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The main purpose of this 4.5-year research program was to develop and
describe a procedure that allows for an analytical prediction or at least an
empirical assessment of the damage tolerance and fatigue behavior of

m
composite subcomponents  or fill scale components based on properties of
smaller size specimens of the test pyramid. The new analytical design tooi
includes laminate plate  theory, stability theory, composite fracture mechanics,
and interlarninar  fdure criteria which  were derived empirically. To evaluate
the accuracy and limits of applicability, four prepreg materials exhibiting a
broad range of interhuninar  fracture toughness were selected and
characterized at different specimen levels as to their delamination growth
behavior under various monotonic and fatigue loading conditions (mode I,
mode 11 and mixed mode VU). When comparing the mixed mode fh.ilure
criteria established at the coupon leveI,  an excellent correlation could be
achieved with the experimental results obtained for higher level specimens in
terms of material ranking.

1. Introduction

Compared to metallic materials, the certification of advanced composites for primary

● aircraft structures requires extensive experimental work which is usually represented by a

test pyramid where each stage refers to a level of investigation in terms of specimen

category (.Fig. 1) [1, 2]. At the lowest level of this test pyramid are “coupons” which are

generic specimens (i.e., independent of application) to generate a characteristic material

data base. The higher levels of the test pyramid (i.e., “laminate specimens”, “structural detail

specimens”, “ subcomponents”  and “fill scale components”) represent non-generic

specimens which are specific for a given application. They are to be defined based on

engineering judgement by the aircrafl  manufacturer and must be approved by the

certification authorities.

While analytical means to correlate stiffness related properties from lower to higher levels in

the test pyramid exist, there is currently still a lack of knowledge to predict strength and iife

1



A

// Subcomponents I

Structural Details

r f
Laminates

1

* Coupons

.,, , .

Fig. 1. Pyramid of tests for the certification of advanced composite materials for structural
● applications.

times of subcomponents  and fill scale components based on the behavior of coupon or

laminate specimens. This is particularly the case when damage mechanisms such as

delamination and interlaminar  cracks occur, which are oflen regarded as the most critical

modes of failure [3].

Recognizing the importance of delamination growth as major fh.ilure mechanism in advanced

composite structures, a research program finded  partly by the Commission of the European

Communities and entitled “Damage Tolerance and Fatigue Design Methodology for Primay

Composite Structures” was carried out over the past 4.5 years by CASA (Spain), BASF AG

(Germany), the Fraunhofer-Institute for Strength of Structures under Operational Condi-

0
tions  (Germany), and the Institute of Materials Science and Testing of Plastics - University

of Leoben (Austria). It was the prime objective of this program to develop and describe a

procedure that bridges the gap between the various test levels and ultimately allows for a

prediction (or at least an assessment) of the damage tolerance behavior of subcomponents

or even fill scale components based on coupon or laminate spe~imen properties. This could

eventually lead to drastic reductions in the test program for fhture certifications of

composite structures and thus significantly ai%ect certification costs and times.

The purpose of this paper is to provide an overview of the work performed, and to briefly

summarize the most important aspects and conclusions of this research program. More

detailed information is available from the references cited throughout the paper.
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2. General Approach and Methodology

Theapproach  followed to develop a procedure to desmibed arnagetolerance  and fatigue

behavior of composite structures containing delamination consisted of empirical and

theoretical elements, and was divided into two major task areas. Using four different

materials, task area 1 included the experimental work to empirically correlate interlaminar

crack growth properties under monotonic and fatigue loading conditions at the coupon level

with the corresponding performance of specimens at higher levels of the test pyramid. A

firther objective of this task area was to establish appropriate interkuninar  ftilure  criteria.

Task area 2, on the other hand, was concerned with the development of a theoretid  model

and an analytical design tool to quantitatively predict residual compressive strength and

fatigue life of composite components after impact based on the delamination growth criteria

obtained from coupon or kuninate  specimens in task area 1.

*
2.1 Experimental Program

2.1.1  Materials and Specimen Design

To cover a broad range of material behavior in terms of interkuninar  fracture toughness,

following four types of materiais  supplied as unidirectional prepregs were included in

experimenta~  program:

Material 1: Rigidite@

Material 2: Rigidite@

Material 3: Rigidite@

5239-1 /G30-5oo

5259/G30-500

5276/G30-500

Material 4: APC-2/AS4@

(brittle epoxy matrix)

(toughened epoxy matrix)

(modified toughened epoxy matrix)

the

the

(thermoplastic polyether  ether ketone matrix)

e While Materials 1 to 3 (supplier: BASF AG) consisted of difEerent  180 “C-curable epoxy

resin systems but of the same carbon  fiber type (Celion@ G30-500112 K) and were pro-

duced to prepregs of the same nominal fiber areaI weight (135 + 5 g/m2) and resin content

[35 k 3 %), prepregs of Material 4 (supplier: ICI) contained a different fiber type (Hercules

AS4) with a slightly higher fiber areal weight ( 14.5 + 5 glm~) and lower resin content (29 ~

3 ‘A). However, both fiber types used are simikir in their strength and stifihess  properties,

and all specimens were manufactured to a fiber volume  content of 58 ~ 5 0/0, thus allowing

for a direct comparison of the effect of matrix toughness cm damage tolerance test results.

Included in the experimental program were tests at four specimen levels. While only uni-

directional specimens were used at the coupon level, multidirectional specimens, depicted in

Fig. 2 accentuating the interrelated specimen design, with ply orientations of 0°, 90°, +45°

and -45° were chosen for the tests at higher levels.
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Further information as to the materials, their basic mechanical properties, the specimen

design and processing conditions is described elsewhere [4 - 6].

2.1.2 Damage Tolerance Testing

The damage tolerance tests conducted at the various specimen levels under monotonic and

fatigue loading conditions to deduce the required ftilure criteria and to empirically assess

the translation of coupon properties into laminate properties and into the performance of

structural detail specimens and subcumponents,  are listed in Tables 1 and 2, respectively.

Also included in these tables is information on the types of tests performed and the materials

tested along with the impact energies applied to certain specimens prior to monotonic or

fatigue testing.

The monotonic damage tolerance (MDT) tests (see Table 1) included experiments at four
* specimen levels. At the coupon level double cantilever” beam @CB)  tests, end notched

flexure  (ENI?) and mixed mode bending @MB) tests were performed with all four

materhds  to determine the critical strain energy release rates under mode I (GIC), mode 11

(Gnc) and mixed mode (Gmc) loading conditions, respectively.

At the laminate level the monotonic tests included compressive strength measurements of

undamaged specimens and residual compressive strength measurements of impact-damaged

specimens (i.e., compression after impact (CM)  tests) for all four materials. As to the speci-

mens damaged by impact prior to the compressive test, two test series were carried out. In

one series the impact energy was kept constant for all materials at 35 J, in the other series

specimens of each material were impacted to an energy level which resulted in the deve-

lopment of a so-called “barely visible impact damage”. The latter energy levels are listed in

m parenthesis in Table 1.

Analogous to the laminate specimen level, compressive tests using undamaged and impact-

damaged specimens were pefiormed at the structural detail and subcomponent  levels.

However, to contain the test program within certain limits, the number of materials

investigated at these levels was reduced to 3 and 2, respectively.

For a similar reason the fatigue damage tolerance (FDT) tests had to be contained to three

levels of investigation, thus omitting the costly and time consuming tests at the

subcomponent level (see Table 2). Here too, DCB, ENF and MMB tests have been

performed with all materials to characterize the delamination growth behavior under cyclic

loads in terms of crack growth rates, aWdN (a being the crack length, and N the number of

loading cycles), versus the cyclic strain energy release rate range, zIG, for the various loa-

ding modes again indicated by the subscripts I for mode 1, II for mode H, and VII for mixed

5



Table L Monotonic damage tolerance (MDT) tests at the various levels of the test.

Specimen

Level

Type of Test Materials Impact Energy

Coupon

Specimens

DC13  Test: ~C

ENF Test: Cmc

MMB Test MC

Compressive Strength

OKStrength

Materials 1 to 4 -.

Laminate

Specimens

Materials 1 to 4

Material 1

Material 2

Material 3

Material 4

Materials 1 to 3

-.

35 J (35 J)

35 J (50 J)

35 J (45 J)

35 J (42 J)

Strnctud  Detail

Speeimens

Compressive Strength

CAI-Strength Matenak  1 tO 3 43 J

Wbcomponent

Specimens

Compressive Shength

CAI-Strength

Materials 2 and 3

Material 2

Material 3

--

70 J

Table  2. Fatigue damage tolerance (FDT) tests at the various levek of the test pyramid.

●

Specimen

Level

Type of Test Materials Impact Energy

coupon

Specimens

DC13 Test; da4dAJ vs. A%

ENF Test: da,4di? vs. AGE Materials 1 to 4 -.

Ml@ Test: da/dNvs.  A%

FAJ Tests: S~ax-Nf  BehaviarLaminate

Specimens

Materials 1 to 4

Material 4

Materials 1 to 4

35 J

I @“f%ippvs  AG,app
FAD Tests: (d4/diV)app  VS. AGLZPP

35 J

artificial circular dela-

mination (diameter

=60 mm] between

pfies 5 and 6

45 JStructural Detail

Specimens

Materials 1 to 3

hbtenak  1 to 3 45 J

L 6
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mode MI loading conditions. The value of zIG is defined as the difference between the

maximum and the minimum G-values, G~u- G~i~,  associated with the maximum and

minimum loads  in a fati=-e cycle. The tests were carried out under load control with

sinusoidal loads at a frequency of 5 Hz and an R-ratio (minimum-to-maximum load ratio in

a cycle) of 0.1.

As was the case for monotonic tests, two series of investigation were performed to clmrac-

terize the fatigue damage tolerance of all 4 materials at the laminate leveL  Again, in one test

series, designated fatigue after impact (FM) tests, the impact level prior to fatigue testing

was kept constant at 35 J for all materials. Subsequently fatigue tests were performed under

sinusoidal compressive loads at a frequency of 3 Hz and an R-ratio of 10 (note that this R-

ratio for compressive loads corresponds to the value of 0.1 at the coupon level under tensile

or bending loads). The tests were conducted with constant load amplitude at various load

e
levels and the following parameters were monitored:

specimen life time in terms of number of cycles to failure, ~V$ for each maxi-

mum compressive stress level, S~= (i.e., S~m-Nf behavior),

specimen compliance as a iimction of loading cycles (continuous recording),

- projected delamination area, A, by an ultrasonic C-scan technique at certain

numbers of loading cycles, N, prior to ultimate failure.

I?rom the number of fatigue cycles, the projected delamination area and the corresponding

specimen compliance, apparent delamination growth rates per cycle, @A4dN)app,  and total

apparent cyclic strain energy release rates, AGf *PP, have been deduced, thus allowing to

characterize a material in terms of its delamination growth behavior similar to the des-

cription of the kinetics of cyclic crack growth at the coupon specimen level. The expression

● “apparent” indicates, that the raw data of the projected delamination area have been used in

these calculations, without accounting for the fact that the total true fracture surface area is

probably much larger, due to overlaps of delamination in different plies and as a result of

transverse cracks. Further details as to this test procedure and the data reduction scheme

are described elsewhere [5].

Since the laminate specimens, when impacted with constant energy, developed different

delamination areas and damage patterns depending on the material [7, 8], in the second

series of fatigue tests at the laminate level,  laminates with artificial circular delarninations

[see Table 2) of constant size were investigated (fatigue with artificial delamination (FAD)

tests) to support the theoretical modeiling  efforts. Equivalent to the test conditions and

‘7
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the procedure outlined above, delamination growth kinetics was characterized as @4/fl)aPP

vs. .&t ~pp.

At the detail specimen level only Materials 1, 2 and 3 were investigated and the fatigue life,

N! of impacted specimens (impact energy of 45 J) was recorded for various maximum

cyclic stress levels: S~aX. Other test conditions (i.e., waveform, frequency and R-ratio) were

identical to those at the laminate specimen level.  Also analogous to the laminate specimen

level, delamination growth kinetics was characterized as (kl.4/&V)aPp  vs. AGf,aPP.

2.2 Basic Assumptions and Elements of the Theoretical Model

The theoretical basis for the new analytical design tool,  a schematic presentation of which is

shown in Fig. 3, includes laminate plate theo~, stability theory, composite fracture

o
mechanics, and ftilure criteria which were derived empirically within this project. In general,

two basic forms of buckling, illustrated in Fig. 4 and designated sublaminate  buckling (e.g.,

revealed also by specimens containing single artificial dekuninations)  and globaf buckling

(i.e., ordinary skin buckling as it occurs in areas damaged by impact), maybe discerned.

The model idealizes a laminate plate with delamination by a system of parallel and in-series

springs. A key issue of the model is that a buckling sublaminate  does not carry more than its

buckling load even when the total external load is still rising. The buckling loads calculated

by a Rayleigh-Ritz  method depend on the size of the individual subkuninate  and change the

slope of the overall load deformation curve (see Parts I and 11 in Fig. 3).

Based on load-deformation curves for consecutive damage states in a fatigue loading

situation, total cyclic strain energy release rate ranges, AGt,  are calculated via a compliance

technique. In combination with a proper ftilure criterion (i.e., d4/2fN = fiAGt))  damage

e growth rates and residual fatigue life may be calculated (see Part III in Fig. 3).

For subhiminate  buckling the G-value distribution along the delamination front was derived

by finite element analysis [9]. Geometry, boundary and loading conditions of the finite ele-

ment model were that of a laminate specimen with an artificial circular delamination. More

details as to the theoretical model are described explicitly in [4, 10].

3. Results and Discussion

3.1 General Remarks and AnaIyticaI  Findings

When comparing the experimental findings and results of coupon specimens with those of

laminate, structural detad and subcomponent  specimens, several things should be kept in

8



●

●

i Geomeby  of structure
2 Material propmlies for

each pfy
3 Idealized characteristic

stage of damage after
impact t-

T
bi!w nditionsl

r .—. ..-—. —- .—— .—. — -—— .— -
ii

* v

i Represent Calculate

ii ~;;;o; load4eforrnation

i curve  of tbe‘ ,
~, in-series -J whole piaia

i , and  paraHe
v

;1
springs

~ Calculate ,,,
i B

> K

R.L - - - -

F3uckfing  toads
1;i for all

sublamhates i i
I

i i 1._k!2L
I ,,

,, .,,. . . . . ,.

Idealized growth behaviou

Y

rH-L ---- --

,!3 $.

,!

,,

,,

,,

Dekmation

i
t !~ Calculate AGt

1
i
i
i
i
i

p + I

;i
Calculate Life, N Ii

1!
;Parl  f: Buckling leads [ ~ Parf  H: Load Deformation Behaviour  , ~ Pail  Ill: Fracture MechaAics i-—.—. —. —.- — - — .  — .—. — .  — . — .  —  . — .  — -  —- —-— -—.—.

Fig. 3. Schematic representation of the theoretical model to predict damage growth
(FLL...fatigue  load Ievel).

Compressive Loads

subkrninate buckling

Compressive Loads

(—.. - .—. -
global buckling

(b)

Fig. 4. Forms of buckling in laminates under compression; (a) laminate with a single
(artificial) delamination; (b) laminate with delaminaticms  generated by impact.
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mind. First, while the higher level specimens consisted of multidirectional ply orientations,

unidirectional specimens have been used at the coupon level (i.e., DCB-, ENF- and MMB-

specimens) to generate interlaminar  failure criteria. Second, in contrast to the single dela-

mination which have been characterized at the coupon level, specimens at higher levels of

the test pyramid exhibited complex darnage patterns upon impact, consisting of deiamina-

tions at various interply regions, transverse cracks and shear cracks, and aiso of a multitude

of broken fibers [7, 8].

Furthermore, while tests at the coupon level were limited to mode I, mode H and various

mixed mode I/H loading conditions, in a strict sense delamination in higher order speci-

mens under compressive loads aiso experience a mode 111 component. However, the results

of the finite element calculations shown in Fig. 5 reveai,  that at least for single circular and

elliptical dekuninations  causing sublaminate  budding (see Fig. 4a), the crack driving forces

a at the delamination front are dominated by mode I, mode II or mixed mode I/H conditions,

thus justi$ing that the experimental work was also restrained to the loading modes I and H

and combinations thereof. More specifically, for sublaminate  buckling

calculations have shown the following critical mode conditions (CMC) for

the total strain energy release rate, G~ = G1 + GH + G=, reveals a maximum:

Critical mode condition for circular dekuninations: (GI/G&Mc  =

Critical mode condition for elliptical delamination: (GI/G&=c  =

The fact, that Fig. 5a for circular dekuninations  also reveafs  that under

the theoretical

positions where

2/’1

5/1

compression the

●

maximum Gt-values in the laminate plane exist at the delamination boundaries perpendicular

to the loading axis (Gt = G1 + GH at this position), implies that a circular dekirnination  should

grow faster at these locations and develop from a circular into an elliptical shape. This

conclusion from analytical considerations was found to be in good agreement with

experimental findings of this project. In other words, the relevant critical mode conditions

for sublaminate  buckiing,  as it occurs for example in specimens containing artificial defects,

range from mode I-to-mode H ratios of 2/1 to 5/1.

Although no detailed calculations have been performed for global buckling of laminates as it

is usually observed with impacted specimens which are subsequently loaded in compression

(Fig. 4b), based on the appearance of this deformation phenomenon it is assumed that the

critical mode condition in this case is dominated by mode H.

10
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3.2 Empirical Correlation of Test Results

As stated above, a principal objective of this study was to correlate the interlaminar  crack

growth resistance at the coupon level with the damage tolerance behavior of specimens at

higher levels of the test pyramid. Thus, the resistance to delamination growth in coupon

specimens is depicted in Fig. 6 and Fig. 7, where the interkuninar  crack growth envelopes of

the four materials are compared for monotoni~  loading and fatigue loading (stable crack

growth range, &dXf = 10-4 mmlcycle),  respectively. Also indicated in the diagrams is the

CMC range for sublaminate  buckling for mixed mode L/mode D-ratios from 2/1 to 5/1. The

failure envelopes represent calculated curves and were obtained from experimental results

through a least square curve fitting procedure [6, 11]. For the case of fatigue loading,

similar failure envelopes were generated for the fatigue threshold region (&dN = 10-8

rnndcycle)  and the fast crack growth regime (c&v’ii = 10-1mmlcycle)[11, 12].

While the failure envelopes for monotonic and fatigue loading reveal distinctly different

shapes, the following material ranking may be established in interla.minar crack growth

resistance at the coupon level, independent of loading conditions:

Material 4 > Material 3 > Material 2 > Material 1

The same qualitative correlation in terms of material ranking was found for the damage

tolerance behavior of laminate specimens and structural detail specimens, based on the

absolute numbers in CAI-strength (Fig. 8) and FAI-strength (defined as the maximum cyclic

stress level after impact that can be sustained for 106 loading cycles; Fig. 9).

Due to the predominance of the mode II loading condition experienced by laminates during

the impact and during the subsequent application of compressive loads, values for GDC

obtained from coupon tests might be most refevant for a quantitative correlation of the CAI

performance at higher specimen levels. Therefore the absolute results of the CAI

experiments of the higher order specimens are plotted in Fig. 10 over the corresponding

G~C-values  determined experimentally for each material. It is apparent from this figure, that

the improvement in G~C from Material I to Material 4 by a factor of 4.3 leads to a

corresponding improvement of CAI strength at higher specimen Ieveis of only about 1.5. In

other words, toughness improvements achieved at the coupon level do not filly translate

into subcomponent behavior, the degree of performance tradation  being only

approximately 35 0/0 for monotonic loading conditions.

Similarly, the results of the FAI tests at the laminate and structural detaii level are plotted

over the corresponding AGrvalues  of the various materials in the stable crack growth

region in Fig. 11. As with the MDT tests, a good correlation is found. However, in contrast

12
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Fig. 12. Apparent delamination growth behavior of laminate specimens with artificial
delamination under repeated sublarninate  buckling.

to the MDT tests, a performance translation of approximately 70% was found in the FM

tests for the range of materials investigated.

I 3.2 Prediction Model

For current composite structures, operational loading is not allowed to exceed skin buckling

loads. Therefore the prediction model  considers sublaminate  buckling, which occurs at loads

significantly lower than those for skin buckling but remains active with increasing

e compressive loads up to total failure. A budding form close to sublaminate  buckling is

assumed when delamination are in the vicinity of supporting stiffeners and loads are fkr

above skin buckling.

As pointed out before, fatigue delamination growth experiments with ki.minates  containing

artificial dekuninations  (FAD tests) and revealing subkuninate  buckling have been performed

to test the prediction model. These results of the fatigue delamination growth tests are

shown in Fig. 12. Not surprisingly, considering the details of this test technique, the scatter

of the data is substantial. Also, the absolute numbers in the M&Pp-vdues  reduced from

these experiments differ significantly from those found for the various delamination growth
regimes of these materials  at the coupon level (see Fig. 7 for comparison).  And yet, despite

all these shortcomings it appears that the relative ranking of materials qualitatively
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corresponds rather well again to the ranking of materials in fatigue delamination growth

resistance at the coupon level.

Subsequently, a refined method  was developed to adjust the apparent damage growth data

from projected damage areas to also account for compliance changes associated with the

generation of additional fracture surfaces (e. g., transverse cracks, etc.). .4pplying  this

refinement method to the raw data of laminate specimens with artificial circuiar

delamination yielded the so-called “equivalent” delamination growth results ((c&LMN)eqU vs.

AGt,eqJ  depicted in Fig. 13. Thus, a reasonable quantitative correlation is obsemed when

comparing the total strain energy release rate ranges, AGO over which delamination growth

was observed for the various materials at the coupon level, to the corresponding AGf,eqti-
values obtained from laminate specimens with artificial delamination. The lower bound

values  of the coupon specimens in Fig, 13 were deduced from the fatigue failure envelopes

of the threshold regime for a mixed mode ratio G1/Gn = 2 (reflecting the critical situation of

the original circular delamination); the upper bound vaIues for coupon specimens were

taken from monotonic interlaminar  ftilure envelopes (compare Fig. 6) for GIIGD = 5, the

critical mode condition for elliptical delamination.

FinalIy,  delamination growth areas calculated on the basis of equivalent crack growth data

were found to be in good agreement with experimental findings, as is shown in Fig. 14, The

computer program developed for this procedure is called “IMPACT” and is ready for use.

The program is written in FORTRAN and runs also on 386 PC%. The software is available

on a discette and is well documented. A more detailed description of the prediction model  is

provided in [4, 10, 13].

4. Summary  and Conclusions

The main purpose of this project was to investigate delamination growth behavior in

advanced composites at various specimen levels of the test pyramid under both monotonic

and fatigue loading conditions. An extensive experimental program was carried out

including four different carbon fiber composite systems with polymer matrices of dMerent

toughness. While the monotonic damage tolerance tests included experiments at four

specimen levels (coupon specimens, laminate specimens, structural detail specimens and

sub components), fatigue damage tolerance was investigated at three specimen levels only

(leaving out subcomponent  tests).

For several of the tests performed, the test methodologies as weil as the data reduction

schemes were developed within the fi-amework  of this project. AIso of importance for the

data analysis were theoretical calculations for composite laminates containing artificial
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Fig. 14. Comparison of measured and calculated delamination growth data for Material 4
containing a single artificial delamination.

delamination, describing the distribution of strain energy release rates at the debmination

boundaries and providing the idormation  on critical mode conditions.

In conclusion, it could be shown that reasonable to excellent qualitative and quantitative

correlations exist in terms of ranking the materials as to their damage tolerance behavior

under monotonic (compression after impact, CAI) and fatigue (fatigue after impact, FM)

loading conditions. While the performance translation from the coupon level to higher order

specimens was found to be only 35 YO for CM behavior, a value of approximately 70  0/0 was

found in the FAl tests for the range of materials investigated.

a In addition, a new analytical design tool, w-hich includes laminate plate theory, stability

theory, composite fracture mechanics, and interkuminar  failure criteria which were derived

empirically within this project, was developed. Reasonable predictions can be expected for

sublaminates  at load levels below skin buckling and for sublaminates  close to supporting

stiffeners at load levels above skin buckling. However, fiu-ther  research is needed to model

the impact damage and global buckling more accurately.
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