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ABSTRACT

The damage to carbon-carbon composites created by

projectile impacts has been characterized for a range

of test conditions and for several weave constructions

and processing variables. A number of subsurface damage

modes have been identified (on sectioned specimens) in the

vicinity of the crater produced by partici.late impinge-

ment. In addition, studies are underway to determine

the modes of failure which occurred in the material

ejected from the crater. Preliminary analyses of the

primary subsurface damage modes have been undertaken to

define the approach that would elucidate the microstructural

dependence of the impact damage.

''
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1.0 INTRODUCTION

Investigation of the erosive response of fibrous composites exposed to

natural (rain/Ice) and induced (dust) particulate environments is stimulated by

the need for re-entry vehicle protection materials. The erosion performance of

existing system materials have been evaluated using ground impact simulation

testing and verification flight testsi" 6 In the evaluation of iaterials fabri-

cated for improved erosion resistance,-all material evaloation has been directly

related to erosion test performance. Little attention has been given to infor-

mation for material development activities. Traditionally, material suppliers

fabricated materials for erosion test evaluation and found the test data provided

only limited insight as to why a given material performed either well or poorly.

It has been difficult for material manufacturers to relate erosion test results

such as mass loss ratios to material construction or processing variables.

Historically, efforts directed toward determination of mass loss due to

particulate impact of re-entry vehicle materials have been largely experimental

and primarily of two types: single particle impact testing6 and continuous
1-3

erosion testing in ballistic range facilities. Mass loss laws were derived

for specific materials based on correlations of the results from these types

of experiments. In the case where single particle data were used, the

possible effects of multiple particle collisions were not represented. In the

case where continuous erosion data were used, the laws focused on the

result and not the process of erosion. In both cases extrapolation to service

conditions was made from a limited data base and without consideration of the

physical process by which cratering occurs. Recently, the process of mass re-

moval in single particle impacts on virgin material has been placed on a more

solid physical basis 7; however, even this analysis is incomplete.
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It has been recently fouid that each single particle impact causes sub-

stantial damage in addition to mass loss. Furthermore, it has been found

that after many sequential single particle impacts on one specimen the average

mass loss for each test is considerably higher than the base line single par-

ticle value. It has been postulated that this increase In average mass loss

is due to subsurface interaction of damaged material. This increase is now

referred to as "damage enhancement" in light of its postulated cause.

Damage enhancement is possibly the most sensitive parameter in erosion

mass loss. Experimental values of up to 3.3 have been recorded. It is also

a complex function of extrinsic variables such as velocity, particle size,

particle type and temperature as well as intrinsic variables such as material

properties and material failure modet. The present work is directed toward

quantifying the extent and nature of the subsurface damage produced by a

variety of impact conditions and to assess the contribution of the most sig-

nificant aspects of the subsurface damage to damage enhancement. The ultimate

objective of this study will be to suggest microstructural modifications, in

terms which are meaningful to a material fabricator, that would improve the

,' erosion resistance of carbon composites.

A number of other programs have been carried out in the general areas

considered in this report. This previous work has been reviewed and will be
utilized in achieving the objectives of the current program; however, there are

several factors which differentiate the work underway. For example, the post-

test examinations of the impacted specimens are being correlated with information

gained from high-speed photographic studies and other experimental procedures,

in order to construct the details of the cratering process, from initial contact

to damage completion.

_ ___
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The present study has, thus far, consisted of an examination of the

damage in a number of carbon-carbon systems (Table 1)* created by glass, Nylon

and water projectiles, over a wide range of temperature (0 - 36000 C), and

velocity (1800-5500 ms 1 ), as required to identify the primary modes of failure.

Quasistatic experiments which provide some of the ancillary information required

to analyze the observed failure modes have been designed and implemented. Finally,

preliminary analysis of certain damage modes has been initiated.

44:

The specimens for investigation within this program were obtained from a
concurrent and broader based SAMSO program, FO4701-76-C-0069, and an Air
Force program, Contract No. F33615-75-C-5214.

3
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2.0 IMPACT DAMAGE OBSERVATIONS

2.1 Overview of Crater Formation

The conditions mainly used for the damage analysis are single particle

tests produced by 1 mu glass beads, using the impact facility described in

Appendix A. High speed photographic sequences have been taken of a limited
,

number of particle impacts. Both ATJ-S graphite and GE223 carbon-carbon were

investigated in this way.

For ATJ-S graphite at low impact velocities (a I mm glass bead impacting

at 300 m/s) the collision produces an annular fracture zone surrounding what

appears to be a pedestal of compressed material (Figure la). In some cases a

portion of the material in the annular fracture zone remains in place (displaying

a petaled appearance) but is nearly completely separated from the bulk material.

At slightly higher velocities the central pedestal begins to be removed and the

configuration of the cross section changes, as shown in Fig. lb. A relatively

smooth annular region can be identified in most cases (to be referred to as sur-

face spallatlon) surrounding the deeper fracture annulus. The high speed photo-

graphic sequence in Fig. 2 shows the development of an outward conical spray of

material from the surface and a schematic representation of how this configura-

tion may come about is shown in Fig. 3.

At the same time the outflow of material is taking place the material

surrounding the impacting sphere is rapidly compressed as seen in Fig. 4. At

Carried out under SAMSO Contract F04701-76-C-0069.

44
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these velocities a shock wave propagates away from the contact zone in both the

target and the glass bead. Due to the spherical shape of the glass bead the

shock pulse will attenuate and reflected waves will be propagated from the free

surface. The cumulative wave interactions will produce significant tensile

stresses in the glass bead which eventually produce tensile normal stresses at

the interface and the mutual contact terminates. The tensile stresses in the

glass sphere become more intense as the impact velocity increases: eventually

fracturing and fragmentation of the sphere takes place. Fragmentation of the

sphere can occur as it is propelled away from the impact zone, however, a

velocity regime is finally achieved for which the glass bead fragments in a time

which is less than twice the transient time of the shock pulse across the diameter

of the sphere. A large portion of the fragmented glass is then confined to the

interior of the crater.

The penetration of the glass sphere into ATJ-S graphite is governed in part

by rapid compression of the target material below the sphere. When the applied

constraint of the impacting sphere is removed due to fragmentation or rebound,

the highly compressed material attempts to regain its initial state. This pro-

cess occurs partly due to the rapidity of the compression phase and the non-

equilibrium nature of the material's response, and partly because of plasticity

effects (matrix densification and, at high temperatures, fiber deformation -

see section 3) which allows tensile waves to be developed by reflection at the

elastic/plastic interface. The immediate elastic response of the compressed

material causes it to be projected outward from the crater. The former effect

is vividly demonstrated for the case of a tungsten carbide sphere impacting at

1.2 km/s. The 1 mm diameter sphere is found embedded in the interior of the

target material, however the path it followed in the penetration process is

completely resealed with disturbed material, as illustrated in Fig. 5.

5
' _____________,__
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The high speed photographs show an outpouring of material along the

perpendicular to the surface of the target as depicted in Fig. 6. This phase

of crater formation becomes more important as the velocity increases; but, even

at relatively low impact velocities (e.g., 2000 ms'l for a 1 mm glass sphere

impacting ATJ-S), it continues for more than an order of magnitude longer than

the particle spray phase described earlier. Tensile stresses sufficient to

produce cohesive failures in the target exist at depths well below the penetra-

tion depth; however, not at all of the material affected by the impact becomes

ejected before the material in the vicinity of the impact zone can relax to its

new equilibrium state. Fractured but non-ejected material is seen below the

crater on microradiographs of X-ray opaque impregnated sections of ATJ-S graphite.

As already stated a shock wave is propagated into the target in concert

with the penetration process. The shock spreads outward from the damage zone

when the penetration velocity falls below the shock speed. The relaxation of

the material surrounding the crater should certainly be related to the passage

of this shock wave; but, another aspect of shock formation and propagation is

the influence of the free surface. Shock reflections at the free surface can

produce rarefaction waves near the surface of the target resulting in spallation

of an annular region around the mouth of the crater; however, the details of

this process are not yet fully understood.

The relative timing of the sequence of events described here should be kept

in mind. At high impact velocities the particle spray phase occurs quite rapidly

in relation to the overall cratering process, corresponding approximately to the

velocity of an attenuating shock wave moving outward from the contact zone. The

roughened surface of the contact zone will be enveloped by the sphere and carried

downward during the sphere penetration stage. The presence of this roughened

zone on the contact interface could produce minor perturbationsin the early target/

6
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sphere interfacial pressure distribution. The sphere continues to deform as i,

penetrates, so the particle velocity and pressure at the actual target/sphere

interface are fairly complex functions of the depth of penetration. A rare-

faction wave will be reflected into the substrate due to the presence of a free

surface as the shock wave moves outward. The crater itself also introduces a

second free surface and the stress distributions in the region surrounding the
i2 lip of the crater involve complex interactions between the reflected stress

waves. The exact manner in which relaxation of the material near the surface

and adjacent to the crater wall takes place is not clear, but it should be noted

that material removal along the crater wall probably initiates before the region

below the impacting sphere shows extensive relaxation. The vertical thrust of

the material from beneath the crater carries fragments freed from the sidewalls
out of the crater: the crater expands both in depth and lateral extent.

The shock related damage comprises only the very earliest stages of the

penetration process. The penetration velocity of the sphere rdpidly decelerates

but a highly fractured sphere (in the case of glass beads) or a deforming sphere

(in the case of Nylon beads) continues to embed itself in the target material.

This process imposes a direct pressure on the material surrounding the particle

which produces damage in addition to the shock-related damage. The role of the

inertia of the expanding cavity boundary may also impose a direct pressure on the

underlying material, even after the glass sphere disintegrates. These effects

will be described in Section 2.3.

A similar sequence of events to that described for ATJ-S graphite takes

place during the impact process in 223 carbon-carbon specimens, however the

general damage modes in the material are strongly influenced by the three-

dimensional fiber network. High-speed photographic sequences of 1 nun glass and

Nylon beads impacting 223 carbon-carbon specimens at 2440 ms" are shown in

Fig. 7. The initial conical spray (shown at a higher framing rate in Fig. 8)

7
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develops followed by ejection of material perpendicular to the face of the specimen

as a central plume rising out of the crater. Referring to Fig. 7, it is seen in a

frame by frame comparison for the two types of beads that the velocity with which

the central plume leaves the crater is somewhat less for the Nylon bead impact

than that due to the glass bead. Measurements of these velocities and that for

another impact are provided in Fig. 9. The glass particle can be seen leaving

L• the crater in Fig. 7(a). An additional observation which can be made from these

A ~photographs is that the diameter of the base of the plume approaches a diameter

of approximately 1 mm.

The high-speed photographic studies are useful in trying to establish some

perspective on the loading sequence, and dominant failure modes which have occurred

in the material removed from the crater. The velocities of various features of

the crater formation sequence are indicated in Fig. 10. It is seen by tracing

the temporal changes in the location of a distinctive feature in the plume that

the approximate time at which it was freed from the crater can be reconstructed.

Although the photographic sequence extends over hundreds of microseconds the

cratering process itself was probably completed within 20 us. Measurements can

also be made of the expansion of the spray diameter from Fig. 8, as indicated in

Fig. 11. The maximum diameter is quickly established.
MAC. t

The surface spallation observed for ATJ-S graphite takes on a very prefer-

ential nature for 223 carbon-carbon as shown in Fig. 12 and is now manifested

as a stripping of the surface fibers. The longitudinal wave speeds in the fibers

are higher than those for the laminated series of transverse fibers and matrix

material. In 223 the set of lateral fibers exposed on the surface will ba subjected

to this stripping action. The specimens shown in Fig. 12 were specially prepared.

The specimen in Fig. 12(a) was metallographically polished and the specimen in

Fig. 12(b) was thoroughly impregnated with epoxy and then metallographically

8
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polished. These same surface features occur in normally prepared specimens but

the fiber stripping is less uniform. By filling the voids and general defects

in the composjte's microstructure with epoxy an excellent pattern is achieved

showing the extent of the damage due to surface shock interactions. Both of

these surfaces were photographed prior to impact. In both cases the extent of

the damage appears to be quite localized and no fine-scale damage was observed

beyond the area encompassed by the fiber stripping boundary.

2.2 Investigative Procedure

Scanning electron microscope (SEM) plan views of the craters provide a

general comparison of the nature of the damage observed from one test condition

to another and for the various carbon-carbon systems currently represented in

the test program. The crater is scanned for details of the surface fracture

modes. Subsequently, the specimens are sectioned. The method used is to mount

the specimen in epoxy to preserve the details of the microstructure during sub-

sequent sectioning operations. It was found that by using an outgassing proce-

dure, the epoxy resin completely permeates the interior of the specimen. The

prepared specimen is then sectioned either along a plane near the periphery of

the crater or along the mid-plane of the crater. The sectioning is carried out

using a wire saw at the lowest possible cutting rate. The section is then

metallographically polished. The microscopic observations of progressive cross

sections are being used to establish a three-dimensional picture of the extent

and nature of the subsurface damage and its relation to the SEM observations of

the damage within the crater.

Some specimens have not been impregnated with epoxy. These samples were

used to observe the character of the damage within severely fractured zones in

the vicinity of the crater, wherein material removal had occurred upon sectioning.

V •9
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2.3 Observations

2.2.1 Damage Perspectives

A sequence demonstrating the development of the impact damage at

low temperatures (0- 2500*C), as a function of projectile velocity (for 1 mm

glass projectiles), is presented in Figs. 13,14. At velocities below - 2000 msl

the projectile is retained by the target (Figs. 13,a,b,d,e) and the crater con-

sists primarily of a central zone that accommodates the penetration of the pro-

jectile (Figs. 13,d,e). However, at higher velocities (Figs. 13c,14a,b) the

projectile is ejected, and the crater contains an outer ledge in addition to

a more deeply penetrating central zone. Also, as already noted, surface stripping

of the lateral bundles (Fig. 14a) is an additional damage mode that becomes

manifest at the higher velocities. Close inspection of the central zone (Fig. 15)

indicates the existence of accommodation damage; this clearly suggests that the

central zone is related to the penetration of the projectile (as at the lower

velocities). An initial evaluation of the effect of microstructure (see Table I)

on the damage morphology (Fig. 16) indicates that the central'penetration zone

tends to increase in depth, while the outer ledge diminishes in width, as the

proportion of longitudinal fibers increases. Kinking of certain lateral fiber

bundles near the crater periphery is also apparent in certain microstructures

(Fig. 17a), and the presence of short lengths of longitudinal fibers laterally

displaced away from the impact center (Figs. 17b) is commonly observed on

longitudinal bundles in the crater ledge.

The damage created by deformable projectiles (water or Nylon) has most of

the same features (Fig. 18), although there is little evidence of accommodation damage:

in the central zone. Under multiple impact conditions (Fig. 18c), linking of the

outer ledge damage zones occurs at closely spaced impacts.

At high temperatures ( 30000 C) the Impact damage is again quite similar

010
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(Fig. 19), except that the impact is accompanied by permanent distortion of the

fibers adjacent to the central zone, (Fig. 19b) and by the creation of permanent

interfibre separations (Fig. 19c).

2.2.2 Damage Details

a) Low Temperature (Z 3000 0C)

The detailed nature of the impact damage created at high velocity

(• 2500 ms1I) has been obtained on sections. The principal modes of damage

identified in this study are summarized in schematic overviews (Figs. 20,21,22).

Sections close to the center of impact that contain the longitudinal fiber bundles

(Fig. 20) show that the longitudinal bundles directly beneath the central pene-

tration zone (2 fibers for a 1 mm projectile) are extensively kinked and that the

lateral bundles over a larger area are permanently displaced in the vertical

direction. The kinking of the longitudinal bundles occurs in both the in-plane

and out-of-plane modes (Fig. 23). The in-plane kinks (Fig. 23) result from in-

plane buckling and are characterized by the fibers lying within the plane of

view. The kinks are inclined to the bundle axes at angles *k ranging from - 40

to 500 (both positive and negative), and the kink boundaries invariably bisect

the obtuse angle at the kinks (180- Ok). The out-of-plane kinks derive from

out-of-plane buckies and are identified by fiber ends being in evidence within

the plane of view (Fig. 23), and the kink boundaries are on planes orthogonal to

the fiber axis. These kink morphologies are schematically summarized in Fig. 24.

No clear relation between the kink mode within the longitudinal bundles and the

location of the adjacent lateral bundles could be discerned. The kinks are

narrow, and generally extend across the entire bundle, except at kink intersections

(Fig. 9c,d,f) or pre-existing defects (Fig. 23) where kink arrest occurs. Micro-

fracture invariably occurs at the kink boundaries (Fig. 23) and some macrofracture

,,• of the longitudinal fibers is apparent near the crater boundary (Fig. 9a,b).

i, II
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The adjacent sections (Fig. 21) show that several layers of

lateral bundles exhibit kinking which extends well beyond the periphery of the

crater. These kinks are all in-plane (Fig. 25) and generally even narrower than

the kinks in the longitudinal bundles. There is also a distinct fiber orienta-

tion relation (see Fig. 24); positive near the crater, mixed at a distance - 7d

from the center of impact (where d is the bundle thickness) and then predominantly

negative at larger distances. This kinking often initiates at sites close to

the corner of an out-of-plane lateral fiber bundle. Additional kinking and

distortion of the lateral bundles is apparent under the impact center,

especially where orthogonal lateral bundles juxtapose (Fig. 26). Inspection of

these fiber failures indicates mixed mode kinking, usually on a plane between

the opposite corners of the adjacent out-of-plane lateral bundles (Fig. 26b,e).

However, some tensile fractures (Fig. 26c) and simple kinking (Fig. 20c) can

also be detected. Directly beneath the crater (Fig. 26a,d) the failure is com-

plex and the damage seems to be more intense in a region adjacent to the matrix

zone.

Near the crater periphery, the damage is quite different (Fig.22).

There is no apparent kinking, but two modes of fracture occur. Firstly, the

lateral fibers fracture on planes near the surface (Fig. 27). Secondly, the

longitudinal fibers fracture (Fig. 28) almost invariably at sites adjacent to

an in-plane lateral bundle/matrix interface. The fractures are apparent on

planes adjacent to (Fig. 28a) and below (Fig. 28b) the crater surface.

The damage created at low velocities (" 2500 ms 1 ) has many of

the same characteristics as the high velocity damage, except that the kinking

Is less extensive and different in character. Specifically, the kinking of the

latrral fibers is confined to a small zone around the impact center (Fig. 29a)

and usually, these kinks do not extend across the entire bundle (Fig. 29b).

12
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Similarly the kinking of the longitudinal fibers(Fig. 29c) is localized to a

zone directly beneath the position of maximum penetration, and the kinks are

complex and broad.

b) Elevated Temperatures (• 30000C.

The impact damage at elevated temperatures can again be essen-

tially characterized by the features summarized in Figs. 20, 21 and 22, but the

damage details exhibit important differences from those discerned at low temper-

atures. Extensive permanent fiber distortion occurs at the crater surface

(Fig. 30) which indicates that the fibers are capable of limited plastic exten-

sions prior to fracture. The kinking is less extensive (Fig. 31), especially

along the lateral fibers (Figs. 30,32), and fiber fracture does not invariably occur

at the kink boundary (Fig. 32); rather, the kink strain is accommodated in a

significant proportion of fibers by a permanent distortion

mechanism. Also, the kinks usually arrest before they propagate through the

fiber bundles. The plastic strain prior to fracture is not large enough at the

temperatures employed in the present study (- 3600C) to prevent a significant

proportion of fractures occurring at the kink boundaries. The kinking is still,

therefore, a mode of material degradation up to - 3600C; although a transition

to fully plastic kinking could occur at even higher temperatures.

The characteristics of the other primary damage modes, complex

kinking,distortion and fracture of the lateral fibers beneath the impact center

(Fig. 33) and fiber fracture in the outer ledge, do not differ significantly

from the characteristics observed at low temperatures.

13
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3.0 QUASI-STATIC STUDIES

3.1 Indentation Tests

Indentation tests have been performed using 2 mm diameter tungsten carbide

spheres. The damage observed (Fig. 24) is quite similar to that obtained at low

impact velocities (z 2000 ms' 1 ). Kinking and fracture of the longitudinal fibers

occurs (Fig. 34a); however, the number of kinks is smaller than observed under

impact conditions, and the kinks are broader. An Intensely deformed layer was

apparent at the crater surface (Fig. 34b); this layer was presumably ejected in

the impact experiments. This layer could be easily removed by immersion in an

ultrasonic cleaner to reveal a crater (Fig 34c) similar to the central zone of

the impact craters. Uplift and surface stripping of the lateral fibers was

also in evidence.

3.2 Penetration Tests

An instrumented drop tower was used for penetration tests. This test Is

considered dynamic in a sense that it involves penetration velocities of a few

meters per second, (which is four orders of magnitude greater than conventional

static loading rates). These tests typically last a few milliseconds, which is

convenient for high temperature measurements. By directly instrumenting the

penetrator, reasonably accurate measurements of the load and deflection could

be obtained simultaneously. A deflection gauge system was used for penetration

measurements. Two Biomation Model 802 Transient Records are used to record load and

deflection signals. The records were synchronized by a Tetronix FG 501 Function

Generator. The informationwas digitized, fed into a Hewlett-.Packard Model 9830A

computer, and stored on magnetic tape. The raw data could then be plotted or

further processed. The final result is a plot of penetration pressure, p, versus

depth of penetration (normalized to the indenter diameter) q/D. A curve fitting

14
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procedure of the form1 3

p PO (q/D)n (1)

is then applied to the data. The coefficient p0 is the pressure at one diameter

of penetration, while the exponent n is the slope of the pressure/penetration

curve. The parameters po and n are determined by a least mean square fit. An

example of this analysis is shown in Fig. 35 for a penetration test on GE223

material at 1O000C. Penetration pressures, p., have been obtained on GE223 carbon-

carbon at temperatures up to 3500 0 C, and compared with the temperature dependence

of the mass loss (Fig. 36). Tests have also been performed on several different

materials in the virgin and obscured surface state. Again these results have been

compared with mass loss measurements (Fig. 37). Opposite trends in the correlation

between mass loss anti dykýamic penetration pressure are apparent in the two test

sequences. However, it is premature to infer from these results that the dynamic

penetration pressure is not one of the parameters which determines the extent of

the impact damage, because several aspects of the present penetration tests (e.g.

the scale of the penetration zone) suggest that penetration conditions equivalent

to those that prevail in the mass loss tests have not yet been achieved.

3.3 Compliance Tests

The compliance of each zone of the composite was evaluated using a micro-

compressive test (Fig. 38). This test consisted of a determination of the force

(P), displacement (y) behavior of individual zones, using a 400 um diameter

tungsten carbide hemisphere. The approximete Young's modulus, E, of each zone

was then determined from the relation, 14

P 2(2)E w L (I Vtar2

where ar is the radius of the hemisphere, and v is Poisson's ratio.

The force, deflection behavior, summarized in Fig. 38, indicates that the

longitudinal fibres exhibit the maximum stiffness E (m 30 GPa),* while the

The greater stiffness of fiber composites in the longitudinal direction is a
well-documented effect; the ratio of the lateral to longitudinal stiffness
depends on the fiber loading, the matrix material, etc. 5

_.. .. . .... 1 5,_ .
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lateral fibers (in both locations) and the matrix have a similar stiffness

(E% 5GPa) at low stress levels (Z 80 MPa). However, the matrix becomes non-linear

at stresses 7 80 MPa (due to a permanent compression associated with the porosity),

and thereafter the effective tangent modulus decreases continuously with strain.

3.4 Micromechanics Tests

For complex problems, such as the present impact damage problem, a possible

approach for evaluating the effects of microstructure on the primary damage modes

Is to perform simulated micromechanics tests that allow each damage mode to be

studied independently, under well defined boundary conditions. Such an approach

has been initiated herein by separating fiber bundles from the composite (to re-

tain the exact state of impregnation experienced within the composite), and then

setting individual bundles, or arrays of bundles, into specified matrices. The

bundle, separation has been achieved using a 75 imthickness dicing saw with a

microscopic aligning system. Initially, Individual bundles have been set into

epoxy matrices and buckling, under conditions of uniform compression, has been

examined. Critical buckling stresses ab were obtained by direct optical observa-

tion. The relation between the buckling stress and the matrix modulus obtained

for a range of matrices is plotted in Fig. 39.

The buckling of a beam on an elastic foundation, modulus B, under uniform

compression usually occurs at a stress given by; 16

2 2d'

C* E - -L (3)

where d is the dimension of the beam cross section, & is the beam length, and

Eb is the beam modulus. Hence, eqn (3) indicates that the critical buckling stress

should vary linearly with the foundation modulus; also the slope should relate

16
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to the effective cross section (d ) for beam buckling, while the zero modulus

intercept should exhibit an additional dependence on the effective modulus of

the beam. The anticipated linear relation is consistent with the test data

(Fig. 39), and the slope suggests an effective buckling cross section equal to

the total cross section of the bundle. The bundle can, therefore, be considered

to buckle, at least to a very good approximation, as a single entity. The effec-

tive modulus of this entity derived from the intercept of Fig. 39 is 50 VPa.

This is in the same range as the approximate value deduced from the localized

compliance measurements (section 3.3). Studies are now in progress to determine

the effect on buckling of bundle/bundle interactions and non-uniform compressive

stress distributions.

17
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4.0 DAMAGE ANALYSIS

'I 4.1 Preliminary Assessment

A preliminary analysis of the present impact damage observations and quasi-

static micromechanics tests indicates that several modes of failure are occurring

during impact and that each of these should be treated as a separate but inter-

related entity. The key aspects of the damage process are as follows:

i) Damage can derive from both the compressive stresses (kinking)

and the tensile stresses (fracture) generated by the impact. The more expansive

damage (kinking) results from the compressive stresses; this is in contrast to
17

most brittle materials which are subject to intensive (lateral and radial) fracture

that derives primarily from the tensile stresses.

ii) The crater configurations obtained using glass projectiles suggest

that the central zone develops due to thO direct penetration of the projectile,
13

in a manner analogous to the deep penetration of metals. However, the details

of the penetration are, of course, quite different in the case of carbon fiber com-

posites, consisting primarily of fiber kinking and pore collapse, with some plasticity.

iii) There is an outer ledge to the crater which appears to develop

by a different sequence of events than the central penetration zone. Firstly,

the radially oriented lateral fibers fail by kinking, primarily due to the com-

pressive stresses. However, the absence of kinking in both. the longitudinal fibers

and the tangentially oriented lateral fibers suggests that these fibers fall

(presumably at a subsequent stage) due to a combination of shear and tensile

stresses.

4.2 Detailed Analysis

Detailed analysis of the primary failure modes (observed in the present

study) has been initiated, in order to identify the microstructure that provides

18
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the optimum overall resistance to impact damage. The study is not yet complete,

but some progress has been achieved in the analysis of each failure mode. The

status of these analyses is discussed in the following sections.

4.2.1 Kinking
18

Kinking occurs when a buckling instability develops. This generates

tensile bending stresses in the fiber which exceed the fiber fracture stress at

various (statistically distributed) locations along the fiber (Fig. 40). The

micromechanics tests have indicated (Section 3.3) that an evaluation of the

kinking phenomena in carbon composites might be performed by regarding the bundles

as single entities. Further, since the small strain compliance of the lateral

fiber bundles and matrix are essentially the same (Section 3), the foundation

modulus for small lateral end deflections of the bundles can be considered constant

and the buckling prublem for the longitudinal bundles can be treated as buckling

on an elastic homogeneous foundation. This is consistent with the observations

(Fig. 23) that there are no clear relations between the kinking mode and the

lateral bundle locations. However, the end deflections for the lateral bundles

are larger and an analysis of lateral buckling might require that the orthogonal

"lateral bundles be regarded as positions of higher stiffness. This might account

for the significant proportion of kinks that initiate adjacent to the corners

of orthogonal lateral fiber bundles (Fig. 25).

4.2.1.1 Critical Buckli.ng (Kinking) Stresses

The compressive stresses generated by projectile impact are

time and position dependent, such that the spatial extent of the compressive

zone increases with time (i.e. as the shock front expands), while the peak

stress, am, decreases with time. 'rhe buckling of beams in the presence of such

variable compressive forces is predicated on the spatial extent of the compressive

field (ib), the peak compressive stress (am), and the detailed spatial variation

19
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of the stress. The latter only affects the numerical values of the

proportionalities in the buckling relations, and dimensional rel1tions between

the buckling variables can be specified without knowing these details. For

an isolated beam1 6

amc ~1 k~) [1 2 bC L

where amc is the critical value of the peak stress needed to cause buckling, @

is the foundation modulus, C1 and C2 are the constants that depend on the

detailed stress distribution and db is the bundle diameter. The buckling

length in the present impact problem would thus be approximately equal to the

distance between the shock front and the impact site.

Therefore, it can be deduced that several material parameters

exert an important influence on the kinking depth. (i) The elastic/plastic

properties of the material are important because they determine the stress/time/

position characteristics for the impact and thus dictate both the locations at

which buckles occur (via eqn 4) and the shape of the buckles. (ii) The flaw

sizes and distributions in the fibers are important because they determine the

location(s) in the buckle that become the preferred sites for kinking. (iii)

The bundle diameter is important since it decreases the tendency for buckling

for a specified stress history (eqn 4 ); however, this benefit could be coun-

teracted if the bundle diameter affects the impact stresses by modifying the

elastic and plastic properties in the impact direction (cf. section 2). (iv)

the bundle separation may also influence the kinking by enhancing the effective

foundation modulus that pertains to the fiber beneath the impact center; buý,

again the present observations (section 2) indicate that this may be more than 4

offset by the effect of the concomitant change in the elastic and plastic prop-

erties in the impact direction.

20
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The elucidation of kink resistant microstructures thus re-

quires that further experiments and analysis be performed which enable the

separate effects of microstructure on the impact stresses and the buckling

and kinking tendencies to be deduced. The effects of temperature on the extent

of kinking can, however, be qualitatively appreciated in terms of the reduced

dynamic stresses that derive from the lower impact pressures and elastic moduli.

4.2.1.2 Kink Morphologies

The orientations of the kinks and the location of the kink

boundaries are dictated by the strain energy and surface energy changes that

derive from the kinking process, and can be predicted in a manner analogous to
19

Griffith's treatment of crack propagation. A simplified form of this analysis,

which yields quite accurate predictions of the kink orientation parameters,

considers only the strain energy-changes caused by kinking.*

Firstly, examine the kink iniLiation process (Fig. 41b). The

initial fiber fracture essentially establishes the kink orientation and thus,

determines the strain energy due to kinking that resides in the matrix; at this

stage, the strain energy changes that occur in the fiber bundle are relatively

small. To illustrate the analysis a preliminary two-dimensional approximation

for the kink orientation * is derived by evaluating the orientation which yields

the maximum release of shear strain energy within the matrix. The matrix shear

strain energy, Ub, in the initial buckled state, for a sinusoidal buckle in a

through-thickness fiber (or laminate) of unit thickness is (Appendix I1)

)* Ub = Ila (1T9l6o) 21Xo (5)

"This simplified analysis neglects surface energy changes; this is a reasonable
approximation for the kinking process; but is quite unacciptable, of course,
for the analogous crack propagation problem.
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The strain energy per unit thickness in the kinked state, Uk, which derives

from the shear strain in the matrix adjacent to the kink is given (Appendix I1)

by;

Uk • 2 (Ad) lm tan*/2 (6)

The strain energy change during initial kinking is thus

AU- Ub-UR - m Lt (Ad) tan *k (7)

Differentiating eqn (7) with respect to 0 gives

S(Ad) (cos2" -sin 2 ()

Cos *

then equating to zero to determine the kink inclination *k that yields the

maximum strain energy release shows that, *k - 450, This result compares very

favorably with the observed kink inclinations (see Section 2).

The kink propagation path (the kink boundary) is determined

primarily by the strain energy release associated with fiber fracture. Consider

the extension of a kink by the fracture of a fiber at the kink 'tip'. Strain

energy release occurs in both halves of the fractured fiber (Fig. 41), and the

total strain energy change AUf per unit thickness is simply (Appendix II);

AUf df 1f (tan 2e + tan 2 e2)/2 (9)

Specifying a constant kink orientation Ok (equal to the sum, 0I + e2 ), differ-

entiating eqn (9) with respect to ell and setting the differential to zero to

obtain the maximum, gives

02 *k/ 2  (10)

22
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The kink boundary should thus bisect the included kink angle, a result that is

entirely consistent with the observed fiber morphology at the kink interface

(Section 2).

4.2.2 Longitudinal Fibre Fracture

In the outer ledge, the location of fracture of the longitudinal

bundles at the lateral bundle/matrix interface (Fig. 28a) and the planar

character of the fracture (Fig. 16) strongly suggest that these failures derive

primarily from localized shear stresses. These shear stresses could arise

after the initial shock wave has degenerated into an elastic/plastic wave.

(The presence of a substantial tensile component would lead to uncorrelated

[ fiber failures at statistically distributed planes of weakness, as observed in

many composite systems.) The observed failure might thus be envisaged as a

shear dominated fracture along the matrix/lateral bundle interface with the

longitudinal bundles as the restraining ligaments (Fig. 42). A preliminary

estimate of the parameters involved in this failure process can be obtained by

evaluating the shear failure of individual ligaments.

The displacements and stresses in the ligament can be deduced by

noting that the ligament deformation (Fig, 42) is equivalent to that of two

"opposing rigidly mounted cantilevers in intimate contact. The cantilever

solutio 4 indicates that the lateral displacement, v, (Fig. 42) is;

E d

where Eb is the bundle modulus, db is the bundle diameter and a is the width

of the shear zone; P is the load applied to the cantilever, which is related

to the average shear stress, TR' by
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P = tR (db + dS) 2  (12)

where ds is the separation between adjacent ligaments.

The peak tensile stress, am' occurs at two locations (A or A' in

Fig. 42). However, the fracture process would dominate at one of these locations,

leaving a partial fracture at the other location. This process may account for

the short fiber segments observed on the frac':ured longitudinal fibers in the

outer ledge (Fig. 17b). The magnitude of the peak tensile stress is given by 4

6 P

Equating am to the effective tensile strength of the fibers, aeff' the critical

shear resistance of the ligaments, T Rc, and the corresponding critical dis-

placement, vc, can be obtained (by combining eqns (11) (12) and (13)) as;

T Rc eff b (14a)
6 5 (db+ds)

62
* %ff (14b)

-iT : c 6BEb db
;b b

where aeff is the difference between the actual fiber fracture stress, aft and

the tensile stress, 0a, at the shearing ligament. If it is assumed that the

fracture is a stress controlled process, eqn (14a) would predict that the

longitudinal fiber fracture should be more difficult and hence, that the extent

of the outer ledge be diminished, as the fracture stress of the fibers and the

bundle diameter increase or as the bundle separation decreases. Such a trend

has been observed in the present studies (Section 2, Fig. 16), adding further

credence to the suggestion that a shear dominated bundle failure occurs in this

zone.
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4.2.3 Lateral Fiber Fracture

The lateral fiber fractures (Fig, 27) are generally less cor-

related than the longitudinal fiber fractures, and appear to be more typical

of the fractures expected from a substantial tensile component of stress. The

fractures appear to derive from the bending associated with the approximate

spherical symmetry of the dynamic stress stress field. These bending stresses

could be augmented by localized bending around longitudinal fibers, especially

where relatively large displacements occujr which allow permanent matrix com-

pressions to initiate. A possible relation for lateral fiber fracture might

thus require that the local radius of curvature, R, be equal to a critical value,

Rc, given by;

Eb dbbc b
f
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5.0 CONCLUSION

The damage created in carbon composites by the impact of projectiles has

been characterized. The damage has compressive failure characteristics (kinking)

and tensile fracture characteristics (fracture) in various constituents of the

microstructure; in addition, localized zones of permanent deformation have been

observed, especially at elevated temperatures.

The sequence in which the damage is created in various zones of the damaged

region has been discussed, and elementary models that identify the important

microstructural parameters involved in the damage process have been derived.

Micromechanics tests that allow some quantification of these damage mechanisms

have also been initiated.
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APPENDIX I

Particle Impact Test Facility

The erosion test facility consists of a high energy capacitor discharge

exploding foil system and associated diagnostic equipment. Laboratory test

methods have been developed for launching single and multiple particles at

hypersonic velocities with a high degree of reliability, for controlling the

impact site with great accuracy, for observing the condition of the particle

in flight just prior to impact, and for accurately measuring the impact velocity.

The launching method is based upon established exploding foil technology.

With foil connected across the capacitor bank, the charging switch is closed,

and the capacitor bank is charged to the desired voltage. The series circuit

is completed by ionizing the air in the spark gap. Air ionization is initiated

by applying a high voltage pulse to a pair of pointed electrodes located between

the capacitor electrodes. The pulse is obtained from a high voltage trigger

generator and coupled to the trigger electrodes through a step-up transformer.

Breakdown of the spark gap Initiates discharge of the capacitor bank through

the foil, and the resulting high amplitude current flowing through the foil

causes the foil to explode. The foil is part of a carefully fabricated assembly.

For complete characterization of the erosion resistance of materials, the

testing facility has the capability to perform impact testing up to 36000C. A

commercial induction heating unit has been installed which is capable of heating

a 0.5 inch diameter by 0.5 inch long specimen to 36000C in two to three seconds.

In the high temperature range, the temperature of the specimen is determined

using an automatic optical pyrometer with temperature range of 1800 to 36000C.
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Diagnostics systems which are used in the particle impact test facility

tncluie ective systems for dynamic measurements performed during the test

(e.g., particle velocity, impact time, particle integrity) and passive systems

for determining test parameters and results (e.g., particle mass, particle

diameter, mass loss, crater dimensions).

ii
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APPENDIX II

SHEAR STRAIN ENERGIES OF BUCKLED AND KINKED FIBER BUNDLES

1. Sinusoidal Buckle

The shear strain, Yb' in a matrix element, dx, adjacent to a sinusoidal

buckle of unit thickness is;

0 Cos (Al)

where i0 is the peak amplitude of the buckle, and x0 is its wavelength. The

elastic strain energy, dUb, In a volume element dx of unit width is thus;

Um(glYb) 2 Pm (Woo s2 dx

dU - 2---- dx z -T ')CS2(-)d A2)

where Pm is the shear modulus of the matrix, and g, is a constant that relates

Y to its average value over unit width and thereby allows for a decrease In y

with distance from the matrix/fiber interface. The total shear strain energy

in a buckle of one wavelength (assuming that cl is independent of x) is thus;
x

Ub*fd ~.(~ 02(A3)
000

2. Kinked Fiber

2.1 Matrix Strain Energy

The strain, ym , in the matrix adjacent to a kink oriented at an angle

* with respect to the fiber axis (Fig. 41) is simply;

Ym tan, (A4)

29
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AI If, for simplicity, the matrix strain is assumed to be located in a matrix

element equal in width to the kink width, Lk, the strain energy in the matrix

per unit thickness is

U a- - (Cm2 k U -ad C2 tan 0 (AS)

where C2 is a constant (similar to W that allows y to decrease with distance

from the matrix/kink interface, and Ad is the kink displacement (Fig. 41) that,

for a single kink, would be a 68.

2.2 Fiber Strain Energy

The strain yf in each half of a kinked, but intact, fiber (Fig. 42)

in the vicinity of the kink is;

Yf a tan 01,2 (A6)

The strain energy, Uf, per unit thickness in each fiber half is thus

Uf u df tan2 el,2 (A7)

where pf is the shear modulus of the fiber and df is the fiber diameter.
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FIGURE CAPTIONS

Fig. 1. Effects of I mm glass spheres impacting ATJ-S graphite (~ 300 ms'l).

Fig. 2. A photographic sequence of a 1 mm Nylon sphere impacting ATJ-S graphite

at 2000 ms".

Fig. 3. A schematic of the temporal development of the spalled region for

ATJ-S graphite.

Fig. 4. A schematic of the penetration dynamics after the formation of the

spalled region.

Fig. 5. A schematic of the penetration of ATJ-S graphite by a tungsten carbide
I sphere.

Fig. 6. A photographic sequence of ATJ-S graphite impacted by a I mm Nylon

sphere at 2000 ms"

Fig. 7. A photographic sequence for 223 carbon-carbon impacted by (a) a 1 mm

Nylon sphere at 2440 ms-l, (b) a 1 mn glass sphere at 2400 ms-1 .

Fig. 8. A sequence showing the early stages of the impact depicted in Fig. 7b.

Fig. 9. Distance-time curves for plume spreading in 223 carbon-carbon, after

impacts by glass or Nylon spheres.

Fig. 10. Expansion of spray diameter, I mm glass sphere impact at 3200 ms l.

Fig. 11. Measurements obtained from high speed photographs in Fig. 7a.

Fig. 12. An optical overview of the damage to 223 carbon-carbon impacted at

3700 ms1 by a 1 mm glass sphere, (a) polished, (b) polymer impregnated

and polished.

Fig. 13. Scanning electron micrographs of the damage on the impact surface on 223

material created by 1 mm glass projectiles, (a) a 1300 ms- 1 impact showing

the retained projectile, (b) a 2000 ms"I impact showing a larger central
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damage zone, (c) a 2700 msl impact showing the formation of the outer
ledge, (d) an enlargement of (a) showing the fragmentation of the glass

projectile, (e) a further enlargement of (a) showing the accommodation

of the projectile by the target material.

Fig. 14. Scanning electron micrographs of a high velocity (6,000 ms-) impact on

223 material illustrating (a) the surface stripping of the lateral fibers,

(b) the formation of the central penetration zone and the outer ledge

zone of the crater.
Fig. 15. A scanning electron micrograph of a 4,000 msl impact on 223 material

illustrating the accommodation damage at the base of the central pene-

tration zone.

Fig. 16. Overview scanning electron micrographs of composites fiopacted by 1 mm

glass sphere at 6000 ms'l (a) 2-2-3, (b) 1-1-5, (c) 1.1-13.

Fig. 17. Scanning electron micrographs of damage details, (a) lateral fiber

bundle kinking in 115, (b) fractured fibers observed on the

longitudinal bundles in the outer ledge.

Fig. 18. Impact damage on 223 material created by deformable projectiles, (a)

1 mm Nylon projectiles at 2700 ms", (b) water drop at 4000 ms

(c) three adjacent water drops at 4000 ms-l showing the linking between

damage zones.

Fig. 19. Scanning electron micrographs of the damage created in 115 material by

a 1 mm glass projectile at 36000C and 6000 ms 1, (a) a general view,

(b) a localized view of the distorted ends of the longitudinal fibers

in the central zone, (c) a view of the permanent separation between

fiber bundles at the crater periphery.

Fig. 20. A schematic of a section near the impact center through longitudinal

fiber bundles.
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Fig. 21. A schematic of an adjacent section through lateral fiber bundles.

Fig. 22. A schematic of sections near the crater periphery, (a) through lateral

bundles, (b) through longitudinal bundles.

Fig. 23. Polarized reflected light micrographs of kinked longitudinal fibers

beneath the impact center in 114 material, (a,b) zones immediately

adjacent to the crater surface, showing fracture as well as kinking

(c,d) zones Just below the impact center showing intensive kinking,

(e,f) zones at the periphery of the kinked region.

Fig. 24. A schematic of the kink morphologies.

Fig. 25. Polarized reflected light micrographs of kinked lateral fibers adjacent

to the crater in 223 material.

Fig. 26. Polarized reflected light micrographs of the lateral fiber damage

created under the impact center in 223 material.

Fig, 27. Lateral fiber fractures in 223 material near the crater periphery, (a)

a scanning electron micrograph of the uppermost lateral bundle, (b) a

scanning electron micrograph uf the second lateral bundle, (c) a reflected

polarized light micrograph of a section through (a).

Fig. 28. Longitudinal fiber fracture in 223 material near the crater periphery,

(a) a reflected polarized light micrograph of the zone Just below the

surface, (b) a scanning electron micrograph of a zone at a distance 3d

below the surface.

SFig. 29. Polarized light micrographs of sections through a 223 material impacted

by a 1 mm glass projectile at 2400 ms" , (a) lateral fiber bundles

beneath the impact center, (b) a kink in a lateral fiber bundle, (c)

kinks in a longitudinal fiber bundle directly beneath the impact center.

36
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Fig. 30. A reflected polarized light micrograph,of a section through the center

of impact,for a 223 material impacted at 36000C by a I mm glass pro-

jectile at 4000 ms'I.

Fig. 31. Polarized light micrographs of a section through a 223 material impacted

at 3600"C by a 1 mm glass projectile at 4000 ms , (a) overview near the

base of the crater, (b) a region to the side of the central zone, (c) a

region beneath the central zone.

Fig. 32. Higher magnification view of kinks from the sample depicted in Fig. 31,
showing that (a) large localized distortions are accompanied by deforma-

tion and fracture, and (b) smaller distortions can occur without fracture.

Fig. 33. Polarized light micrographs of the sample depicted in Fig. 31, showing

(a) complex kinking and distortion, and (b) kinking and fracture beneath

the impact center.

Fig. 34. Quasi-static indentation damage, (a) a polarized light reflected micro-

graph of a section showing kinking and fracture of longitudinal bundles,

(b) a scanning electron micrograph of the impression, (c) a scanning

electron micrograph of (b). but with the top layer of the impression

Fig. removed by immersion in a ultrasonic bath.

Fig. 35. The dynamic penetration pressure for 223 at room temperature.

Fig. 36. The temperature dependence of the dynamic hardness for 223 compared

with the mass loss ratio.

Fig. 37. The relation between the mass loss and the dynamic hardness for several

carbon-carbon mater'ials in the virgin and surface obscured conditions.

Fig. 38. A summary of compliance measurements on each zone of the composite.

Fig. 39. The critical kinking stress as a function of the foundation modulus

for a longitudinal fiber from 223 material.

V. Fig. 40. A schematic of buckling on an elastic foundation and the resultant kink

-formation under compressive forces.
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Fig. 41. A schematic of the buckling and kinking process, (a) the initial buckled

configuration, (b) kink initiation by fiber fracture at the interface,

(c) kink propagation by sequential fiber fracture.

Fig. 42. The deformation of a beam subjected to combined shear and tensile loading.
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