General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



OLD DOMINION UNIVERSITY RESEARCH FOUNDATION

2
X

a?
&l

QP (PR PR R—— T Sy W ra— hJ e - el oo

DEPARTMENT OF MECHANICAL ENGINEERING AND MECHANICS
SCHOOL OF ENGINEERING

OLD DOMINION UNIVERSITY

NORFOLK, VIRGINIA

FEASIBILITY STUDY OF DEFORMATION MODES
OF DEFORMING COMPOSITE MATERIALS
USING VISIGPLASTICITY METHOD

(NASA-CE-165067) FEASIBILITY STUDY OF N82-15145
DEFORMATICN MODES OF LEFCRMING COMPCSI1IE /
MATERIALS USLNG VISIOFLASTICITY et HC HODIMF A
Final Keport, 16 May - 15 Aug. 1981 (Cid Unclas
Dominion Univ., Norfolk, Va.) 34 p G3/24 0fie9

By

Surendra N. Dwivedi, Principal Investigator

@

Final Report

For the period May 16 - August 15, 1981

Prepared for the

National Aeronautics and Space Administration

Langley Research Center }

Hampton, Virginia 23665 i

Under

Research Grant NAG1-191

Walter Illg, Technical Moaitor
Materials Division

Submitted by the
0ld Dominion University Research Foundation
P.0. Box 6369

Norfolk, Virginia 23508-0369

November 1981




DEPARTMENT OF MECHANICAL ENGINEERING AND MECHANICS
SCHOOL OF ENGINEERING

OLD DOMINION UNIVERSITY

NORFOLK, VIRGINIA

FEASIBILITY STUDY OF DEFORMATION MODES
OF DEFORMING COMPOSITE MATERIALS
USING VISIOPLASTICITY METHOD

By

Surendra .« Dwivedi, Principal Investigator

Final Report
For the period May 16 - Auguet 15, 1981

Prepared for the

National Aeronautics and Space Administration
Langley Research Center

Hampton, Virginia

Under

Research Crant NAG1-191

Walter Illg, Technical Monitor
Materials Division

November 1981



TABLE OF CONTENTS

INTRODUCTION . . . & & & ¢ v ¢ o o o s o o o o o o s o s o o s o o o 1
PREVIOUS WORK ON FOREIGN OBJECT DAMAGE TO COMPOSITES . . . . . . . . 1
RESEARCH PLAN . . . . . . v ¢ v o o v o o o o o o s s s o s o o o s 3
BASIC EQUATIONS . . . . & ¢ v v ¢ & o+ o o o o o o s o o s o o o s o 4
PROCEDURE AND RESULTS OF DEFORMATION MODES AND STRESS DISTRIBUTIONS. 7
CONCLUSIONS . . . « v v ¢ ¢ o v o o s o v s o & 2 8 s s o o o s s 8
APPENDIX . . . v ¢ v v v v v v 6 o s o s e e e e e e e e e e e e 9

REFERENCES . . . . & . « 4 v v v v v v v vt e o s e o e e s v o 17

LIST OF FIGURES

Figure
1 Ultrasonic testing of the composite materials before making
QPECIMENS . . . .« . . e v h s e e e e e e e e e e . . . . 1B
2 Details of impact probe used in the present investigation . 19
3 Grid lines on the specimen . . . . . . . . « . +« . « . . . 20
4 Details of specimens used . . . . . . . . . .+ ¢« ¢ o . . 21
5 Enlarged photograph of undeformed specimen . . . . . . . . 22
6 Enlarged photograph of deformed specimen for a deforming
load of 340 kg (750 1b) . . . . . . . . . ... ... ... 23
7 Digitized points of enlarged photograph of the undeformed
test PLECE . . . . . L i e e e e e e e e e e e e e e e .24
8 Digitized points of enlarged photograph of the deformed test
piece under a load of 340 kg (750 1b) . . . . . . . . . . . 25
9 Variations of ex, Ey' and Y along the thickness of the
test piece foer IX = 2 and a load of 340 kg (750 1b) . . . . 26

ii



10

11

12

13

Variations

test piece

Variations

test piece

Variations

t :st piece

Variations

test piece

LIST OF FIGURES (CONCL'D)

P:ge

of ex, ey, and vy along the thickness of the
for IX = 4 and a load of 340 kg (750 1b) . .

of cx, cy. and ny along the thickness of the
for IX = 6 and a load of 340 kg (750 1b) .

of ex, € , and Y along the thickness of the
for IX = 8 and a load of 340 kg (750 1b) .

of ex, ey, and ny along the thickness of the
for IX = 10 and a load of 340 kg (750 1b).

114

27

28

29

30



FEASIBILITY STUDY OF DEFORMATION MODES
OF DEFORMING COMPOSITE MATERIALS
USING VISIOPLASTICITY METHOD
By

Surendra N. Dwivediw

INTRODUCTION

Due to the high static strength, high stiffness, and high strength-to-
weight ratio of fiber-reinforced c.: v osite materials (FRCM), these materials
are widely used in the aerospace industry and otlier commerical industries.
Although sufficient work has been done in the past in evaluat.ng different
mechanical properties of composite materials, there is a dearth of informa-
tion in respect io inpact resistance and an exact evaluation of the effect
of impact on composite materials. Since even a small impact on composite
materials tremendously reduces the life of an object made of composite mate-

rials, this study of impact on composites is very essential.

PREVIQUS WORK ON FOREIGN OBJECT DAMAGE TO COMPOSITES

Many research workers (ref. 1) have studied in detail the dynamic
response of materials, including composites, to intensive loading. Other
researchers have studied the mechanism of penetration of projectiles into
targets (re€., 2), but this author has come across only a few research papers
where the small foreign object damage on composite materials has been

studied. The following paragraphs describe some of these earlier studies.

*Assi1stant Professor, Department of Mechanical Engineering Technology, Old
Dominion University, Norfolk, VA 23508 during the course of this study.

Dr. Dwivedi 1s now at the University of Wisconsin, P.0O. Box 784,
Milwaukee, WI 53201.



Takeda et al. carried out studies on the impact of foreign otjects on
composites (ref. 3)., Their atudies revealed that the local damage produced
is dependent on the geometry of the impacior. The delamination in laminates
has been identified as sequential for all types of impactors. Takeda et al.
studied delamination of composites for different ply orientations and found
that it is similar in both cross-ply and angle-ply laminates with some
difference in the shapes of delamination.

Avery and Forter (ref. 4) investigated the impact response of metals
and composites and concluded that the composites are more resistant to
crack-type impact damage than panels of aluminum, titanium, or steel. Due
to limited data, quantitative comparison of the impact fracture behavior of
composites and metals was not attempted.

Oplinger and Slepetz (ref. 5) conducted work on impact damage tolerance
of graphite/epoxy sandwich panels. They observed that graphite sandwich
panels exhibit marked susceptibility to foreign object impact damage. The
surface damage included fiber fractures at nominal impact energy levels as
low as 1,4 to 2.7 J (1-2 1bf) when indented by a steel ball of 5,1-cm (2~
in.) diameter. Surface penetration occurred at energy levels abovz 9.5 J (7
ibf). The impact and static indentation tests also demonstrated the low
energy absorption capability of tne graphite sandwich panels compared to S-
glass panels. Oplinger and Slepetz felt that the falling weight impact test
rerves reasonably well as a qualitative indicator of foreign object damage
tolerance. However, the degree of damage depends on the radius of curvature
of the impactor object, as well as on the impact energy level. Preston and

Cook (ref. 6) analyzed the impact response of graphite/epoxy laminates.

According to them, an analysis of operating parameters of a typical turbine



fan blade showed that small steel projectiles are most likely to cause
delamination and penetration damage to unprotected graphite/ epoxy composite
fan blades.

Numerous other works on foreign object damage to composites are given

in reference 7.

RESEARCH PLAN

Most of the theoretical studies on foreign object damage of composites
has been based on many assumptions in order to simplify the problem solu-
tion. In this study the project director has used the visioplasticity
experimental method to study the deformation modes and trarsient impact
distribution of deforming composite materials. This method was first intro-
duced by Thomsen and Lapslley (ref. 8) in 1952. The author modified this
method so that it can be used for dynamic problems. In this method the
material flow field is determined experimentally either by placing a grid
pattern on the meridian plane of a cylinder, as in the case of axisymmetric
extrusion, or on a plane at right angles to the material movement, as in the
case of plane strain deformution. The grid line patterns are photographed
at each increment of deformation. The movement of grid points can be deter-
mined from consecutive photographs of the grid patterns, and hence the vel-
ocity field throughout the deformation zone can be found. The strain rates,
effective strain rate, and total effective strain can thus be determined
throughout the body. From strain field, the stress field may then be calcu
lated, Details of the basic equations used in the visioplasticity method

are given in the next section.



BASIC EQUATIONS

Using the usual notations for Young's modulus in the direction of fiber

and perpendicular to the direction of fiber as EL and ET’ shear modulus

in LT and TT direction as GLT and GTT’ and Poisscn's ratios in LT

and TT directions as v and u

LT LT’ the three-dimensional equations for

composite materials can be modified into two-dimensional plane strain equa-

tions as follows:
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Let us define a now matrix
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A computer program developed for the above computation is presented in

the appendix.



PROCED''RE AND RESULTS OF DEFORMATION MODES AND STRESS DISTRIBUTIONS

Before making apecimens from a composite material, the material was
tested using an vitrasonic method for any possible defects (fig. 1). An
impact probe was designed and fabricated (fig. 2) to suit the particular
setup.

The specimens were made frum composite materials. Details of the spec-
imen are shown in figures 3 and 4. A square grid pattern was used on ea:ch
specimen with the lines parallel to the x and y axes. Let IX be the
number of lines parallel to the y axis and IY be the number of lines par-
allel to the x axis. T e specimen was located on the lower platan of the
apparatus with the grid pattern facing the camera.

The experiment was first performed at different loading conditions to
establish a good deforming pattern. It was then decided that the same pro-
cedure would be applied for high-speed impact deformition. It was planned
to record the motion of the impactor using a high-speed camera by special
electronic circuitry in the case of the dynamic deformation. The impactor
may be impacted at a predetermined speed and the deforming grid patterns
recorded.

Suitable photographs (figs. 5,6) at constant time intervals were selec~
ted and the instantaneous coordinates of the grid points were digitized.
The information recorded was used as input data for the computer program.
The injut data was then plotted as s check (fig. 7). The material movement
was shown by plotting the instantaneous coordinates of particular grid

points at different instances of time and different loading conditions.



A computer program has been developed to calculate the strains cx,
‘y' ny using th~ digiti{zad input data. The strain distributions for a
particular load of 340 kg (750 1b) for different IX grid lines are shown
in figures 7 to 13. Using these straias the stress can be determined. The
computer program provided in the appendiry =till needs certain modifications

and can be completed in the future.



APPENDIX

DETAILED INFORMATION ABOUT THE CCixw5LTE MATERIAL USED

AB -
BD mat:ix
3.981E+08 {.o6SE+08 0.000E+0Q0 0.0C0E+00 ~-1.Q02E-07 0.000E+00
1.265E+93 3.%31E+08 0.CR0E+Q0 ~1.090E-07 ~-1,000E-07 0.000E+00
0. 0005400 9. 0008#00 1.358E+08 0.000E+00 0.000E+0Q0Q 1. OOBE o7
9.0d0E+0K ~-1.000E-07 0.000E+0Q0 1.498E+22 S.19€E+02 3.942E+00
~1,LQRE-07 -1.000E-07 ©.000E+00 S.136E+02 1.411E+03 3.942E+22
Q. 000E+QD 0.000E+0Q 1.000E-07 3.942E+00 3.942E+00 S.547E+Q2
Ak
BD matrix inuerse
£.794E-0% -8.877E-10 3.047E-37 -1.217E-19 1.799€-19 -4.138E-22
-&.877E-10 2.794E-09 1.236€E-3¢ 1.€601E~-19 ?.614E-20 -1.679E-21
3.047E~37 1.236E-36 7.364E-09 2.531E-21 2.777E~21 -1.328E-18
-1.217E-19 1.601E-19 Z.531E-21 ?.655E-04 -2.819E-04 -3.437E-0€
P93E-19 T.614E-20 2.777E-21 -2.819E-04 3.12%€E-04 -3.771E-0Q6
-4,138E-22 -1.679E-21 -1,328E-18 ~-3.437E-06 -Z.771E-0¢ 1.803E-083

Laminatée engine ring constants:

Extenzional

€

Ew

G:;u

NU o
Hiboss
ETR:, «w
ETRY, xy
ETA<y, «
ETRAxy, v

$.328%

S. 326 *10
2.821E+10
3.177E-0O1
3.177E-0OL
4.138€-29
1.879E-28
1.091€-23
4.425€-28

Lan.Cocf.Therm.Exp. a< =
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FREEERRFR RIS AT FEL T HLE TR SR L LRI AT LR T LR F I TR R FR L TR LR R RL R LR R R R R LR TR LR RR R R R

MARTERIAL El E2 G12 NU12 al a2
1 1.310E+11 1.300E+190 6.400E+09 3.800E-01 -1.060E-087 2.568E-8S
K 2¢K)> TCK) ThiK) Material
%] -3.360E-83
1 -3.2208E-A3 1.409E-04 45.0 1
2 -3.080E-03 1.400F-04 -45.0 1
3 -2.34@E-03 1.400E-04 9.0 1
4 -2.880E-03 1.408E-04 92.0 1
S -2.4%60E-03 1.400E-2* =-45.0 1
[ -2.520E-03 1.400E-04 45.0 1
7 -2.380E-.3 1.409E-04 0.0 1
& -2.240E-03 1.400E-04 99.@ 1
a3 -2.100E-23 1.400E-04 45.0 1
g -1.960E-23 1.400E-04 -45.0 1
11 - . .820E-83 1.480E-94 2.0 1
12 -1.63PE-03 1.400E-04 96.0 1
13 -1.548E-03 1.4890E-04 -45.0 1
14 -1.48RE-83 1.400E-04 45.0 1
- -1.2E-03 1.490E-904 0.0 1
16 -1,1l05=-2% 1.400E-04 99.0 1
17 -G, Ia0E-13 1.400E-04 45.09 1
13 -3.330E~- 1.400E-84 -45.0 1
| -7 b -0 1.400E-04 9.0 1
20 =S, -l uE=-04 1.400E-04 908.0 1
21 -3, JuE-na 1.400E-04 =-45.0 1
22 g, Z.E=d4 1.488E-04 45.0 1
23 -, -_¥-04 1.409E-04 0.0 1
24 @, 00uE+89 1.466E-04 99.0 1
25 1.4v3E-04 1.409E-04 96.0 1
2 =.200E-04 1.400E-64 8.0 1 !
27 4,200E-04 1.400E-04 45.0 1
28 S.R,HBE-04 1.490E-04 =-45.0 1
29 7T .00BE-04 1.400E-04 90.0 1
3@ 2.480E-94 1.400E-04 0.0 1
31 9.200E-04 1.400E-94 -45.0 1
32 1.120E-83 1.490E-04 45.0 1
33 1.260E-02 1.400E-04 990.0 1
34 1.490E-23 1.490E-04 9.0 1
35 1.540E-923 1.400E-04 45.0 1
36 1.530E-83 1.400E-84 -45.0 1
37 1.320E-03 1.400E-04 906.0 1
38 1.960E-03 1.400E-04 9.0 1
39 2.100E-C2 1.400E-04 -45.0 1
49 2.240E-03 1.400E-04 45.0 1
41 2.220E-093 1.400E-04 99.0 1
P 2.520E-03 1.400E-04 2.9 1
43 2.E80E-02 1.400E-04 45.¢ 1
44 c.30VE-93 1.4900E-904 -45.0 1
S 2.940E-03 1.400E-24 99.8 1
46 3.030E-83 1.400E-04 0.0 1
47 3.220E-03 1.400E-84 -45.0 1 10
48 3.360E-03 1.400E-04 45.0 {
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PROGRAM FOR DIGITIZING TNE GRID POINTS OF ENLARGED PHOTOGRAPH

10
28
28
40
sS4
a8
Th
24
an
180
116
[y
130
14
1508
188
17a
188
194
208
210
228
238
240
258
261
27
289
298
200
310
320
330
3448
2548
: 360
B ava
5 280
‘ 3
400

3
’
|

DIM X[266.21
SCALE B«13+8412
WANIS As1eB012
VYANIS G:1s0012
FRINT "SET CURSOE TOQ ORIGINS PRESS &8¢
ENTER (8s#2XaY
FRINT "SET CURSORF TO MAXIMUM ORDINATES FPRESS s*
ENTER (Ss#)N:'1
FRINT NeV1
IF (X>»3.82) OR (X{-2.0823) THEN So
PRINT "MAN QRD IS"s¥1s"IN."
PFRINT “SET CURSOR TS iIAN RBSCISSAY FRESS s
ENTER (8s¥2N1+Y
FREINT "MANX ABSCISSA IS"«N1s"INJ"
DISP "ENTER ¥ BAND Y QRIGIN"S
INFUT X@.Yea
DISP "MAX VALUE QRD"S
INPUT Y2
DISF "MAX RBSCISSA"S
INFUT N2
FOR J=1 TO 284
DISP "MOVE CURSOR TO DATA POINTs PRESS S".J%
ENTER (2s#2x 4444
N4=XA+N3 NI (N2-R@)D
Y4=Y0+Y4-oV 1Y 2=VaD
NG=R4
MRITE C15:280785+Y4
FORMAT 18y 2EZ0D. B
PLOT XSs V4
FEN
N Jds ]l J=XS
WL A 23=Y4
NEXT J
DISP "CQORDS TO BE STORED ©° FPRESS ("%
INFUT I%
IF I%=3 THEN 480

DISPF “"FILE NUMBER FOR STORRGE"S
INFUT 11

STORE DATA T1+X

END




1@
2e
e
48
5@
ca

AU ol ]

-
!

Ll ol e e s U A e ]

3 0 e 0 Foltoee
0 0 VT T T ()

E o
-
MY

T
1

SRR VRSV OO SV OV I XN S GV NN

0 T Co D T T D T T

L0 O =) oy 0 D P e 0 0 S T L0
Doy

VT L)

L0 o e T8 0gT
-,
;A

- g
T I Ty

1

-
-

[}

bt SHE U S SRR SN Y AR NN SRR AR D

IR BN | BN
-

e
Y

ORiGHAL PAGE IS
OF POOR QUALITY

CALCULATION OF STRAINS USING DIGITIZED GRID COORDINATES

DIM S[288:2 ][ 208221
DIM EC1R.3]
LORD DRTA 1%
DISF "NUMBER QF THE FILE":
INFUT I3
LOARD  DHTR I9Y
REM: AVERAGE FOR THE DX RND DY S
Di=y
FCR K=1 TO 19
pl=18+k
EZ=1asdk-10
FOF J4=1 TO 18
[9=K1+
I1=KZ+.]
Z9=xlI9+11-5[11411
D1=(X[I9s13-X[I1.122+D1
NEXT J
NE=T K
Di=D1-C13%16)
hZ=8
FOR K=1 TO 2@
Fl=10x{Kk~12
FHF A= 1 TO 9
1+
1+I+1
[I*s;]‘ LI1a23
SIS 21-x[I1.213+4D2
HEHT J

DE=Dz. (9+2a7
FEINT Dil.D2
FREINT

FEINT

FRINT

FREINT

FOFE k=1 TO 28
Kl=18+CK=-10
L=k~THT{K-8)%5
IF E=1 THEHN 418
IF L#v THEM 440
SCHLE -4.841s 15
ARETE 1e, 5=
NI B S EREEE R

Froe =1 T 18
Tep p el
R
N R
cEM O 3YF

HEE THE COORD OFTHE DEFORMED COMIGURATION

12



ORIG!NAL PAGE IS
OF POOR QUALITY

=YD Ia1]

YazyL 2]

REM STRARINS ARE RS FOLLONS
El=(N3-X1>2»-D1
E2=(ya=-¥1>-D2
E3={X¥-X1)2-D2+(¥3=-Y13-D1
ECJs11=E1

ECL s 21=E2

EL 1+ 31=E3

WRITE (13:.S98:1.EL1+E2+ED
FORMAT 19XsFS.8, 353E15.5
HE=T J

FRINT
FRINT
IF K=1 THEN &3@
IF L#g THEN 734

FOR J=1 TO 2

FOorE P=1 TO 18

PLOT ELFs J1sF

FEH

HEST F

DISF " CHANGE FPEH "3
THFUT M2

NEXT J

NENT K

END

13
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PROGRAM FOR CALCULATION OF STRESSES OF DEFORMING PROJECTILES

FROGRAM STRESS S INPUT s QUTFUT)
FERL MNULTMNUTT
DIMENSION THISO) s ALPHA(SA) s S(S+8) s TIEAS) s TINUMIE s £) s SXYZ2 (62 6) s
1TEMP (S€) s KRRRAY () s C{3s 2 s KT (T CHYZ (€9 6]
FEED THE INDIUVIDUARL LAMINA ELASTIC PROPERTIES
N=NO. OF LAYERS. OTHER SYMBOLS ARE SELF-EXFLANATORY.
READ 1sMsELsETsGLT s GTTsNULTsNUTT
1 FORMAT (IS»4E10.2923F5.2)
FPRINT 2sMsELsETsGLTsGTT+NULTsMUTT
S FORMAT (<7 +® NUMBER OF LAYERS=%:I2s/ 7+ ¥EL=%,E10,4:Sx:%ET=%:F18.4,
149 BGLT=%E10, 42 SXr ¥CTT=%E10. 39 779 ¥ HULT=%,F4.2,
'qNQ’N“TT~*~F4 21
FEED THE LAMINATE STACKING SEQUENCE
ALFHAII) IS FIERE ANGLE OF THE I-TH LAYEFR
THII) IS THICKHESS OF THE I-TH LAYEFR
FEARD 3 (ALFHATII s THIIV s I=1+M)
3 FORMAT(SF1G.2)
FREIMT 4 (TH(I)sI=1aM1
4 FOREMAT (¥ LAYER THICKMNESSES®s .~y (SF18.21)
FEIMT S (ALPHR(TII s I=1sN)
S FORMAT (* LAYER ANGLES*. /s (2F 10, 2))
COMVERT FIBER AMGLES TO RADIANS
2 I=tsN
a HLPHH(I]=HLPHH(IIES?.295?3
T IS THE LAMIMA FLEXIBILITY MATRIX IN PRIMCIFAL DIRECTIONS. IMITIALIZE
MRTRIX = TO ZERO
oo 14 I=1.6
o144 =15
14 S(I.. =4
SET MOHZERQ ELEMEMTS OF S TO AFPROFPRIATE VALUES
S(1s11=1-EL
S01s2)=-HULT~EL
Si1sd)=5{14+2)
SIS 1)=5012)
S(Sy21=1-ET
S )=-HUTTAET
S =1-GLT~2.0
Side11=21(1+4]
S 2I=5iI24)
4[4 41=5(2s2)
|. S S 1=1. "GLT-"E-B
[PnFl—I’GTTfE.E
FEIHT 15
16 FORMAT (e ¥ IMDIVIDUAL LAMIMAE PLAME STPRIN STIFFHESS MATRICESS)
Do 1S I=1H
HLF HLFHH!II

MmN

Il
|
H
mA T
o
[
'l'l

Foajaing
]
¥]
"
.'

SIHIE®ALF 1

o
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SET UP TPANSFORMATION MATRIX T FOR TRANSFORMING LAMINA STIFFNESS
MATRIX FROM PRIMCIFAL DIRECTIONS INTO LOADING COQORDINATES. T IS FIRST
INITIALIZED TO ZERQ AMD THE NONZERQ ELEMENTS ARE THEN SET TO
APFROFPRIATE UARLUES

DO 11 J=1lse

I 11 k=16
11 TUdseE) =R

Tils1)=CS ORIGINAL PAGE IS

LS OF POOR QUALITY
s o1 =08

T(2s1)=E5

T(2:21=C8
T(2+3)==52
T3 1)==82-2
T (I 2)=82-8
TiSeDN=202
Tidsd)=1
T(S:S)=CH
TISs&1=SH
T(&sS1=-5H
Ties &1 =CH
o 7 J=lai
IO 7 kE=lai
FOTIMA s E =T O KD
ERREEARY (1)=18
EARRAY (21 =&
KAREAY (31=6
KHRRRAY (4) =8
KARRAY (3) =t
EARRAY (&)=
KRERAY (7)=08
o 3 J=1:7
9 KT{JI=KARFARY (N
CALL MARTOPS (EARFEAY s TINL s Fs )
CRALL MATMLT (TS TEMPsEe )
'S IS THE LAMIMA FLEXIEBILITY MATFIN FOR THE LOADING COORDINATES.
S IS NOW COMPUTED.
CALL MATMLT(TEMP s TINW SEYIsEs€r 0]
0 18 J=1.7
19 ERAERAY (N =ET(1)
IO & Jd=1.+5
IO & K=1.8
€ CHYZUAe )=S0 (LKD)
CHLL MATORS IKARRAY s CEVEs FPa (1)
CEYE IS THE STIFFHESS MATRIM IN LORDING COORDINRTES XsYVoelZ

mfn

WE NOW FORMULATE THE PLAME STRRIN STIFFNESS MATRIX C IN THE X-2 COORDINATES

EY EXTRACTING THE FELEUANT ELEMENTS OF THE BIGGER MATRIK CHEYZ
Cily 1)=CEYZ(1s 1)
Cll,2)=CY¥Z(1s4)
Clle2)=CHYZ(19S) 2
Cige )= |l'|.]

CISe =0T 14
C|E,3]=:t4-.|nh
CiSelt=Cile3
Et3-31=C|h-'l
CILZe2 1= 150518
FFINT lh‘ll.l-‘l.‘}-l‘ e d=1e 3
12 FORMAT Lo e (ZESA. D)
15 COMTINUE
STOP 15

END
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SUEROUTIMNE MATMLT(RsEBsCo Is sk
C THIS SUBROUTINE MULTIPLIES MATRICES A AND B OF SIZES (Is.4) AND (Jsk)
C RFESPECTIVELY AMD STORES THE PRODUCT IM A MATRIK C OF SIZE (1.K)
DIMENSION AlIs ) sBiJskIaC(IsK)
D0 1°L=1s1
DO 1 M=1.K
1 CiLsM)=0@
DD 2 L=1y]
D0 & M=1,K
0 2 N=1.d
ClLsM=CLsM+A(LsNI*E (NsM)
FETURN
END

o
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Ultrasonic testing of the composite materials before making specimens.

Figure 1.



ORIGINAL PAGE IS
OF POOR QUALITY

g 31,1 em (12.25 in.) =
RELIEF7
A
1.75 em .
(0.690 4in.) UL
‘ ‘\\-0.95 - 61 cm
: (0.375 -
1.3 cm (0.5 + 0.005 in.) DIA. 24 in.)
f»r—— 0.83 cm (0.325 in.) 1.3 cm (0.5 in.) =ttt
1.3 em (5.5 in.)
o T Y o
1.95 - 61 cm I R
‘0.375 - 24 in.)
1.3 cm
(0.5 + 0.005 in.) DIA. 1.6 cm (0.625 1in.)

1.3 cm (0.5 4in.)
0.64 cm (0.25 in.) R

RELIEF

t

i q[ 1.9 em
(0.75, 4in.)

0.95 - 61 ¢m
(0.375 -~ 24 1in.)

MATERIAL: STAINLESS STEEL

Figure 2. Details of impact probe used in the present investigation.
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Figure 3.
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Figure 4. Details of specimens used.
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Figure 5. Enlarged photograph of undeformed specimen.
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Figure 6.

Enlarged photograph of deformed specimen for a deforming

load of 340 kg (750 1b)
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Figure 7. Digitized points of enlarged photograph of the undeformed tast piece.
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Digitized points of enlarged photograph of the deformed test

plece under a load of 340 kg (750 1b).

Figure 8.
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Figure 9. Variations of € cy. and ny along the thicknesa of the
test piece for IX = 2 and a load of 340 kg (750 1b).
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Figure 10, Variations of €y Ey’ and ny along the thickness of the

test piece for IX = 4 and a load of 340 kg (750 1b).
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Figure 11. Variations of €s ey, and ny along the thickness of the

test piece for IX = 6 and a load of 340 kg (750 1b).
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Figure 12. Variations of €, ey. and ny along the thickness of the
test piece for IX = 8 and a load of 340 kg (750 1b).

29



“QOP

c €

a y
- €

3.0 A ¢,

o 2.5

]

)

L]

< 2.0k

S A A Al =—E St
Iy

m 1.5—

0.0 1.4 2.8 4.2 5.6 7.0

DISTANCE ALONG THE THICKNESS OF
THE TEST PIECE FROM BOTTOM (mm)

Figure 13. Variations of € Ey' and ny along the thickness of the

test piece for IX = 10 and a load of 340 kg (750 1b).
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