourable for damage
tolerance justification. However, above a certain impact energy threshold, delaminated
areas reach a saturation point for unshielded panels (composite laminates tend toward
perforation), whereas those concerning shielded panels go on increasing. Thus, for impact
energies above this threshold, it is possible to have more important delaminated areas for
shielded panels than for unshielded ones.

Finally, the thermal protection modifies the impact behaviour of the composite: the
delamination distribution in the laminate thickness changes when specimens are shielded,
and the delamination area becomes insufficient to characterise the delamination damage in
the laminate.

Two different materias, an HM and an HS one, have been studied, and even if the HM

material reveals to be more brittle, the TS influence is similar for the two materials.
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Then the TS influence on the CAI tests and particularly on the behaviour modification
during the impact has been studied, and leads to the following conclusions:

At firgt, the TS reveals to be a mechanical protection like during impact: at the same impact
energy, the residual strength is higher with TS. But the maximum loss of compression
characteristic, reached near perforation is equivalent with or without TS. This behaviour is
remarkable because the maximum delaminated area on shielded panels can be twice higher
than on unshielded ones. The mid-thickness delamination obtained on shielded panels may
have less influence than the conical shape delamination obtained on unshielded specimens.
Secondly, this study shows that the delaminated area can't be yet the only criterion to
estimate the residual strength, as for the impact on unshielded specimens. And the
permanent indentation seems to be an interesting indicator of the residual strength.

Finally, a decrease of the residual strength is obtained on shielded panels before the
delamination onset. This may be due to fibre breakages appearance before delamination
during impact on shielded specimens. This conclusion is very important and must be

confirmed by other investigations.
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Figures Caption :

Figure 1 : Characterisation of the effect of accidental damage

Figure 2 : Specimens without (a) and with (b) TS

Figure 3 : Impact apparatus

Figure 4 : Experimental impact force during impact tests on HM panels without (a) and
with 6.5 mm (b) TS

Figure 5 : Load — displacement curves for HM impact tests without TS (@), with 3.5 mm (b)
and 6.5 mm (c) TS at different impact energies

Figure 6 : Energy (@) and impact force (b) of delamination onset for HM and HS panels
versus the TS thickness

Figure 8 : Delaminated area versus impact energy for HM (a) and HS (b) panels

Figure 9 : Delaminated area versus maximum impact force for HM (a) and HS (b) panels
Figure 10 : Delaminated area versus permanent indentation depth for HM (a) and HS (b)
panels

Figure 11 : Post-impact C-scan and photomicrographs on HS panels

Figure 12 : Typical impact damage mode of composite panels without TS (a) , with TS for
E < B (b), and with TSfor E > K (c).

Figure 13 : CAIl apparatus

Figure 14 : Strain gages location on the coupon

Figure 15 : CAl of unshielded HM panel impacted with 15 J: Strain evolution (a),
deflection (b), and out of plane displacement field (c)

Figure 16 : CAl of HM pandl with 3.5 mm TS impacted with 25 J: Strain evolution (a),
deflection (b), and out of plane displacement field (c).

Figure 17: Residual srength versus impact energy for HM (a) and HS (b) panels

Figure 18: Residual strength versus delaminated areafor HM (@) and HS (b) panels

Figure 19 Residual strength versus permanent carbon indentation for HM and HS panels
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Tables:

HM | HS
E:' (GPa) 230 | 130
Ei° (GPa) 190 | 110
E, (GPa) 46| 84

Gi2 (GPa) 3.8 | 48
s1 (MPa) 1300 1500
s1° (MPa) 880 | 1400

s2' (MPa) 26 | 35
s2° (MPa) 120 | 120
t12 (MPa) 74 | 100
er' (me) 5650 11540
€° (me) 4630| 12730

Ply thickness (mm) | 0.21| 0.13
N1 0.27| 0.35

Table 1 : Mechanics characteristic of the HM and HS materials

Eovalues(J) [35mMmM TS {65 mm TS
HM 20 > 25
HS 30 35

Table 2 : B values for HM and HS panels
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Figure 7 : Maximum impact force versus impact energy for HM (a) and HS (b) panels
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Figure 8 : Delaminated area versus impact energy for HM (@) and HS (b) panels
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Photomicrograph C-scan
Impact location

Depth (mm) : 0.4

-& : Unshielded HS panel impacted with 7 J

Photomicrograph C-scan
Impact |ocation

Depth (mm) : 0.4

-b- : 3.5 mm HS panel impacted with 20 J

Photomicrograph C-scan
Impact |ocation

-C- : 6.5 mm HS paned impacted with 30 J
Figure 11 : Post-impact C-scan and photomicrographs on HS panels
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Figure 17: Residual strength versus impact energy for HM (@) and HS (b) panels
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Figure 19 Residual strength versus permanent carbon indentation for HM and HS panels
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