D-A02L %71

USADAC TECHNICAL L

UENUE Wiy

5 0712 01016788 9

RARY

ADAOLERT ]

Form 1021, | MAR 66 RiP(A

TECHNICAL
LIBRARY

TECHNICAL REPORT RL—-76—18

QUANTIFICATION OF FLAWS IN FIBERED COMPOSITE
STRUCTURES USING INTERFEROMETRIC FRINGE PATTERNS

B. R. Mullinix

Ground Equipment and Materials Directorate

US Army Missile Research, Development and Engineering Laboratory
US Army Missile Command

Redstone Arsenal, Alabama 35809

W. F. Ranson and W. F. Swinson
Auburn University

Auburn, Alabama

T. L. Cost

University of Alabama
University, Alabama

20 April 1976

Approved for public release; distribution unlimited.

U.S. ARMY MISSILE COMMAND

Redstone Arsenal, Alabama 35809

Fs AvMSML 1021 aHICH MAY FF USED




DISPOSITION INSTRUCTIONS

DESTROY TH!S REPORT WHEN IT IS NO LONGER NEEDED. DO NOT
RETURN IT TO THE ORIGINATOR.

DISCLAIMER

THE FINDINGS IN THIS REPORT ARE NOT TO BE CONSTRUED AS AN
OFFICIAL DEPARTMENT OF THE ARMY POSITION UNLESS SO DESIG
NATED BY OTHER AUTHORIZED DOCUMENTS.

TRADE NAMES

USE CF TRADE NAMES OR MANUFACTURERS IN THIS RFPORT DOES
NOT CONSTITUTE AN OFFICIAL INDORSEMENT OR APPROVAL OF
THE USE OF SUCH COMMERCIAL. HARDWARE OR SOF TWARE.




UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Dats Entersd)

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BrrEAD INSTRUCTIONS _
1. REPORT NUMBER 2. GOVY ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
R1-76-18
4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVERED

QUANTIFICATION OF FLAWS IN FIBERED COMPOSITE

STRUCTURES USING INTERFEROMETRIC FRINGE PATTERNS | Tochnical Report

6. PERFORMING ORG. REPORT NUMBER

RL-76-18

7. AUT
B.R. Mallinix

W.F. Ranson

W.F. Swinson
| T.L. Cost

8. CONTRACT OR GRANT NUMBER(s)

S.C'é};&;aut;‘&“e"rc ORGANIZATION NAME AND ADORESS 10. ::gﬁR‘AwoinLKEsE:{TT.NILRMOBJEESJ. TASK
US Army Missile Command
ATTN: DRSMI-RL 53970M6350
Redstone Arsenal, Alabama 35809
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Commander 20 npril 1976
US Army Missile Command 13. NUMBER OF PAGES

AEEN: DRSMI-RPR gaace

4. MONITORING AGENCY NAME & ADDRESS(If different {rom Controlling Office) 15. SECURITY CULASS. (of thie report)

Unclassified
152, DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for Public Release; distribution unlimited,

17. DISTRIBUTION STATEMENT (of the sbstract entered in Block 20, il different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)
Nondestructive testing

Fibered Composite Structures

Interferometric Fringe Patterns

Flaw Detection and Quantification

20. ABSTRACT (Continue on reverse side If necossary and identily by block number)

This study concerns the nondestructive detection and quantification of flaws
and voids in thin, cylindrical, fiber reinforced, composite, structures. Three
different types of flaws were investigated using real-time and double exposure
optical holography, and Young's Fringe method of speckle interferometry. The
theory for each technique and photographs of the fringe patterns are presented.
The fringe density plots were made by both manual and computer methods and the
flaw sizes were determined. The displacements and strains were computed. A
computer program using conventional finite elements was used to theoretically

FORM
DD Sl 1473 EDITION OF ! NOV 63 15 OBSOLETE UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Darta Enterad)




UNCIASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)
BLOCK 20 (Concluded)

compute the displacements near the border of the flaws. A new crack tip element
was sugiested to improve the results in the region of the flaw border.

The results show that flaws in their fiber reinforced composite structures
can be detected and the size determined by either optical holographic or
speckle interferometric techaiques.

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




CONTENTS

Page
Chapter 1. INTRODUCTION . . . . . . . . « « « « ¢« « &« + « « . 3
Chapter 2, DEFINITION OF THE PROBLEM AND FINITE ELEMENT
(ANNERES o % o B o g Pao o oo BB o B o oq 5
I, PROBLEM DESCRIPTION . . . . . . & & o + o« o+ & 5
II, ANALYTICAL METHODS . . . . . . « . « « & o « . 5
LT T DT S U S S T O T e s R 9
IV, A FINITE ELEMENT FOR BONDS,
CRACKS, AND FLAWS, . . . . . . . . & « & « + & 10
Chapter 3. OPTICAL HOLOGRAPHIC ANALYSIS . . . . . . . . . . . 15
I wCWISINE o im0 m g B BP0 oL . o G 15
ITI, APPLICATION OF HOLOGRAPHIC INTERFEROMETRY
TO THE SURFACE DEFORMATION MEASUREMENTS
OF CYLINDRICAL SHELLS , . . . . o« o o 15
III. SURFACE DEFORMATION MEASUREMENTS OF COMPOSITE
CYLINDERS WITH INTERNAL FLAWS , . . . . . . . 25
IV, FLAW DETECTION IN FIBER GLASS EPOXY THIN
WALLED PRESSURE VESSELS ., . . ., . . . . . . . 28
V. THE PREPARATION AND USE OF A PHOTOPOLYMER
SYSTEM FOR REAL-TIME HOLOGRAPHIC
APPLICATIONS , . . . v v v v v o o o o o « o 49
Chapter 4, SPECKLE INTERFEROMETRIC ANALYSIS USING
VOUGERS RSEHES o A - 2 0% @ co B o B Paia o 77
I. GENERAL ., . . ™o B o o O B o 77
1I. FRAUNHOFER DIFFRACTION BY A RECTANGULAR
APERTURE . . ., . 3 A L o B mD o o 77
IIT, FRAUNHOFER DIFFRACTION BY Two NEAR -BY
APERTURES ., . . . . . 6 o mo b c 79
IV, INTERFERENCE PATTERNS FROM MULTIPLE
APERTURES ., . & . . o v i« b4 o & 4 « o o » 82
V. FRINGE DATA ANALYSIS . . . . . ¢« &« « & & « « & 87
Chapter 5, SUMMARY AND CONCLUSIONS . . . . . . v v v & + « & 89
Chapter 6, PLANS FOR FUTURE RESEARCH . ., . . . . . . . . . . 91
REFERENCES . . o s s s 8 e e o Mo 0o o B o B 93




ACKNOWLEDGMENT

The authors hereby express their sincere gratitude and deep appre-
ciation to Captain C, S, Clarke and Mr, E, A, Murphree for their support
on the laboratory work; Mr, S, P. Ryder for his efforts on the fringe
analysis computer software; and to Mr, V, G, Irelan for his assistance

with the electronics and lasers.




Chapter I. INTRODUCTION

Growth in the use of composite materials for structural applications
has generated a concomitant need for the detection and evaluation of
flaws inadvertently induced in such structures by manufacturing proce-
dures, Such detection and evaluation procedures can be grouped, quite
naturally, with other non-destructive test (NDT) methods used in the
inspection and evaluation of homogeneous structures., It appears that
recent advances in the fields of optical and acoustical holography may
permit applications of these technologies to the NDT field.

In recent years, filament-wrapped composite structures have been
utilized in small solid-propellant rocket motors and launch tubes with
great success, Use of composite materials in this application has
merit due to the high strenth-to-weight ratio, the low cost of manufac-
tnre, and the ease of assembly of the rocket motor case and grain compo-
nents, Due to the size and nature of such rocket motors and launch
tubes production would occur in an automated fashion at very high rates,
Obviously, such high production rates will require an automated system
of quality control,

It has been found by experience that flaws are likely to occur in
the manufacture of small rocket motor cases in the form of unbonded sur-

faces where bonds should be. These unbonded regions can occur for
several reasons. For example, if the region is contaminated with a
foreign substance such as water, grease, etc,, the bond will not form,
Also, failure to properly apply adhesive to the entire region will
prevent the bond from forming. Such conditions are bound to occur
occasionally in a mass-production-type operation. The problem is to
detect such flaws, assess their significance, and discard the faulty
motor case if conditions warrant,

Electro-optical devices associated with optical holography or
speckle interferometry can be used for the detection of such flaws,
The optical holographic technique is based upon the premise that the
character of the surface displacements of a structure with a flaw are
different when the structure is loaded than when it is not loaded,
Such differences in character can be vividly detected interferometrically
by comparing holograms of the loaded and unloaded flawed structure,
These comparisons produce fringe patterns with distinct aberrations
near a flaw [1].

At the present time, the experimental techniques for detecting
flaws have been demonstrated qualitatively. Assessment of flaw sizes
and shapes have been demonstrated.




The objective of this work was to determine the magnitude of the
surface displacements of three hollow composite cylindrical pressure
vessels in the vicinity of three intentionally created flaws (or flaw
simulations). The ability of conventional finite-element method of
structural analysis to model such structures is evaluated and sugges-
tions are made for improvement.

Chapter 2 of this report defines the three fiber reinforced compos-
ite specimer containing known flaws including dimensional details and
flaw sizes, Discussion of the application of a conventional finite
element program to the composite specimen with flaws is included.

The theory and experimental analysis of optical holography as
applied to the three specimens are included in Chapter 3, A technique
for real-time optical holography demonstrates how the fringe pattern
can be observed under loading conditions which are time dependent,
This provides a rapid way to optimize the loading for a specific type
of specimen, A method to determine the size and shape of flaws from
the optical holographic fringe patterns is presented, The computer
software for this technique was developed and a computer plot of "U"
curves were utilized to locate and quantify the flaws,

Chapter 4 presents the theory and demonstrates the feasibility of
a technique to locate and quantify flaws utilizing the speckle inter-
ferometric method with Young's Fringes.

The summary and conclusions of the entire effort are presented in
Chapter 5. Chapter 6 includes the plans for future research.




Chapter 1I. DEFINITION OF THE PROBLEM
AND FINITE ELEMENT ANALYSIS

. PROBLEM DESCRIPTION

To aid in the task of developing an experimental technique for
flaw detection in composite structures, three test structures were
designed with simulated flaws placed in specific locations and with
specific orientations. The simulated flaws were created by placing
thin strips of Teflon plastic between the two helical wraps of fila-
ments at the center of the walls of the hollow cylindrical structures,
The Teflon strips were intended to inhibit bonding of the resin in the
composite between layers at the location of the strips. Thus, the two
center layers of the composite structure would be free to move relative
to each other. The purpose of the two models designed for study was
to permit a comparison to be made of experimental and analytical pre-
dictions of the displacements on the surface of the cylinders in the
vicinity of the flaws. All models were manufactured with 60 degree
helix wraps and details of each type specimen are shown in Figures
1, 2, and 3,

. ANALYTICAL METHODS

The axisymmetric specimer. shown in Figure 1 and the plane strain
model in Figure 2 were analyzed using finite-element structural
analysis computer programs. The surface deflections along lines paral-
lel to the longitudinal axis for the axisymmetric case and circumferen-
tially for the plane strain specimen were computed at points sufficiently
far away from the ends to make the end-cap effects negligible. This
approach was selected because it is applicable to complicated geometries
or when various materials are used in the same structure, or both,

The particular finite element methods utilized were basically the
same computer codes developed at the Rohm and Haas Company, Redstone
Research Laboratories, Huntsville, Alabama [2]. The codes have been
modified to some extent to include more efficient equation solution
methods but are essentially the same as the original Rohm and Haas codes.

The finite element codes used in this study are based upon the
theory of linear elasticity and utilize a simplex continuum element to
model the structure, No provision is presently made for modeling joints
or bonds which may slip or separate., It is assumed that no voids will
ever occur between adjacent elements in the finite element model of the
structure, Such behavior would occur in a real structure, e,g., when
the bond between two adjacent material particles was unable to support
a tensile stress. This is one limitation of the present finite element
computer program used in this study; it is not capable of adequately
describing the behavior of flaws, cracks or joints in a structure where
material particles may slide or pull away from adjacent particles,
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Figure 1, Composite cylinder with simulated
circumferential flaw.
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Figure 2, Composite cylinder with simulated
longitudinal flaw,
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Figure 3. Composite cylinder with simulated
spot flaw,
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An approach was taken in this study which is typical of current
efforts made to model the flaw; the appropriate material properties of
the flaw or Teflon inserts were reduced in shear relative to the material
properties of the surrounding material. This has the disadvantage that
elements with high aspect ratios must be utilized in the finite element
model and these tend to produce severe inaccuracies in the computation
process. Also, alteration of the material properties may produce a set
of ill-conditioned stiffness equations due to the large differences in
element stiffnesses. This can also lead to significant numerical com-
putation difficulties,

1i. DISCUSSION

By examining the results, it is apparent that the deflection patterns
in the vicinity of the simulated flaws are complicated, Rather than a
single indentation there are multiple depressions. This behavior has
been detected in other structures [3], These depressions would produce
several adjacent concentric fringe patterns near each flaw instead of
one concentric pattern,

A judicious choice of finite-element mesh spacing and material
property values is required to obtain the results, This was necessary
to eliminate numerical inaccuracies and to properly model the slipping
effect of the Teflon. As a result of attempts here to model the flaw,
it was determined that a more appropriate element stiffness relation in
the finite-element computer codes is required to model flaws, cracks,
and bonded joints as well. Effort is currently underway to develop
a special element to predict displacement around a crack tip. This
could greatly improve the ability to analyze continuum structures with
such features present. A suggested element stiffness is presented in
Section IV of this Chapter.

It is recommended that this element stiffness be incorporated into
a finite-element computer program of the type utilized in this study
and a study made of its applicability in bonded, cracked, and flawed
structures.

Although the study described here was designed to aid in the detec-
tion and assessment of flaw sizes in composite structures, the influence
of the flaws on rocket motor and launch tube structural integrity during
operation can best be made by combined analytical and experimental
methods.

An assessment of flaw size and shape influence on structural integ-
rity is being initiated in connection with an automated system for the
inspection of rocket motor cases and launch tubes,




V. A FINITE ELEMENT FOR BONDS, CRACKS AND FLAWS

A, General

It has been recognized in the analysis of composite structures
of materials with dissimilar stiffness characteristics that bonded joints
and cracks play a decisive roll in the prediction of structural behavior
under load. The importance of these characteristics arises from the
tendency of the structural components on one side of the joint or crack
to slide or pull away from those on the other side, The joints or
cracks have a low stiffness in shear or tension but a high stiffness
in compression,

In past efforts, the analytical approach adapted to model the joints
or cracks involved reducing the appropriate elastic moduli for material
in the vicinity of the discontinuity, This approach has the important
disadvantage that the complete structure must still be treated as a
continuum, Thus, there is no geometrical dimension of the structure
which can be correlated with a stability phenomenon; stability of the
motion is independent of size,

For a more realistic model of this phenomenon, a model of the dis-
continuity is needed which behaves in a different manner from the
structural material on either side of the joint or crack, The dis-
continuity model should have special properties which permit large
deformations in tension and shear stress states and yet be highly stiff
in compression.

The finite-element method with simplex elements has been used suc-
cessfully to model the behavior of continuum structures, However, the
continuum element cannot be used to model the discontinuity behavior,
The continuum element requires a finite thickness, which although small,
leads to an element with a high aspect ratio and hence to inaccuracies
in the stress and displacement determinations., A special finite element
is needed to model joints and cracks; that is, a line element with
special properties: one which can be combined with common continuum
finite elements used to model the material surrounding the discontinui-
ties,

B. Joint Element Stiffness

Ideas similar to those presented here have been sggested for

use in modeling civil engineering structures such as reinforced concrete
and rock formations with joints and cracks.
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Consider the four-node element with zero thickness shown in the

following diagram,
t Y.Vv T V3
4 y=0 3

\ N
THICKNESS
ACTUALLY —— x,u
ZERO Y y=0

The element is shown relative to a local coordinate system with axes

x and y, Although the element is illustrated with a finite thickness,
the thickness is actually zero initially and nodes 1 and 4 and 2 and 3
initially coincide. Assuming that the displacements in the x and y
directions vary linearly between nodes on the upper and lower surfaces
of the element, the displacement vector on the upper surface can be
expressed as

u
-2 o o+ o !
u v1
w = = 1/2 (1)
~u
v u
upper 2x 2x 2
0 (l= L 0 (1+ L ;
2
and that on the lower surface
u
2x 2X 3
. (1+ L) 0 (1l- L 0
V3
w, = = 1/2 . G20
: v lower 2 u4
2x X
0 (=) 0 (1~ L) .
4
Define a relative displacement vector as
w=w =w,=Du (3)
~ Nu o : ~

where u is the matrix of nodal point displacements and where D is com-

posed of the terms in Equations (1) and (2), The joint element stiff-
ness can then be expressed in terms of the relative displacement vector
as

11
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where kx and ky are the joint stiffnesses in the x- and y- directions,

respectively, and Px and Py are corresponding forces,

Based upon the theorem of stationary potential energy, it can be
shown that the stored energy in the element is expressible as

E=1/2Lu Ku (5)

in which K is the complete element stiffness matrix expressed as

2k 0 k 0 -k 0 -2k o |
X X X X
0 2k 0 k 0 -k 0 -2k
y y y y
k 0 2k 0 -2k 0 -k 0
X X X X
0 k 0 2k 0 -2k 0 -k
K y y y y (6)
- -k 0 -2k 0 2k 0 k 0
X X X
0 -k 0 -2k 0 2k 0 k
y y y y
-2k 0 -k 0 k 0 2k 0
b | X X X
0 -2k 0 -k 0 k 0 2k
y y y y

The previous joint element stiffness matrix is constructed for each
joint element in a finite element model and then assembled along with
continuum elements into the structure stiffness matrix, After solving
for the displacements from the stiffness relations, the element stresses
can then be calculated. If the joint element stress is positive (tension)
normal to the element, then both kx and ky ahould be set equal to zero

for that element and the solution repeated, This cyclic process should
be repeated until a consistent set of displacements results,

The elemant formulation above should permit a more accurate model-
ing of the joints and cracks in composite structures, This element
should eliminate the need for large numbers of high aspect ratio ele-
ments in the regions of discontinuities which currently give rise to
inaccuracies in the computation process,

12




An investigation is needed to determine the effect of this element
on the computation process, Improvements, if any, in the modeling pro-
cess should be studied along with appropriate techniques for determining
the appropriate stiffness properties kx and ky. Provision should also

be made to allow a possible coupling between the shear and normal modes
of deformation. Finally, the possibility of including a finite shear
strength element should be investigated.

13







Chapter 3. OPTICAL HOLOGRAPHIC ANALYSIS

I GENERAL

Holographic interferometry has been used as a non-destructive test-
ing method for several years. The various techniques that have been

developed essentially use a double-exposure technique to produce inter-
ference fringes from a deformed body. If the anomaly in a body is of
sufficient size to be critical to structural integrity, irregularities

in the fringe pattern can be observed, These irregularities in the
fringe pattern are an indication of the variation in the surface deforma-
tion due to the subsurface void, Therefore, if the fringes can be
interpreted to measure the surface deformation in terms of displacements,
some measure of the structural integrity can be made for the body.

Non-destructive testing of thin-wall cylinders seems to be a useful
application of holographic interferometry because the void must lie
close to the surface. However; for filament wound composite cylinders,
the interpretation of the fringe pattern is sometimes complicated by
irregularities produced by the filament geometry. In order to determine
if holography could be applied to the testing of filament-wound cylin-
ders, three test cylinders with three different geometries were tested,
Also, the displacement of the surface was determined to measure the
surface variation in the area of the flaw. Several photographs show
the different views of each cylinder and illustrate the effect of flaw
geometry and filament wrap angle on the fringe pattern,

i APPLICATION OF HOLOGRAPHIC INTERFEROMETRY TO THE SURFACE
DEFORMATION MEASUREMENTS OF CYLINDRICAL SHELLS

A. Basic Theory of Fringe Formation

A common method of forming double-exposure holograms utilizes
an off-axis reference beam which was first developed by Leith and
Upatnieks [4]. Other methods have been developed; however, only the
off-axis reference beam will be considered. When a double exposed
hologram is reconstructed, interference fringes are formed on the body
due to any displacement of the body between exposures, If the dis-
placement results from deformation as shown in Figure 4 then the fringes
are a measure of this deformation, This result is obtained due to the
phase change of the light due to deformation of the body between expo-
sures, The basic equation which predicts the interference fringes is
the intensity of the virtual image. The intensity of the virtual image
in a doubly exposed hologram is given in the following equation
(5, 6, 7, 8]

= /iy 7
IVIRTUAL C [1 + cosz8] (7)

where C is a constant and /@ is the phase change of the light due to the
deformation of the body.

15




DEFORMED

UNDEFORMED
BODY

BODY

S 0

Figure 4, Geometrical relationships for phase
change for a deformed body,

A fringe will be defined with IVIRTUAL = 0, From equation (7) the

following condition results from the definition of a fringe
68 = (2n-1)r n=1, 2, 3, ---- . (8)

The counting number, n, is called the fringe order. Equation (8) is the
basic equation which relates the fringe information to the deformation
of the body.

The phase change & 6 in equation (8) is determined from the optical
path length change of the light between exposures of the hologram. 1In
the reference condition (undeformed state) the optical path length is
denoted by L, and is the distance (Figure &),

-

Ll = |{PS| + |PO (9)
where S is the light source
P is a point on the surface of the body

0 is a point in the hologram plane.

16




The distance, ffgj, between two points (P,S) is the length of the vector

which connects them., Therefore,the distance |§§| can be written in
terms of the inner product of the point difference. The vector PS con-
necting the points P and S is defined as the point difference, Equation
(9) can now be written in the following form:

Ty A [P'S . p’s]liz + [P”'o . 136]1/2 (10)

The point P on the surface of the body is deformed into the point P',
With the body in the deformed configuration the optical path length of
the light, denoted as L2 is the distance

L, = iP’s| + |P"0| (11)

Using the inmer product of the point difference, this equation can
be written as

— > 1’/2 -3 -~y 1,2
L2 = [P'S . P'S] 2 [P'O . P'O:] - (12)

In order to determine the phase change of the light, equations (l11) and
(12) are used to determine the change in optical path length 2, where

(13)

Substitution of equations (11) and (12) into equation (13) yields for
the optical path length change

1,2 1/2
- — — -
L= [PS 0 PS] i [fO : Pé]

y = 1'2 3 >
- [P'S J P'S] = [P'O 1 P'O]

The phase change Af is related to A by 2n/A, therefore the phase change
is written as

L ql/2 7 12
[PS . PS] ¥ [PO . Pb]
‘ 1/2 1/2
L [P"s . PTS:I 4 [P"o « P"o]

1/2 (14)




This equation, while completely general, is not in a form convenient for
numerical use. Let the point difference of the body before and after
deformation be PP', then

PS5 = P'S + PP

PO = P'O + PP’ ) (16)

Therefore, equation (15) can be written in the following form using
equation (16), which yields

) 1/2 . /2
_2n [Pé + P§] + [PO . PO]

AR N

‘ : 1/2
[(1‘% * P§) - 2(P§ - PP') + (PP' - P‘i:')]

_ 1/2
) [(pz) . Pb) - 2(Pb . PP') + (PP’ . P?')] y (17)

In holographic interferometry, the displacements of points between
exposures are small; therefore, it will be assumed here that fP?"z

<< |PB'|. Using this information the last two terms in equation (17)
can be written in the following form for small deformations between
exposures:

1“‘2—) > il
(P§ - P5) - 2(P5 . PP') =~ PS . PS - P—f'ﬁlz + (18)

-
POV-R PO

and

1/2 =
[0 - 80y 20 . w80 = w0 - —EOEE
[70.- #0]

Using the results in (18) and (19), the phase change can now be written
as

(20)

18




The terms in brackets in equation (20) are unit vectors in the direction
PS and PO; therefore the following change in notation is employed:

5 b
EXR

1/2

PO
po = . (21)

[26 - #0] v

Equation (8) can now be written in the following form:

[PE 4 p—:)] . P'ﬁ!: _(2_[’12-_1& . (22)

These results are still in a general form and special cases will be
considered in regard to the deformation of cylindrical shells,

B, Deformation of Cylindrical Shells
The displacement vector PB' of a point on the surface of the
shell is resolved into three components, a radial component Ur’ a circum-
ferential component I" . and longitudinal component Uz' The experimental

geometry and coordinate system of the cylinder are shown in Figure 5.
The point P on the surface can be represented in either cartesian or
cylindrical coordinates. 1In the cartesian system let PP' have the
following representation:

PB' = U + U, e . (23)

and the following representation in the cylindrical system

(il > o -3
PB Ur e + U® e + Uz e . (24)
The relation between the unit base vectors are as follows:

2 =3

ez 2

Er = 21 sin +.33 cos &

(25)
A =) =)
ey = e1 cos ¢ - e3 sin ¢ .

19




Figure 5. Geometry used to measure the surface deformation
of cylindrical shells,

5 > T
Let the vectors ps and po have the representations shown in Figure 6,

Then,

ps = 118, + 0,8, + 13,

po = m e + m,€, + m.é, (26)
where £10 f50 Bg and m o, m,, m, are the set of direction cosines of the

vectors ps and po, respectively,

Using the notation for the cylindrical shell, equation (22) can be
written in the following form:

/ + J i g ¢ ? 1
( 1 ml) (Lr sin ¢ + Ut cos 9) + (,2 £ mz) Lz

(2n-1)-. (27)
2

+ (,3 =+ m3) (Ur cos O - Ub sin ®) =

20
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Figure 6., Geometrical relationships for the directions

PS5 and PO.

Equation (27) illustrates that the fringe information in a single holo-
gram contains information for all three displacement components that
cannot be determined uniquely from a single hologram, In order to
determine the components uniquely three holograms must be recorded simul-
taneously, Each hologram will have an equation relating fringe order

to displacements as given in equation (27)., In each case, the direction

cosines to the unit vectors ps and po will be different for each holo-
gram, This general procedure will require considerable data reduction
in order to determine Ur’ U®, and Uz' However, some simplifications

can be made in many problems; and with careful selection of the experi-
mental geometry the amount of data reduction can be reduced, Two examples
will be considered to illustrate the application of equation (27) to

the measurement of surface deformation of cylindrical shells,

(1) Example 1: Symmetrical Deformation of Cylindrical
Shells, The cylinder will be assumed to be deformed symmetrically about
the longitudinal axis, For this case, the component U¢ = 0 and Ur’ UZ

are assumed to be nonzero. Direction cosines for this geometry are
shown schematically in Figure 6. The direction cosines for the PS
direction are

4




1
L, = 0
<3=l .

Values for the PO direction are

m = -sin g8
m, = 0
m, = cos B

This particular geometry assumes that the surface of the cylinder
is illuminated with collimated light parallel to the X3 direction, The

-5
direction of ps is the same at every point on the surface of the cylin-

der. Also, the direction cosine m, is assumed to be zero. This direction

cosine is the angle between the observation direction and the X2 axis,

If the hologram is located at a long distance from the cylinder and the
cylinder axis X2 is parallel to the hologram plate, then m, will be

negligible compared to the other values., Therefore, it can be assumed
to be zero. The only non-zero displacement component to be measured is

Ur as shown schematically in Figure 7,

DEFORMED

UNDEFORMED CYLINDER

CYLINDER

X3

Figure 7. Symmetrical deformation displacement component PB'
for a circular cylinder,
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For this example, equation (27) reduces to -

-sin B Ur + (1 + cos f3) Ur cos b = Sggéllﬁ . (28)
This equation can be solved for Ur’ which yields
y = (2n-1)) (29)

r 2[(1 + cos B) cos ¢ - sin g} "

Example 1 illustrates that for the case of symmetrical deformation, and
with proper selection of the experimental geometry, Ur can be determined
from a single hologram,

(2) Example 2: Radial Deformation Measurements of Cylindri-
cal Shells with Non-Symmetrical Deformation, The second example will
consider the general case of the deformation of cylindrical shells, Only
in this example the radial deformation of cylindrical is to be measured

with non-zero values of U9 and Uz. Figure 8 is a schematic diagram of

the experimental configuration to measure the radial deformation,

Figure 8, Geometry used to measure the radial displacement component
for cylindrical shells with non-symmetrical deformation,
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For this example the direction cosines are chosen to be (Figure 9)

¢ = cos A
'2 = gin A
3 ° 0
and
m, = cos A

3

In this example all light rays are assumed to be collimated with illumi-

nating and observation directions in symmetric directions with respect
to the X axis,.

= ¥4 — X2 PLANE

Figure 9, Geometrical relationships for the PS and PO

directions in the Xl - X, plane,
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Equation (27) for this example reduces to
2 cos § (Ur sin & + U, cos $) = igﬂillh . (30)

If observations are made in the X1 X2 plane, then sin ® = 1, cos & = 0,

and equation (35) reduces to

r &4 cos ®

As in Example 1, if proper choice is made with the experimental geometry
then the general form of equation (27) can be reduced to a form that is
amenable to use in numerical computations, These two examples are used
to illustrate how the basic equation in holographic interferometry can
be used to measure uniquely the radial component of surface displace-
ment of cylindrical shells,

A numerical example was chosen in order to illustrate the application
of the equations in Example 2., This example assumes the cylinder to be
aluminum with the following geometrical and material properties:

I

0.020 inches
10.2 x 10° psi

a) Thickness

b) Modulus of elasticity

¢) Mean radius = 3 inches

d) Poisson's ratio = 0,332

e) Internal pressure = 10 psig

£) » = 24.9 x 107°
g) A = 10° ;

With these properties, the fringe order can be determined as a function
of the angular coordinate, Figure 10 is a graph of the fringe order
versus angular coordinate, The corresponding fringe pattern is shown
in Chapter 3, Section IV,

. SURFACE DEFORMATION MEASUREMENTS OF COMPOSITE CYLINDERS
WITH INTERNAL FLAWS

In order to measure the surface deformation of composite cylin-
ders with internal flaws, the three test models shown in Figures 1, 2,
and 3 were made with simulated flaws in specified locations. Each
cylinder was pressurized and the radial surface deformation was
measured using an experimental configuration as shown in Figure 11.
This holographic configuration will produce an interference fringe
pattern which is a measure of the radial displacement of the outer
surface. The following data were used for each test:
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Figure 10, Fringe order for symmetrical
deformation of an aluminum cylinder.

Figure 11, Typical composite cylinder.

26




a) 6 =8,5° -

b) 632.8 x 10" meters

The measurements are made independent of material properties. Only the
geometry and wavelength of light is needed in order to measure the sur-
face deformation,

The fringe pattern produced by a spot flaw is shown in Figure 12,
This type of flaw is easily recognized from the photograph. The circular
fringes in the center are approximately the same diameter as the flaw,

FLAW
REGION

e
A

Figure 12, Fringe pattern for the cylinder
with a spot flaw,
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In the regions away from the flaw the fringes are parallel to the longi-
tudinal axis. This type of fringe pattern is characteristic of symmetrical
deformation. Therefore, if the cylinder were free of internal voids, the
fringes would be a series of parallel lines away from any end effects.

For this case the radial deformation was calculated along a line in the
center of the cylinder, The displacements are shown in graphical form

in Figure 13, As can be seen from this figure the radial displacement
changes by a large amount in the region near the flaw.

Figure 14 shows the fringe pattern produced by the circum<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>