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THERMAL EXPANSION OF COMPOSITES USING MOIRE INTERFEROMETRY
(ABSTRACT)

A new experimental technique for precise measurement of the
thermal response of fiber-reinforced composite materials is presented.
The technique uses moire interferometry with fringe multipiication
which yieldss a sensitivity of 833 nm (32.8 uin.) per fringe. Results
from the technique are compared with those obtained from electrical
resistance strain gages, and also those predicted from classical
lamination theory.

The investigation has shown that moire interferometiry is an
effective and accurate technique for the determination of temperature
dependent coefficients of thermal expansion for composite materials
subjected to thermal cycling in the temperature range of 297 K (75°F)
to 422 K (300°F). Coefficients of thermal expansion were determined
for four laminate configurations ([0], [90], [0/i45/90]s and
[0/90/145]5) of T300/5208 graphite epoxy, and ranged from -0.107 ueK']
(-0.059 weF™!) for the [0] laminate to0 32.16 wek™' (17.88 ue®F™')
for the [90] laminate. Moisture was found to greatly influence the
thermal response of a quasi-isotropic laminate, resulting in
hysteresis and residual compressive strain as the moisture content
was reduced.

Comparisons between moire and strain gage measurements were
inconclusive with both techniques giving consistent but systematically
different results. Differences of as much as 29% were observed.
Lamination theory predictions compared reasonably well with experimental

results, but were sensitive to changes in elastic property data.
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Chapter 1
INTRODUCTION

1.1 Background

One of the most important reasons for the use of fiber-reinforced
composites is the capability to tailor the material properties to
achieve the desired structural performance. This material design
capability, combined with the high specific strength and stiffness
properties of composites, has led to widespread use of these materials
in aerospace applications as well as increasing usage in the commercial
aviation and automotive industries. Recently, there has been an in-
creased use of composites in applications where the thermal response
is an important consideration. Composites have the advantage that their
thermal expansion properties, as well as their strength and stiffness,
can be designed to meet specific applications. Trade-offs between
these properties must often be made in order to obtain the optimum
design. However, composites provide a much wider range of options
than conventional materials.

One example where the need to control the thermal expansion
properties of a structure is an important design consideration is space
erectable antennas. For this particular application, the dimensional
stability of the supporting structure is critical to the performance
of the antenna. By utilizing fiber-reinforced composites, structures
may be designed to have “near zero" thermal expansion in a specified

direction over a fairly large temperature range. This produces a
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dimensionally stable structure during the cyclic thermal loading of the
structure in 1ts space environment.

A second example of the importance of thermal properties is the
large scale orbiting space structure, an application of composites that
NASA is currently pursuing. While in its orbit, this large space
structure will be subjected to thermal cycling, and in many instances,
large thermal gradients will be present over the structure. This is
because portions of the structure are being subjected to direct sunlight
while other portions are shaded. Small thermal strains which have not
been accounted for in the design may cause very large deformations and
stresses when amplified over a large structure.

The thermal behavior of fiber-reinforced composites subjected to
thermal loading must be well understood if composites are to be
successfully applied to applications where dimensional stability is
critical. Therefore, reliable experimental methods for determining
the thermal behuvior or these materials are needed. Analytical methods
and models ‘r predict composite thermal behavior and to extrapolate
this information to predict the response of the entire structure are

also essential.

1.2 Purpose of Investigation

1.2.1 Experimental

Because of the nature of the current applications of composite
materials, it is clear that an experimental method for determining their

thermal response must have the capability of measuring both very small




and quite large thermal strains with a high degree of accuracy and
reliability. It is also desirable that the method be capable of measure-
ment while the material is subjected to various types of loading,
including cyclic and static thermal loading, and combined thermal and
mechanical loading. In addition, the method should be inexpensive and
easy to maintain and operate. Of the presently available techniques,
no single one meets all of these criteria. Techniques that are capable
of handling various loading conditions while being easy to use, such as
strain gages, may not provide the needed accuracy for some applicaticns.
Likewise, currently existing techniques employed for their high degree
of accuracy rely on measuring the displacements of the ends of the given
specimen. This can introduce error due to contact and other end effects.
In addition, these techniques are often limited in the specimen
geometries which can be analyzed, and are frequently sensitive to their
surroundings. A1l of the existing methods will be described in detail
in the following chapter.

After studying the available methods, an optical technique based
on tie moiré method was selected. The particular method used has
increased sensitivity over the classical moire technique. It is a
full-field technique, which allows the examination of a finite region
of the specimen, and is independent of end effects. It is also
applicable for a variety of loading conditions and specimen geome-
tries, and the experimental set-up is relatively insensitive to
its surroundings. The rationale behind the selection of this experi-

mental technique over other methods, the details of the experimental
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procedure, and the experimental results will be presented in later
chapters.

1.2.2 Analytical

In addition to the need for accurate experimental data for composite
thermal response, reliable analytical methods to predict the thermal
response of laminated composites are also needed. This is because
there is an infinite number of possible composite l1aminate configura-
tions, and it is therefore impossible to experimentally test them all.
The analytical method used in this investigation is based on classical
laminated plate theory, taking into consideration the temperature-
dependent nature of the thermoelastic properties of a lamina. Included
in this analysis is the effect of small variations in the ply orienta-
tions for various laminates. This not only affects the laminate
coefficient of thermal expansion vaiues (hereafter referred to as
CTE values), but may also cause the laminate to become unsymmetrical,
thus giving rise to coupling between extensional and bending behavior
upon heating. The formulation of this analytical method considering
the above-mentioned effects will be presented in some detail, and

the predicted -and experimental results will be compared.
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Chapter 2
SURVEY OF METHODS FOR MEASUREMENT OF THERMAL EXPANSION

There is a wide variety of existing techniques for measuring
thermally induced strains in materials. Resolution capabilities of
these techniyues range fr'om-lo'6 meters to fractions of a wavelength
of light (< 1078 meters). Their usage usually depends upon the
specific requirements of the measurement to be made. The desired
requirements for measurement of thermal strains in fiber-reinforced
composites may be summarized as follows:

1. the methcd should have the capability to measure very

small as well as intermediate strains with a high degree
of accuracy;

2. 1t should be capable of measuring strains under static
and cyclic thermal loading, as well as combined thermal
and mechanical loading;

3. it should be easy to maintain and operate without the
need of complicated experimental equipment and
procedures.

The available techniques can be divided into three general
categories: electro-mechanical, optical non-interferometric, and
optical interferometric techniques. Wolff [1] presented a comprehensive

discussion of the available methods, 1isting such parameters as resolu-

tion, range, and accuracy of each, as well as discussing their




advantages and disadvantages. A brief summary based on Wolff's paper

follows.

2.1 Electro-Mechanical Techniques

The two methods of primary importance which fall in this category
employ the resistance strain gage and an LVDT (linear variable dif-
ferental transformer) used as the sensing device on a quartz tube
dilatometer.. These two methods differ greatly, the first being
essentially a point measurement technique, and the second employing
the entire specimen length.

The fundamentals of the operation of a resistance strain gage
will not be discussed here, but rather, some of the advantages and
limitations of their use for measuring thermal strains will be given.
A detailed description of resistance strain gages is given in reference
{2]. Briefly, when the test temperature changes during a test (which
is obviously the case for a thermal expansion test), the most
important factor that must be considered is the apparent strain induced
in the gage by this temperature change. To obtain the true thermal
strain of the specimen, this apparent strain must be known in order
to correct for it. (A detailed description of apparent strain is given
in reference [3] and an outline of the equations and procedures used
to correct for it in thermal expansion tests are given in Chapter 5).
The basic procedure is to bond an identical gage on a materiai whose
thermal expansion is well known. When this material undergoes some

temperature change, the apparent strain in the gage may be computed,

o
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since the true thermal response of the material is known. Assuming
identical gage and bonding on the test specimen, this method assumes
that the apparent strain of the gage is identical to that already
determined, and thus the true thermal response of the sample can be
determined.

The assumption of identical gages on the specimen and on the
material of known thermal expansion behavior is one of the limita-
tions to this method. No two gages are exactly identical, and in addi-
tion, no two gages are bonded to a specimen in exactly the same manner
with the same amount of adhesive. This can lead to significant errors
in the calculation of the thermal response of the specimen, especially
when the strain levels of interest are small, as in the case of
unidirectional and selected laminate orientations of graphite-epoxy
composites. Other errors associated with resistance strain gages are
caused by cyclic effects on the gage adhesive and reinforcement effects
from the gage. The main advantages of resistance strain gages are
their ease of use and the fact that they are applicable to a wide
variety of specimen geometries and loading conditions.

Semiconductor strain gages also fall into the category of electro-

mechanical techniques. They have a higher sensitivity than resistance

strain gages, making them capable of measuring smaller strains. However,

they are also much more sensitive to temperature changes [1], making
the correction factors less reliable.
LVDT's as the sensing device on a dilatometer is a common

procedure used to conduct thermal expansion meacurements. The basic
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theory of operation of an LVDT is described in reference [2]. In
practice, a voltage is induced in the secondary winding by the axial
core position of the transducer, after which 2 D.C. output, proportional
to the position of the core, is monitored [1]. The basic construction
and operation of the dilatometer to which the LVDT is used as a sensing
device is given in the ASTM E228 standard test method [4]. It consists
primarily of a pushrod resting on one end of the specimen. The other
end of the specimen rests on a base. This apparatus is placed in a
furnace, and the movement of the pushrod corresponds to the expansion
of the specimen. Since corrections must be made for the expansion of
the apparatus itself, both the pushrod and the base are generally made

of quartz, because quartz has a low and well known coefficient of

~ thermal expansion. The LVDT is then positioned such that the motion

of the pushrod produces a motion of the LVDT core. An advantage of

this technique is that the resolution is limited only by the accuracy
with which one is able to measure a D.C. voltage. Some of the dis-
advantages of this method include a limit on the specimen size and shape,
limited loading conditions, heating effects on the LVDT, and contact
errors between the specimen and pushrod, as well as between the push-

rod and LVDT.

2.2 Optical Non-interferometric Techniques
The technique in this category that is most often employed for
the measurement of thermal strains in fiber-reinforced composites is

an optical-mechanical lever-type device used in conjunction with a
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standard dilatometer. This technique is described in detail by
Freeman and Campbell [5]. Its basic operation consists of a rotatable
prism through which the movement of the pushrod is transmitted and
magnified. Light is passed through the prism and a lens system which
further magnifies the displacement. As in the case of the LVDT, the
main disadvantages to this technique are the limited size and shape of
the specimen, limited loading conditions, and contact errors between
the pushrod and specimen ends. The accuracy of this method is stated

as 5 ue for a two inch long specimen [5].

2.3 Optical Interferometric Techniques

The four main types of interferometric measurements that are
applicable for thermal expansion measurements are the techniques of
conventional interferometry (two-beam and multiple reflection),
holographic interferometry, speckle interferometry, and moiré interfero-
metry. The basic operation for any interferometer is the recombina-
tion of two light beams (derived from a split beam) into a third beam
whose intensity varies cyclically as the optical path length of one
beam changes relative to the other; one cycle of intensity change
corresponds to one wavelength change of optical path length. In
practice, an interferometric technique yields a fringe pattern, seen
as alternating dark and light bands, which changes its spacing and
orientation as the specimen being studied expands or contracts. By
using fringe interpolation techniques to detect small fractional fringe
movements, the sensitivity of these methods becomes a small fraction of

a wavelength.
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The experimental setup for both two-beam and multiple reflection
interferometers are similar. Both employ two reflecting surfaces
connected to the specimen such that one of them is displaced relative
to the other as the specimen expands or contracts. Wolff [1]
describes three different interferometers that can be used for thermal
expansion measurements, these being the Michelson, Fabry-Perot, and
Fizeau interferometers. ASTM standard test method E289 [6] also
describes the experimental procedure for a Fizeau interferometer
for measuring the thermal expansion of rigid solids. The basic sensi-
tivity of both two-beam and multiple reflection interferometers is
A/2 per interference fringe, where A is the wavelength of the light
being used as the source. There is a difference in the resolution that
can be achieved with the two methods. In the two-beam interferomeier,
interference between the two beams give rise to a third beam whose
intensity varies sinusoidally, producing fringes of equal widths (i.e.
the width of the dark and light bands are the same). Interferometers
using multiple reflections produce a beam whose intensity varies in a
spiked fashion. In this case, the fringes are not of equal thickness,
but rather, are very narrow bands of interference. This increases the
degree of accuracy to which the center of these bands may be
determined, thus increasing the accuracy with which fractional fringe
shifts may be observed. This results directly in an increase of
resolution obtainable by the technique.

In both types of interferometers, some type of reflecting surface

is attached to the ends of *the specimen. Thus, the measurement will

-df
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include any contact errors that result from this attachment. Wolff and
Eselun [7] describe a "contactless" double Michelson interferometer for
thermal expansion measurements. This is a very elaborate test setup,
aiid the use of signal processing yields sensitivities in the range of
A/1000 per fringe. To minimize these contact errors, specimen dimen-
sions are very critical. This places severe restrictions on the types

of specimen geometries that can be studied. This is demonstrated in

ASTM E289 [6] which suggests several specimen geometries. It would be
quite difficult to fabricate any of these from fiber-reinforced
composites. Another limitation to these techniques is the elaborate
test setups needed in order to perform the measurement. However, these
interferometers have a major advantage in that they offer the highest
resolution of any of the measurement techniques used at this time.

A brief description of holographic and speckle interferometry
is given by Wolff [1]. Neither of these two methods have the sensitivity
of the conventional interferometers described above, and in both cases,
the test setup is relatively elaborate. For these reasons, no further
discussion of these methods will be given here.

Moiré interfercmetry, in the conventional sense, is accomplished
by placing two gratings of nearly equal pitch (distance between grating
lines) in series. In practice, cne of these gratings is rigidly at-
tached to¢ the specimen (specimen grating) such that its deformation
is the same as that of the surface of the specimen, while the other
grating (reference grating) remains undeformed. When this system is

illuminated and the specimen is deformed in some manner, a fringe
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pattern results in which the displacements of the specimen surface are

given by

d = Ng,. (2.1)

where d is the displacement component of a point on the surface of the
specimen normal to the reference grating lines, N is the change in
moiré fringe order at that point, and 9, is the pitch of the reference
grating. Chiang [8] gives a very thorough description of the theory,
application, and interpretation of this type of moiré interferometry.
The sensitivity of this method, as shown in equation 2.1, is governed
by the pitch of the reference grating, which in this case is the same
as the specimen grating pitch. Therefore, the sensitivity of this
method is limited by the pitch of the grating that is attached or
replicated on the surface of the composite. There is a practical limit
to the pitch of a grating that can be replicated on the specimen. This
limit yields sensitivities in the range of 25.4 um (1000 u in.) per
fringe to 2.54 um (100 y in.) per fringe [9-14]. A discussion of all
of the previous uses of moire strain analysis as applied to composites
will be given in Chapter 3.

Post [15-18] has developed a fringe multiplication technique that
can be used to greatly increase the sensitivity from that of the
conventional moiré method. By using a specimen grating whose pitch
is Bg times that of the reference grating, and by isclating and
analyzing specific diffraction orders, the sensitivity is increased

Bg times that of the conventional moire method. This shows that the
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sensitivity depends only on the pitch of the reference grating and is
independent of the pitch of the specimen grating. Bg is called the
fringe multipiication factor, and is a whole integer. It follows that
relatively coarse (large pitch) gratings may be used as the specimen
grating, while a much finer (small pitch) commercially available
grating may be used as the reference grating. Reference gratings are
available commercially that will yield sensitivities of the same order
of magnitude as A, and therefore approach the sensitivity of convention-
al two-beam interferometry. This corresponds to a sensitivity in the
range of 635 nm (25 ypin.) per fringe. Fringe interpolation techniques
may then be used for increased resolution to yield more precise
measurements.

The advantages of the moire method utilizing the fringe mulitpli-
cation technicue of Post may be summarized as follows:

1. it is a purely geometrical measurement technique;
resolutions in the range of 5 ue may be obtained;

unknown specimen end effects can be eliminated;

oS (9% ~N
. . .

the technique yields full field observation permitting
measurement of end and edge effects;
5. it is applicable to various specimen geometries and
loading conditions;
6. the technique is easy to impliment and inexpensive.
For these reasons, it was decided to pursue this basic technique in

developing a practical methou for measuring the thermal response of
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fiber-reinforced composites. Details of the theory and implementation

will be presented in Chapter 5.
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Chapter 3
LITERATURE REVIEW

Considerable research has been conducted on the thermal expansion
benavior of fiber-reinforced composites, including both experimental and
analytical investigations. The first section in this chapter provides
a brief summary of tie more relevant research in this area. The second
section briefly describes research that has been conducted concerning
the application of nioiré methods of strain analysis to composite
materials. Although none of the research in the area of moire strain
techniques is directly concerned with measuring thermally induced
strains, it is felt that a discussion of the technique applied to
composites should be included. Many of the procedures and advantages
that are discussed apply directly to the measurement of thermal strains

in composites.

3.1 Thermal Expansion of Fiber-Reinforced Composites

The majority of the early research [19-23] (which took place in the
1960's and early 1970's) deait primarily with predicting the thermal
response of an individual lamina from the thermoelastic properties of
its constituents (i.e. fibt«r and matrix). These predictions are based
on analytical models derived by making certain assumptions concerning
the behavior of the fiber and matrix, and their interactions when ex-
posed to a temperature change. This method of analysis is most
commonly referred to as micromechanics; a description of several

microinechanics models will be discussed in Section 4.1.

15




Considerable experimental work has also been conducted in the
above-mentioned area in order to assess the validity of these analyti-
cal models. Numerous researchers [23-29] have conducted experiments
in which CTE's of unidirectional composites, both parallel and trans-
verse to the fiber direction, have been measured. in most instances
these meacurements were made using either conventional interferometric
techniques, or quartz dilatometers with sensing devices capable of
detecting small length changes, giving the dilatometer the capability
of measuring the very small strains which are usually encountered in
the fiber direction of unidirectional composites. B8oth techniques are
described in Chapter 2. The results of some of these experiments will
he presented in conjunction with the theoretical predictions in
Section 4.1. Experimental research [24,25,27-30] has also been
conducted on off-axis unidirectional panels to show that the lamina
CTE's, ) and % obey a standard second order tensor transformation
law.

Experiments have also been conducted on multilayer composite
laminates. Work in this area range. (ruw comparing the results on
angle-ply laminates with predictions from lamination theory (25,28,30],
to fabricating and testing laminates designed to exhibit isotropic
expansion [26,31,32]. Freeman and Campbell [5] conducted a rather
extensive experimental program on various graphite-epoxy systems
fabricated into unidirectional and various laminate configurations.
Measurements made using a dilatometer with an optical-mechanical

lever sensing device were compared to those taken by resistance
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strain gages. Such variables as the effect of moisture and thermal
cycling, and the applicability of strain gages for measuring thermal
strains on composites were also discussed.

Hyer and Hagaman [33] conducted an extensive series of tests
to study thermal cycling effects on c-aphite-polyimide composites.
Bending and axial strains were measured with resistance strain gages
on curved unsymmetric laminates when subjected to repeated thermal
cycles. Strain gage measurements were also made on flat unidirectional
specimens and on titanium silicate (used as a reference to correct for
thermal effects of the gage) which were subjected to repeated thermal
cycles. This study gave not only insight into the thermal expansion of
graphite-polyimide, but also served as a valuable source of data on the
applicability of strain gages to measure thermal strains in ccmnposites.
Results, when applicable to the present work, will be discussed in
Chapter 6.

Eselun et al [34] investigated the effects of matrix micro-
cracking on t ~» thermal expansion of graphite-epoxy tubes. Thermal
expansion measurements were made with a modified Michelson interferometer
and microcracking was detected by both optical and acoustical techniques.

Analytical investigations have been conducted for the purpose of
designing laminates for near-zero thermal expansion [35]. For various
graphite-epoxy systems, it has been shown that by selecting the
appropriate ply angle (by mean of classical lamination theory) in a
[Oi/te]s symmetric laminate, a zero CTE may be obtained in one direc-

tion. However, the resulting CTE in a perpendicular direction may be




18

quite large. Sensitivities of this near-zero CTE to small variations
in ply orientation have also been shown in reference [35]. A factor
that was not discussed is that variations in ply orientation may cause
the laminate to become unsymmetrical, thus causing a coupling between
bending and extension upon heating. This may cause significant
problems when the measurement technique relies on the relative displace-
ment of the specimen ends. Reference [35] also discussed the
sensitivities of these lamiantes to changes in elastic properties, as
well as methods of obtaining near-zero CTE laminates by replacing a
percentage of the graphite fibers with a fiber of a different CTE but
equal stiffness, to maintain structural efficiency.

Reference [36] describes the deveiopment of an analytical model
to predict combined laminate thermal and mechanical response. This is
a non-linear analysis in which the total strain cannot be separated
into the mechanical strain and free thermal strain. Thus, a2 laminate
coefficient of expansion as described in Chapter 4 may not be correct
for laminates which are both mechanically and thermally loaded.
Experimental tests were conducted on a graphite-polyimide [345]S
laminate with thermal and mechanical strains measured with resistance
strain gages. The authors state that numerical agreement between
experimental and analytical results is only fair.

The above cited literature indicates that an accurate, reliable,
and easily employed test method for measuring thermal strains in
composites is needed. Test methods that provide accuracy and re-

liability often limit the specimen geometry and loading conditions
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that can be examined. In particular, methods such as classical inter-
ferumetry or dilatometry with accurate sensing devices which rely on
measuring the relative displacement of the specimen ends, are subject
to inaccuracies due to the edge effects that exist in composites. They
are also incapable of separating bending :ind extension behavior which
may exist in supposedly symmetric laminates with ply ﬁisorientations.
Resistance strain gages do not suffer from these limitations, but their
accuracy and reliability for measuring small thermal strains is
questionable. The moiré method that has been pursued in this work

does not suffer from these limitations, and does provide the needed

accuracy and reliability.

3.2 Moiré Strain Analysis of Composites
Although the moire technique has been widely used for strain
measurements, no information could be found in the literature on using
the moire technique to measure the thermal expansion properties of
composites. Because many of the same procedures apply to thermal expan-
sion measurements, a brief description of this research will be given.
Pipes and Daniel [9] applied moiré strain analysis techniques
to study interlaminar edge effects in composites. A graphite-epoxy
composite was used in the study, with the laminate configuration
chosen so as to maximize the edge effect. A thin layer of aluminum
was first vacuum deposited on the surface of the specimen. A 39
line per mm (1pmm) (1000 line per inch (1pi)) grating was then photo-

printed on the surface by a photoresist process. The specimens were

eI Lo
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loaded mechanically, and fringe patterns were photographed in a conven-
tional moire setup, thus yielding a sensitivity of 25.4 um

(1000 pin.) per fringe. Experimental results agreed well with
elasticity solutions in predicting the edge effect phenomenon. Because
the moire technique provided a full-field observation, the extent to
which the edge effect extended into the center of the specimen could

be easily observed.

Daniel and Rowlands [10] used moiré techniques for the determin-
ation of strain concentrations of composite plates with holes. A
thin film with a 39 1pmm (1000 1pi) grating etched in it was bonded
onto the surface of a glass epoxy composite. These films were bonded
in two perpendicular directions to produce a crossed grating, thus
allowing for the determination of two orthogonal in-plane displacement
components. The specimens were loaded and fringe patterns were
photographed in a conventional moiré technique. The results were then
used to determine stress concentration factors. Again, the main
advantage of the moiré technique for this application was that it
yielded full-field displacement information.

Chaing [11] used the moire technique to study crack growth in
composites. Twelve 1pmm (300 1pi) crossed gratings were applied to
notched double cantilever fracture specimens of unidirectional
fiberglass. Cracks that initiated at the notch tip were studied by
using the moire fringe patterns to determine the crack length and the
strain distribution around the crack tip. Again, moiré was chosen

because it yields fuli-field displacement information, but the
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sensitivity (approximately 83.8 um (3300 pin.) per fringe) limited
the experiment to more qualitative than quantitative information.

Oplinger, Parker, and Chiang [12] have also applied moiré methods
to the study of edge effects in composite laminates. Gratings on thin
films were bonded to both the face and to the edge of boron-epoxy and
graphite-epoxy angle-ply laminates. Thirty-nine 1pmm (1000 1pi)
gratings were bonded on the surface, while 100 1pmm (2540 1pi)
gratings were bonded on the edge. The specimens were mechanically
loaded and surface displacements were computed from the moire fringe
patterns. These experimentally determined surface displacements were
compared to theoretical bredictions of displacements incorporating the
edge-effect phenomenon. A moiré technique was chosen for this applica-
tion because it allowed the full-field determination of displacements
along the narrow edge (2.16 mm (.085 in.)) of the composite. Again,
the degree of quantitative information that could be obtained was
somewhat limited by the sensitivity of the method, in this case, 25.4
um (1000 pin.) per fringe on the surface and 10 um (400 uin.) per
fringe on the edge. |

Marchant and Bishop [13] developed and used a moire technique
on graphite-epoxy specimens. The specimen was coated with a
photoresist and then exposed to two superimposed coherent
collimated beams of laser light. Exposure to these two superimposed
beams produces an interference pattern which results in a grating
being formed on the photoresist-coated specimen. Gratings of almost

any pitch, as well as crossed gratings can be easily formed. The
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specimen, while under load, is then viewed in the same optical system
used to produce the grating, thus having the effect of two gratings in
series. Whan the specimen is loaded and its pitch changes, moiré
fringes are formed. For this particular study, a unidirectional
graphite-epoxy plate with a transverse notch cut in the center was
used. A crossed grating with a pitch of approximately 350 1pmm
(9000 1pi) was formed on the surface of the specimen. The specimen
was loaded perpendicular to the notch, and the moiré fringe pattern
was used to determine the displacement field around the notch. This
technique was unique in the way in which gratings were formed on the
specimen and in the manner in which the specimen was illuminated to
form the moiré fringes. The sensitivity of this particular application,
approximately 2.8 um.(llo uin.) per fringe, was much better than that
obtaired with the previously-mentioned research.

Daniel, Rowlands and Post [14] have applied both conventional
and fringe multiplication moiré techniques to strain analysis in
composites. In the conventional technique, gratings of 39 lpmm
(1000 1pi) were photoprinted on glass-epoxy anc boron-epoxy laminates
by a photoresist process. In the case of the boron-epoxy, a smocth
surface first had to be cast on the composite. A thin layer of
aluminum was then vacuum deposited to increase the reflectivity before
the photoresist process could be used. These specimens were viewed in
series with a 39 1pmm (1000 1pi) reference grating to produce moiré

fringe patterns when the specimen was loaded. This technique was used

to study strain distributions around composites plates with holes in them.
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The authors used the same specimen preparation for the fringe
multiplication technique. A 20 dot per mm (500 dot per inch) grating
was then applied to the specimen by the same photoresist method. The
specimen was then placed in the test machine and loaded. Replicas of
the deformed specimen grating were made by photographing the specimen
with a special distortion-free camera. The magnification was adjusted
so as to produce a 20 1pmm grating on the photographic plate from the
20 dot per mm grating of the specimen. These replicas of the specimen
grating were then analyzed in an optical setup with a 200 1pmm (5080
1pi) reference grating te produce fringe multiplication by a factor of
10. This resulted in a measurement sensitivity of approximately 5 um
(200 pin.) per fringe. The fringe multiplication technique was
developed by Post [15-18], and the details of its operation will be
discussed later.

In all of the above instances, the moiré technique was chosen
because it provided full-field displacement information, which is
essential in studying non-homogeneous strain fields. This is of
particular interest in the field of composites, where non-homogeneous
strains exist at free boundaries. The main drawback in the use of
moiré techniques is the limited sensitivity, but this can be greatly

increased by fringe multiplication methods.




Chapter 4
THEORETICAL CONSIDERATIONS

The fundamental building block of any fiber-reinforced material is
the composite lamina which is composed of parallel fibers embedded in a
matrix material. Individual lamina are then stacked together with the
directicn of the fibers in each lamina varying from layer to layer.
This forms the composite laminate which may then be used for the desired
structural application. The process of forming the composite laminate
from individual laminae is known as curing, a description of which may
be found in reference [37]. Two different analytical approaches are
required in the analysis of these laminates. First, the behavior of the
lamina must be related to the behavior of its constituent properties,
i.e. the fiber and matrix. Secondly, the behavior of the laminate must
be related to the behavior of the individual lamina and the geometry of
their assemblage. The first analytical approach is commonly referred

to as micromechanics while the second is referred to as macromechanics.

4.1 Micromechanics

Because the main thrust of this investigation is concerned with
Lthe thermal response of composite laminates, only those relations
describing the CTE of the lamina in terms of the thermoelastic proper-
ties of the fiber and matrix will be discussed. Similar relationships
have been derived for the elastic properties of the lamina in terms of
constituent properties and may be found in the literature.

There are several basic assumptions concerning the behavior of the

24
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fiber and matrix which are used in the development of these micro-
mechanics relations. They may be stated as follows:

1. the fibers are homogeneous, linearly elastic, and

isotropic or traasversly isotropic, depending on the
fiber being studied;

2. the matrix is homogeneous, linearly elastic, and isotropic;

3. there is a perfect bond between the fiber and matrix.

The fiber and lamina coordinate system that will be used is shown in
Fig. 1.

Numerous researchers [19-23], using different methods of analysis,
have all derived essentially the same relationship between the longi-
tudinal CTE of the lamina and the constituent properties. The relation-
ship may be written as follows:

_orLErlYE * bV (4.1)

=
LR

where ap and EFL are the CTE and elastic modulus, respectively, of the
fiber in the longitudinal direction. The terms % and Em are the CTE
and elastic modulus of the matrix, respectively. Volume fractions of
the fiber and matrix are denoted by VF and Vm. respectively. It is
basically a rule of mixtures relationship with elastic modulus included
in each term.

There are several relationships given in the literature [12-26]
for the transverse CTE. Many of these make the assumption that the
fiber is isotropic, which is valid for fibers such as glass. This

assumption, however, becomes invalid when the fiber reinforcement is a
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high modulus graphite fiber where the CTE of the fiber is highly aniso-
tropic. Knibbs et al [23] derived a formula for the transverse CTE

taking into account the fiber anisotropy, which may be written as

ap * “FTVF + am\lm“ + vm) (4.2)

where act is the CTE of the fiber in the transverse direction, and
n is Poisson's ratio of the matrix. They stated that the above rela-
tionship does not hold for small fiber volume fractions or for fibers
with high longitudinal expansion. Fiber properties were approximated
from graphite single crystals and used in Equ. (4.2) to compute -
Their results were compared with experimentally determined values,
showing reasonable agréement.

Schneider {21] gave a rather complicated form of an exprassion
for the transverse CTE, and Kalnin [26] modified this expression
for the case of anisotropic high modulus graphite fibers. Kalnin used
this expression in conjunction with experimentally determined values
of Gys G and % for a high modulus graphite epoxy to compute %L
and ey His results compared reasonably well with the values
approximated from a single graphite fiber by Knibbs [23] for ap -
However, there was approximately 30% difference between the approximated
value and the computed value for Spr

Chamberlain [22] derived the following expression for a5 assuming
transversly isotropic fibers,

o + 2apr=ap Ve

I T E A (L I I e 8 C Y S
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where VELT is Poisson's ratio of the fiber in the L-T plane, and F
is the packing factor, equal to 0.9096 for hexagoral packing

and 0.7854 for square packing. Rogers et al [24] used the above
equation in conjunction with an experimentally determined value of
an and approximated values of acy and g (obtained from single
graphite crystals) to compare predicted and experimental values of
o and ay. The results agreed reasonably well.

Stife and Prewo [25] used Equ. (4.3) to compare experimental
and predicted results for Kevlar/epoxy. They also compared results
obtained from a modified version of an expression for the transverse
CTE given by Schapery [19]. The nodification consisted of repiacing
ag with acts thus making the expression applicable to transversly

isotropic fibers. The modified espression was given as
ap = (rvpdapVp + (Mg plag 1 = vy (4.4)

where a, is given by Equ. (4.1) and vy s equal to vy Ve + v V.
Predicted results using Equ's. (4.1), (4.3 and (4.4) were compared
with experimentally obtained results of a and ay for Kevlar/epoxy
composite. The results showed poor agreement with equation (4.1),
but more reasonable agreement with Equ's. (4.3) and (4.4) (approxi-
mately 15% difference from measured values).
The purpose of this section is not to duscuss the derivations of

the above reiationship or their merits, but rather, to give a brief
description of the current research in this area. It is clear from

the above that in order to assess the validity of any of the relation-
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ships, it would be necessary to collect a large amount of data on the
thermal expansion of numerous composite laminae. To accomplish this,
one needs a reliable, accurate, and inexpensive test method, which is

the main thrust of this research effort.

4.2 Laminate Analysis

4.2,1 Thermoelastic Formulation

A macromechanics approach will be used to predict the thermo-
elastic response of the composite laminu..e. This method is based upon
classical laminated plate theory, and uses the thermoelastic behavior
of the individual laminae in conjunction with the orientation and
thickness of each lamina to predict the thermoelastic behavior of the
composite laminate. A brief summary of the thermoelastic formulation
will be given here. It follows the approach used by Hahn and
Pagano [38]. A more complete derivation of lamination theory is
given by Jones [37].

The basic assumptions of classical laminated plate theory may be

listed as follows:

1. the laminate is composed of macroscopically homogenecus,
transversly isotropic laminae, each in a state of plane
stress, and perfectly bonded together (i.e. no slip
between laminae);

2. the Kirchoff assumptions for plates applies, i.e. normals
to the midplane remain straight and normal to the
deformed midplane, and do not change in length.

In this thermoelastic formulation, all lamina material properties are
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assumed to be functions of temperature. Appropriate simplifications
will be pointed out for the case of temperature independent properties.

Referring to the laminate coordinate system as shown in Fig. 2,
the total strain in the kth layer is written as the sum of the

mecnanical strain and free thermal strain,

k

(1) 1% = Ok + () (4.5)
where the free thermal strain is defined as
Ty k_ 2 K
e (T)} = ]T] {ale) ) de (4.6)

for 2 temperature change T] to T2 with T.l being the strain free
temperature. It should be noted that a is the temperature dependent
CTE of the kt“ layer. If the lamina CTE is independent of temperature,

then Equ. (4.6) simplifies to

(e = (1,1 (4.7)

The total strain in the kth layer may be written in terms of the

midplane strains and curvatures, thus the mechanical strain may be

written as
(IR = (oMY + 2(e(TY) - L)k (4.8)
and, the stres.-strain relation for the kth layer becomes
(1)K = ke (4.9)

where {Q(T)]k are the transformed stiffriesses of the kth leso , which

may be functions ¢¥ temperature.
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Integrating the stresses through the thickness of the laminate
the constitutive equations may be written in terms of the force
and moment resultants as

NO(T) + NT(T)
(4.10)

A(T)  B(T) &e°(T)

MO(T) + MT(T) B(T) oM (M)

where {N°(T)} and {M%(T)} are the mechanical force and moment resultants
and [A(T)], [B(T)], and [D(T)] are the extensional, coupling, and
bending stiffness matri.es respectively. These quantities are defined
in the same manner as they are in lamination theory, except that they
now may be functions of temperature. {NT(T)} and {MT(T)} are the

thermal force and moment resultants, and are defined by

NT(T)}

H
[ M e (7)rkaz

(4.11)

H
M (1)} A ) 1%’ (1) 1*2a

For thermal loading only ({N°(T)} = {M°(T)} = 0), the laminate

constitutive equations in inverted form become

e (T) T

(T)

A'(T) B'(T)
- [s'r)  p'(T)

N'(T)

4.12
W) (4.12)

([A*(T)], [B'(T)], and [D'(T)" are obtained from inversion of Equ.
(4.10)). Laminate coefficients of free thermal expansion and curvature

may now be defined as
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Gy = deo(n) | d(TA (T) TN (T)) + [B'(T) 1M (T)))
at aT

(4.13)

oy = (1) _ d((B'MINT (M) + [0"(T)IMT(T)})
dr dT
If none of the lamina material properties are functions of

temperature, then several simplifications may be made. The thermal

force and moment resultants may be written as

H
Wy = MR, e

) (4.14)
oy = [ [T,z

Since [A], [B], and [D] are no longer functions of temperature,

expressions for {a} and {1} become

- T Sy
{a} = ([A ]{N(TZ)} + [B J{M(Tz)})/(Tz‘T1)

(4.15)

{1} ([B']{N{Tz)} + ED']{MITZ)})/(TZ-T])

4.2.2 Moisture Effects

Changes in the moisture content also produce dimensional changes
in composite materials. The problem of moisture induced dimensional
changes should be considered in the thermoelastic formulation, because
when the composite undergoes a change in temperature the moisture
content will change, giving rise to moisture induced strains as well
as to thermally induced strains.

Assuming that the total strain in the kth layer ay be written
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as the sum of the mechanical, free thermal, and free moisture strains
of that layer, gives
M}k)

ek = (9K + (K + (e (4.16)

Now if {B}k is the coefficient of moisture expansion (CME) for the kth

layer, then laminate coefficients of free moisture expansion and
curvature may be derived in an exactly analagous manner to that of
laminate coefficients of free thermal expansion and curvature.

For a change in moisture content oniy, from my to My then

(8} ([A'J{N“(”mz)} + [B'J{MTmz)”/(mz'ml)

(4.17)

t3 ([B']{N?mz)} + [D']{MTmz)})/(mz-m])

where m is the strain free moisture content.
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Chapter 5
EXPERIMENTAL PROCEDURE

5.1 Method of Measuremert

5.1.1 Optical Consideration

Moire interferometry using fringe multiplication was chosen as
the measurement technique to study the thermal expansion of composites.
Reasons for its selection were stated in Chapter 2. Post [15-18] has
described several methods to obtain this fringe multiplication
phenomenon, and the particular method used for this research will
now be described.

In reference [17], Post described an optimum configuration for
obtaining fringe multiplication with specimen and reference gratings
of unequal pitch. In this method, the pitch of the specimen grating
is approximately g_ times the pitch of the reference grating, where

g
g is the fringe muitiplication factor.

g

Consider the optical configuration of Fig. 3. A reference grating
is chosen such that dominant diffraction occurs in the zeroth and first
orders. The system is illuminated by a beam of collimated light whose
plane of incidence is perpendicular to the rulings of the grating. The
angle of incidence is arranged such that the normal to the reference

grating bisects the angle between the dominant diffraction orders. This

angle of incidence, eg, is given by

; = A
smeg = 29r (5.1)
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where ) is the wavelength of the 1ight used for illumination and 9, is
the pitch of the reference grating.

The specimen should have a pitch, 9g» of approximately Bg times
that of the reference grating. For the present application Bg equals
2. The specimen grating also should exhibit symmetrical diffraction
intensities with respect to its zeroth order. In the method described
by Post the specimen grating was used in transmission, and observations
were made on the side of the grating opposite from that of the illumin-
ation. In the present research the specimen grating is used in
reflection and observation takes place on the same side as the
illumination.

Diffracted rays are shown in Fig. 3. Numbers attached to the rays
indicate the diffraction order, and a pair of numbers separated by commas
indicate diffraction orders experienced at the reference and specimen
gratings, respectively. Assume that the pitch of the specimen grating

is exactly equal to 8_ times that of the reference grating, i.e.

g

95 = Bg9y (5.2)

For this case (Fig. 3), pairs of parallel rays emerge from the specimen
grating. Post gave relations for determining the direction of these

rays and classified each pair of rays as an s group. Since in his system
the specimen grating was used in transmission, these pairs of rays emerged
from the grating on the side opposite from the illumination, passed
through a decollimating lens and converged to a point in the focal plane

of a lens. Each s group converges to a different point in the focal
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plane. The s groups are numbered such that the s=0 group consists of
rays which are parallel to the optical a:is (a line normal to the
gratings). s is a whole number, either positive or negqative, and s
groups of increasing pusitive or negative number consist of rays with
increasing ang: - to the optical axis.

In the current -esearch effort the reference grating pitch is
833 nm (32.8 pin.) and ."e specimen grating pitch is approximately
1.67 um (65.6 pin.). For this particular configuration rays of
diffraction orders 0,1 and 1,-1 constitute the s=0 group, as can be
sean in Fig. 3.

Because the specimen grating is used in reflection, rays in the
various s groups must pass back through the reference grating, and be
diffracted, before they may be observed. Zeroth order diffraction does
not change the direction of a ray and, therefore, rays in the s=0
group, (1,-1 and 0,1) remain parallel to the optical axis. Likewise,
zeroth order diffraction does not change the direction of rays in
any of the other s groups. In this particular application, because
of the pitch of the reference and specimen gratings and consequent
large angle between s-groups, and the size and position of the decolli-
mating lens, only rays in the s=0 group wilil be available for
vbservation., It is the two rays in this s group that constitute the
interference pattern and result in the formation of moird fringes.
This process will be described shortly.

A complication arises trom the i:ict that the various s groups

must pass back through the reference grating before observation.
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Some s groups which experience other than zeroth order diffraction

as they pass back through the reference grating will be approximately
parallel to the s=0 group. This means that when these s groups pass
through the decollimating lens they will all converge very close to

the same point, forming overlapping interference patterns. In particu-
lar, s groups 2 and -2, which experience diffraction orders -1 and 1,
respectively, will emerge in approximately the same direction as the
s=0 group as they pass back through the reference grating. This is
shown in Fig. 3.

Even though the energy of these s groups will be considerably less
than the energy of the s=0 group, they will still conflict with the
viewing of the s=0 group if allowed to converge to the same point. To
overcome this problem, these s groups must be made to converge to a
point distinct from where the s=0 group converges, so that an aperture
plate may be used in the focal plane to stop the extraneous light and
allow only light from the s=0 group to be viewed. In the present
application, this was accomplished by introducing a wedge-shaped air
gap between the reference and specimen gratings. The apex of the
wedge-shaped gap is parallel to the grating rulings.

What has been described above for a single ray applies to every

ray in the incident beam. The diffracted rayvs emerging from the specimen

grating may be considered as normal to the emerging wavefronts. The
moiré pattern that results from this method is a consequence of the
optical interference between the two wavefronts in any particular s

group. If 9 is exactly equal to ngr’ and if the rulings of the two

T mcprre———
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gratings are parallel, then the two wavefronts in an s group are
parallel, and the resulting moiré pattern is a null field (i.e. no

fringes). If 9 does not exactly equal 8 9ps @S will be the case as

g
the specimen undergoes deformation, then the two wavefronts in an s
group will be inclined planes that intersect along a line parallel to
the grating rulings, and moire fringes of extension will appear. If

the rulings of the two gratings are not exactly parallel, then the two
wavefronts will be inclined planes intersecting along a line perpendicu-
lar to the bisector of the grating rulings, and moiré fringes of
rotation will appear.

Post has shown that the displacement, d, of the specimen are re-

lated to changes in the fringe pattern by Equ. (2.1), that is
d = Ngr

This indicates that the sensitivity of the method (displacement per
fringe) depends only on the pitch of the reference grating, and is
independent of the pitch of the specimen grating.

5.1.2 Experimental Apparatus

A schematic diagram of the experimental apparatus used in this
investigation is shown in Fig. 4. The setup is in the vertical plane.
A 5 mW helium-neon laser was used as a light source. The collimated
beam that illuminates the reference and specimen gratings was produced
by the use of a 40X microscope objective, (serving as a beam expander)
and a high quality collimating lens. By placing the node of the beam

emerging from the microscope objective at the focal point of the
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collimating lens, a well-collimated beam approximately 76 mm (3 in.)

in diameter was produced. An optical track was built from steel angle
and plate stock to support the laser, expander lens, and collimating
lens. It was designed so as to provide adjustment capabilities in both
the horizontal and vertical planes. The optical track was supported at
approximately the correct angle of incidence by four supports connected
to a thick aluminum plate which served as a base for the entire
experimental setup.

The fixture which held the specimen and reference grating was
supported by a pedestal arrangement attached to the base. The fixture
was enclosed in a laboratory oven (ATS Series 2911) capable of
maintaining temperatures in the range 88 to 700 K (-300 to 800°F).

The steel pedestal that extended up through the bottom of the oven
was insulated with fiberglass, and a block of pyrex glass separated
the fixture from the pedestal. The block of glass was in-

serted to serve as a heat barrier, so as not to provide a continuous
metal path through which heat could flow. The oven had a viewing
window in the door, and a pyrex window was installed in the side to
provide for illumination and observation of the moiré fringes. The
oven was also equipped with a dry nitrogen supply. This could be used
to create a predominately nitrogen atmosphere inside the oven, greatly
reducing the amount of moisture present.

A decollimating lens, aperture plate, and 35 mm camera were also
attached to the base to provide a means of viewing and permanently

recording the fringe patterns. The positions of these components were

e
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adjustable so as to allow for correct positioning and magnification

after the specimen was installed. Only the body of the 35 mm camera
was needed since the decollimating lens also served as the camera lens.
A photograph of the actual experimental apparatus is shown in Fig. §.
The fixture used to support the specimen and reference grating, as
shown in Fig. 6, consisted c¢f two parts, an L-shaped bracket and a
plate with a groove machined into it. The reference grating (52 mm by
52 mm Bausch and Lomb grating, catalog No. 35-54-06-540, on a fused
silica blank) was attached to the bracket by means of a silicone rubber
adhesive in such a manner as to produce the correct wedge-shaped gap
when the specimen was put in place. This also connected to the pedestal
extending from the base to support the entire fixture. The specimen
was attached to the plate through the use of a small solid cylinder
glued to the specimen with an epoxy adhesive. The cylinder fit into

a hole in the groove, and was held in place by a set screw. The

groove was sized so that the surface of the specimen was slightly
lower than the surface of the plate, and the width of the specimen
was slightly smaller than the width of the groove. This allowed for
unrestricted expansion of the specimen. Care was taken in drilling
the hole in the plate and finishing the top of the cylinder to assure
that when the specimen was installed, the surface would be parallel to
the plate surface. This plate was then attached to the back of the
bracket, with the design allowing for rotational adjustments in the

plane of the specimen to be made before the specimen was locked into
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place. A photograph of this fixture with a composite specimen in place
is shown in Fig. 7.

5.1.3 Formation and Replication of Specimen Gratings

This particular method requires that a grating be attached to the
surface of the specimen, and that deformations of the specimen produce
simultaneous and equal displacements of the grating. In meeting these
requirements, the grating must not impose any reinforcement effect on
the specimen, thus altering the true strain response of the specimen.
A technique of casting a phase grating in RTV (room temperature
vulcanizing) silicone rubber between the specimen and a master phase
grating was developed. Silicone rubber was selected because of its low
modulus (10'3 to 10°% times that of the specimen) so as not to produce
any reinforcement effect; its easy curing process without the need for
a release agent on the master grating; and its wide range of operating
temperatures. The particular silicone rubber chosen was a G.E. type
RTV 615 with an operating temperature of 116 to 450 K (-250 to 350°F).

A phase grating that would produce symmetrical diffraction
intensities with respect to its zeroth order was needed for use as
the master grating in the replication process. It was produced
in the laboratory by exposing a photographic plate to a steady-state
interference pattern. Two coherent beams of iight strike the
photographic plate at angles 8 to the normal of the plate (Fig. 8),
and superposition of 1ight waves in this zone create the interference
pattern in which destructive interference occurs as straight parallel

lines. The angle, O is determined from
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= A
sinem = zgm (5.3)

where 9 is the desired pitch of the grating to be formed and X is the
wavelength of 1light used to illuminate it. In the current research,
gratings of pitch 1.67 um (65.6 uin.) were formed. A helium-neon

laser (A = 632.8 nm ( 25 pin.)) was used for the exposure in conjunc-
tion with Kodak Spectrographic Plates 649-F. Formation of the master
grating is illustrated in Fig. 8 a, b and ¢. After exposure and
development (in Kodak D-19) the emulsion consists of gelatin with bands
of silver crystals imbedded in the zones of constructive interference.
The gelatin shrinks upon drying, but shrinkage is restrained by the
silver, resulting in unequal shrinkage and a regularly furrowed surface
of the emulsion. This surface is used later as a mold to produce a
phase grating on the specimen. A SEM (scanning electron microscope)
photograph of one of these gratings is shown in Fig. 9. Formation of
these gratings, and control of furrow depth to increase diffraction
efficiency is a topic of current research being conducted under the
guidance of Professor D. Post at VPI & SU.

The first step in replicating these gratings onto the specimen was
mixing the silicone rubber. Thz G.E. RTV 615 consisted of two liquid
components which were thoroughly mixed together, and in doing so, a
large number of air bubbles were formed. The mixture was then placed
in a vacuum chamber to destroy these bubbles. The second step was to

clean and prime the surface of the specimen to provide for adhesion

by the silicone rubber. A G.E. type SS4120 silicone primer was used.
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FIGURE 9. SCANNING ELECTRON PHOTOMICROGRAPH OF 600 1pmm

(15240 1pi) MASTER GRATING USED TO REPLICATE
ON SPECIMEN
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Care was taken to assure that a thin, even layer of the primer was
applied. A small amount of silicone rubber was poured on the surface
of the specimen. The master grating was placed on top (grating side
down) with care taken not to form any air bubbles, and a piece of tape
was used to hold the grating in position. Then, a small weight
(approximately 0.1 kg. (0.22 1bs.)) was placed on top, and the
assembly was allowed to cure for approximately 48 hours. After curing
the grating was easily removed by slightly flexing the specimen, since
the silicone rubber is self-releasing from the grating. The above
process resulted in a grating of uniform thickness of approximately

25 um (0.001 in.).

5.2 Data Collection and Reduction

5.2.1 Alignment Procedures

Before thermal expansion measurements can be made on a specimen,
adjustments must be performed to ensure proper alignment of the
optical elements. The optical track must be positioned such that the
plane of incidence of the collimated beam is perpendicular to the
rulings of the reference grating, and illumination is at the proper
angle of incidence as given by Equ. (5.1). This may be accomplished
before the specimen is installed by adjusting the optical track so
that the light from the reference grating, reflected in its first
diffraction order, passes back through the collimating lens and into the

source, or in this case, into the microscope objective.

After the specimen was installed, rotational adjustments in the
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plane of the specimen were performed until the desired initial fringe
pattern was observed. In the case of this research, this initial fringe
pattern was a few fringes of extension, with no fringes of rotation
present. A perfectly null field was not obtainable due to the fact
that the pitch of the specinen grating was not exactly equal to Bg

times the pitch of the reference grating. The absence of a null field
at foom temperature does not detract from the accuracy of the
measurement.

After the specimen was properly adjusted, the aperture plate was
positioned such that only the desired light (s=0) entered the camera.
The decollimating lens and camera were then positioned to provide
a properly focused image of the desired magnification. (Magnification
for the current research was adjusted so as to provide viewing of a
33 mm (1.3 in.) gage length on the specimen.) Fringe pattern infor-
mation was then permanently recorded with the 35 mm camera on black
and white film (Kodak Plus X). It was found that for gratings used
in this research, an exposure time of one second provided the
optimum deasity in the photograph.

5.2.2 Temperature Measurement

Temperature was monitored by means of type J, iron-constantan
thermosouples, and recorded on a strip chart recorder capable of
monitoring up to six thermocouples with an accuracy of + 1 K (+ 1.8°F)
Thermocouples were attached to the specimens by means of a high

temperature adhesive tape.

An initial study was performed to determine temperature distribu-
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tions inside the oven. Thermocouples were attached to the top and
both sides of the reference grating, as well as to various locations
on the specimen (front and back of a composite specimen and top and
both sides of the calibration specimen). Temperature readings were
taken at five different temperatures between room temperature 297 K
(75°F), and 422 K (300°F). By allowing approximately one half hour for
temperatures to stabjlize between readings, the maximum difference
between any two thermocouples was no more than 1.7 K (3°F). This
maximum difference occured across the width of the reference grating,
and thus the temperature of the reference grating for future tests was
taken to be the temperature as given by a thermocouple attached to the
top center of the grating. The readings from this location agreed to
within less tnan 1 K (1.8°F) to those on the specimen. In addition,
heating for all future tests was conducted in a step-wise fashion
allowing one half hour between readings, rather than in a continuous
heating manner.

5.2.3 Fringe Interpretation

For a given test, photographs of the fringe patterns were taken
at each temperature. Displacements were related to the fringe pattern
through Equ. (2.1), and the displacements arising from a change in
temperature were related to the change in fringe order across the gage
length, not the absolute fringe order at a particular temperature.

The thermal strain incurred during heating was determined from
the change in fringe order for a temperature change from a reference

temperature to the temperature of incerest. Room temperature was




54

chosen as the reference temperature in this research. The strain at
any other temperature was found by differentiating Equ. (2.1) to
obtain

e, = (P, (5.4)
In this equation, N is the change in fringe order, at a particular
location X, for a particular temperature. The algabraic sign of N
is determined from the first temperature increment upon heating. If
in this first increment the fringe density increases, then N is taken
to be positive. A1l future increases in density are then positive,
and any decreases in fringe density are taken to be negative. Conversely,
if the fringe density decreases in the first increment, N is again taken
to be positive, with all future decreases also producing positive N
values. Any increases in fringe density would then be taken as negative.
The X direction is measured normal to the rulings of the reference
grating (Fig. 10), and 9 is the pitch of the reference grating.

Equ. (5.4) gives the strain in a direction normal to the grating
rulings as a function of position, thus providing full field strain
information. Chiang [8] discussed several methods for determining
these strain distributions depending upon the particular problem
(geometry and loading conditions). Subjecting a specimen to a uniform
change in temperature results, in most instances, in a homogeneous
strain field. Exceptions to this arise from edge effects in certain
composite laminates, which result in nonhomogeneous strains near

free boundaries. In an area of homogenous strains the term dN/dx

in Equ. (5.4) is a constant. The method used to determine this value
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for specimens studied in the present research is described below.

A line was inscribed normal to the rulings of the master grating
used for replicating the grating on the specimen, with small gage
marks inscribed perpendicular to this line at approximately 2.5 mm
(0.1 in.) intervals (Fig. 10). The exact distance between these gage
marks was determined to the nearest 2.5 um (0.0001 in.). During the
replication process these marks were copied into the silicone rubber,
and thus onto the surface of the specimen, and were clearly visible
when analyzing the photographs of the fringe patterns (Fig. 11). The
master grating was positioned such that the 1ine normal to the grating
rulings was in the center of the specimen and parallel to the longitudi-
nal axis, as shown in Fig. 10.

The change in fringe order, N, due to a temperature change was
determined at each gage mark. This information was then used to
construct a plot of N versus position, X, for each temperature. For
a homogeneous strain field, as is the case along the center of the
composite specimen, N versus position is linear with slope dN/dx. A
numerical value cf this slope was determined by a least squares curve
fitting procedure. Once dN/dx was determined for each temperature, it
was used in Equ. (5.4) to compute the strain at each temperature.

In constructing the plots of N versus position, photographs of
the fringe patterns were analyzed by observing the 35 mm negatives
with a standard microfiche reader. This provided the necessary clarity

and magnification to estimate the fringe order at each gage mark to

the nearest tenth of a fringe with the aid of a pair of dividers and
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a scale. A photograph of a typical fringe pattern showing the gage ;

marks i~ given in Fig. 11, In the present application, the use of a
reference grating with a pitch of 833 nm (32.8 uin.) provided a basic
sensitivity of approximately 833 nm (32.8 uin.) per fringe. Thus,
estimating fringe orders to the nearest tenth provided a resolution
of 83 nm (3.3 yin.). However, resclution will be quoted as 167 nm
(6.6 uin.), assuming that fringe orders can only be accurately esti- i
mated to the nearest fifth ¢f a fringe using the above method. This
is a conservative assumption because the least-squares fit of the N 1
versus position, X, data improves the accuracy relative to that of any
single data point. The total gage length used in constructing the N
versus position plots was approximately 33 mm (1.3 in.), thus providing
a strain resolution capability of 5 ue. By using sophisticated
techniques for fringe interpolation, which roquire additional equipment,
resolution capabilities may be increased by as much as an corder of
magnitude. However, it was decided that the present procedure provided
the best compromise between cost, ease of implementation, and resolu-
tion capabilities.

5.2.4 Correction for Expansion of Reference Grating

Equ. (5.4) cannot be used alone to determine the thermal
expansion of a specimen. This is due to the fact that, unlike most
conventional moire techniques in which the reference grating is not
exposed to any load, both the specimen and reference grating were
exposed to the same change in temperature. This implies that the

strain as calculated from Equ. {5.4) is not the absolute strain in the
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specimen, but rather, the relative strain between the specimen and
reference grating. To account for this, correction factors must be
applied.

As stated previously, a perfectiy null field does not exist when
the rulings of the two gratings.are paralic due to the fact that

g does not exactly equal g_ times 9 This means that the initial

9
fringe pattern represents a few f:inges of extension. It must first

be determined which of the following cases exist:

case 1) g, > ngr

case 2) 95 < Bg9y
This may be determined either by app]yfng a small extensional strain to
the specimen and observing whether the number of fringes increases or
decreases, or by applying a small in-plane rotafion to the specimen

and observing the direction of fringe rotation [21. For the composite
specimens the first technique was used. From the above it was
determined that case 2) existed for all of the specimens in the pre-

sent research. Because the reference grating had a positive coefficient

of thermal expansion, o the pitch of the grating increased upon
heating. An increase in the fringe density upon heating implies a

further departure from the condition

in the same direction as given in case 2). For an increase in fringe
density, the reference grating expands more than the specimen. This

implies that for a given change in temperature, the strain of the

P




60

specimen, €gs is equal to the strain of the reference grating € minus

the apparent strain, =___, calculated from Equ. (5.4)

app

The above may be summarized as follows:

For a positive . f 9. < ngr’ and .

a) the fringe density increases upon heating, then

S N (5.5)

e =g te (5.6)

If 9 > B9p> then the converse of the above holds true. In computing

g
the apparent strain from Equ. (5.4), g, was assumed to be constant
which at first seems contradictory to what is stated above. However,
because of the Tow thermal expansion of the reference grating the
change in g, upon heating had a negligible effect on the numerical

results of Equ. (5.4).

5.3 Calibration

As stated in Section 5.2.4, corrections must be made to account for
the thermal expansion of the reference grating. Therefore the thermal
expansion characteristics of the grating must be known. The reference
grating was on a fused silica blank, and ideally, should have exhibited

the same thermal expansion as the fused silica. In this research the

blank material was Corning fused silica code 7940, and plots of strain




-

61

versus temperature are available. This information is also obtainable
by applying the present experimental technique of moirée interferometry,
using as the specimen some material whose thermal expansion is known

a priori. This calibration procedure provides first-hand information,
rather than relying on the manufacturer's information.

5.3.1 Determination of ULE Behavior

Corning ULE (Ultra Low Expansian) titanium silicate code 7971 was
selected as the specimen material in the calibration experiment.
Although information on the thermal expansion of this material is
available from the manufacturer, it was decided to experimentally
determine it by means of conventiunal Fizeau interferometry. The basic
theory involved in this type of interferometry is described in Section
2.3, and will not be discussed here. One of the main disadvantages of
this method is that contact errors may be induced due to the fact that
the method relies on the attachment of a reflecting surface to the
ends of the specimen. For this particular application, the problem
of contact errors is eliminated.

A schematic diagram of the specimen configuration and experimental
setup is shown in Fig. 12. As can be seen, both reflecting surfaces
and the specimen were blocks of ULE. These three components were
assembled by means of an optical contact, in which tne joining surfaces
were so highly polished (flat to within 1/10 of a wavelength of green
light) that they were held together by molecular forces. ULE is

fabricated in such a manner as to form a very homogeneous and isotropic

material, and therefore, when this configuration is subjected to a
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uniform temperature change, the upper and lower optical flats maintain
their initial orientation with respect to each other. Heating and
cooling rates were kept small (approximately 1/2 K (0.9°F) per minute)
in order to avoid any large temperature gradients through the specimen
configuration which might have broken the optical contact. In addition,
the specimen was allowed to soak at each temperature for one half hour
s0 as to assure temperature equilibrium throughout the specinen.

In this type of interferometry, the fringe density does not change
as the specimen undergoes a deformation. Rather, the t;inges shift
across the field of view, and it is therefore impossible to distinguish
anything but fractional fringe shifts, unless a continuous record of
fringe movement is kept. This is in contrast to moiré interferometry,
in which the fringe density does change, and hence only discrete
obs.rvations are needed to determine changes in fringe order. Since
fringe information was being recorded on a 35 mm camera, continuous
observations were not feasible. To overcome this problem, measurements
were taken at temperature intervals at which deformations were small
enough to cause only fractional fringe shifts.

The basic sensitivity of this type of interferometry is A/2 per
fringe, where A is the wavelength of the 1ight used for illumination,
and in this case was 316.4 nm (12.5 pin.) per fringe. The gage length
used in this experiment was approximately 76.2 mm (3.0 in.), resulting
in a strain sensitivity of 4.15 ue per fringe. Assuming fringe shifts
can be accurately determined only to a fifth of a fringe (using the

same procedure as described in Section 5.2.3), a resolution of 0.83

TTOTTReTT e e e e
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ue was obtained. Results of this experiment are given in Section 6.1.

5.3.2 Calibration of Reference Grating

Once the thermal expansion of the ULE was determined, it was used
to determine the expansion of the reference grating. A grating was
applied to a block of ULE by the methods described in Section 5.1.3.
The block was then used as a specimen in the moiré interferometry
setup. Minor modifications in the specimen fixture had to be made in
order to accomodate the ULE specimen, due to its size. However, the
same alignment procedures as described earlier were used.

The specimen was heated from 297 K (75°F) to 450 K (350°F) and
then cooled back to 297 K (75°F) with measurements taken at 40 K
(72°F) intervals. Photographs of the fringe pattern were taken at
each temperature step. Results from this experiment are presented

in Section 6.2.

5.4 Specimen Description
5.4.1 Materials

Graphite-epoxy was selected as the material system for use as

specimens in this research. The specific composite system was T300/5208,

and specimens were cut from the same composite panels as used in the
experimental program described in reference [39].

Four laminate configurations, [0], [90], [O/:45/90]S, and
[0/90/:45]s were selected for the initial experimental program to
determine the applicability of moiré interferometry for measuring

tiiermal strains in composites. The specimens were machined to the
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dimensions shown in Fig. 10. A summary of all pertinent specimen
information is given in Table 1.

5.4.2 Surface Preparation and Environmental Conditioning

In preliminary tests it w3s found that gratings could not be
successively applied to composites so that fringe patterns could be
viewed without some prior surface preparation. This surface prepara-
tion consisted of removing the weave pattern that exists in the
surface of most composites as a result of fabrication. This weave
consists mainly of the resin material, and may be removed by
1ightly sanding with 280 grit silicon carbide paper. When this weave
pattern was not removed, it tended to be visible through the grating,
masking the fringe pattern. Sanding away approximately 1/4 of a ply
thickness was sufficient w0 remove the weave. Because mainly resin
material is being removed by this sanding, it should not appreciably
affect the thermal response of the laminate. Specimen 43-4B was
inadvertantly sanded more than needed (approximately 1/2 of a ply
thickness removed), and in doing so, both fibers and resin were
removed. Consequences of this will be discussed in Chapter 6. For
both the [0] and [90] specimens, no sanding was performed since these
specimens came frua panels that were fabricated with one side possess-
ing no weave pattern,

A11 specimens, except 43-4B, were dried prior to testing to remove
all moisture. The specimens were dried at 340 K (152°F) in an oven
equipped with a dry nitrogen purge. Specimens were kept in the oven

prior to application of the grating or strain gages for approximately



- e Wy w0 v

66

fuipues 43348 pue 34033q Burjeub aapun ssauydLy3 03 S4349Y,,
3215 LeuLwoN,
(Lev0°0) (ttt0°0) (0°1) (0°5) s, _
(46071 8Lzl L b°52 21 8 [sv+/06/0] -y
(£yv0°0) (£5¢0°0) (0°1) (0°5) s _
pSEL' L 8091°1L v° 62 2l 8 L06/5v+/0] vi-ty
(€2v0°0) (¥¥v0°0) (0°1) (0°5) s _
ppL0°L  8L2L°L v°s52 (21 8 [06/5v+/0] 8v-¢v
(oLv0°0) (0iv0°0) (0°1) (0°S)
PLp0 L ¥LPO°L 062 2t 8 (o6] 8Li-6€
(0L¥0°0) (OL¥0°0) (0" 1) (0°9)
pLYO L pL80°L b°62 Lzl 8 fo] val-8t
4313y 24033¢g
(-ut) (-ut) (cut)
u ww uay sA1d uoLjeanbiyuoy uo0L3edL 3 LJUIP]I
,SSAUNdLUL LUIPLM pzpmcmq 40 “ON ajeuLwe uswyoadg

NOILVWYOINI N3WIJ3dS

1 38Vl




67

1 month. Specimens were then removed and equipped with gratings and
strain gages, a process which usually took approximately one week.
Specimens were then returned to the oven for an additional week to
remove any moisture absorbed during the application of gratings and
strain gages. Total weight loss during conditioning was on the

average about 0.7%. After drying, specimens were stored in a desicator
until tested. Specimen 43-4B was tested without being dried to examine
the effects of moisture on the thermal expansion behavior.

5.4.3 Strain Gage Techniques

For purposes of comparing thermal expansion measurements made with
moire interferometry and electrical resistance strain gages, all
specimens were equipped with strain gages as well as with gratings.
Back to back gages were placed on each specimen in the positions shown
in Fig. 10. The type of gages used for this research were Micro-
Measurements WK series 350 ohm single gages. Due to availability,
two different gage lengths were used, 6.35 mm (0.25 in.) and 3.175 mm
(0.125 in.). Strain gage measurements were recorded with the aid of a
Vishay portable strain indicator. The bonding techniques used were
those recommended by Micro-Measurements.

As discussed in Section 2.1, anytime a strain gage is used in a
test in which the temperature changes during the test, corrections must
be made to account for the appareiit strain induced in the gage by this
change in temperature. As described in reference [3], the total
temperature induced strain for a change in temperature AT may be

written as follows
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Capp (yG/F)AT + asAT - agaT (5.7)

where €app is the thermal strain as given directly by the strain gage
output, g is the thermal coefficient of resistance of the gage

conductor, F is the gage factor, a_ is the CTE of the specimen, and

3
ag is the CTE of the gage material. The above equation may be i

rearranged to solve for those factors that are influenced by the gage

alone, giving i

€gage = €app ~ s (5.8)

Note that e is equal to a AT and e is (yG/F - aG)AT. If the

gage

thermal strain of the specimen is known, then ¢ may be computed.

gage

It is important to note that ¢ is a constant for a particular type

gage
of gage. If the same type of gage is placed on a specimen of unkr.sn 4

thermal expansion, Equ. (5.8) may be rewritten as

€T €

s ‘“app - “gage (5.9)

€g is now the true thermal strain of the specimen, Eapp is the strain

taken directly from the strain gage, and €gage is the strain determined
previously.

Whenever a strain gage is used in other than a uniaxial stress
field, and on a material with Poisson's ratio different from the one
used to determine its gage factor, a correction factor must be

applied. This is commonly referred to as a transverse sensitivity

correction, and for a single element gage the corrected strain £

is given in reference [2] as
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R 1-v0kt
es = Gs (r_fet/ea 'k"t) (50]0)

where €g is the strain as determined from Equ. (5.9), vo is Poisson's
ratio of the material used by the manufacturer to determine the gage
factor (0.285 in this case), kt is the transverse sensitivity of the
gage as quoted by the manufacturer, and et/ea is the ratio of the
transverse to axial strain of the test specimen.

To correct for the strain induced in the gage by heating, gages
were bonded to a block of ULE whose thermal expansion had been
previously determined (Section 5.3.1). Apparent strain versus
temperature curves were generated for both gage sizes and for repeated
thermal cycling. Gage variability was also examined by placing back

to back gages on the ULE and comparing the output. Results of these

tests are presented in Section 6.2.

-




Chapter 6
RESULTS AND DISCUSSION

6.1 Reference Grating Calibration

6.1.1 ULE Expansion

Results for the experimentally determined thermal expansion of the
ULE are shown in Fig. 13. Also shown in the Figure are the upper and
lower bounds on the thermal expansion of ULE as given by the manufacturer.
Materials with thermal expansion outside these bounds are, by their
definition, not ULE. The coefficients for a third order least-squares
polynomial fit to the data are given in Table 2.

A limited amount of experimental scatter was present in the data,
the origin of which is not fully understood. The magnitude of this
scatter was small, with the maximum deviation of an experimental data
point from the least-squares curve being no more than 1.3 ue. The
resolution capability of this method, as stated in section 5.3.1, was
0.83 ue. The above scatter therefore could not be totally explained
by random errors in computing fringe shifts. The temperature of the
specimen was monitored by one thermocouple attached to the specimen
surface. A possible source of the experimental scatter could be the
surface temperature not being truly representative of the specimen
temperature. However, the slow heating and cocoling rates and the
temperature soak of one-half hour before each measurement makes this
highly unlikely.

In this type of interferometry, when data is taken only at a

discrete number of points, it is impossible to determine the absolute
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shift. Rather, only the fractional shift can be ascertained. (For
example, the difference between an absolute fringe shift of 0.2, 1.2,
2.2 etc. cannot be diztinguished.) In this experiment, scatter could
have been reduced by assuming certain fringe shifts are one plus the
fraction, rather than the fractional shift. However, the resulting
thermal strain would have approximately doubled in magnitude, falling
well outside the bounds given by the manufacturer. Data were taken at
intervals which, accerding to the manufacturer, should have corresponded
to only fractional fringe shifts. The fractional fringe shift computa-
tions resulted in the expansion shown in Fig. 13. It was felt that the
experimentally determined expansion shown in Fig. 13 is a valid
representation of the ULE's thermal expansion.

6.1.2 Thermal Expansion of Reference Grating

The thermal expansion of the reference grating is shown in Fig. 14.
This expansion was obtained by using ULE as the specimen and applying
the appropriate correction factors as outlined in Section 5.2.4. The
thermal strain of the reference grating, € WAS computed by

rearranging Equ. (5.5) to give

waere € is the thermal strain of the ULE, and €app is the strain as
computed from Equ. (5.4). It should be noted that different blanks of
ULE were used for verification of the ULE properties and determination
of reference grating properties. However, the specimens were cut out

of the same slab of material, which in turn was taken from a large ULE

e NA rmaar -

PN S



———  gmr T

74

Temperature (°F)
50 150 250 350
100 1 | ) 1

O  Heating Data
A Cooling Data

3rd Order /
F

80— Least-Squares Fit

—— - Manufacturers /
Curve //

60 /

Microstrain (uc)

40— ,/

20— //

0 < T r 1
250 300 350 400 450 500

Temperature (K)

FIGURE 14. THERMAL EXPANSION OF REFERENCE GRATING




75

BT (U ) e e A VIR,

ingot. The assumption was therefore made that the measured expansion of
the ULE was representative of both pieces.
A third order polynomial was fit to the data obtained from Equ.

(5.4) for €a by a least-squares method. This polynomial was then

PP
adued to the polynomial obtained for the thermal expansion of the ULE
to obtain an expression for Epe The coefficients for the polynomial
representation of €, are given in Table 2. The experimental results
are compared to the manufacturers curve for fused silica in Fig. 14.

As indicated in the Figure, there is good agreement between the
two curves and there is little scatter in the experimental results. The

small differences between the two curves may be attributed to small

o s

differences in material behavicr from one piece of fused silica to

g

another.

This experiment served two purposes. The first was to determine
the thermal expansion of the reference grating which was needed in
order to make the necessary correction when determining the thermal
expansion of a specimen. Secondly, it served as a validation of the

moire technique for determining the thermal expansion of materials.

The results indicate that this is an accurate and reliable method.

6.2 Apparent Strain for Strain Gages Subjected to Thermal Loading
Apparent strain versus temperature curves were generated for

repeated thermal cycling of both gage lengths employed in this study.

The gages of different length were designated Type 1 (6.35 mm (0.25 in.))

and Type II (3.175 mm (0.125 in.)). The gages were bonded to ULE for
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these tests. Each thermal cycle consisted of heating from 297 K (75°F)
to 422 K (300°F) and then cooling to 297 K (75°F). Data were obtained
from four thermal cycles for each gage type. The variation of results
between cycles was random for both gage types. There was also some
difference in the output obtained from back to back gages. This
difference was approximately constant from cycle to cycle indicating
that its origin was the result of differences in the gages or
differences in bonding.

For all data at a particular temperature, the mean and standard
deviation were computed for each gage type. This information, along

with a least-squares fit of a third order polynomial through the mean

values and the manufacturer's apparent strain curve are shown in
Fig. 15. Coefficients of the polynomial are listed in Table 2. Data
was presented in this manner so as to provide a representation of the
thermal response of the strain gage as well as the variation that
might be expected from cycle to cycle and from gage to gage.

Note the much larger standard deviation obtained for the Type I
than for the Type II gage. The standard deviation for tae Type I
gage at 422 K (300°F) was approximately 24 ue compared to only 12 ue
for the Type II gage. The reason for this large discrepancy is not
known. However, it was necessary to make several attempts before a

satisfactory bond between the Type I gage and the ULE was obtained.

e it o I

The quality of this bond was determined by observation under a

microscope, which was the only method available. It should also be

: noted that the manufacturer's curve falls well below the experimental
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curve for this gage.

For the Type II gage, a satisfactory bond was obtained on the
first attempt. As can be seen in Fig. 15, the manufacturer's curve
falls very close to the bounds given by the standard deviations of the
experimental curve.

Results of this work compare reasonably well with those obtained
by Hyer and Hagaman [33], in which gages bonded to ULE were subjected to
15 thermal cycles between 297 K (75°F) and 422 K (300°F). They also
obtained a random variation of strain response from cycle to cycle,
and a scatter of less than 80 ue at the maximum tempterature. A direct
comparison between results cannot be made, since they used gages that
had different thermal properties of the backing material, resulting in
a strain difference of different magnitude.

From the results obained above, it is clear that strain gages are
only marginally useful in determining the thermal response of low
expansion materials. This suggests caution in the case of composite
materials with very small CTE's.

When the thermal strain of a composite specimen was determined,
the apparent strain obtained from gages on the ULE was used to make
corrections as described in Section 5.4.3. These corrections were
based on the assumption of an identical gage and bond on both the ULE
and the composite specimen. The obtained results show that this
assumption is not always valid. Strain readings can vary as much as
50 ue for supposedly identical gages with identical bonds. In many

instances, 50 ue is greater than the total strain being measured.
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6.3 Thermal Expansion of Composites

Discussion of results for the composite specimens examined in this
investigation will be grouped according to laminate type. Comparison
between strain gage and moire interferometry measurements, between
experimental results and theoretical predictions, and between the
results of this research and that of other researchers (when applicable)
will be presented for each laminate type.

6.3.1 Unidirectional Laminates

6.3.1.1 [0] Laminate

A large fringe rotation was observed when the [0] laminate (Spec.
1.D. 38-15A, Table 1) was heated from room temperature to 422 K (300°F).
A large number of fringes of rotation make fringe interpretation
difficult. This problem was reduced by beginning with initial fringes
of rotation at room temperature. This initial rotation was in the
opposite direction to that during heating, and therefore, the number
of fringes of rotation at the maximum temperature was reduced. However,
rotation was still severe enough to prohibit data from being taken
past 394 K (250°F). Fringe patterns of the [0] laminate at 297 K
(75°F), 360 K (200°F) and 394 K (250°F) are shown in Figs. 16 a, b,
and c.

If the change in fringe order, N, is measured along a line
perpendicular to the grating rulings, these fringes of rotation do not
introduce any significant errors. The apparent extensional strain is

given by
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2 2

N9y

2 )
“app/rot = Z (6.1)

where Nr is the number of fringes of rotation per unit length. For

this particular laminate, ¢ was less than 0.5 ue, and was

app/rot
therefore disregarded. However, if N is measured along a line that is
not perpendicular to the grating rulings, fringes of rotation will cause

an apparent strain given by

€app/rot - *Npdp (6.2)

where ¢ is the misalignment angle (i.e. deviation from a line perpendicu-
lar to the grating rulings). This can result in apparent strains on the
order of 5 ue, which for the [0} laminate is a large percentage of the

total strain. The sign of e is determined from the direction of

app/rot
fringe rotation with respect to ¢, and the sign of the initial fringe
pattern.

In this inveétigation, ¢ was measured as 0.2° by viewing the
photoplate used to replicate the grating onto the specimen with a
microsopce at 600 X magnification. The photoplate was scribed with the
line along which data was taken, and thus the angle between this line
and grating rulings could e measured. (This angle was measured as
89.8°.) By counting Nr at each temperature, the strain as given by
Equ. (5.4) could be corrected to account for the apparent strain
described above. Results based on the above procedure are given in

Fig. 17. A first order least-squares line was fit to the data, and

yields a CTE of -0.088 ueK"l (-0.049 ue°F-]). Based on the error
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analysis of Appendix A, the deviation on the CTE is 20.l46 veK']
(0.026 ue°F™Y).

There are two possible causes for this fringe rotation. The first
is an in-plane rigid body rotation of the specimen, which causes a
rotation between the rulings of the specimen and reference grating.

The second cause is unique for anisotropic materials, which for certain
orientations and laminate configurations, possess a shearing CTE, Oy’
as well as the normal CTE's ay and aye This shearing LiZ rosults in a
rotation of the specimen grating rulings when exposed to a uniform
change in temperature. Rotation of the fringes may be caused by either
of these effects or by a combination of the two, and it is impossible
to distinguish between them.

In this investigation, this shearing CTE was only possible for
certain orientations of the unidirectional specimens. For directions
parallel and transverse to the fibers, there existed two CTE's,

% and Ogs respectively (Fig. 1). However, if measurements are
inadvertently taken in two orthogonal directions that were slightly

rotated from the meterial principal directions then three CTE's exist,

Ays @ and o_.,. The relationship tetween Gys Oy and Gyr G and o

y Xy Y Xy
is given by
ay * “‘2‘*1 * "2.“2
ay = nza1 + mzaz (6.3)
ny s 2\11"61 - zmuz

where m = cosé and n = sine (Fig. 1).
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The misalignment angle, 6, was measured for the [0] laminate as
1.5°. By using values of a, as -0.088 ueK'] (-0.049 uc°F']) and
a, 85 27.24 uek™ (15.1 ue®F"!) at 360 K (188°F), computed from the
moire data for the [0] and [90] laminates, respectively, values of

a) and a, were computed rom Equ. (6.3) as
ay = 0.107 uek™! (-0.059 ue°F ")
oy = 27.24 uek™! (15,1 ueoF™)

This misalignment caused approximately an 18% error in the measurement
of oy but had a negligible effect on the measurement of ay.

Strain gage results for the [0] laminate are presented and
discussed separately in Appendix B because of problems that were
unique to this particulal laminate.

6.3.1.2 [90] Laminate

Thermal expansion results for the [90] lamainte (Spec. I.D. 39-11B,
Table 1) obtained using moire interferometry are shown in Fig. 18.
These results were based on data obtained from tests on two successive
days. The specimen was stored in dry nitrogen overnight. Strain
values were computed using the methods described in Section 5.2, and
both the experimental values and a 2nd order least-squares curve which
was fit through the date are shown in Fig. 18. Photographs of the
fringe pattern at 297 K (75°F), 366 K (200°F), and 422 K (300°F) are
shown in Fig. 19 a, b, and c.

The maximum strain upon heating to 422 K (300°F) was approximately
3300 ue. As stated previously, the sensitivity of this method was

. -
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833 nm (32.8 uin.) per fringe, yielding a corresponding fringe density

of approximately 4 fringes per mm (101 fringes per in.). For the 33 mm
(1.3 in.) gage length used in this research, this would result in 132
fringes at the maximum temperature. Because this was an inconveniently
high number of fringes to count, an alternate approach was sought to
reduce the number of fringes.

For this particular spccimen the number of fringes at room
temperature was large, and was caused by drying of the specimen after
replication of the grating and prior to testing. Because the [90]
laminate had a very large coefficient of moisture expansion, a large
contraction took place when moisture desorbed from the specimen. This
gave the condition

95 < Bg9r
and resulted in the large number of initial fringes.

As described in Section 5.2.4, the fringe density for the above
condition decreases upon heating if the specimen expands more than the
reference grating. This was the case for the [90] laminate. As the
specimen was heated to 422 K (300°F), the fringe density decreased,
reached a null field, and then increased (Fig. 19 a, b, and c). There-
fore, the total number of fringes at 422 K (300°F) was 132 - initial
number of fringes, or in this case, 132 - 80.

Because a large number of fringes still remained to be couni2d at
both room temperature and 422 K (300°F), a gage length of 15 mm (0.6 in.)

was used, which reduced the number of fringes to be counted approxi-
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mately in half. This reduced the sensitivity to 10 ue, but was still
less than 0.5% of the maximum strain.

Also shown in Fig. 18 are results obtained from strain gage output.
Although back to back gages were placed on the specimen, data wé<
collected from only one gage. The other gage was defective. The [90]
laminate was equipped with a Type I gage, and strains were computed
using the mean values of the apparent strain given in Section 6.2,
according to the procedures outlined in Section 5.4.3. A second order
polynomial was fit to the data using a least-squares procedure.

The correction factor for the transverse sensitivity as defined
by Equ. (5.10) was negligible for the [90] laminate. The ratio of
the transverse to axial strain, et/ea, arising from a uniform tempera-
ture change was on the order of 1072, By substituting into Equ. (5.10),
the resulting correction was less than 1%.

Listed in Table 3 are the CTE's, for both moiré and strain gage
data, for the [90] laminate at three different temperatures (297 K
(75°F), 360 K (188°F), and 422 K (300°F)). This gives the maximum,
minimum, and mean values of the CTE in this temperature range. These
values were obtained by differentiating the polynomial expression for
the thermal strain, obtained by the least-square analysis, with respect
to temperature. Since the relationship between strain and temperature
was a second order polynomial. the temperature dependence
of a was linear. As shown, the results obtained using moiré inter-
ferometry agreed very closely with those obtained from the strain

gage output. The maximum difference was only 6% at 422 K (300°F).

e b gy g .
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TABLE 3

COEFFICIENTS OF THERMAL EXPANSION FOR
T300/5208 LAMINATES

t»:K'.I
CTE Values *€"
(ue°F")
Laminate Moir€/Strain Gage
% Difference
297 K 360 K 422 K
o (75°F) (188°F) (300°F)
3 -0.107 -0.107 -0.107
i [0]
1 (-0.059) (-0.059) (-0.059)
22.23 [/ 22.62 27.24 //I26.45 32.18 /30.22
[90] (12.35)/ (12.57) | (15.13)/ (14.69) | (17.88)/ (16.79)
1.75% -2.91% -6.08%
1.89 /// 2.41 2.38 //( 2.83 2.87 /// 3.25
[0/245/90) | (1.05)/ (1.38) | .32/ (.57 | (.59 (1.81)
(Dry)
28% 19% 13%
[0/90/245].| 205 /// 2.50 2.40 /// 2.88 2.73 /// 3.26
- S
(Ory) (1.18)/ (1.39) (1.33)/ (1.60) (1.52)/ (1.81)
22% 20% 19%




The scatter in the apparent strain curve obtained for the Type I
gage did not have a significant effect on the strain gage results for
the [90] laminate. The maximum value of this scatter was
approximately 50 ue, which was less than 2% of the total strain

in this specimen.

These results compare reasonably well with data obtained from
Lockheed (data obtained by C. T. Herakovich through personal
comnunication with l.ockheed-California Company) for T300/5208 graphite
epoxy. They obtained a linear variacion of strain with temperature,
which gave a constant value of « equa® to 25.74 ue (14.3 ue°F-]).

This was in close agreement with the mean value obtained at 360 K
(188°F) of 27.24 ue K (15.1 ue°F']) in this research. Limits on the CTE
were computed as a + 0.64 ue k! (0.36 ue°F']), based on an error
analysis of the moire data, as described in Appendix A.

6.3.2 Quasi-Isotropic Laminates

6.3.2.1 [0/145/90]S and [0/90/145]S Laminates (Dry)

The [0/145/90]S and [0/90/:45]s laminates (Specimen I.D. 43-1A and
44-1B, respectively) were each equipped with Type II back to back strain
gages, as well as with moiré gratings.

The thermal strain versus temperature responses for tests on two
successive days, as determined by the moire technique, are presented in
Figs. 20 and 21. The response for each laminate was nonlinear, and a
second order polynomial}was found to fit the data well. There were only
small variations between the responses obtained on heating and cooling

for each cycle, and between the response obtained from the first and

I P T Y
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second cycles for each laminate. These variations were below the
;sensitiv1ty limit of the technique (5 uc for the 33 mm (1.3 in.) gage

'Iength used), and therefore, cannot be attributed to variations in
material behavior. Photographs of a typical fringe pattern at 297 K
(75°F), 366 K (200°F), and 422 K (300°F) for a quasi-isotropic
laminate are given in Fig. 22.

Some small fringe rotations were observed upon heating for both of
the specimens, but they were not severe enough to cause any problems in
fringe interpretations, as was the case for the [0] laminate. The
source of this rotation is believed to be a rigid body rotation of
the specimen and not from the existence of a shearing coefficient of
expansion. According to lamination theory, misalignments of the type
described in Section 6.3.1.1 do not produce a shearing CTE for quasi-
isotropic laminates. Also, these misalignments do not introduce any
errors into the measurement of ay and o, of the laminate, because

Y
a, = a, for a quasi-isotropic laminate, and is invariant for any set

X
of ortzogonal axes in the plane of the laminate. This assumes that the
laminate confijyuration is truly isotropic (i.e. there is no misalignment
of individual plies and all layers are of equal thickness), which may or
may not be the case depending upon the quality control in the manu-
facturing process.

Strain gage results for these two quasi-isotropic laminates are
also preseated in Figs. 20 and 21. For each laminate, output from the
back to back gages were nearly identical (less than 5 ue), indicating

that no bending took place during heating. This implies that the

o

SN s s

T




(c) 422 K (300°F)

FIGURE 22. MOIRE FRINGE PATTERN FOR QUASI-ISOTROPIC LAMINATE

ORIGINAL PAGE IS
OF POOR QUALITY




B e T L = g

95

specimens were truly symmetric, and therefore exhibited no coupling
between extension and bending. The results in Figs. 20 and 21 were
based on the average of these two gages.

As indicated in the figures, variations in strain gage responses
between heating and cooling and from test to test were slightly larger
in magnitude than those observed in the moiré data. These variations
were attributed to random scatter in strain gag2 response. A second
order polynomial was fit to the strain gage versus temperature response
for each laminate. Also shown in Figs. 20 and 21 are the results ob-
tained by using the upper and lower bounds of the apparent strain response
(Fig. 15) for the Type II gage. This gives an indication of the possible
bounds on the strain gage results. A1l of the strain gage results
included the correction for transverse sensitivity. The correction was
small (approximately 3%), and was based on the assumption that
et/ea = | as predicted from lamination theory."

Listed in Table 3 are CTE values for the two laminates at three
different temperatures for both moiré and strain gage measurements.
These values were obtained by differentiating the polynomial
expressions for strain as a function of temperature. This resulted
in a linear variation of CTE with temperature. Values range from
1.89 pe K1 (1.05 pe°F"") to 2.87 ue K™! (1.59 ue°F™') for the
[0/245/90) laminate, and from 2.05 ue K™ (1.14 ue®F™") to 2.73 ye K
(1.52 ue°F']) for the [0/90/:45]s laminate, in the temperature range
of 297 K (75°F) to 422 K (300°F). Limits on the CTE values from the

1

moiré data were computed as a + 0.07 ue K'] (0.04 uc°F) and o
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£ 0,03 ue K™' (0.02 ue°F™') for the [0/245/90)  and [0/90/245]
laminates, respectively. These values are based on the error analysis
described in Appendix A. The [0/.4.45/90]s laminate had a larger random
error, thus causing the larger limits on the CTE. The reason for this
is not completely understood, but is thought to be from a larger random
variation in material behavior rather than in test technique.

As shown in Table 3, the comparison of results obtained using moiré
interferometry and strain gages was not particularly good, with values
obtained from strain gages being 13 to 28% higher. However, both moiré
and strain gage results gave excellent support to the laminate theory
prediction that changes in stacking sequence do not affect the in-plane
behavior of the laminate. This is evident from comparison of the
results.

6.3.2.2 Comparison with Lamination Theory

Using the equations from lamination theory, as outlined in Section
4.2, the thermal response of these laminates may be predicted. Because
lamination theory predicts that the thermal response of quasi-izotropic
laminates is independent of stacking sequence, the analytical
predictions that follow wili apply to both quasi-isotropic laminates
studied in this investigation.

Predictions based on lamination theory require that the material
properties of the individual lamina be known. Ideally, to compare
experimental and predicted values of the thermal response of a
composite material, its elastic properties as well as its thermal

properties should be determined experimentally. However, it was beyond
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the scope of this research to generate elastic property data. This
data was therefore obtained from the literature. Kriz et al [39]
generated lamina elastic properties for 7300/5208 by the use of a
micromechanics analysis which modeled the change in experimental data
due to moisture absorbtion as a reduction of matrix elastic properties.
They obtained properties for both the dry (totally free of moisture)
and wet (saturated with moisture) states, but they did not include any
temperature effects. The values for the dry state were used in this

analysis. They are listed in Table 4.

Using the above temperature independent elastic properties, a
linear analysis with a independent of temperature was performed as
described in Section 4.2, Three different sets of thermal properties
were used in the analysis. The first two were the temperature
independent properties obtained from Lockheed, and from Hahn and Kim j
[40]. The third set of thermal properties were those determined
experimentally for the [0] and [90] laminates of this investigation.
Because moire results for the [90] laminate showed a linear variation
of CTE with temperature, the mean value was used as the temperature
independent value of ay in this linear analysis. Results from these
analyses predicted CTE values of 2.5 (1.39), 2.16 (1.20) and 2.3 (1.28)
ue K'](uc°F']) using the thermal properties from Lockheed, Hahn and
Kim [40], and the moire data, respectively. These values agreed to
within 103 of the mean values obtaired from the moiré technique for
the [0/:45/90]s and [0/90/:45]s laminates. The agreement with strain

gage results ranged from 13-25%.
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TABLE 4
ELASTIC PROPERTIES FOR T300/5208

Elastic Lamina
Property Value
GPa (MSI)
E1 130.3 (18.9)
E2 9.72 (1.41)
612 5.39 (.782)
vi2 0.308




o . S D . aa o

99

A sensitivity analysis was performed to determine the effects of
small changes in the elastic properties on the thermal response of the
laminate. Each elastic property listed in Table 4 was independently
raised 10% to determine the laminate's sensitivity to each particular
property. The Lockheed thermal properties were used, giving a baseline
CTE of 2.5 ue K'] (1.39 ue°F°l). The results are presented in Table 5.
For the given laminate configuration and material properties, E1 and
E2 had a significant effect on the CTE, but act in an opposite sense.
However, 612 and 12 have a negligible effect on the CTE.

A second analysis was performed to determine the effect of tempera-
ture dependent material properties. Two cases were examined. First,
the thermal properties were allowed to vary with temperature, but the
elastic constants were assumed to be temperature independent (Case 1).
Secondly, both the thermal and elastic properties were allowed to vary
with temperature (fase 1'j. The computation of the lamintes' variation
of strain with :mperature followed the procedure described by Equs.
(4.5) through {4.12). However, the laminates CTE values were not
determined from Equ. (4.13), but rather, by obtaining a polynomial
expression for the strain as a function of temperature by a least-
squares procedure, and then differentiating this expression to obtain
the CTE.

Values of a and ap9 determined experimentally from the [0] and
[90] laminates were used for the temperature dependent thermal
properties. Elastic properties used for Case 1 are given in Table 4.

Elastic properties for use in Case 1l were more difficult to determine.

T ———— r —a—— = -
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TABLE 5
SENSITIVITY ANALYSIS FOR QUASI-ISOTROPIC LAMINATE .

Elastic New % 1
Property CTe Change
ve K1 (ueof1)
E] 2.32 (1.29) -7%
E2 2.70 (1.50) 8%
V12 2.52 (1.40) 1%
G‘n]2 2.50 (1.39) 0%

; 1% change from baseline CTE of 2.5 ue K™
(1.39 pe°F")
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Information regarding the temperature dependence of those properties
was very limited, and therefore, only rough estimations for this
dependence were made for the purpose of this analysis. It was assumed
that E] did not vary with temperature, and that Ez was reduced to 80%
of its original value at 450 K (350°F) with the reduction occurring

in the following manner: reduced to 97% at 349 K (169°F), 93% at

400 K (260°F), 87% at 425 K (305°F) and 80° at 450 K (350°F). Although
612 and V12 undoubtedly vary with temperature, their effect on the CTE
is very small (as shown in the sensitivity analysis discussed earlier).
They were therefore treated as constants for this analysis.

Fig. 23 shows the nonlinear variation of strain with temperature
obtained from fitting second order polynomials through the strain versus
temperature data obtained from the above analysis. Also shown are the
experimentally determined responses for the [0/:45/90]s and [0/90/:45]s
laminates. As can be seen, Case I compared well with the experimental
results. For Case II, the analysis predicted a response with curvature
in the opposite direction from that of the experimental results and from
Case I.

6.3.2.3 [0/+45/90]  Laminate (Moist)

This laminate (Spec. 1.D. 43-4B) was the first specimen tested.

It was not dried nor was any effort made to determine the moisture
content prior to testing. Type I back to back gages were placed on
this specimen in addition to the moire grating. The specimen was then
subjected to repeated thermal cycling between 297 K (75°F) and 422 K

(300°F). The manner in which thermal cycling was to be conducted had
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not been firmly established and, therefore, was somewhat irregular.
The specimen was subjected to the thermal cycles listed in Table 6.
As can be seen, data were taken for eight cycles, however, cooling
data were collected on only four of these cycles (2, 6, 7, and 8).
Data will be referred to by cycle number for discussion of the
results.

Fig. 24 shows the results obtained from moire data for cycles 1,
3, 4, and 5, and the heating portion of cycles 2 and 6. Fig. 25 shows
both the heating and cooling data for cycles 2 and 6. To avoid confu-
sion, individual data points are not shown, but rather, only the
least-squares curves. A first order fit was used for cycles 1 and 3
because of the limited amount of data taken on these cycles. A second
order fit was used on the remaining cycles. CTE values computed from
these curves are given in Table 7. The room temperature values ranged
from a Tow of 1.75 ue K™1(0.97 ue®F') to a high of 2.72ue K™} (1.51
ue°F‘]).

Moisture desorption and resulting contraction of the specimen
occurred during each successive cycle, as evidenced by the residual
compressive strain after cooling (Fig. 24). The specimen contracted
approximately 160 ue from the 1st to the 6th cycle because of this
moisture desorption. The change in residual strain after each cycle
was not constant. As can be seen in Fig. 24, there is a large increase
in residual strain between.cycles 2 and 3, and between cycles 5 and 6.
However, there is only a small increase in residual strain between

cycles 3, 4, and 5. Cycle 2 was the first thermal cycle to attain

e ua
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TABLE 6

THERMAL CYCLES FOR THE QUASI-ISOTROPIC
LAMINATE WITH MOISTURE

Cycle Temperature Range
No. K (°F)
1 297(75) to 366(200)

2 297(75) to 422(300) to 297(75)
3 297(75) to 366(200)
4 297(75) to 422(300)
5 297(75) to 422(300)

6 297(75) to 422(300) to 297(75)
7 297(75) to 422(300) to 297(75)
8 297(75) to 422(300) to 297(75)

]Specimen was removed after the Gth cycle and
placed in a drying oven for one week.
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TABLE 7

CTE VALUES FOR THERMAL CYCLING OF A
QUASI-ISOTROPIC LAMINATE WITH MOISTURE

ad

CTE
Cycle e K1 (ueoF™")

297 K 360 K 422 K

(75°F) (188°F) (300°F)
1 2.34 (1.30) 2.34 (1.30) 2.34 (1.30)
2, Heating 2.72 (1.51) 2.58 (1.43) 2.44 (1.36)
2, Cooling 2.12 (1.18) 3.00 (1.67) 3.88 (2.16)
3 2.54 (1.41) 2.54 (1.41) 2.54 (1.41)
4 2.48 (1.38) 2.72 (1.81) 2.95 (1.64)
5 1.75 (0.97) 2.46 (1.37) 3.16 (1.76)
6, Heating 2.52 (1.40) 2.69 (1.49) 2.85 (1.58)
6, Cooling 1.90 (1.06) 2.71 (1.51) 3.51 (1.95)
7 and 8 2.17 (1.21) 2.60 (1.44) 3.02 (1.68)

combined

e L
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422 K (300°F) and therefore, a significant amount of mofisture desorption
took place causing the large residual strain after this cycle. The
large residual strain between cycles 5 and 6 is, however, unexplained.
Also, as can be seen in Fig. 24, the thermal response for cycles 2, 4,
and 6 was nearly linear while cycle 5 was quite nonlinear (as di:cussed
previously cycles 1 and 3 were fit with 1inear curves). Cycle 5 appears
to be an anomaly, with no explanati-n for the erratié behavior. CTE
values (Table 7), at a given temperature, differed by as much as 20%
between heating cycles 2, 4, and 6.

The response during cooling was much more nonlinear than that for
heating, as shown for cycles 2 and 6 in Fig. 25. The hysterisis in these
two cycles was undoubtedly associated with the presence of moisture.

The difference in slope of the heating and cooling curves may be ex-
plained qualitatively by a change in the ratie of moisture desorption with
temperature. Delasi and Whiteside [41] have shown that the moisture
diffusivity (area per unit time) increases with temperature for graphite-
epoxy composites. For heating, from 297 K (75°F) to 422 K (300°F),
moisture desorption produced a contraction while the increase in
temperature produced an expansion. However, the rate of moisture

desorption increased with temperature, thus producing the decreasing

slope with temperature for the heating curve of cycle 2. For cooling,
from 422 K (300°F) back to 297 K (75°F), moisture desorption continued
to result in contraction, but the decrease in temperature also produced
contraction. Thus the two effects were additive during cooling whereas

they had opposite influence during heating. The ratio of moisture

oy —— —p— .
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desorption decreased as the specimen was cooled, thus explaining the
decreasing slope with decreasing temperature for the cooling curve of
cycle 2. For cycle 6 the majority of the moisture had been removed

and thus the above effects were not as prominent. As seen in Fig. 25
there was very little residual strain from the beginning to the end of
cycle 6 indicating that 1ittle additional moisture desorption was taking
place.

After the 6th cycle, the specimen was removed and placed in a drying
oven with a dry nitrogen purge at 340 K (152°F) for one week, after
which the specimen was retested (cycles 7 and 8). The results obtained
from the moiré data for these last two cycles are shown in Fig. 26.
This data was referenced to zero strain at the start of cycle 7. Data
points are shown for heating and cooling of both cycles, and as can
be seen, all of this data fell along the same curve, with a minimal
amount of scatter. A second order least-squares curve was computed for
this data, and is shown in the figure. CTE values computed from this
curve are listed in Table 7, and compared reasonably well with those
of the heating portion of cycles 2, 4, and 6.

The data obtained for these last two cycles showed none of the
hysterisis that was evident in the first six cycles. The total
shrinkage due to moisture loss was computed by comparing the fringe
pattern at the beginning of cycle 1 with that of the beginning of
cycle 7. This value was computed as 170 ue, which is very close to
the 160 ue observed after cycle 6. This indicated that only a very

small amount of moisture was desorbed during the one week drying
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period between cycles 6 and 7. This was supported by the fact that
the initfal and final value of the strain for cycle 6 (see Fig. 25)
were almost identical. Therefore, it was concluded that hysterisis is
associated with the presence of moisture.

An estimate of the total moisture desorbed during all cycles was
made using lamination theory (Section 4.2.2). The lamina coefficients

of moisture expansion (CME) reported by Hahn and Kim [40],

were used in conjunction with the elastic properties in Table 5. The
laminate CME for a quasi-isotropic configuration was computed as
8 = 513.8 ue/% “20' Using this value, a strain of 170 ue corresponds
to a change in moisture content of 0.33%. However, it was found that
in drying other quasi-isotropic specimens for one month, the total
moisture desorbed was approximately 0.7%. This would imply that all
of the moisture had not been removed from the specimen by the end of
cycle 8, as was previously thought, and that additional drying for
an extended period of time would have been needed to remove the
remaining moisture. It is possible that the rate at which moisture was
lost was reduced by the silicone rubber grating on the surface of the
specimen. However, definite conclusions cannot be made from this
1imited amount of data.

A general comment based on data from this specimen {s that CTE
values are affected by moisture. A change in moisture content during

heating or cooling changes the strain versus temperature response,




causing changes in CTE values. An error analysis was not performed

for this laminate due to the large scatter in material response caused
by moisture desorption.

A comparison between the results obtained from cycles 7 and 8 of
the moist specimen and the other two quasi-isotropic specimens which
were dried, 1s shown in Fig. 27. The agreement between the three
responses is reasonably good with a maximum difference of approximately
20 yc at the maximum temperature. The two specimens that were dried
gave essentially identical results with the moist specimen, which had
been cycled previously a number of times, giving slightly different
results. CTE values for the moist specimen agreed to within 15% of
the values obtained from the two dry quasi-isotropic specimens.

The slightly greater CTE values for cycles 7 and 8 of the moist
specimen may be explained by its surface preparation. As described in
Section 5.4.2, this specimen was inadvertantly sanded more than the
other two quasi-isotropic laminates studied, resulting in a 50%
decrease in the thickness of the outer ply. A linear analysis was
performed usipg the elastic properties 1isted in Table 4 and the thermal
properties obtained from Lockheed, to determine the effect a decrease
in the thickness of he 0° ply of [0/:45/90]s laminate could have on the
CTE. This analysis showed that a 50% decrease in the thickness of the
0° ply would cause significant bending with an increase of 200 ue at
the surface, and a 65% increase in the CTE. The change observed

experimentally was not as severe. One reason for this difference may

be that the decrease in the “effective" thickness of the 0° ply was
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probably less than 50% because a majority of the decrease in thickness
was associated with surface roughness and a reduction in resin content.
Strain gage data was also obtained for the moist specimen. The
comparison between strain gage and moireé results showed basically the
same trends as the comparisons for the other quasi-isotropic laminates
(Figs. 20 and 21). The primary reason for obtaining strain gage data
was to compare strain gage data with moiré data, and it was felt that
sufficient data was obtained from the other specimens discussed
previously to make this comparison. Therefore, because strain gage
data from this specimen provided no new information, results are not

presented.




Chapter 7
CONCLUSIONS

The primary purpose of this investigation was to develop an
experimental technique which would provide accurate and reliable data

on the thermal response of fiber-reinforced composites with a minimum

complexity and cost. Moiré interferometry, using fringe multiplication

to enhance the sensitivity, was selected for this investigation.
Measurements from this method were compared with those obtained from
electrical resistance strain gages. In order to assess the validity
of the method, the thermal responses of four graphite-epoxy laminates
were studied. A secondary aim of the investigation was to compare
the experimentally determined thermal response of the composites with
that predicted by lamination theory. Results from this investigation
led to the following main conclusions:

1. Moire interferometry has been shown to be an effective and
precise technique for the experimental determination of the
tomperature dependent coefficients of thermal expansion.

The method has been successively applied to both isotropic
materials and laminated composites subjected to cyclic
thermal loading in the temperature range of 297 K (75°F)
to 422 K (300°F). |

2. Using moiré interferometry the CTE's of four T300/5208
graphite-epoxy laminates have been determined as follows:

[0] laminate has a temperature independent CTE of
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<0.107 uek™! (-0.059 ue°F). [90] laminate has a linear

temperature dependent CTE ranging from 22.23 ueK'] (12.35 ue°F'])

at 297 K (75°F) to 32.18 ueK'] (17.88 ve°F']) at 422 K (300°F),

[0/z45/90]s and [0/90/145]s laminates have almost identical

linear temperature dependent CTE's ranging from 1.97 ueK']
(1.09 ue°F']) at 297 K (75°F) to 2.80 ueK'] (1.56 ue°F']) at
422 K (300°F).

3. Comparisons between moire and strain gage measurements were
inconclusive with both techniques giving consistent but
systematically different results. For the two quasi-isotropic
laminates, strain gage measurements gave CTE values of
approximately 29% higher than those obtained using the moiré
technique. For the [90] laminate agreement was within 6%.
Comparisons for the [0] laminate were inconclusive due to
uncertainties in the correction for transverse sensitivity
of the strain gage (the uransverse sensitivity correction
has a dominant effect on the results for this particular
laminate).

4. Results predicted from lamination theory compare reasonably
well with experimental results. However, the analysis was
seen to be sensitive to elastic property data which was not
directly determined for this investigation.

5. Moisture effects were very apparent in the thermal response
of a quasi-isotropic laminate that was not dried prior to

testing. A change in moisture content gave rise to hysterisis
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and residual compressive strains for a complete thermal
cycle. These effects were not observed in laminates that
were dried prior to testing.

Modifications to the present moiré technique which would further
enhance the precision include:

1. an improved snecimen fixture to reduce possible rigid body

rotations during testing;

2. an improved procedure to align the grating on the specimen

surface, and to align the gage line on the grating.

An area in which the present measurement technique might prove
useful is to the study of long term environmental effects on composites.
This is because measurements using the moire technique are geometrical
in nature, and therefore are not subject to signal conditioning

problems that arise in this type of test.
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Appendtx A
ERROR ANALYSIS OF MOIRE MEASUREMENTS

An attempt was made to identify the sources of error, and estimate
their magnitude, for the moire method of measurement used in this
ifnvestigation. Two types of error were identified, random error and
systematic error.

The random error manifests itself as the scatter of the experi-
mental data about the best fit 1ine, as obtained by a least-squares
analysis. This scatter may be caused by random variations in the
specimen or its environment, by reading errors in the data points, or
by a combination of these sources. Its magnitude may be characterized

by the standavrd deviation from the least-squares line, given by

i/ n (yi‘.;i)z
y m

where n is the number of data points, yy are the actual values of the

dependent variable, and }1 are the values predicted from the least-
squares line.

Systematic error is defined as altering the data in some regular
or orderly manner. For this investigation, possible sources of this
error included the following: an error in the assumed pitch of the
reference grating, g, an error in the gage length measurement; an
error in the correction for the thermal expansion of the reference

grating; an error caused by data not being taken along a 1ine normal
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to the specimen grating rulings, and an error associated with inexact
orfentation of the specimen grating relative to the fiber direction of
the specimen.

The pitch of the reference grating was stated by the manufacturer
to be accurate to within 0.001%. Considering the method of measurement,
a conservative estimate of the error in the gage length is 0.01%. Both
of these errors have a negligible influence on the results. A constant
systematic error fn temperature measurement (i.e. each temperature
reading was in error by the same constant amount) would not cause any
change in the slope of the strain versus curve, and therefore not effect
the CTE value.

The thermal expansion of the reference grating is itself a syste-
matic variable, and the appropriate correction to the data was made as
described in Section 5.2.4. However, the correction {tself has some
error which must also be included in this analysis. An estimate of
this error was made by considering the errors associated with the
experimental determination of the thermal expansion of the ULE and
reference grating, which are factors in the correction. The combined
random error, as computed from the standard deviation, for these two
experiments was 2.6 ye. The error in the correction was therefore
assumed to vary linearly from 0 at 297 K (75°F) to 2.6 ue at 422 K
(300°F). Errors caused by data not being taken along a l1ine normal to
the specimen grating rulings, and by inexact orientation of the

specimen grating relative to the fiber direction only had an effect
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on the results of the [0] laminate, and are therefore discussed in the
Section describing the [0] laminate (Section 6.3.1.1).

The random error and systematic error from the correction for the
thermal expansion of the reference grating were used to compute a one
standard deviation ervor band for the strain versus temperature
response. Typical curves are shown in Fig. A.1. Limiting values of the
CTE for this one standard deviation error band were determined from the
maximum. and minimum slopes of lines which fell within the error band,
an example of which is shown in Fig. A.2. This procedure for expressing
1imiting bounds on CTE values is thought to be conservative. These
1imits are expressed as a + deviation from the CTE values, and are
listed in Table A.1.




e i o SRS e atinhd M SO .. .. . o o e i e e

126

Least-squares line

- Random Errvor
Systematic Error

Strain

1 ! 1

Temperature g
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TABLE A.1

LIMITS ON CTE VALUES FOR A ONE STANDARD
DEVIATION ERROR BAND '

Laminate -liimits -1
ueK™" (ueF )

[o] a + 0.046 (0.026)
[90] a + 0.64 (0.36)
[0/:45/90]s (Dry) a + 0.07 (0.04)
[0/90/145]s (Dry) a ¢ 0.03 (0.02)




e R A AT P e e S 0 7 o W s

APPENDIX B
STRAIN GAGE RESULTS FOR THE [0] LAMINATE

129




130

Appendix B
STRAIN GAGE RESULTS FOR THE [0] LAMINATE

Results obtained from strain gage output for the [0] laminate are
shown in Fig. B.1. Type II gages were used on this laminate, and the
results were obtained by averaging the output of the back to back gages
for both heating and cooling of two thermal cycles. Outputs varied
only slightly (5 ue) between heating and cooling and from cycle to
cycle, but varied as much as 30 ue at the maximum tempsrature between
back to back gages.

Corrections for the transverse sensitivity for the [0] laminate
were very significant (approximately a 90% reduction in uncorrected
strain readings). The ratio of the transverse to axial strain, et/ea,
was quite large in magnitude, causing the correction defined in Equ.
(5.10) to be large. To make a precise correction, this ratio had to
be accurately known. If a two element rossette is used (gages at right
angles) then this ratio can be obtained directly from the strain gage
output. Equations exist for determining the transverse sensitivity
correction for these rossettes, and this is the recommended procedure
for cases where this correction must be included. In this investiga-
tion, the specimen was equipped with single gages (it was not known
that the transverse sensitivity was critical until after the specimen
had been gaged) and therefore, the ratio et/ea had to be determined
in an alternate manner. It was decided to use the ratio or strains as

computed from the moire data obtained from the [0] and [90] laminates.

I T
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Because this data came from two different specimens cut from two
different panels, its validity was suspect. However, this was the
only source of data available to make the correction.

As can be seen, the strain response obtained from strain gages
and moire data is of the same order of magnitude, but exhibit dif-
ferent trends (and therefore different CTE values). However, because |
of the large amount of scatter in the apparent strain curves associated

with strain gage measurements, variations in back to back gages on this

specimen of as much as 30 ue, and the uncertainty of the transverse

e wema e

sensitivity correction, results obtained by strain gages are not
considered reliabie for this test. Therefore, no conclusions can be

drawn regarding the applicability of strain gages for the [0] laminate.
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