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FOREWORD

The work reported herein was accomplished under Contract F33615-77-C-308L,
Project 2401, Work Unit 24010117, sponsored by the Air Force Flight Dynamics
Laboratory, Air Force Systems Command, Wright-Patterson AFB, Ohio 45u433.

Dr. G. P. Sendecky], AFFDI/FBE, is the Air Force Project Engineer.

The program is being conducted by the Structures and Materials Department of
the Iockheed-California Company. The program is directed by the Principal
Investigator, Mr. D. E. Pettit of the Fatigue and Fracture Mechanics Laboratory.
He is assisted by Ms. K. N. Iauraitis in the area of Specimen Fabrication and
Quality Control, Dr. J. T. Ryder in the Analysis and Methodology Development,
Mr. W. Fitze in the area of Fractography, and Mr. W. E. Krupp in the area of

Mechanical Testing.
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SECTION 1

TECHNICAL BACKGROUND

The introduction of advanced composite materials into aircraft structural
applications in recent years has necessitated the development of analytical
methodologies to assure the same level of structural reliability found in
comparable metal structures. Composite materials, however, are not well
suited to a simple extrapolation of analysis methods used in metals. This

is a result of the differences between the basic characteristics of composites
and metals. For example, composites are strongly anisotropic by nature and
contain major microscopic inhomogeneities consisting of the matrix/interface/

fiber nature of the material.

Initial damage in composites may take many different forms which, unlike
metals where most types of defect could conservatively be considered as
cracks, may have entirely different initial characteristics and possibly
propagate in a different manner. A common type of damage which is unique

to composites is that due to low velocity impact. From an initial damage
viewpoint, this type of damage is typical of that which can readily occur

due to a tool being dropped or pieces bumping together. In service a similar
damage can occur at higher velocities (but normally much lower impactor mass )

due to hail or rocks flipped from tires, etc.

Associated with the difficulties in defining the exact nature of damage and
its effect on service life is the added problem of developing adequate
nondestructive inspection methods to detect the demage and analysis methods
to define its severity. The development of methods of defining, detecting,
evaluating, and analyzing these types of damage in a framework consistent
with current durability and damege tolerance requirements is the problem
area addressed in the current program. Specifically, the objectives of the

current program are (1) to develop & statistically valid datae base defining
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the growth behavior of damage regions in graphite /epoxy composite material,
(2) develop an analysis methodology that is capable of predicting (a) the
growth of demage zones under fatigue loading and (b) the resulting residual
strength of the structure with a given fatigue induced damage zone size and
configuration, (3) determine the mechanisms of fatigue induced damage forma-
tion and propagation, and (4) define the threshold damage sizes which will

not propagate and the associated damage zone formation criteria.

The current program is composed of three major phases: TASK I: Preliminary
screening is designed to screen the static and fatigue induced damege growth
characteristics of two damage types. Based on these results a single damage
condition will be selected for study in Tasks II and III. TASK II: Damage
Growth and Residual Strength Degradation Prediction develops statistically
significant data sets of the static and fatigue life behavior and of the
fatigue induced damage growth and residual strength behavior. Based on this
data a model for predicting the damage growth characteristics and the sub-
sequent residual strength will be developed. 1In TASK IIi: Effect of Fatigue
Ioading/Environment Perturbations, three variations in the loading/environ-
mental parameters will be studied to evaluate the applicability of the model
over a range of loading/environmental conditions and update the model if

required.

N
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SECTION 2

TASK I TEST PIAN DEVELOPMENT

“During the preceding quarter the formalized draft of the TASK I Test Plan
was prepared and submitted to the Air Force Project Engineer for review.
Following discussion of the draft, the TASK I Test Plan was formally submitted
for approval.(l) The following paragraphs bresent a brief overview of the

final TASK I Test Plan.

The proposed Task I test matrix is presented in Table I. Item 1 tests
(Table I) consist of standard quality control tension tests using duplicate
specimens from each of the test panels fabricated. Item 2 tests consist of
ten replicate tests in tension and ten replicate tests in compression for
each of the four laminate/damage conditions. These tests will be conducted
to failure without interruption. The ten replicates comprise what is con-
sidered the minimum set size required for a meaningful data set as discussed

in Reference 2.

A subset of static compression tests are included in Ttem 3 to evaluate the
inherent local buckling characteristics of the damaged laminate. This charac-
teristic behavior is of importance since normal constrained compression
testing may yield compressive failure values which are unrealistically high
compared to the restraint conditions of a typical structure. These tests
will thus supply additional specimen stability data to verify or give direc-
tion to the modification of the guides required in the subsequent R = -1
fatigue testing to assure that the specimen response simulates that of actual

structure as closely as possible.

The tests shown in Table I as Item L tests are designed to provide the basic
S-N curve for each of the four leminate/damage conditions while also providing
the basic fatigue induced damage growth characteristics for each of the

leminate/damage conditions. For these tests, three replicates will be tested
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at each of six stress levels to define the general R = -1 S-N characteristics
for each of the four laminate/damage conditions. The damage growth will be
monitored by use of a Holosonics Series 400 Holoscan unit, as described in

Reference 3.

A subset of both static compression and fatigue tests are proposed to provide
a statistically based answer as to the effect of TBE¥* on subsequent material
behavior, as shown in Items 5 and 6 in Tablé I. No significant effect of TBE
has been reported in static tension (Reference 4). Therefore a series of
specimens will be tested in compression by loading duplicate specimens to
each of three strain levels, removing them and running acoustic imaging
analysis of the damage and then conducting TBE enhanced x-ray analysis. The -
specimens will then be reloaded to failure. In this manner a set of six
specimen results per laminate/damage condition wiil be available for com-
parison with the 10 reference sets of data by nonparametric analysis. In
addition, added data on damage growth under static loading will be available

for subsequent analysis.

The subset of fatigue tests to examine the effect of TBE additions on the
subsequent fatigue behavior will consist of running triplicate specimens

at three of the six stress levels examined in Item 4 of Table I. These
ﬁests will be conducted using the same procedures as the Item 4 tests except
that following each acoustic imaging examination, a TBE enhanced set of
x-rays will also be taken. From these results both & direct comparison of
the TBE enhanced x-ray and acoustic imaging inspection results will be
obtained and a data base for examining the effect of the TBE on the fatigue

behavior will be established.

 The results of the Task I tests will thus provide (a) a data base for the
selection of the stress riser (damage type) to be used in the Task II and
III study, (b) the basic fatigue induced damage propagation characteristics

of the damage zone over a range of stress levels, (c) the basic tension and

%* DIB (1, 4 diiodobutane) may be substituted with approval of
the Technical Monitor.
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compression static strength and static damage formation characteristics for
the four laminate/damage conditions, and (d) data on the column buckling

characteristics of the four laminate/damage conditions.

O\
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SECTION 3

TASK I SPECIMEN FABRICATION

During the preceding quarter, the major effort was directed at the qualifi-
cation of the new material batch, panel fabrication and the preliminary impact
damage study. Results of these activities are summarized in the following

sections.

3.1 Material Qualification

The material to replace that lost in the freezer failure was received and

(5)

are

has completed qualification testing. The Narmco Quality Control Test Results

(6)

presented in Table IIT. Narmco Batch #1079 was found to meet all requirements

are presented in Table II and the Lockheed Quality Control Test Results

and the material was accepted.

3.2 Panel Fabrication

Subsequent to material acceptance, panel fabrication was initiated as per

the previously approved Quality Control Plan(7). One preliminary impact

study panel 20 x 2h-inch has been fabricated for both the 32 and 24 ply layups.
Five 36 x W6-inch panels each of the 32-ply quasi-isotropic laminate and the
2h-ply 67% 0° laminate were then fabricated. A summary of the laminate panel
numbers and the material code letter which has been assigned to each panel is
shown in Table IV. All panels received a standard production ultrasonic
C-scan inspection using a l/h-inch diameter teflon disc standard, the results

of which are summarized in Table IV. A typical C-scan is shown in Figure 1.

Following panel fabrication and inspection, a master panel layout was developed
for each panel such as shown in Figure 2. A random sampling procedure was then
used to select which coupons from each panel will have impact damage.
Essentially the procedure is double random in that coupons for each test con-

dition are randomly selected from each panel fabricated, and randomly assigned
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TABIE IV. SUMMARY OF PANEL IDENTIFICATION CODES

Assigned C-Scan
Panel Material Inspection
Iaminate Type Number Code Results
32-ply quasi-isotropic 2TY 1228 A No indications
1TY 1228 B
2TY 1227 C
1TY 1230 D
1TY 1229 E No indications
2h-ply 67% 0O° Fibers 1TY 1238 H No indications
1TY 1236 J
2TY 1236 K
2Ty 123k L
1TY 1234 M No indications

LOCKHEED 12
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gure 1. Typical Ultrasonic C-Scan Result for As Fabricated Panels
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Figure 2. Typical Master Panel Iayout as Prepared
for Fach Panel.
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to a test condition and a test type. Randomization was accomplished using
software programs developed at the Iockheed-California Company and based

upon unbiased, Monte Carlo random number generators. A random number sequence
was generated from 1 to 30 (the number of specimen blanks per panel) and a
table of selection order vs. specimen number generated for each panel. The
selection order 1 - 15 will be assigned to contain impact damage and sequence
orders 16 - 30 assigned to contain a damaged hole. A typical result is il-
lustrated in Table V. DNext four random number tables were generated, one for
each laminate and damage type to be studied. The panels of each laminate were
then randomized by test as illustrated in Table VI. Randomization was con-
ducted in sets of five (the number of panels per condition) to assure that
all test panels are represented in a test type equally to eliminate any

local statistically possible variations that would bias the sample in terms

of a single panel. All panels are now ready for the introduction of the

test damage conditions.

3.3 Preliminary Impact Damage Development Study

A key part of the specimen fabrication is the method of introducing the in-
itial damage. Results at Iockheed (Reference 8) have shown narrow specimens,
1.8-inch wide, fail under low velocity impact in a manner which is not repre-
sentative of the type of damage which occurs in 6-inch wide panels under the
same conditions. The 1.8-inch wide specimens typically failed due to back
ply failure across the entire specimen width. In contrast, a six-inch wide
specimen exhibited internal delaminations. As a result, all impacting will

be done on the 14.0 x 37-inch sub-panel rather than smaller specimen blanks.

A preliminary impact study panel 20 x 24-inches was fabricated in both layups
with the Task I panels. These small panels were used to set the initial
impact conditions to be used in developing the impact damage on the actual
test specimens. For these tests, a simple drop tower consisting of a Teflon
guide tube mounted in a support frame was used. The impactors used consisted
of a one-inch diameter steel cylinder with ihterchangeable impact heads, one

with a one-inch diameter hemispherical head and one with a No. 2 standard

LOCKHEED 2
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TABIE V. RANDOMIZATION OF SPECIMEN SEQUENCES

Panel Number: 2TY 1227, Code C

Isminate: 32 ply
Sequence Specimen
_Nunber _ _Nunber _
1 c-27
2 c-11
3 c-26
L c-28
5 c-2
Specimens to 6 c-7
Contain Impact 7 c-1
Damage 8 c-18
9 Cc-21
10 c-15
11 Cc-9
12 c-16
13 c-k
1h C-10
15 c-6
16 c-29
17 Cc-19
18 c-23
19 Cc-20
20 Cc-17
21 Cc-12
Specimens to 22 C-30
Contain Damaged 23 C-1k
Holes 2L Cc-13
25 Cc-5
26 c-8
27 c-2h
28 c-3
29 c-25
30 c-22
16

LOCKHEED

CALIFORNIA COMPANY




IR 28360-4

TABIE VI, ILIUSTRATION OF RANDOMIZATION OF PANELS BY TEST

Damage Type: Impact
Laminate: 32 Ply
Panel Designations: Code A (1) Panel #:
B (2)
c (3)
D (k)
E (5)
Number of
Test Type Specimens Required Panel Corresponding Specimen No.
Static Tension 10 2 B-4 (First Spec. from Panel B)
3 ¢-27(First Spec. from Panel C)
5 E-3 (First Spec. from Panel E)
1 A-18 (First Spec. from Panel A)
2 B-29(Second Spec. from Panel B)
1 A-6 (Second Spec. from Panel A)
L D-25 Etc.
3 c-11
5 E-10
3 c-26
Static Compression 10 L D-3
>
2
ete. etc.
Column Buckling L 2 B-1
etc. etc.
Base S-N Tests 18 2 D-k
ete. ete.
TBE Static Compression 6 L D-2
ete. etc.
TBE S-N Fatigue 9 1 A-6
Total Req. 57 ete. ete.
Available Replacements 18 1 A-2
L D-29
ete ete.
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Phillips screwdriver point, and adjustable weight. Drop heights were preset

by use of location pins which extend through the Teflon guide tube. Impactor
velocity at impact, the deflection dynamics of the specimen and impactor, and

the rebound velocity of the impactor were monitored by a high speed motion
picture camera. Triplicete drops were made for each of four mass /heights with
each of the two impactor head configurations at locations defined by a three-
inch square grid on the panel. The test panels were supported during the
impacting by a 3/8-inch thick section of HRH10-3/16-3.5 hon?yiomb core material.
8

This support method was selected since tests have indicated this provides a
reproducible support system for low velocity impact testing. A typical drop

test set-up is shown in Figure 3.

Following impacting, the study panels were ultrasonically C-scanned to deter-
mine the basic plan area view size of the resulting damage at each site.

The results are shown in Figures U4 and 5 for the 32 and 24 ply laminates
respectively. A summary of the impact conditions and approximate apparent
width, X, and height, ¥, of the individual damage sites is presented in
Tables VII and VIII. Detailed examination of the impact damage is now under-
way using the Holoscan ultrasonic unit. Following the detailed evaluation, a
single impact damage condition will be selected for study and specimen fabri-

cation initiation.

18
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Figure 3.

Typical

Tool Drop Simulation Set Up

19

IR 28360~ 4




aeuTwE] OTAOX30ST-Tsend ATd-z¢ oyl
uo Apnag ofvued 2ovdwl AIBUTWTITSII aU3 JO S3TNS9Y UBDS-) OTUOSBILTA *H 2aNS T

20

LOCKHEED




LR 28360-4

*oqeuTWE] I9qTd .0 %L9 LId g 8u3 uo

£Apnag oFewe( 20vdwWI AXRUTWITSJd 9U3 JO s3Inssoy uedg

0 ot

uosBILITN

[

3T

LOCKHEED

Cax

e

Ao

s




IR 28360-L4

qutod JIBATIPMAIOS PBIH wnaaﬁ e =2
PBSY DUNOX I235WRID UOUT-T = T x

(8670 X 66°0) | L*HT X 04T (€€°1) 08T (t'g ) ne (tho"T) 8650 2 (8°81) gh°o 09 w2
(090 x 09°0) ! 2°ST X 2°¢T (oh*1) 86°T (¢°g ) 6572 (tr0°T) 865 0 2 (g°81) gh'o 66 €2
(LS°0 x @6 0) | &°HT X L*HT (06°1) 85°2 (L6 ) 96"z (Tho"T) 9660 z (g gT) gn o Qs 22
(6.0 x @L*0) | ©0"02 X g*6T (2L 2) 69° € (9°1T) "G E (Tho"1) 966°0 2 (g°92) €L°0 LS 12
(9970 x g9'0) | 8°9T X £°LT - - - - (ThO*T) 86570 g (6782) €Lro 9% 02
(69°0 x 65°0) | ¢"or % ¢*9T (L2 2) 10°€ (9°0T1) gee ¢ (Tho'T) 866°0 2 (g g2) €L°0 [49 61
(6£°0 X on'0) | 6°g % 2°0T (L6°0) €T (L+o1) 92'€ (L10°0) Nz o 2 (g-g2) €L°0 1S g1t
(teroxzrre) | €6 x0°¢€ (€0°1) on't (o'11) (449 (L10°0) ghe'o 4 (g°ge) gLo €S LT
(¢0*0 x 0T70) | 21 x¢&'2 (26+0) 62T (f 01) AES (L10°0) ghe 0 2 (g°ge) £L°0 4 aT
(00 X 68°0) | L*2T X x'2T H9°T) 222 (6°€T) He'h (Lt0"0) 8ne 0 F (g 8h) LT T4 ST
(6n°0 x T9°0) | #°TT % #4701 (L5°1) £€re (9°€T) "I (LT0"0) gh2' 0 2 (g gh) 82T 0% +T
(26°0 x 7$*0) | 2°€T x L*€T (L6°T) €12 (9°€T) I (L10°0) ghe' o 2z (g gn) LA 64 €1

0 0 (66°0) RE'T (o°11) (4339 (910°0) one o T (g g2) £.°0 g8h ct

o] 0 90°T) T (7°1T) L€ (910°0) on2o T (8°g2) €L 0 Lt 1T

0 0 (26°0) 2t (9°01) g2 € (9gto°0) one* o T (g°ge) eLro 9 o1
(6g°0 X 0g°0) | 922 X £'02 (hh2) €€ (0°11) ¢et ¢ (om0 1) 0650 T (g 82) €Lo Sh 6
(9g°0 X SR°0) | fw°22 X 9°T2 (L2*2) 80" ¢ (9+01) €2 ¢ (oh0' 1) 065°0 T (g*82) €L°0 14 8
(16°0 x 2g°0) | T1°€2 x g'02 (ot-2) 02°¢ (g 0t1) 62°¢ (oh0°1) 0650 T (g-g2) €L°0 £ L
(2lL*0 x glL*0) | &£'QT x €01 . - - - - (oo 1) 066°0 1. (g'g1) gh°o 2h 9
(§9°0 % 69°0) | €°LT X G*4iT (98 T) 13T (2°8 ) 0s°2 (oh0°T) 065°0 T (g°g1) gn'o 4 4
(6L*0 X 0L*0) | 06T x g'.LT (62°1) LT (o*g ) e (ono°T) 065°0 T (g*g1) oL e} o4 4

0 0 (64%°1T) 202 (6 €1) TI°h (910°0) ohz2'o T (g gn) LIRS 6¢ ¢

0 0 (g€ 1) 18°T (0°€T) 96 € (910°0) 0120 T (g gn) 72T gt 2

0 0 (eq°T) 16T (2 €1) 20°h (910°0) 0h2*0 T (g gh) AR LE T

(gout) w (at/+3) r (o9s/31) oes/u (Bnts) be »xad AL (qout) w Jaqumy u0138007
£ £q x it A3rooTeA S8 PBaH ‘quBt1sH my
f39215 afwwed hmawcm qoudur qowdur q0edwr doagq
quageddy oTqeuTY
DIJOYIOSI-TISVAY AId-2€ ‘222T-AlLg# TANVD NO SITNSHY NOTIVATIVAY HOVAVA IOVAWI XYYNIWITHEL “ITA TI9VL

LOCKHEED

22

CALIFCRNIA COMPRANY




LR 28360-k4

qutod JaATIpMaIoS PesH eATITTW 2 = 2
Peay PUMOI J332WETP UIUT-T = T #

(1870 x ¢5°0) 9°02 X O'HI €5°1) lo*e (A1)} g9z |~ (on0°T) 065°0 1 (g°81) Lin‘o gL "2
(€L°0 % 156°0) 6°gT X O"€1 (6£°1) 88T (€'9) €62 (on0°T) 066°0 1 (g*g1) LLy0 LL €2
(v8"0 X 29°0) €12 % L°ST (6£°1) 88°T (€'8) €52 (or0°1T) 065°0 1 (g*gT) Lyo 9L - 22
(g€ 0 x 12°0) 9°6 X £°¢ (g2h 0) 850 (s°g) 662 (210°0) 2L 0 2 (g e1) L0170 [9) 12
(on*0 x €2°0) 2°0T X g°§ {(gmn-0) 09°0 (L°9) $9°2 (210°0) 2Lt o 2 (g°87) L0 LA oz
(ox'0 % 92°0) 2°0T X 9°9 (t4h'0) 95°0 (€°9) €52 (210°0) LT o e (g°gT) LL40 €L 61
(850 x gz*0) LT X 1°L (69°0) | . #6°0 (g*01) 62°€ (210°0) 2lteo 2 (8°82) 2L 0 2L 8T
(sn°0 x T€°0) HIT X 6°L (99°0) 6g°0 (9°01) €2°€ (210°0) 2Lt*o 2 (g°g2) 2eL 0 7 T
(of°0 % 0£°0) 2°0T X 9°L (19°0) lg°0 (q*o1) LT°€ (e10°0) eLlt'o 2 (g g82) 2eL o oL ot
(1670 * g2°0) 0°€T X T°L (19°0) 180 (L°g) %9°2 (L10°0) ghz'o 2 (g g1) Lin0 69 44
(of*0 x 62°0) 20T X {°L (19°0) €8°0 (¢°8) 652 (L10°0) ghe o 4 (g g1) Lin'o 89 1t
(640 x 62°0) 22T X 7°L (4%9°0) 18°0 (L'g) ¢9'2 (LT0°0) ghe'o 2 (g'81) L0 L9 €T
(64°0 x TE*0) 272t % 6°L (696°0) LL*O (€°9) oggz (910°0) o420 T (g"e1) LLyo 9 2t .
(960 x 0£°0) | 24T X 9°4 (s5°0) ¢Leo (z'8) 052 (91070) oz o T (878T) Llnto S9 T N

0 0 (595°0) L0 (€°8) g2 (910°0) o2’ 0 1 (g*g1) Lino 79 ot
(s2 0 * 22°0) n'9 X 9°¢ (o 0) 760 (n°g) 92 (TT0°0) 7ot"0 T (g°g1) Lino €9 6

o] . 0 (6€°0) €6°0 (€°8) €52 (110°0) H9T*0 T (grg1) LL*0 29 8

0 ) 0 (sent0) 650 (g°8) 89°2 (TT0°0) 491°0 T (g°81) Llyo 19 L
(09'0 x 29°0) 2°6T X L*0T (%9°0) 18°0 (L°0T) 92 € (tT0°0) 4910 1 (g g2) 2¢L°0 9€ 9
(95°0 x on*0) 2°HT X 2°0T (L9°0) 16°0 (6°01) 2€ € (110°0) 4910 1 (g°g2) 2tLl o 49 4
(2570 x 2€°0) 2 €T X T°Q (19°0) g0 (L-01) 92'€ (tr0°0) #9T°0 T (g-g2) 2EL°0 #E q

o 0 (99°0) 6870 (0°6) w2 (910°0) o020 T (CR:19) Lo €€ €

o 0 (29°0) ©8°0 (L'8) 69'e (910°0) o2 o T (g°g1) LLy'o 2€ 2
{2n°0 x 6£°0) L'0T x 6°g (29'0) 48°0 (.°g) s9°2 (910°0) | oH2°0 T (g°8T) LLY"0 € T

(uouy) ww (ar/33) r (o98/93) o9s/m (Bnrs) y xad AT, (yout) w Taquny . woT3®OO]
£ fq x b £3700T8A sged PesH ‘qu3TaH uny
€3278 a3vweq hm.uwnm qoudu] qoeduy qowedur doxa
quaxeddy s1y8uTy

SYAETA 0 %L9 XId-t2 ‘2egT-ALT# TANVA NO SITNSHY NOILVIVIVAE HOVWVA IOVAWL XMYNIWITIHYd *TITA TIOVL

CALIFORNIA COMPANY

LOCKHEED




IR 28360-4

REFERENCES

1. Pettit, D. E., "Task I Test Plan for Residual Strength Degradation of
Advanced Composite Materials," IR 28360-3, April 12, 1978.

2. Ryder, J. T., and Walker, E. K., "Ascertainment of the Effect of
Compressive Ioading on the Fatigue ILifetime of Graphite Epoxy
Iaminates for Structural Applications," AFML-TR-76-241, December 1976.

3. Pettit, D. E., "Residual Strength Degradation for Advanced Composites,"
Interim Technical Quarterly Report, LR 28360-2, Iockheed-California
Company, Burbank, California, February 10, 1978.

L. Altman, J., Konicki, D., Burroughs, B., Nodler, M., "Advanced Composites
Serviceability Quarterly Progress Report," Rockwell International Corp.,
NA-76-783-1, January 1977.

5. Certified Test Report No. 34255, Narmco Materials, Inc., Costa Mesa,
California, January 17, 1978.

6. Quality Control Test Report for ILaboratory Request No. 34498L4, Iockheed-
California Company, Burbank, California, February 15, 1978.

7. Pettit, D. E., "Residual Strength Degradation for Advanced Composites}
Interim Technical Quarterly Report, IR 28360-1, Iockheed-California
Company, Burbank, California, November 11, 1977.

8. Pettit, D. E., "Experimental Techniques: Impact Damage of Composite
Materials," Iockheed Report in progress, IR 28001, to be published.

25
LOCKHEED

CALIFORNIA COMPANY

5




