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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- 
ture, 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 II. DEFINITION OF THE PROBLEM 
AND FINITE ELEMENT ANALYSIS 

I.    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. 

II.    ANALYTICAL METHODS 

The axisymmetric specimen 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. 



3.00 DIA 
EMBEDDED 
TEFLON STRIP 

SECTION A-A 

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. 



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. 

III.   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. 



IV.        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. 

10 



Consider the four-node element with zero thickness shown in the 
following diagram. 

THICKNESS 
ACTUALLY 
ZERO 

L/2 L/2             1 

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 

w = ■ 1/2 

upper 

<!-*> 

a-*> 

2x 
(1-^)    0 

0   (*& 

ul 

vl 

u2 

V2 

(1) 

and that on the lower surface 

= 1/2 
lower 

(1+ 2i)  0 

(1* ^) 

(l-*> 

0   (1- &) 

. (2) 

Define a  relative displacement  vector as 

w = w    =w,  =  Du 
~u ~ ~ 

(3) 

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 k and k are the joint stiffnesses in the x- and y- directions, 
x     y 

respectively, and P and P 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 = 1/2 L u~ K u (5) 

in which K is the complete element stiffness matrix expressed as 
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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 k and k ahould be set equal to zero 

x     y 
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 k and k .  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. 

II.        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] 

I       = C [1 + cos (7) 
VIRTUAL     l J 

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

15 
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BODY 

DF.FORMED 
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Figure 4.     Geometrical   relationships   for  phase 
change   for a  deformed  body. 

A   fringe will   be defined with   ItrTrk^,tT4T   =   0. 
VIRTUAL 

From equation (7) the 

following condition results from the definition of a fringe 

= (2n-l)~ 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 A 0 in equation (8) is determined from the optical 
path Length change of the light between exposures of the hologram.  In 
the reference condition (undeformed state) the optical path length is 
denoted by L. and is the distance (Figure 4). 

1  = IPS| 4-  PO 

where S is the light source 

P is a point on the surface of the body 

0 is a point in the hologram plane. 

(9) 

16 



The distance, !PS|, between two points (P,S) is the length of the vector 

which connects them.  Therefore,the distance |P&| 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: 

L- - [PS • PSJ  + \fo  • PÖJ 
12 -| 1/2 

(10) 

The point P on the surface of the body is deformed into the point P1. 
With the body in the deformed configuration the optical path length of 
the light, denoted as L« is the distance 

L2 = jP^Sl + JP'      . (11) 

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

r i1/2    r "W2 
L2 = [P'S • P'sJ   + [P'O ■ PToJ      . (12) 

In order to determine the phase change of the light, equations (11) and 
(12) are used to determine the change in optical path length .'., where 

A = Lx - L2    . (13) 

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

r .     „f/2     r_     ,]i2 
(_PS • PSJ  + [PO ' POJ 

- [p's • p'sl  - fp'o • p'ol 
2 (14) 

The phase change A6 is related to ä by 2rt/\, therefore the phase change 
is written as 

- -      [PS • PS]      + [PO • PO] 

r i1 2    r i1 2 
- [p's - prsj       - [pro • proJ 

1   2 

(15) 

17 



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 PP1 , then 

PS = P^S + PP1 

PO - P'O + PP' (16) 

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

12 |l/2 

AP =
 2n   J[P"S + P§J   + [PO ' PÖJ 

- [(PS • p&) - 2(p"S • PT>') + (PP! ■ P1")J 
1/2 

r -i1/2 
- (pt) • P6) - 2(PÖ • pi»1) + (pt>' • P1>»)|      .    (17) 

In holographic interferometry, the displacements of points between 

exposures are small; therefore, it will be assumed here that |PPf | 

« iPP!U  Using this information the last two terms in equation (17) 
can be written in the following form for small deformations between 
exposures: 

-»   -»      -    ^  I/2-»   -»     pk   . PP*
1 

(P§ • PS) - 2(PS . P?» )  s PS • PS - —"       +  (18) 
PO • PO 

and 

1/2 pb • p?' (pb . pb) -2(p"b • p?' )J = pb . po - - 
[ P6 • pb] 

+   . (19) 

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

-.? PS 
fi72 

PO 

[ps • PSJ fpb • pb] 
172 

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

<*  PO  01v 
po - TTVj  ■ (21) 

[pb • pbj 

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

[fs  + p-o] • tf- &^~ . (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 PP! of a point on the surface of the 
shell is resolved into three components, a radial component U , a circum- 

ferential component I1 . and longitudinal component U .  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.  In the cartesian system let PP' have the 
following representation: 

P?' ■ \  *1 + % *2 + \  *3    ■ (23) 

and  the  following  representation  in  the  cylindrical  system 

P?'   = U    2    + IL   e_  4- U    e . (24) 
r    T <J>    $ z    z 

The relation between the unit base vectors are as follows: 

V *2 
e    =  e,   sin <v + . e~  cos $ 
r        l 3 (25) 

ed> =  ei   cos *  " e-i sin * 

19 



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

Let the vectors ps and po have the representations shown in Figure 6. 

Then, 

ps -1^+ i2e2  + '3e3 

po = m^ + m^ + m3e3 (26) 

where  . , I , ('     and m , 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: 

( ■     +  m)   (U    sin <& +  U.   cos <&) +   (2„ +  TTU )   U 
1 1 r * z I       z 

+   (jg    + m  )   (U    cos   !   -   U^  sin   I)   = —^""^ ' 
(27) 

20 



FILM PLANE 

Figure 6.  Geometrical relationships for the directions 

PS 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 U U_, and U , 

z 
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 Ü , U 

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

2 = ° 

3=1 

Values for the PO direction are 

m. ■ -sin ß 

m2 = 0 

m = cos ß 

This particular geometry assumes that the surface of the cylinder 
is illuminated with collimated light parallel to the X~ direction.  The 

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 X9 axis. 

If the hologram is located at a long distance from the cylinder and the 
cylinder axis X« is parallel to the hologram plate, then nu 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 

U as shown schematically in Figure 7. 

UNDEFORMED 
CYLINDER 

DEFORMED 
CYLINDER 

Figure 7.  Symmetrical deformation displacement component PP1 

for a circular cylinder. 
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For this example, equation (27) reduces to 

-sin B U + (1 + cos ß) U cos 1 = t2""1)'- (28) 

This equation can be solved for U , which yields 

D 
(2n-l)>. 

r  2f(l + cos p) cos r - sin ß) 
(29) 

Example 1 illustrates that for the case of symmetrical deformation, and 
with proper selection of the experimental geometry, U  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 U and U ,  Figure 8 is a schematic diagram of 

6     z 
the experimental configuration to measure the radial deformation. 

X,  -X2 PLANE 

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 ft 

I     = sin ft 

3 = ° 

and 

m. = cos A 

m« = sin ft 

m = 0 

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. 

-I -X2 PLANE 

Figure 9.  Geometrical relationships for the PS and PÖ 
directions in the X. - X. plane. 
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Equation   (27)   for  this  example  reduces   to 

2  cos  e  (U    sin ft + ]]    cos   &)  =   (2n^ } . (30) 

If observations are made in the X.  X« plane, then sin ! = 1, cos I> = 0, 

and equation (35) reduces to 

r  4 cos 
(31) 

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: 

a) Thickness = 0.020 inches 

b) Modulus of elasticity = 10.2   106 psi 

c) Mean radius = 3 inches 

d) Poisson's ratio = 0.332 

e) Internal pressure = 10 psig 

f) = 24.9 x 10"6 

g) « = ioc 

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. 

III. 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. 
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a)  6 - 8.5° 

-9 
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. 

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 circumferential 
flaw.  As can be seen from the photograph this fringe pattern is more 
complex than the spot flaw.  The internal pressure for this cylinder was 
20 psig.  At the higher pressures the deformation from the wrap angle 
geometry becomes significant.  The areas of the cylinder where the layers 
overlap act as a stiffener effect to the shell.  Therefore, the fringe 
pattern is not one that is characteristic of a symmetrical deformation of 
an isotropic cylinder. However, the presence of the circumferential 
flaw can be seen in the photograph.  Figure 15 shows the radial deforma- 
tion of the cylinder with an internal circumferential flaw.  This type 
of flaw is not as easily seen in the photograph.  However, it is believed 
that the spot flaw is a more realistic type of flaw that will occur in a 
production situation. 

Figure 16 shows a composite cylinder with a longitudinal flaw.  The 
fringe pattern for this flaw geometry is significantly changed by the 
presence of the flaw.  This type of flaw geometry produces a complex 
fringe pattern similar to the circumferential flaw.  However, this flaw 
is not expected to be representative of a production-type flaw.  Radial 
deformation for this flaw geometry is not as easy to determine as in the 
previous examples.  As can be seen from the photograph, the radial 
deformation is essentially constant along the longitudinal axis of the 
flaw.  Therefore, the radial deformation was plotted as a function of 
the angular coordinate relative to the cylinder centerline.  Figure 
17 shows the fringe order data as it appears on the photograph.  The 
distance measured on the photograph relative to the cylinder centerline 
is then used to determine the angular coordinate.  After the angular 
coordinate is known then the radial deformation can be calculated. 
Figure 18 shows the radial deformation for the longitudinal flaw geometry. 

IV. FLAW DETECTION IN FIBER GLASS EPOXY THIN WALLED 
PRESSURE VESSELS 

A.     General 

Weapon sophistication points out the need for a higher 

strength-to-weight ratio and especially for small structures that are 
used once and then discarded.  This higher strength~to-weight ratio has 
necessitated structures made from composite materials such as glass and 
epoxy.  However, along with these more efficient structures, undetermined 
stress distributions exist.  The stress distribution solutions for 
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Figure 13.  Surface deformation of composite cylinder with a spot flaw, 
internal pressure 10 psig. 



Figure 14.  Fringe pattern for the cylinder 
with a circumferential flaw. 
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Figure 16.  Fringe pattern for the cylinder 
with a longitudinal flaw. 
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homogeneous structures are not valid. Until adequate analytical tech- 
niques can be developed, more testing is needed to evaluate structural 
integrity of composite-material structures. 

For thin-walled pressure vessels made from composite materials and 
utilized as hand-held rocket tubes, safety considerations demand reli- 
ability.  Flaws such as broken fibers or delamination between the 
glass and epoxy affect the structural integrity of the structure and a 
need exists to detect these flaws that can occur in manufacturing. 

The optical technique of holography is recommended.  The technique 
is nondestructive, and can be arranged for reasonably fast evaluation 
on a real-time basis. Further, the technique is sensitive enough to 
detect flaws in thin-walled structures without requiring pressure high 
enough to degrade the structure. 

B.  Holographic Technique 

In reference to this problem, it was first necessary to 
show that flaws could be detected using double-exposure holography. 

A thin-walled composite material cylinder was capped and pressurized. 
A flaw was "manufactured" in the vessel during winding by inserting a 
thin teflon disk (0.5 inch in diameter) between the glass layers. 
Figure 19 illustrates a doubly exposed hologram of the test vessel.  The 
known flaw was on the opposite side shown; thus, represents a normal 
vessel without flaws.  The hologram is a doubly exposed hologram with 
one exposure taken at no load and one exposure with 30-psi load. 
Figure 20 illustrates the presence of a flaw (under A and about the 
center of the vessel). 

The evidence of the fiber wrap angles between layers is noted. 
When this typical fringe pattern is compared with that of a typical 
homogeneous vessel (Figure 21) the difference is evident.  While this 
difference is marked by careful restrictions, some comparisons can be 
made. 

Observing Figure 20, where the flaw is evident approximately half way 
between the end caps, the size of the flaw (disbond) is estimated at 
0.45-inch across.  This compares favorably with the 0.5-inch flaw manu- 
factured into the vessel (the diameter of vesseL is 3.25 inches).  The 
size of the flaw was estimated from the photograph as the area contained 
by fringes in the vicinity of the flaw.  This technique seemed consistent 
on other photographs of similar flaws and seems sufficient to estimate 
the size of flaw. 

While the technique of double-exposure holography can be used to 
detect flaws, complicating factors exist and must be resolved. 
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Figure 19.  Doubly exposed hologram 
of the test vessel. 
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Figure 20.  Flaw location under Section A 
at the center of the vessel. 
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Figure 21.  Typical hologram of homogeneous 
aluminum pressure vessel without flaws. 
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One complication is the need to develop the holographic film, which 
requires time and thus is not ideal as an inspection technique for mass 
production of these pressure vessels.  This complication can be eased 
by using a photopolymer instead of film which allows an investigator to 
observe the fringe pattern as it occurs (real time).  One video tape 
was made of the event to demonstrate capability and the possibility of 
later evaluation.  The preparation and use of the photopolymer material 
is described later in Section V of this chapter with photographs of the 
resulting fringe patterns. 

Another complication is the need to automatically read the fringe 
patterns and detect a flaw.  After considering several approaches, one 
reasonable way is to scan the fringe pattern with a photometer at small 
increments along the axis of the cylinder and note "shifts" from a normal 
"s" curve.  Such a plot is illustrated in Figure 22.  Line zero goes 
through the center of a flaw and is located under "A" of the figure. 
The fringe number is plotted as a light meter would detect a fringe 
scanning across the photograph.  In a normal plot (with a flaw) such 
as along lire 6 the fringe spacing is close at the beginning, followed 
by large fringe spacing and finally close fringe spacing as noted on 
the plot.  Evidence of a flaw can be detected on line 3 where the fringe 
plot deviates from the "s" curve and a "hump" on the curve is noted. 
This type of effect is noted on lines -3, -2, -1, 0, I, 2, 3, 4 and 
established the size of the flaw which scales out to be 0.59 inch which 
compares favorably since it is expected that the disbond is sliel: 
larger than the known 0.5 inch diameter teflon in the vessel.  Thus, by 
taking a photometer scan and digitizing, the fringe spacings (curve 
tangents) can be stored and note made of the deviation from the normal 
"s" curve indicating a flaw.  In this example the area enclosed by A 
represents the flaw.  Attention is called to a second "trouble spot" 
which is just below A and labeled A   .  This appears to be caused by 

layers of glass interacting at a bias angle and suggests a possible 
!!flaw" that can be in vessels due to the lay of the windings.  Figure 
23 also shows where the type of "flaw" is not near another flaw. 

To enhance the flaw detection and reduce the time required to test 
each cylinder, computer software was developed to scan, digitize, and 
analyze the holographic fringe patterns in regions where flaws were 
located using a Fringe Pattern Analyzer.  The approximate size of the 
flaws was determined.  "U" curves were utilized in the computer plots 
in an effort to capitalize on the symmetric properties of the fringe 
patterns and make flaws more easily detected. 

The Fringe Pattern Analyzer is a computerized system for scanning, 
digitalizing, processing, and displaying line information recorded on 
film ranging in size from 16mm movie film to 4 < 5-inch cut film.  The 
scanning unit is a stepping spot scanner in which a spot is stepped 
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Figure 22.     Flaw detection. 
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Figure 23.  Cylinder with internal flaw at location A. 
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over the screen of a Tektronix 604 display scope by means of digital- 
to-analog converter under computer program control.  The digital-to- 
analog converters have 10 bits of resolution and drive the X and Y axis 
of the display scope.  The spot diameter of the scope is approximately 
0.015 inch which permits approximately 300 resolvable spots to be laid 
down across the 5-inch dimension of the scope screen.  The image of the 
screen is then focused on the film area to be scanned and, consequently, 
the scanning resolution on the film is approximately 1/300 of the long 
dimension of the scope image on the film.  The light which is transmitted 
by the film is collected by a large condensing lens system and brought 
to focus on a 2-inch photomultiplier. 

The components of the scanning unit are mounted on a heavy 2-meter 
optical bench so that they may be accurately and reproductively posi- 
tioned on the optical bench with sufficient accuracy so that no addi- 
tional focusing is necessary.  The 4 ,< 5-inch film carrier attachment 
is loaded by placing the film to be scanned between the two glass plates. 
Accurate vertical and rotational positioning of the film may be maintained 
if the lower edge of the film is permitted to contact both of the posi- 
tioning pins. 

The data-collection cycle is controlled by the system software. 
The data cycle commences upon issuing an "intensify" command.  This 
command causes the scope interface to issue an "intensify" pulse about 
25 usec in duration.  The light reaching the photocathode of the photo- 
multiplier is converted to an electrical signal and amplified internally 
within the tube. 

The output of the photomultiplier is amplified in an amplifier 
mounted in the base of the photomultiplier carriage.  This signal is 
then sent to the computer cabinet in a coaxial cable for an additional 
stage of amplification. 

After the last amplification, the signal is fed to a sample-and-hold 
circuit which is actuated by a "hold" signal generated about 20 usec 
after the "intensify" pulse.  The output of the sample and hold is 
digitized by an £ bit analog-to-digital converter (ADC).  The conversion 
takes 4 .sec.  When the digitizing is complete, the ADC sends a "done" 
signal to the computer and the data are transferred to the computer under 
program control. 

The Fringe Pattern Analyzer is equipped with a Tektronix 4601 hard- 
copy unit which prints out a graphical representation of the digitized 
fringe pattern.  Comparison of the digitized fringe pattern with the 
original assures that the correct fringe pattern is being analyzed by 
the computer. 
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A film transparency of the fringe pattern in Figure 23 was digitized 
using the Fringe Pattern Analyzer.  A computer graphical representation 
of the fringe pattern in the region of the flaws is shown in Figure 24. 
The scanning interval was 0.2 inch around the cicumference of the cylin- 
der.  The fringe-density plots of the "U" curves corresponding to the 
"s" curves plotted by hand are shown in Figure 25.  The flaws are both 
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Figure 24.  A computer graphics representation of the holographic 
fringe pattern from a composite cylinder. 
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Figure 25.  Fringe density plots by computer of the fringe 
patterns in Figures 23 and 24. 
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easily detected on the fringe-density plots.  With the known scan inter- 
val and horizontal scale on the cylinder diameter the size of flaw can 
be determined.  Flaw A  should be circular and slightly larger than the 

0.5-inch-diameter teflon insert and A  is of unknown origin and size. 

However, it is nearly 0.5 inch and is almost circular.  The distortion 
in the shape of the nearly circular flaws is due to the curvature of the 

cylinder and the unequal scales in the horizontal and vertical directions, 
It should be noted that the scan intervals for the "S" and "UM curves 
are not the same. 

Computerization of the data-reduction process has been demonstrated 
and this effort can be extended to cover the analysis by extending the 
computer software. 

Other disbonds were manufactured into different pressure vessels and 
tested.  For a disbond that occurred for several inches along the length, 
a typical example is shown in Figure 26.  The disbond is above A in the 
picture.  The technique as described previously for locating a small 
circular disbond will work also in this example. 

Another disbond, that of going completely around the pressure vessel, 
was not easily detected.  The point where the teflon tape (under A and 
about the center of the vessel, Figures 27 and 28) was easily noted 
and detected where the disbond was continuous; this was not detectable 
with the proposed technique.  However, it is noted that such symmetrical 
flaws are not to be expected and that the beginning and end of such flaws 
are discernable. 

In an effort to speed up the testing of such vessels other loading 
techniques are being examined to avoid the need of special removable 
plugs for pressurizing the vessels.  Heating the vessel was examined as 
one alternative, where the disbond would cause different he^t-transfer 
characteristics.  To date this has not been effective.  Vibrating the 
vessel is another type of load that is being examined.  Results are in 
progress but not complete at this time. 

Finally the next phase of this work is the need to establish what 
size flaw will weaken the vessels sufficiently to make them unsafe. 
This will have to come from testing vessels to failure that contain 
various-size flaws. 

In summary, the technique of holography can be used for detecting 
flaws.  The technique requires three views of each vessel to include 
12CT in each view.  The results from the doubly exposed hologram can 
be recorded in real time and stored on video tape.  The tapes can be 
digitized and flaws detected. 
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Figure 26.  Longitudinal disbond in a composite cylinder, 
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Figure 27.  Circumferential disbond in a composite cylinder. 
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Figure 28.  Circumferential disbond in a composite cylinder, 
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V. THE PREPARATION AND USE OF A PHOTOPOLYMER SYSTEM 
,      FOR REAL-TIME HOLOGRAPHIC APPLICATIONS 

A.  The Photopolymer System 

A material capable of high-resolution image recording that 
needs no development is desirable for holography and in particular real- 
time recording.  Of the numbers of unconventional photographic processes 
that have been used, including recording on thermoplastics and photore- 
sists, only photopolymers exhibit holographic-quality resolution and are 
self-developing.  Initial research on such a system was conducted by 
Hughes Research Laboratories [9, 10, 11, 12, 13] under Air Force Office 
of Scientific Research sponsorship.  The system presented is a modifica- 
tion of the imaging method described by the Hughes researchers. 

Photopolymerization is defined as a process by which polymer mole- 
cules of high molecular weight are formed from fundamental building 
blocks, monomers, by the action of radiation in the presence of suitable 
catalysis or reaction initiators.  Specifically, the mechanism of the 
image-forming reaction is a photoinitiated polymerization of a monomer 
solution.  This aqueous monomer solution, comprised of barium acrylate, 
lead acrylate, and acrylamide, is stable and insensitive to light.  It 
is sensitized by the addition of a second solution containing sodium 
benzene sulfinate and methylene blue.  During irradiation of the mixed 
solutions, the ground-state methylene blue molecule being excited to a 
singlet state undergoes a transition to an excited triplet state by 
intersystem crossing.  The excited triplet molecule of the methylene 
blue, a stronger oxidant than the ground-state molecule, oxidizes the 
sulfinate ions producing sulfinate-free radicals which subsequently 
catalyze the polymerization of the monomers present.  The resulting 
polymer is an ionic cross-linked Ba-Ph acrylate and, due to its heavy 
metal ions, it has a high refractive index and low solubility.  Thus, 
when plates containing the photosensitive solution are exposed in a 
hologram configuration, exposure leads to a higher refractive index in 
the exposed areas of the hologram than in the unexposed areas.  After 
the exposure some monomer will diffuse from the unexposed areas to the 
polymer present in the exposed areas.  If the spatial frequency of the 
hologram is high, this diffusion is completed within a very short period. 

The desensitization (fixing) of the system can be achieved by a second, 
overall exposure which polymerizes the remaining monomers.  Since the 

local refractive indices depend on the rate of polymerization and mono- 
mer concentrations, the exposed regions will contain "more polymer" than 
the unexposed regions.  Thus, the distribution of the polymer is modulated 
according to the spatial frequency of the hologram in terms of refractive 
index.  The system is particularly useful for holographic applications 
due to this refractive index recording capability since the information 
is stored mostly as an efficient phase hologram rather than as a trans- 
parency hologram, i.e., when silver halide microcrystal emulsions are 
used for recording [14]. 
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B. Preparation of Plates for Hologram Recording 

The preparation of the plates initially consists of combining 
the required chemicals for the photopolymer system.  The preparation of 
the monomer and sensitizing solutions giving tjie best performance is 
described in Section V.E.  Tn order to sensitize the monomer solution 
for hologram recording, 10 parts of the monomer solution is mixed with 1 
part sensitizing solution in the absence of red light - in this experi- 
ment the two components are mixed in the darkroom using a yellow darkroom 
lamp.  The proper solution quantities are conveniently measured, mixed 
and dispensed using a 1 cc syringe.  Although the two solutions (indi- 
vidually) have a long shelf-life, the photosensitive mixture has to be 
used within a few hours (in this experiment the mixture retained its 
high sensitivity for as long as 3 hours); otherwise, the mixture loses 
sensitivity by thermal reaction.  The amount usually prepared is about 
0.8 cc of solution, sufficient for four holograms.  After mixing the two 
solutions, 0.2 cc of the mixture is placed in the middle of a 4 x 5-inch 
clear-glass plate.  Then a second plate is placed over the "puddle" of 
mixture so that the liquid is evenly spread between the two glass plates by 
applying slight pressures with fingers (use cotton gloves to avoid finger 
prints on the plates) until the liquid film between the plates is free 
of air bubbles.  The plates are then inserted into a plate holder specially 
designed for this experiment.  To ensure the plates remain exactly in 
their initial position (within 1/10 of a wavelength), the design uses 
two adjustable tightening screws.  After the plates are in position, 
they permanently remain there during the exposure, desensitization and 
real-time interferometry. 

C. Recording Holograms 

The optic setup for testing the photopolymer system perform- 
ance is shown in Figure 29.  A composite material cylinder, painted white 
for good reflectivity, was used as the object.  The test cylinder used 
had a known disbond wrapped into it; this was done by inserting a teflon 
strip between layers of wrapping.  A 50 mw He-Ne laser light source was 
used. 

The best holograms were recorded with an object to reference beam 
ratio of 1/7 to 1/10.  This was accomplished using a Gossen Lunasix 
lightmeter to maintain permanent optic data of: 

1) Reference Beam Intensity 14 

2) Reflected Object Beam Intensity  . .  10 

The required exposure was found to be 20 seconds of He-Ne- laser radia- 
tion.  About one-half of the total exposure is an induction period during 
which most of the sensitizing reactions (formation of free radicals) is 
quenched by inhibitors (mostly oxygen) present as impurities.  Thus, a 

50 



OBJECT 

GLASS 
PLATE 
HOLDER 

MIRROR 

BEAMSPLITTER 

MIRROR 

LASER oEAM 

Figure 29.  Optical arrangement for real-time interferometry. 

pre-illumination of the plates can result in increase of the apparent 
sensitivity [15],  The adequate range of the exposure can be followed 
visually; following the induction period the plates exhibit the forming 
of a grayish "fog" or light scattering.  This signals that the useful 
holographic exposure is attained and further exposure may result in loss 
of diffraction efficiency.  After the holographic exposure, the plate 
must be fixed to continue with the single exposure real-time interferom- 
etry. 

The fixing process is necessary to prevent image degradation from 
exposure to a playback beam or room light.  The literature surve> 
revealed a number of techniques that were applicable to this process. 
The first alternate technique was to flash the photopolymer holograms 
with either a xenon flashlamp [12], or a 15-to 30-second exposure to a 
200-W mercury-arc lamp, with water and glass filter, or filter, or a 
"strobotac" strobe light also equipped with a red filter. 

Both methods used in this experiment seemed to work rather well. 
The procedure for the flashbulb technique consisted of merely illumi- 
nating the holographic plates at a distance of several inches.  The 
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procedure for the strobotac consisted of holding the unit at only a 
distance^fcof about 12 inch from the plates and allowing the unit to 
flash continuously at lowest frequency for a period of roughly 2 minutes. 

It has been determined that the index of refraction of the polymer 
is dependent on the irradiance of the exposing light [16], so that rapidly 
polymerizing the background increases the average index of refraction but 
does not wash out the spatial variations of the index of refraction 
resulting from the holographic exposure. 

In all of the cases studied, the flash-fixing technique permitted 
exposing the hologram to a playback beam or to room light for 30-60 min. 
with little loss of diffraction efficiency.  However, several hours 
exposure to room light reduced the diffraction efficiency to a few per- 
cent.  The advantage of this technique is that it requires only a fraction 
of a second to fix the hologram so that it is compatible with holographic 
applications that require rapid access.  Specifically, this technique 
should be applicable where self-developing and rapid access are necessary 
and where the hologram need be viewed for only an hour, at most.  If a 
permanent record is desired, the reconstructed image can be photographed, 
or a more permanent fixing technique can be used after viewing the recon- 
struction. 

The second fixing technique, called thermal fixing, is essentially 
permanent and may be used before or after viewing the reconstructed 
image, but it does not permit immediate access to the image.  This 
technique involves keeping the hologram in the dark until the catalyst 
is completely deactivated.  The deactivation of the catalyst is the 
result of chemical reaction between the monomer and catalyst.  Satisfac- 
tory fixing was obtained by keeping holograms in the dark for one to two 
days.  No attempt was made to measure the minimum time required but it 
is known that the desensitization reaction rate is dependent on the pH 
and the temperature of the photopolymer solution.  However, lowering 
the pH to achieve fast thermal fixing will reduce the sensitivity of 
the photopolymer and reduce the sensitivity of the photopolymer and 
reduce the shelf-life of the mixed solutions f16]. 

After either of the fixing techniques the hologram is ready for real- 
time interferometry. 

Also during the process of this experiment a double-exposure holo- 
gram was formed.  The procedure included exposing the holographic plates 
to the initial 20 seconds of laser radiation and then, following the 
loading of the model to a prescribed pressure, exposing the plates to 
a second 20 seconds of laser radiation.  After the second exposure the 
plates were fixed, using the No. 5 flashbulb.  The result was a very 
high-quality double-exposure hologram with sharp, distinct fringe pat- 
terns . 
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D. Hologram Evaluation 

Figures 30 through 50 display some typical real-time hologram 
interferograms prepared by the system described.  The holograms from 
which these pictures were taken were clear in appearance, slightly scat- 
tering the light; have diffraction efficiencies up to 207c (in comparison 
with 1-4% for silver halide emulsion holograms) and resolution of about 
2000 lines millimeter [14],  Optical microscopy has revealed that the 
hologram is recorded both on the surface and in the volume of the material 
and that the surface modulation provides the dominant contribution to 
the diffraction efficiency [17]. 

Figures 30 and 31 were made from a hologram that had been flash- 
fixed after the initial 20-second exposure to the laser light.  At the 
time of the flash, the cylinder was under zero pressure.  The subsequent 
pictures were taken, viewing through the original glass plates, at the 
indicated pressure settings.  The formation of the fringe patterns 
could be easily followed (visually) as the pressure inside the cylinder 
was increased.  Also, the diminishing of the fringe patterns could be 
observed as the pressure decreased.  Similar results were obtained by 
allowing the exposed hologram to set in the dark for 2 days thermal 
fixing. 

In evaluation of the two fixing techniques, it is noted that the 
flash fixing is temporary.  However, flash fixing provides faster access 
to the reconstructed image; it does not require chemical additives in 
the photopolymer solution, and it is more convenient to use.  Thermal 
fixing does not permit rapid access, but it can be employed after a 
hologram has been temporarily fixed, so that the hologram can be played 
back immediately and then thermally fixed if the reconstruction is satis- 
factory.  Thermally fixed holograms appear to be completely permanent. 

E. Preparation of the Monomer and Sensitizing Solutions 

(1)  Preparation of the Monomer Solution.  The preparation 
of the monomer solution is as follows: 

1) 233 g acrylic acid is placed in a 1500 cc beaker 
equipped with a stirring motor and stirrer. 

2) With continuous stirring, 169 g barium hydroxide 
crystals are added in small portions. 

3) After complete dissolution, 65 g yellow lead oxide 
is added slowly in small portions. 

4) After dissolving the lead oxide, a slurry of 300 cc 
distilled water and 294 g barium hydroxide crystals is added with con- 
tinuous stirring.  At this step some precipitation may occur. 
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5) After about 30 minutes stirring the pH of the solu- 
tion is adjusted to 8-8.2 by adding acrylic acid or barium hydroxide 
crystals as needed.  After the pH is adjusted, 50 g activated charcoal 
is added and the mixture is left to stand for 3 days.  (This step is 
necessary to remove the polymerization inhibitor resulting from the 
acrylic acid). 

6) The mixture is then filtered through coarse filter 
paper.  The resulting solution is clear and has a specific density of 
1.423 @ 25°C; yield is about 450-500 cc. 

7) 30 g acrylamide is added for each 100 cc filtered 
solution with further stirring.  After dissolving the acrylamide the 
specific density of the solution is about 1.344. 

8) The solution is placed in a vacuum oven or desiccator 
equipped with a trap and water is removed at 35° to 40°C until the 
specific density of the remaining solution reaches 1.45 to 1.460. 

The monomer solution prepared in this manner is a clear, stable 
viscous solution.  Analysis indicates that it contains between 1.4-1.8M 
barium aerylate and 0.3-0.4M lead aerylate; pH should be about 8-8.2. 

(2)  Preparation of the Sensitizing Solution.  The prepara- 
tion of the sensitizing solution is as follows: 

1) 25 g benzene sulfinic acid sodium salt is dissolved 
in 250 cc boiled (air-free) distilled water and 10 g charcoal mixed 
into the solution.  After a few minutes the solution is filtered through 
filter paper. 

2) After filtering, 0.44 g methylene blue is added to 
each 100 cc solution. The solution must be kept in dark and stored in 
dark. 
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0 psig 

5 psig 10 psig 

Figure 30.  Composite cylinder with circumferential 
flaw at indicated loadings. 
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15 psig 20 psig 

25 psig 30 psig 

Figure 31.  Composite cylinder with circumferential 
flaw at indicated loadings. 
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VIEWC 

VIEWE 

VIEW A (FLAW IS LOCATED 
IN THIS AREA OF 
OBSERVATION) 

Figure 32.  Schematic diagram illustrating the different 

positions of the cylinder with respect to the flaw 
location. 
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Figure 33.  Circumferential flaw, view A 0-20 psig, 
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Figure 34.  Circumferential flaw, view C 0-20 psig. 

59 



Figure 35.  Circumferential flaw, view E 0-30 psig. 
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Figure 36.  Circumferential flaw, view A 0-30 psig, 
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Figure 37.  Circumferential flaw, view C 0-30 psig. 
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Figure 38.  Circumferential flaw, view G 0-30 psig. 
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rtAW 
REGION 

Figure 39.  Longitudinal flaw, view A 0-20 psig. 
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Figure 40.  Longitudinal flaw, view C 0-20 psig. 
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Figure 41.  Longitudinal flaw, view E 0-20 psig. 
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Figure 42.  Longitudinal flaw, view E 0-30 psig. 
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Figure 43.  Longitudinal flaw, view C 0-30 psig. 
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Figure 44.  Longitudinal flaw, view E 0-30 psig. 
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F LAW 

Figure 45.  Circular flaw, view A 0-20 psig, 
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Figure 46.  Circular flaw, view C 0-20 psig. 
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Figure 47.  Circular flaw, view E 0-20 psig. 
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Figure 48.  Circular flaw, view A 0-30 psig. 
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Figure 49.     Circular   flaw,   view C 0-30 psig. 
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Figure 50.  Circular flaw, view E 0-30 psig. 
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Chapter 4. SPECKLE INTERFEROMETRIC ANALYSIS USING 
YOUNG'S FRINGES 

I. GENERAL 

Several investigators have observed interference fringes from 
laser produced speckle displacements when a test piece is loaded 
[18, 19,20, 21, 221.  Figure 51 illustrates the arrangement for record- 
ing the necessary double exposed film.  One exposure with the model 
unloaded and one with the model loaded.  Figure 52 illustrates how one 
can observe the data. 

If each speckle point is thought of as an aperture emitting light, 
then several things take place.  First, fie aperture (speckle) produces 
interference patterns (Fraunhofer diffraction) due to its size; secondly, 
any nearby aperture will produce interference patterns with each other 
(Young's fringes).  Finally, because the speckles (apertures) are numer- 
ous and randomly oriented the patterns mentioned previously are obscured 
by each other.  Now, if a film record is made of the speckles of a test 
model and then the model loaded and the previous film record double 
exposed (Figure 51), fringes can be seen when coherent light is passed 
through a small region of the film and the diffraction pattern observed 
(Figure 52).  This occurs because the film records the aperture (speckle) 
in the undeformed model state, then the apertures (speckles) are dis- 
placed in the loaded model and again recorded on the film.  In a small 
region of the film the second recorded apertures are uniformly spaced 
relative to the first set and when a small coherent light beam is 
passed through this small region of film a diffraction pattern is 
observed identical to those observed when a small coherent light illumi- 
nates a small region in a diffraction grating.  The pattern resulting 
comes from interference of the light as it passes through a small aper- 
ture (Fraunhofer diffraction) and interference from multiple apertures 
(diffraction grating) uniformly spaced in a small region. 

The fringes, caused when light passes through a small rectangular 
slit (Fraunhofer diffraction), will initially be mathematically des- 
cribed.  Then, the pattern resulting from two apertures will be described 
(Young's fringes) followed by a mathematical description of the fringe 
patterns of multiple apertures (diffraction grating) uniformly spaced. 

It.   FRAUNHOFER DIFFRACTION BY A RECTANGULAR APERTURE 

Consider the arrangement shown in Figure 53.  The lens serves 
to project onto a screen parallel rays that would otherwise diverge 
from the center line.  A unit vector to the parallel light rays along 
OH is represented as 

a x  - Ü  + mj + nk     . (32> 
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u, SPECKLE (APERATURE) 
DISPLACEMENT DUE TO LOAD 

LOAD 

MODEL 

Figure  51.     Collection of speckle  interferometric  data, 

DIRECTION OF INPLANE DISPLACEMENT 

LASER 

PROPORTIONAL 
TO DISPLACEMENT 
OF POINT A 

GROUND GLASS 
OR SCREEN 

Figure  52.     Data analysis 
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SCREEN 

APERATURE 

Figure 53.  Rectangular aperture arrangement, 

79 



Note that OH is on a ray passing through the center of the aperture. 
Point Q is a representative point in the plane of the aperture and 
located as 

OQ = xi + yj     . (33) 

The projection of OQ on to the ray passing through the center is 

OH = ÖQ • ä  = xt- + ym     . (34) 

Recall from lens theory that the optical path length OP and HP are 
equal.  From this, rays OP and QP are out of phase by ÜR. 

Let the real part of 

A Exp [i (wt - J)l dydx 

represent the optical disturbance at P due to secondary waves originating 
from the element of area dydx around the point 0.  Then, the optical 
disturbance at P due to secondary waves originating at a small region 
around Q is 

Ä Exp [i (wt - $)]  Exp [2*1 (*' * ym)1 dy dx     . (35) 

The intensity at P  (being proportional to the square of the amplitude) 
is 

Io = (A a b)2 (36) 

and the intensity at P is 

2   t ^ 2 nmb 
sin   

(37) 
nmb 

To examine the intensity on the observation plane (X, Y), note that rays 
of light passing through the center of the lens (c) are not bent, thus 
are parallel to the original direction such as ä .  The coordinate loca- 
tions X and Y are 

X =  CP      f' 

(38) 

Y    CP  m   fm 

for small angles relative to the center line and where f is the lens 
focal length.  Equation (37) now can be expressed as 
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(39) 

M 

Since the variables X and Y are separable in Equation (39), only 

dX 

and 

dIP —— =  o 
dX 

need be examined for maxima and minima on the XY plane.  Thus, maxima and 
minima occur when 

sin uXa Xa //r,N ~ = 0 yielding _Z_    = 0, n, 2i, ---n.n (40) 
\f \f l 

and    tan  Xa  nXa 
 ^_ _ ~    . (41) 

.f  " \f 

From Equation (40) the initial value of zero will produce a maximum in 
Equation (39).  The other values from Equation (40), -r, 2t, , n  , 

give minima values of zero in Equation (39).  The approximate values for 
the solution of Equation (41) are 0 (exact), 3/2n, 5 2? ,  .  All values 
correspond to maxima. 

III.   FRAUNHOFER DIFFRACTION BY TWO NEAR-BY APERTURES 

The interference pattern produced on a screen by two equal 
sized apertures is considered.  As illustrated in Figure 54, consider 
two apertures located along the X axis and projected on the screen.  Let 
i   =  sin H,   m = 0, and n = cos H;   thus, the optical disturbances at P 
from A. and A are 

3 sin 
Ex = A a b      A.   Exp [i (wt - <fr )] (42) 

,"a 

and 
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3i 

SCREEN 

Figure 54.  Fraunhofer diffraction by two apertures. 

Tt0a 
sin 

X E     = A a   b  —    Exp   [i   (wt   -  0>   )] 
2 ■ i a ^ 

The phase difference at P due to the different path lengths A.P a nd 

A2P   is 

2IT   |A-H'       2n  u  sin  h 

\ 
(43) 

Then 

.     TT^a 
sin —— 

I« =  I P o 
2    .nu  sin   9. cos     ( ; ) 

sin 
:raX 

fxT 

naX 

2   .rtu sinjv cos     (— ) (44) 

82 



where I  is the intensity at the center of the screen (P ) and £,  is 
°       _ ° 

approximated as X/f and also equals sin 6. 

Equation (44) contains the diffraction term as noted for a single 

aperture and now an interference term, cos  ( - ), due to two aper- 
A. 

tures  close together.     Emphasis   is  called to the  cosine  function where 
zero  intensity occurs   if 

X       ,_ , Xf 
2  sin e 2X 

--<?>nrs   Jff C45) 
2m     -   1 

u      ±(-^ ) ^ for m    =  1,2,3,-- 
X 

Also, if  u  becomes less   than a  2   then  the  dominating   function  is   the 
sine    function.      The distance  between apertures   is   the  information that 
will   give  the displacement;   therefore,   if  the  total displacement  at  a 
point   is   less   than one-half  the aperture   (speckle)  size  then this   techni- 
que  has   limitations.     A representative speckle  size  is   300 microinches 
and   150 microinches   should  be  thought   of as  a  minimum  limitation on 
total  displacement at  a  point. 

IV. INTERFERENCE PATTERNS FROM MULTIPLE APERTURES 

Consider  the  final  case of multiple apertures,   the  same  size 
and  equally  spaced about   the X-axis  as   illustrated   in  Figure  55.     The 
optical  disturbance at   P due  to  the   first  aperture  is  given  by  Equation 

(42)  and  for  the N      aperture as 

rtla 

fN -  Vl   =^ab —nit      EXP   [1   (Wt   ' *1 + 2"'" "  Sl" 6)1      '(46) 

\ 

The total optical disturbance from N diffracted beams is 

Ep = Ex + E2 4- E3 + . . . + EN     . (47) 
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LENS 

Figure 55.  Multiple apertures. 

SCREEN 

lp=(Aab)2 

sin (_JSä4_) 
i2 

/  7ra sin 6 \ $jn /  TTU sin 0    \ 

'*■(""■*' )]2 
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tna sin Ö \ 

lp'(Aab)2 

12 

Figure 56.  Intensity distribution of multiple apertures, 
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and the intensity at any point is 

2 

Tp = (Aab)' 
sin 1a sin 6 

ta sin (-> 

.N'u sin rj. 
sin ( : ) 

sin 
("u sin 0) 

(48) 

For the case of u = 2a and N = 10, an illustration of Equation (48) 
is shown in Figure 56.  It should be noted that if u = a, no fringes 
wi.lL occur; and represents the minimum limiting case for engineering 
applications.  If u a two or more fringes will be evident on the screen. 
Now consider the application, if an image is recorded of the speckle 
pattern on a model made by illumination with a coherent light source, 
these many speckles are recorded as apertures on the film.  When the 
model is loaded, the speckles (apertures) shift.  By double exposing 
the first film record, a second set of apertures is recorded. 

In a small region of the film the second set of apertures is equally 
spaced relative to the first.  The spacing equals the in-plane displace- 
ment vector.  The out-of-plane displacement effects only the focus of 
the image and has almost no effect on the aperture spacing.  When a 
coherent light is used to illuminate, the film record in a small region 
where the in-plane displacements are essentially equal to the projected 
diffraction pattern intensity is described by Equation (48) or as 

Vc 
sin Ti 

aX 

Tf 

sin 
N'X 

vT 

sin 
Xu 

(49) 

where 

C = a proportionality constant 

a = average speckle size 

f = lens focal length or distance to the screen 

. = wave length of the light source 

X = coordinate distance on the screen 

u = in-plane displacement • 

Maxima occur where 

u = «-— for m =0, 1, 2, 
X 
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(a)  TYPICAL YOUNG'S FRINGE PROJECTION 

LINE NO. 28     17   12  7   2 

jLOC 
I NO. 

2 

6 

10 
14 
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| 22 

28 

(b) GRID SYSTEM 

Figure  57.     Cylinder with spot   flaw and Young's   fringes 
shown with  the  grid  system. 
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Figure 58.  Grid locations versus axial 
displacements (microinches). 
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Instead of using the lens focal length to evaluate displacement, the 
technique works without a lens and the distance f is the distance from 
the film to the screen. 

This speckle technique was applied to flaw detection in composite cylin- 
ders.  These data are included in Figures 9 and 10.  Note that the 
minimum spacing representing total displacement is 100 microinches.  The 
maximum displacements depend on resolution of the fringes where 20,000 

microinches is representative.  Because sin 0  is approximated by (—) the 

fringe spacing is slightly non-linear. 

V. FRINGE DATA ANALYSIS 

A double-exposed film record was made of the speckles on the cylin- 

der.  The deformation resulted from an internal pressure of 110 psi. 
The film was processed and placed in a holder in front of a laser beam. 
A coordinate system was chosen as shown in Figure 57b.  The fringes were 
projected on a screen.  Figure 57a shows a typical fringe pattern.  The 
displacement was calculated by Equation (19) for each location along 
each line and plotted in Figure 58. 

The flaw location was evident as can be seen from the plot of Figure 
58.  At all lines within the flaw the displacement was greater.  Only 
two lines are shown for convenience.  In taking the spacing always in 
the axial direction the normal strain in the axial direction can be 
calculated and used as an excellent criterion for critical flaws. 
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Chapter 5. SUMMARY AND CONCLUSIONS 

Approximately eighteen fiber reinforced composite cylinders were 

fabricated in the in-house composite structures facility.  Three types 
of programmed flaws were fabricated into the composite structure.  The 
flaws consisted of delaminations between the fibers and were produced 
by inserting some teflon tape in a 0.04-inch-thick cylinder wall.  This 
type of flaw corresponds to those resulting from dirt, grease, voids, or 
flaws being fabricated into the structure.  Spot, circumferential and 
longitudinal flaws were used. 

A computer program utilizing conventional finite elements was applied 

which predicts the surface displacements on the cylinders as a function 
of pressure loading and flaw geometry for specific compos ire materials. 
Computational data that were generated for displacements in the regions 
of each type flaw.  It was determined that a special crack tip element 
was required to yield acceptable accuracy at the crack tip.  A more 
appropriate element stiffness relation is suggested. 

The basic theory for the analysis of the optical holographic fringe 
patterns was adapted to the specific geometries and boundary conditions 
for the specimen involved.  Equations to reduce the fringe patterns to 
surface displacements were derived.  Test fixtures and apparatus were 
desiened and fabricated.  Optical holographic fringe data were taken from 
specimens of each type with pressure loadings using both the double expo- 
sure and real-time methods.  Fringe patterns were so sensitive that at 
certain loadings even the wrap angles of the fibers and the crossover 
regions were easily detected.  Since locations of these points are well 
known, interference with the detection of flaws is not considered a major 
problem.  The real-time approach is a rapid way of optimizing the loading 
parameters to best resolve the flaws.  Each type flaw was detectable 
using double-exposure holography and real-time; however, both methods 
require careful digitization and analysis to quantify the flaws and 
determine if they are critical. 

Software for a PDP-1145 digital computer interfaced with a fringe 
reader and analyzer was developed and utilized to digitize the film and 
fringe patterns, plot the fringe density, locate the flaws on the plot, 
determine the flaw size, and compute the surface strains.  The circum- 
ferential flaw was the most difficult to detect on the fringe pattern 
using optical holography. 

The theory was derived for the Young's Fringe method and the pattern 
data were taken for the different flaws.  The flaw locations and approxi- 
mate size were determined by plotting the surface displacements versus 
surface coordinates.  Data taken using shearing speckle interferometry 
resulted in the best flaw resolution on the circumferential flaw. 
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In summary, fringe data were taken using both double-exposure and 
real-time optical holography, Young's Fringe, and shearing-speckle 
interferometry.  The data were reduced by computer and the flaws were 
detected, located and the approximate flaw size determined.  Strains, 
displacements, or stresses were determined.  Very limited experiments 
were made using the dual-beam speckle interferometry technique.  Opti- 
cal holography yielded the best fringe resolution and the speckle 
techniques simplified the data reduction to strain. 

For application at the end of the production line the speckle 
methods are the most adaptable because they can be easily digitized 
using a vidicon system with a scan converter interfaced with a computer. 
The primary problem with the dual-beam is fringe resolution which can 
be greatly improved through electronic processing.  In event the improve- 
ment is inadequate it may be necessary to select one of the other tech- 
niques with a small automatic film processor in the system. 
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Chapter 6. PLANS FOR FUTURE RESEARCH 

The research presented in this report is being continued as a 
Manufacturing Methods and Technology program to nondestructively test 
fiber-reinforced composite launch tubes and motor cases for small mis- 
siles.  This program is directed toward the development and fabrication 

of an automated system to test the end items, reduce the fringe data, 
determine the size and location of flaws  and through interfacing with 
a computer, compute the surface strains and correlate with a failure 
criterion to accept or reject each item. 

Specific tasks planned in the next two years include: 

1) Development of a special crack-tip finite element to des- 
cribe the singular behavior in the region of the crack tip. 

2) Development of an electronic processing technique to enhance 
the fringe patterns from the dual-beam speckle interfero- 
metric methods. 

3) Design and development of an electronic spatial filtering 
system for speckle interferometric methods. 

4) Design and develop a vidicon camera system which consists 
of a vidicon camera with a control panel interfacing it 
with a scan convertor and television readout,or input to 
digital computers. 

5) Development of techniques to automate and computerize 
application of the Young's Fringe Speckle Interferometric 
Techniques. 

6) Exploration of methods to cover more of the surface of the 
specimen with each test. 

7) Elimination of the need for film processing, if practical. 

8) Development of computer software to reduce the fringe date 
and perform the strain analysis. 
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