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FOREWORD 

The work reported herein was accomplished under Contract F336l5-77-C-308^, 

Project 2^01, Work Unit 21+010117, sponsored by the Air Force Flight Dynamics 

Laboratory, Air Force Systems Command, Wr ight-Patter son AFB, Ohio 1+5!+33' 

Dr. G. P. Sendeckyj, AFFDL/FBE, is the Air Force Project Engineer. 

The program is being conducted by the Structures and Materials Department of 

the Lockheed-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. Lauraitis 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 damage 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 damage tolerance requirements is the problem 

area addressed in the current program. Specifically, the objectives of the 

current program are (l) to develop a statistically valid data base defining 

LOCKHEED 
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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 damage 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 (k)  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 damage 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.  In TASK III: Effect of Fatigue 

Loading/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. 

LOCKHEED 



LR 28360-^ 

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.^1'' The fc 

final TASK I Test Plan. 

for approval.*' ' The following paragraphs present a brief overview of the 

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 Item 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 k  tests are designed to provide the basic 

S-N curve for each of the four laminate/damage conditions while also providing 

the basic fatigue induced damage growth characteristics for each of the 

laminate/damage conditions. For these tests, three replicates will be tested 

LOCKHEED 
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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 1*00 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 Table I. No significant effect of TBE 

has been reported in static tension (Reference k).    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.  Hi this manner a set of six 

specimen results per laminate/damage condition will 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 k  of Table I. These 

tests will be conducted using the same procedures as the Item k  tests except 

that following each acoustic imaging examination, a TBE enhanced set of 

x-rays will also be taken. From these results both a 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 

HI 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, h  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. 
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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) 

has completed qualification testing. The Narmco Quality Control Test Results 

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

presented in Table III. Warmco Batch #1079 was found to meet all requirements 

and the material was accepted. 

3.2 Panel Fabrication 

Subsequent to material acceptance, panel fabrication was initiated as per 
(7) the previously approved Quality Control Planvw. One preliminary impact 

study panel 20 x 2^-inch has been fabricated for both the 32 and 2k  ply layups. 

Five 36 x U6-inch panels each of the 32-ply quasi-isotropic laminate and the 

2^-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/^-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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TABLE  TV.     SUMMARY OF PANEL IDENTIFICATION CODES 

Laminate Type 
Panel 

Number 

Assigned 
Material 

Code 

C-Scan 
Inspection 
Results 

32-ply quasi-isotropic 2TY 1228 A No indications 

1TY 1228 B 

2TY 1227 C 

1TY 1230 D v 
1TY 1229 E No indications 

2^-ply 67%  0° Fibers 1TY 1238 H No indications 

1TY 1236 J 

2TY 1236 K 

2TY 123U L 
> t 

1TY 123^1 M No indications 

LOCKHEED 
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Figure 1. Typical Ultrasonic C-Scan Result for As Fabricated panels 
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to a test condition and a test type. Randomization was accomplished using 

software programs developed at the Lockheed-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 l6 - 30 assigned to contain a damaged hole. A typical result is il- 

lustrated in Table V. Next 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 Lockheed (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 1^.0 x 37-inch sub-panel rather than smaller specimen blanks. 

A preliminary impact study panel 20 x 2^-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 interchangeable impact heads, one 

with a one-inch diameter hemispherical head and one with a Wo. 2 standard 

15 LOCKHEED 
CALIFORNIA   COMPAN 



Panel Number:  2TY 1227, Code C 

Laminate: 32 ply 
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TABLE V.  RANDOMIZATION OF SPECIMEN SEQUENCES 

Sequence 
Number 

Specimen 
Number 

Specimens to 
Contain Impact 
Damage 

1 
2 

3 
k 
5 
6 
7 
8 
9 

10 
11 
12 

13 
1»* 
15 

C-27 
C-ll 
c-26 
c-28 
C-2 
C-7 
C-l 
C-18 
C-21 

C-15 
C-9 
C-16 
C-k 
c-10 
c-6 

Specimens to 
Contain Damaged 
Holes 

16 
17 
18 
19 
20 
21 
22 
23 
2k 
25 
26 
27 
28 
29 
30 

C-29 
C-19 
C-23 
C-20 
C-17 
C-12 
C-30 
C-lU 
C-13 
C-5 
C-8 
C-2^ 
C-3 
C-25 
C-22 

LOCKHEED 16 
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TABLE VI.     ILLUSTRATION OF RANDOMIZATION OF PANELS BY TEST 

Damage Type: Impact 

Laminate: 32 Ply- 

Panel Designations:    Code A (1) 
B (2) 
C (3) 
D (»0 
E (5) 

Panel #: 

Test Type 

Static Tension 

Number of 
Specimens Required 

10 

Panel Corresponding Specimen No. 

2 B-^     (First Spec, from Panel B) 
3 C-27(First Spec, from Panel C) 
5 E-3     (First Spec, from Panel E) 
1 A-l8  (First Spec, from Panel A) 
2 B-29(Second Spec, from Panel B) 
1 A-6 (Second Spec, from Panel A) 
k D-25 Etc. 
3 C-ll 
5 E-10 
3 C-26 

Static Compression 10 k 
5 
2 

etc. 

D-3 

1 
etc. 

Column Buckling 2 
etc. 

B-l 
etc. 

Base S-N Tests 18 2 
etc. etc. 

TEE Static Compression k 
etc. 

D-2 
etc. 

TEE S-N Fatigue 9 

Total Req. 57 

1 A-6 
etc.      etc. 

Available Replacements      18 1 A-2 
k D-29 

etc.      etc. 
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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. Triplicate 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 HEHIO-3/16-3.5 honeycomb core material. 

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 k  and 5 for the 32 and 2^ ply laminates 

respectively. A summary of the impact conditions and approximate apparent 

width, X, and height, Y, 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 
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