
MTL TR 92-55 AD-A255 686 1AD
IMIlIIIII Nliltl1lllll 111111IHI111111111

AN INTRODUCTION TO MOIRE METHODS
WITH APPLICATIONS IN COMPOSITE
MATERIALS

ROBERT F. ANASTASI
MATERIALS TESTING AND EVALUATION BRANCH

DTI
, LECTESEP 2 8199t

August 1992

Approved for public release; distribution unlimited.

92-258746)
92 o lg I III

US ARMY
LABORATORY COMMAND U.S. ARMY MATERIALS TECHNOLOGY LABORATORY
"UNU 10 rwuMoov tnalMYtv Watertown, Massachusetts 02172-0001



The findings in this report are not to be construed as an official
Oepartment of the Army position, unless so designated by other

authorized documents.

Mention of any trade names or manufacturers in this report

"all rot be construed as advertising nor as an official
indorsement or approval of such products or companies by

tie L'iited States Government.

0ISPOSITION INSTRUCTIONS

Oestrov this rtoof whvim t is no ionqw ne.,d.
o not return t to th* oriqinstor



IUNCLASSIFIED _
SECURITY CLASSIFICATION OF THIS PAGE ("When Data Entered)

READ INSTRUJCTIONSREPORT DOCUMENTATION PAGE B1EIF-'OI'E COMPIlETING FORM

1. REPORT NUMBER '2. GOV-F ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

MTL TR 92-55

4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED

Final Report
AN INTRODUCTION TO MOIRE METHODS WITH

APPLICATIONS IN COMPOSITE MATERIALS 6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)

Robert F. Anastasi

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK

AREA & WORK UNIT NUMBERS

U.S. Army Materials Technology Laboratory
Watertown, Massachusetts 02172-0001
SLCMT-MRM

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

U.S. Army Laboratory Command August 1992
2800 Powder M'ill Road 13. NUMBER OF PAGES

Adelphi, Maryland 20783-1145 55

14. MONITORING AGENCY NAME & ADDRESS (if dlfferentftom Controlling Office) 15. SECURITY CLASS. (of this repon)

Unclassified

15a. DECLASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Repo•t)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of he abstract ensered in Block 20. ifdifferevisfran Report)

18. SUPPLEMENTARY NOTES

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

Moire analysis Laminates
Composite materials
Optical methods

20. ABSTRACT (Continue on reverse side ifnecessarv and identifv by blork number)

(SEE REVERSE SIDE)

DD iJAFNR731473 EDITION OF I NOV 65 IS OBSOt iT UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE 0II7;n Data E:ntered)



UNCLASSIFIED
SECI IRfl, CLASSIFICATION OF THIS PAGE (Vh'en Data Entered)

Block No. .0

ABSTRACT

The moire effect or the fringe pattern formed by superimposing two arrays of dark
and light line patterns is utilized in experimental mechanics to measure deformations of
bodies subjected to external loads. Although mainly a laboratory tool the techniques
have been applied to problems in the mechanics of composite materials to map strain
concentrations around holes, cracks, and delamination, as well as examining edge effects,
shearing deformation, and mechanically fastened composite material.

UNCLASSIFIED _

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)



CONTENTS

Page

INTRO D UCTIO N .. .............................................. . I

Geometric Moire ............................................ 1

Shadow Moire .............................................. 2

Interferometric Moire ...... ................................... 3

Fringe A nalysis . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

MOIRE METHODS APPLIED TO COMPOSITES ...... .................... 4

E dge Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

D am age . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

H o les . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . 6

S he ar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

M echanically Fastened ......................................... 8

O ther . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . 9

D ISC U SSIO N . ..... .... ....... ... .. ...... .. ..... .... .. ... ..... .. 10

R EFER EN CES .... ... ........................................... 11

Aooeesson For

NTIS CFA&I
DTIC TA'p l

1 I.-,. r i, t toi/f _ ... .. .

Av',dLabilitY Ccde8"

l A- peiald/or

Dist iSpecatl



INTRODUCTION

The moire effect is utilized in experimental mechanics to measure the deformation of bod-
ies subjected to external loads. Deformations are viewed as contour maps of displacement
and are referred to as fringe patterns. In-plane and out-of-plane displacement fringe patterns
can be generated using techniques of geometric moire, shadow moire, and interferometric
moire. This paper describes these methods and surveys their application to composite material.

Geometric Moire

A moire fringe pattern is formed by superimposing two gratings: one undistorted, and
one distorted due to specimen deformation; detailed references are given by Theocaris,
Durelli, Chiang, and Parks. 1-4 Gratings are arrays of dark and light lines usually straight,
parallel, and equally spaced; examples are shown in Figure 1. When two line gratings of
different pitch (line spacing) are superimposed without rotation, then moire fringes will be
formed that represent the different pitch, as shown in Figure 2. When two gratings of equal
pitch with a rotation between are superimposed, the moire fringe pattern shown in Figure 3
is obtained. Generally, a deformed grating is a combination of elongation and rotation result-
ing in moire fringes that represent lines of equal displacement, as shown in Figure 4.

One grating attached to a specimen surface is referred to as the specimen grating and is
normally applied with grating lines parallel or normal to specimen axes. The resulting fringe
patterns are governed by the equation:

N
U = (1)

where U is the displacement component in the direction perpendicular to the lines of the
reference grating, N is the fringe order number, and f is the frequency of the reference
grating (inverse of the pitch).

In practice, a cross grating is used as the specimen grating and allows two perpendicular
displacement fields to be obtained. Typically, the cross grating is oriented along the principal
x and y axes to obtained U and V displacement fields. A line grating reference may be used
to seperate U and V displacement patterns by positioning it over the specimen grating first in
the x direction then rotating it 900 to obtain the y direction pattern. A cross grating refer-
ence may also be used to obtain both U and V patterns simultaneously, then techniques of
optical spatial filtering are used to separate the family of fringes (see Chiang ).

From the U and V displacement fields, strain at any point on the specimen surface can
be determined. Using small displacement assumptions; i.e., neglecting higher order derivatives,
the strain displacement relationships are:
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where e, and ey are normal strains in the x and y directions, respectively, and exy is the shear
strain in the xy plane. Using the governing equation of moire, Equation 1, and the strain
displacement, Equation 2, displacements in the x and y directions can be found as:

Nx

(3)

where Nx and NY are fringe orders in the x direction and y direction, respectively, then
strains can be found using the following displacement derivatives:

a U 1 a Nx
a x T ,-Tx

a U 1 0 Nx

aV _ 1 NY
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The displacement derivatives above are found by ordering the fringes, plotting fringe
order versus position, and then taking the slope of the plot at each point where the strain is
required. This procedure is illustrated in Figure 5. To increase accuracy, half or fractional
fringe orders can be used, as mentioned in Reference 1, where a microdensitometer was used
to locate the fractional fringe orders. Today, optical-electronic systems are used and video
images are digitized and processed by host computer, as noted by Voloshin.6

Shadow Moire

Shadow moire is a method used to map out-of-plane contours of a surface (see Parks 4

and Chiang ). This method involves placing a grating of pitch P in front of the surface to
be contoured and then illuminating it with collimated light. When this grating and the
shadow of this grating are viewed together, an interference pattern is produced that is the
out-of-plane contour map of the surface. Contour intervals of the out-of-plane displacements
can be obtained by analysis of the moire system, as shown in Figure 6.

The out-of-plane deflection W at a general point A is:

NP

TiTan (a) + Tan ) (5)

where N is the fringe order and a and fP are angles of illumination and viewing, respectively.



Interferometric Moire

Moire interferometry is a highly sensitive full field optical method used to measure in-
plane displacements. A high frequency diffraction grating is replicated on the specimen sur-
face and interferes with a reference grating produced by the interference of two collimated
beams of laser light. The interference pattern is a moire fringe pattern governed by Eq ua-
tion 1. Details of this moire method can be found in papers by Post8-12 and Basehore. N

The basic difference between geometric and interferometric moire is the frequency of the
gratings used. Typical gratings for geometric moire are 1000 lines per inch (lpi) while those
of interferometric moire are 30,480 lpi and 60,960 lpi and where high frequency grating of
101,600 Ipi have been utilized by Weissman and Postt 4 and an ultra-high frequency method
has been described by Han and Post1 5 with possible extensions to 500,000 ipi or more.

The basic setup of moire interferometry is illustrated in Figure 7 where warped wave
fronts A" and B" interfere to form a moire patterfi depicted in Figure 8.

Diffraction gratings can be either line gratings or cross gratings, just as in geometric
moire, and can be either an amplitude or phase type as illustrated in Figure 9. The ampli-
tude gratings have opaque bars and transparent spaces or vise versa and phase gratings have
furrowed surfaces and can be transmissive or reflective.

The replication of high-frequency, highly-reflective diffraction gratings onto a specimen
surface has been the technological key in making moire interferometry a valuable measure-
ment tool. The replication process described by Baschore is shown schematically in Figure 10.
The replication process starts by exposing a holographic glass plate film to two intersecting
beams of coherent illumination; see Figure 11 where the angle of intersection defines the
frequency of the interference pattern as:

f 2Sin (a) (6)

where f is the frequency of the interference pattern, A is the wavelength of light employed,
and "a" is half the angle of intersection. When the glass plate film is developed, silver grains
remain in the exposed zones while silver is bleached out elsewhere. Upon drying, shrinkage
is retrained locally by the silver rich zones resulting in a regular corrugated surface. The film
is then dipped in a photo flow solution which leaves a thin layer of contamination on the
film surface over which a thin layer of aluminum is deposited. Next, puddle of adhesive is
placed on the specimen and the aluminum-coated film is pressed into the adhesive and
allowed to cure. Upon curing, the glass film is pried off leaving behind an aluminum layer
of corrugated shape, the specimen diffraction grating. The contaminated layer acts as a mold
release between the emulsion on the glass plate and the aluminum. Cross-line diffraction
gratings are made in a similar manner with an added 90" rotation of the photographic plate
and second exposure to the virtual grating.

Another method proposed and demonstrated by Anastasi, et al.17 involves coating the
specimen surface with photo resist, exposing it to a virtual grating of the desired frequency,
developing the photo resist, and then overcoating it with a thin layer of aluminum. This
procedure eliminates the need for creating the high frequency mold on a photographic glass
plate film and the transfer process.
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The most commonly used optical arrangement for creating a virtual reference grating is
schematically shown in Figure 12 where a lens is shown as a means of collimating the laser
beam; however, a parabolic mirror may also be used. Half the collimated beam impinges
directly on the specimen surface while the other half is reflected off the mirror. The camera
is normal to the specimen surface and records the moire images. A multiple beam arrange-
ment is shown in Figure 13 where a cross-line specimen grating is used and horizontal or ver-
tical reference gratings are produced by choosing pairs of collimated beams to interfere. This
arrangement makes possible the recording of U and V fringe patterns without rotation of the
specimen. Two additional optical arrangements are shown in Figures 14 and 15 and a pro-
posed optical arrangement for ultra-high frequency moire is shown in Figure 16.

The use of carrier patterns is analogous to mismatch methods in geometric moire Chiang 3

and Parks 4 used primarily to increase the accuracy of extracted data from fringe patterns.
Other uses include resolving displacement sign, determination of fringe gradients, and cancel-
ing initial no-load fringe patterns. Examples of carrier pattern usage in moire interferometry
are demonstrated by Guo. 18

Fringe Analysis

Absolute fringe orders in strain analysis are not important. As illustrated in Equation 4,
the difference in fringe orders are used, not the absolute value. Although if displacements
are known from experimental conditions, then fringe orders may be relatively numbered.
Fringes are assigned consecutively increasing orders for positive displacements and decreasing
if negative. Two neighboring fringes can be of the same order if they are on opposite sides
of a hill or valley and fringes of the same order may branch but never intersect or cross.
These fringe ordering rules and analysis can be preformed by hand but is a tedious and time
consuming task. Computer fringe analysis including hardware and software requirements are
discussed by Ranson, 19 Sciammarella, 2 0 Chanudry,2 1 Ning,2 2 and Lee. 23 Other computation
techniques address noise reduction by digital filtering and least square splines to increasing ac-
curacy of locating fringe centers as noted by Oplinger.24 New advanced methods employ fi-
nite element methods for two-dimensional smoothing and generation of displacement and strain
fields as discussed by Segalman25 and Tessler, et al.26 A hybrid approach by Gilbert27 uses
the experimental fringe displacements as boundary conditions in a finite element analysis.
The approach is said to reduce computational requirements.

MOIRE METHODS APPLIED TO COMPOSITES

Moire methods have been used as a measurement tool for more than 30 years on materi-
als such as paperboard, plastic, rubber, metal, and composites and have been able to provide
whole-field information as opposed to the information provided by a strain gauge at a single
point that may miss localized damage or strain concentrations occurring in unsuspected loca-
tions. Basic mechanics concepts governing the behavior of composite materials can be found
in the following rcfcrenccs: Grimes and Griemann,2 8 Halpin,29 Jones,30 and Tsai. 3 1,3'

Presently, moire interferormctry is the dominate whole-field technique being used in
experimental mechanics today. This is due to its high sensitivity that yields numerous fringes
for relatively low strain levels: however, geometric and shadow moire still have their place as
measurement tools. A survey of' how these methods have been applied to composite materi-
als is divided into the following areas: edge effects, damage, holes, shear, and mechanical
fastening.
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An additional other category includes residual strain, nonuniformities, and dynamic measure-

ment applications.

Edge Effects

Edge effects in composites are associated with shear transfer between layers. Severe edge
effects cause premature failure or delamination, particularly under fatigue loading. Moire
methods, both geometric and interferometric, have been used to obtain face and edge displace-
ments fields in symmetric angle-ply laminates under extensional loading described by Pipes and
Daniel,33 Oplinger, et al., 34'35 Czarnek, et al.,36 and Herakovish and Post.37 The early experi-
mental work was aimed at verifying the work of Pipes and Pagano38 who developed an elastic-
ity solution to this problem. Later work compared experimental to finite element analysis.

Faces and edges of 8 ply and 16 ply graphite epoxy and boron epoxy composite coupons
in tension were examined at angle layups of 100, 200, 300, and 450. Typical face and edge
fringe patterns are shown in Figure 17 where specimen dimensions are 6.0" x 0.4" x 0.04".
The experimental moire results plotted along with the theoretical and numerical results in
Figure 18 validate the elastic solution of Pipes and Pagano. 38

Other examples of edge effects can be seen in a thermal strain analysis by Ifju and
Post 39 and in a compression test of a thick composite by Wang, Dai, and Post.40 In both
studies the specimen was cut from a thick walled pressure vessel of graphite epoxy t902/0127,
where 00 fibers were parallel to the axes of the cylinder and the 900 fibers were parallel to
the hoop direction. In the thermal study, a specimen grating was replicated on the composite
specimen at its strcss-free cure temperature of about 250')F then, after cooling deformations
were obtained, at room temperature, as shown in Figure 19. Here,. the strain is shown to be
essentially constant through the central region while edge effect zones can be seen along the
vertical boundaries. The authors stated the zone width is equal to two to four ply thick-
nesses. In the compression study similar displacements were obtained showing shear displace-
ments along vertical boundaries and out-of-plane displacements were obtained using
Twyman-Green interferometer. Interlamina properties, modulus of elasticity, and Poisson's
ratio were obtained from U, V, and W fringe patterns.

An internal free edge, a hole, in a composite laminate was examined by Borman,
Czarnek, and Post.41 This was an experimental demonstration showing the capability of moire
interferometry to record the deformations on the hole surface. The authors stated the most
difficult challenge was to replicate the grating inside the 1V diameter hole. A fringe pattern
in Figure 20 shows the effect of some local strain concentrations that may be caused by the
ply-to-ply response. edge effects, a nonuniform grating on the curved surface, or fiber break-
age damage due to drilling.

Damage

Damage such as fiber breakage or delamination in composite may arise from impact or
manufacturing defects and can reduce the load carrying capability of structural components.
Moire methods are used here in detecting 'he effect of such damage in tensile and compres-
sive loaded coupons. Damage is detected in tensile loaded coupons by observing fringe con-
ccntrations in U and/or V replacement fields. For compression loaded coupons, shadow moire
has been used to measure the extent of damage and buckling deformation.



McDonach, et al. 4 2 demonstrated the use of moire interfcrometry on detecting the effect
of a local impact in a carbon fiber composite material. In this application the carbon compos;-
ite specimen was then cycled under tensile load. A specimen grating was then applied and
fringe patterns were ob.aincd showing strain concentrations and associated damage (see Figure
21a).

The onset of damage was detected by Wood 4 3 using moire interferometry. A damage
load was found for a tensile loaded graphite specimen, [(±30)2/(90)]s. Subsequent specimens
were loaded near this critical load, then U and V displacement fields were obtained. An
example is shown in Figure 21b where V displacement fields are shown before and after
damage; this is evident in the high concentration of fringes near the edge of the laminate.

The effects of dclamination in carbon fiber epoxy and graphite specimens were examined
by Mousley44 and Jones, et al.,45 respectively. In both studies dclzminations were manufac-
tured into specimens by inserting a tetlon disk between two plies in the layup process. The
specimens were loaded in compression while buckling deformations were recorded by shadow
moire. An example is shown in Figure 22 where buckling at two load levels is shown. The
high load level shows increased fringe density (increased out-of-plane deflection) and delamina-
tion growth (increased area).

Buckling of composite structures was examined by Schwarz 46 where the objective was to
determine the onset of buckling in composite panels, stiffened by hat sections and loaded in
shear, stiffened by hat sections and loaded in axial compression, and stiffened by semi-sine
wave webs loaded in axial compression. Buckling onset was defined as the load at which a
wave fringe pattern was observed to have formed across the full width or depth of the struc-
tural component.

Holes

Mechanically cut holes are needed in structural materials for bolting or gaining access to
the other side of the material. In both cases high stress/strain concentrations exist in the
vicinity of the hole for loaded structures. Strain distributions around holes can be found if
stress/strain relations are known.

Daniel and Rowlands 47 obtained strain conccntrations for 0.50", 0.75", and 1.00" diameter
holes in glass epoxy laminates of [90/0/90/0]s layup. Moirc patterns for increasing load levels
were obtained and analyzed for f'ir field and maximum strains around the hole. Experimental
stress concentration factors were found and compared to theoretical calculations. Results are
shown in Figure 23 where the experimental curve tends to have the same shape as the theo-
retical one for the isotropic case. In another study by Daricl, Rowlands, and Post, 48 strain
distributions around a holc were found using fringe multiplication to increase sensitivity and
compared to theory: results are shown in Figure 24.

Moire intcrfcromctry was demonstrated by Post 49 and Asundi and Cheung50 to be capable
of recording U, V, and W displacement fields around fatigued coupons wit!, central holes.
Results show the effect of the ouicr ply orientation and direction of crack propagation in
Figure 25 and residual in-plane and out-of-plane displacements in Figure 26. No quantitative
conclusions were made in either of' these demonstrations; however, these studies showed a
serious degradation of fatigue strength for composite coupons with central holes.
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A metal matrix specimen of boron/aluminum [0/±45]s with a central slot was investigated
by Post, Czarnck, Jon, and Guo.5 1 Moire fringe patterns were obtained [or increasing load
steps. Fringes of U and V displacement and a plot of strains along the y-axis tangent to the
end of the slot are shown in Figure 27. The authors stated that peak shear strain was near
8% for the 80% load level, far into the plastic range of the matrix material.

Shear

Determination of shear modulus and shear strength can be divided into three types:

"* In-plane shear in which shear deformation that takes place entirely in the plane of
the composite material.

"* Twisting shear in which the cross section of the composite undergoes a twisting type
deformation.

"* Thickness shear (transverse or intcrlamina shear) in which the composite interial

sheet undergoes shearing deformation in a plane normal to the plane of the sheet.

Some specimen geometries for the three types of shearing are bending specimens (sheet
or beam), torsion tubes, rail shear, los<'escu, and ± 450 laminates. From these various geom-
etries moire interferometry has been used with bending, rail shear type loading, and Iosipescu
saear tests.

ir 52-54
in the bending tests, Post, et al. used graphite epoxy beams of [0J4l and quasi-

isotropic [4 5/0/- 4 5/9 01(,s layups under three and five point loading. The horizontal distance
between loading points was about twice the specimen thickness. The resulting fringes in
Figure 28 show a zigzag or cyclic pattern. The authors state this is due to the existence of
thin resin-rich layers that have much less shear stiffness than the fiber material.

A rail shear type of loading was performed by Post, ct al.55 on graphite/epoxy specimens
cut from a thick-walled cylinder and cemented to steel rails for shear loading. The specimen
configuration U and V displacement fields and shear strain information along typical 00 and
90g plies are shown in Figure 29. Carrier fringes were uscd to extract the shear strain infor-
mation. Two specimen configurations were examined; one with a restricting end condition,
and the other with a tapered end condition to ileviate abrupt load transfer and stress conLen-
trations. The shear strains were more neariy constant for the tapered end condition but were
more concentrated in the central -trca. Thus, tae specimens with restricting end conditions
had a nearly constant shear strain along its full length and is, therefore, a superior specimen
design.

Moire studits using losipcscu shear specimens h~ive been performed to evaluate the test
method, compare losipCscu spCtimens to double notched specimens, and combined experi-
mental/analytical studies.

The test method evaluation by Abdallah, ct al.- i was done on 0.24" thick 00 and 0/900
graphite/epoxy specimens. Moire results in Figure 30 show symmetry of the Iringes and areas
of constant Fringe spacing except hie 0" U displaicement field that shows an intersection
between fiber and matrix. The area of constant shear strain is quite small and the authors
state care should he taken in positioning and selecting sizes of strain gaige rosettes.
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The comparison study by Ifju and Post 57 was done on a thick-walled cylinder specimen of
graphite/epoxy [902/019. Two specimen geometries were cut and tested; an Iosipcscu geometry
and a double notch geometry. Resulting fringe patterns are shown in Figure 31. In the cen-
tral test area fringes are closely spaced and vertical in direction. A shear strain distribution
was extracted along a line connecting the notch tips. The resulting plot in Figure 32 shows a
more uniform shear distribution for the compact double-notched specimen than the Iosipescu
specimen, thus, the double-notch specimen is better suited for shear testing.

The combined experimental/analytical investigation by Pindera, Ifju, and Post 58 examined
deformation and stress fields in graphite/epoxy and boron/aluminum Iosipescu specimens, The
specimens were unidirectional 00 and 900 and the boron/aluminum was both annealed and non-
annealed. Shear strains in the specimen test sections were calculated from moire patterns
and graphed along with finite element analysis results; these are shown in Figure 33. There
was a very good correlation between the 0 and 900 graphite/epoxy specimens while the
boron/alumina showed a poor correlation. The authors suggested a nonlinear finite analysis
would improve this correlation. At high load levels the boron/aluminum U-field displacement
pattern exhibited a zigzag feature, as shown in Figure 34. This feature was on the order of
the boron fiber diameter and was more pronounced in the annealed specimen than in the
nonannealed specimen.

Mechanically Fastened

Fasteners such as rivets, bolts, and pins are used to attach composites to composites or
composites to metals. Factors that influenced the design of these joints (from the composite
point of view) are anisotropic stiffness, intcrlamina shear, and fiber type and form such as ran-
dom, woven, and unidirectional. Other influencing factors are geometry (width, end distance,
laminate thickness, and bolt diameter), bolt fit or tolerance, washer size, clamping force, and
type of load that is static, dynamic, or cyclic. These factors are commonly examined
experimentally on single bolt specimens loaded in double shear and tested to failure. Modes
of failure consist of bolt bending, bolt shear, tension, shear-out, bearing, and cleavage-tension.
The last four of these are shown schematically in Figure 35.

Moire has primarily been used to examine the strain distribution around single pin loaded
joints for various fiber oriciitations. Other uses have been to examine contact stresses be-
tween pin and composite, multiple pin loading, stress concentration relief, and effects due to
load spreading washers.

Oplinger,59 Koshide, 60 and Serabian and Oplinger61 used geometric moire to examine the
strain distribution aroundI single pin loaded joints. Oplinger's investigation included an analyti-
cal two-dimensional linear elastic boundary collocation scheme. Comparison of this analytical
scheme to moire showed that a 0/90() glass epoxy laminate was nonlinear in shear along a
prescribed locus of maximum shear strains (see Figure 36). Results also showed failures may
occur along lines having the same shape of the locus of maximum shear strain. Koshide
investigated the correlation between strain distribution and fiber orientation. Specimens were
graphite/epoxy cross-plied and woven-fabric. The fringe patterns for two load levels are
shown in Figure 37 along with the specimen and loading configurations. Bearing and net
section longitudinal strains were obtained for two load levels; results arc shown in Figure 38.
The authors stated that strain distributions were shown by moire to be influenced by orienta-
tion of fiber to load direction and shearing deformation arose in the 0/90') specimens but
not the ± 45( specimens. Scrabian and Oplinger61 examined the response of S-glass/epoxy
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specimens [0/9 0 )1,0]s and confirmed earlier work that nonlinear response must be taken into
account in stress analysis. A finite element analysis using nonlinear material properties with a
two-dimensional version of Hoffman's failure criterion highlighted the nonlinear effects of
material softening (see Figure 39).

Contact stresses in pin-loaded plates were investigated by Tsai, et al. 62 Moire h terferome-
try was used to obtain deformation fields very close to the pin-plate contact area allowing the
frictional nature of the contact to be examined. The specimen was graphite/epoxy [02/602-
6 0 21s with the 00 fibers parallel to the loading direction. The hole was cut with a diamond
core drill for pin clearance fit of 0.001". Resulting U- and V-field fringe patterns and con-
tact stress distributions are shown in Figure 40. An aluminum specimen was also tested and
showed similar stress distributions.

Cloud, et al. 63-66 used moire interferometry to investigate, stress concentration relief, two
fasteners in parallel and perpendicular to load direction, and effects due to load spreading
washers. The stress concentration relief study compared the effects of inserting thin bands of
plastic and aluminum in the hole of the pin loaded coupon. This showed it is possible to
reduce by approximately 90% the stress and strain concentration factors by inclusion of a thin
band of material having properties stiffer than the laminate. In the two fastener studies,
results showed reduction of stress concentration compared to a single fastener with the paral-
lel arrangement outperforming the perpendicular one. The load spreading study evaluated the
possibility of obtaining significant strain relief through the use of flat or conical load spread-
ing washers in combination with high and low torque. The high torque case performed better
than the low torque case and conical washers concave side up offered the best degree of
strain relief.

Other

Some applications of moire that did not fall into any of the categories mentioned above
examine residual strain, nonuniformities, and dynamic measurements.

The residual strain investigation was done by Lee, Czarnek, and Guo67 and Morton and
Post.68 They used moire interferometry for in-plane measurements and a Twyman-Green inter-
ferometer for out-of-plane measurements. The specimen was a thick graphite/epoxy ring cut
from a cylinder with a 0/90') layup of sequence [902/0)29/9021. Moire fringes were obtained
while the specimen was sliced and undercut to relieve stresses (see Figure 41). The magni-
tude of the residual strain was found to be on the order of 25% of the ultimate strain of
the material.

Nonuniformities in a composite panel was examined by Czarnck, Post, and Gue.69 They
loaded a panel in tension then adjusted a mirror in the optical arrangement to cancel the uni-
form part of the fringe pattern. The remaining pattern showed irregularities across the panel,
as shown in Figure 42. While most of the uniformities were randomly scattered across the
panel, there was a band showing some imperfection along a lamina orientation that could
have been caused by manufacturing defects, such as variations in fiber distributions or fiber
matrix volume. This method could be used for quality control inspection or a way to exam-
ine variations in material fabrication processes.

9



Dynamic applications of moire were done by Armenakas and Sciammarella, 70 Epstein,
Deason, and Abdallah,71, 72 as well as Hsu, Liu, Chiang, and Anastasi. 73 Armenakas and
Sciammarella examined the response of glass/epoxy specimens to high strain rates of tensile
load up to 30,000 in./in./min. The results showed a linear response of the modulus when
plotted against strain rate on a logarithmic scale. Epstein used moire interferometry to study
the transient wave propagation on the free surface of a 48-ply graphite/epoxy [0/901s specimen
impact geometry, and resulting fringe patterns are shown in Figure 43. A shear effect seen
in the fringe patterns results from modulus and wave speed differences in the 00 and 900
layers. Hsu used geometric moire coupled with a high speed digital camera and pulsed
copper vapor laser to examine the fracture toughness of a glass/epoxy compact tension
specimen. This study demonstrated the capabilities of the digital camera and rapid pulsed
laser in combination with moire.

DISCUSSION

The moire methods, especially moire interferometry, has been shown to be a valuable labo-
ratory tool in experimental mechanics of composite materials. Geometric and interferometric
moire provide the experimentalist with a wide choice of in-plane displacement measurement
sensitivities from 0.001" per fringe to 20 microinches per fringe thus allowing the sensitivity to
be chosen to suit the experiment. For composites, the high sensitivity of moire interferome-
try provides numerous displacement fringes for relative low load, thus the response of the
material can remain in the linear region. The areas that have been described here show the
flexibility of moire methods for understanding of composite material behavior.

A major limiting factor in applying moire, other than shadow moire, is that users are
restricted to the laboratory, and for interferometry a further restriction is to a vibration isola-
tion table. Also, specimens arc usually flat or only slightly curved and areas of only a few
square inches are interrogated due to optics and size of gratings. Even though these factors
limit the use of moire, numerous experiments have been conducted on specimens with flat sur-
faces under basic loading configurations as shown here and experimental results have sub-
stained elasticity solutions, worked hand-in-fiand with finite element studies, and have been
used to observe the response of materials under various loading configurations.

Moire experimental techniques will continue to improve in sensitivity and ease of use
along with improved methods of extracting data from fringe patterns. The general application
areas described here should continue with added emphasis on correlation of experimental re-
sults with finite element modeling and analysis, verification of standard test specimen configura-
tions, interlamina and interfacial shear, and mechanical fastening experiments extended to
adhesive joints. Some particular applications could be for edge examination of bolted joints,
examination of crack tip in three dimension with extreme magnification and sensitivity, and
measurement of dynamic events such as impact loading and crack propagation. Application of
moire will continue to grow due to the demand being put on composite materials by design
engineces.
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Figure 1. Typical gratings of straight parallel lines (top), crossed lines (center),
and dots in square array (bottom), (Ref. 2).
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Figure 2. Formation of moire fringes without relative rotation of the grating
(top, Ref. 2), and moire fringes formed by parallel gratings of slightly different
pitch, (bottom, Ref. 1).
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Figure 9. Diffraction gratings are comprised of regularly spaced bans or furrows.
Cross-sectioned views (b), (c), and (d) illustrate transmission gratings, while (e), (f),
and (g) illustrate reflection gratings; (b) and (e) represent bar and space gratings
called amplitude gratings; (c) and (f) represent symmetrical phase gratings; (a) and
(g) represent blaze phase gratings; (h) illustrates a cross-lined grating, which can be
either amplitude or phase type, (Ref. 12).
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Figure 11. Intersection of two mutually coherent beams produce a
virtual grating of pitch g, (Ref. 8).
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Figure 12. Moire interferometry optical arrangement using a plane mirror to
form the virtual reference grating, (Ref. 8).
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Figure 13. Four beam optical arrangement to produce the Nx pattern with beams
C' and D' and the Ny pattern with beams A' and B', (Ref. 12).
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Figure 14. Folded three beam optical arrangement (Ref. 74).
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Figure 15. (a) Optical arrangement and (b) formation of virtual reference grating:

(1) HeNe laser, (2,5,8,9,12) plane mirror, (3) camera shutter, (4) beam expander,

(6) parabolic mirror, (7) beam splitter, (10) specimen grating, (11) collimating lens,

and (13) film plane, (Ref. 43).

microscope wedge

specimen

Figure 16. Proposed optical arrangement, with shallow wedge for ultra-high
frequency moire, (Ref. 15).
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Figure 20. Moire interferometry on an internal free edge, specimen geometry and
loading (top), and fringe pattern of the axial (x) displacement in the region A, for a
load of 60kN (bottom), (Ref. 41).
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Figure 21a. Displacement concentrations due to impact damage and cyclic load,
x-direction, y-direction, and 45-deg. direction (left, center, and right respectively),
(Ref. 43).

Figure 21b. Damage onset; before damage (left) and after damage (right), (Ref. 43).
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Figure 22. Buckling deformation recorded by shadow moire 25kN load (left), and
delamination growth (right) at 83.9 kN load, (Ref. 45).
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Figure 24. Experimental/Theoretical comparison of strain distribution in a plate with
a hole, (Ref. 48), (A) Moire fringe pattern, glass/epoxy specimen, (B) Mech3nica' dif-
ferentiation of moire fringe patterns,
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Figure 25. Displacement fields in fatigue - damnaged graphite/epc <y composite

'specimen, (a) specimen geometry, (b) 45-dleg. top ply, (c) and (d) 0-deg. top ply
(Ref. 49).
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Figure 26. Residual deformation in a fatigued composite specimen,
(a) V-displacement field, and (b) W-displacement field, (Ref. 50).
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Figure 27. Displacement fringe patterns V (top left) and U (top right) for metal
matrix specimen with a central slot, and normal and shear strains along the y-axis
(bottom), (Ref. 51).
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Figure 28. U-displacement field for quasi-isotropic composite in 3-point loading
(top), and unidirectional composite in 5-point loading (bottom), (Ref. 57).
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Figure 29. Rail shear loading, (a) specimen, (b) U and V fring,. patterns, and
(c) shear strains along individual plies, (Ref. 55).
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Figure 31. U and V displacement fringe patterns for double notched specimen
(top), and losipescu specimen (bottom), (Ref. 57).
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Figure 34. U-displacement field in the notch area of boron/aluminum 0-deg.
Iosipescu specimens, (Ref. 58).
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Figure 35. Failure modes in a single bolt joint, (Ref. 32).
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Figure 36. Results of moire experiments on pin-loaded 0/90-deg. glass/epoxy
specimen, (Ref. 59); (A) - Moire axial displacement field, (B) - Comparison of
predicted and measured shear strain distribution. (C) - Failure characieristics.
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Figure 37. Cross-plied and woven fabric composites of 0/90-deg. and +45/-45-deg.

laminates, moire fringe patterns, and specimen and loading geometry, (Ref. 60).
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Figure 38. Strain distributions along x and y axes for cross-plied and
woven fabric comnposites, (Ref. 60).
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Figure 39. Experimental/numerical comparison of pin-loaded 0/90
glass/epoxy specimens, (Ref. 61).
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Figure 40. Moire fringe patterns of pin loaded graphite/epoxy specimen U-field
(top left), V-field (top right), and contact stress distribution (bottom), (Ref. 62).

49



Cut #2•

• • \"40.9 rmm

gratintg #S

k "cut, #1"

SNI,

U V

Figure 41. Residual strain, relieved by slicing and under-cutting
a thick composite, (Ref. 69).
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Figure 42. Moire fringe patterns representing nonuniformities of a tensile loaded
panel, the fringe pattern on the right is a result of a small positive change of the
reference grating, (Ref. 69).
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Figure 43. Transient wave propagation, impact geometry (top), and fringe patterns,

before and after longitudinal pulse interaction, bottom left and bottom right respec-

tively, (Ref. 71).
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