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ABSTRACT

The mechanical and optical properties of polyimides, which are used extensively
as coatings of fibers in composite materials of heavy duty, were studied in this paper
and the influence of the reaction-temperature on the physico-chemical properties of the
polymers was evaluated at the end of the reaction process. In this way, the dependence
of the stress-strain diagram, the stresses and strains at fracture, the load and elonga-
tion at failure, as well as of the refractive index of the polymer on the temperature of
imidization was defined. Furthermore, and in order to find the behaviour of the poly-
mers as thin membranes to fracture, simple tension tests with edge-cracked thin strips
were executed. The method of caustics was used, with the specimens loaded at different
stress-levels, to evaluate the stress intensity factor of the material at the yielding zone
of loading in K;-mode of deformation. This factor was evaluated by applying the sim-
ple Dugdale - Barenblatt model for the ductile materials, whereas for the cases of brit-
tle behaviour of the material the elastic theory was used. Interesting results, concerning

the physico-mechanical properties of these polymers, were derived.
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INTRODUCTION

Polyimide resins, which have been developed in the early seventies
in the Soviet Union and the United States of America [1], consist of a rigid
aromatic system, developed by polycondensation of an aromatic dianhy-
dride (such as pyromellitic dianhydride [2]) and an aromatic diamine. In
our tests we have used a 4 :4'-diamino-diphenyl ether and dianhydride
of benzophenoltetracarbic acid (pyromellitic acid) in a 10 percent solu-
tion. The polyimide was made by polycondensation of the aromatic dian-
hydride and the aromatic amine. The first step was a soluble polyamide-
acid, which was then converted to polyimide by further condensation.

Polyimides retain their properties to high temperatures, exceeding
400°C, and may withstand exposures to temperatures of the order of
8009C for short periods of time. This property, together with their property
of high thermal insulation, makes these polymers convenient for mesophase
layers in multicomposite materials used in spacecrafts and other applica-
tions, where the interface boundary layers, between inclusions and matrix,
must play the role of an adaptor to variable behaviour of the phases of
the composite at a large spectrum of temperatures.

Since polyimides were introduced only recently, their mechanical,
optical, physical and chemical properties are not up-to-now studied or dis-
closed, as it is also their exact chemical formulation in applications of
different fields. These materials are opaque and may be cast into thin
membranes, which are used as protective coatings of fibers in composites,
for thermal insulation and as dumpers in shear forces between matrices
and inclusions.

Their specific gravity is approximately 1.43 g/em?® and the tensile
strength at ambient temperature o, =72.5 MPa, presenting normally an
elongation at fracture of 5 to 7 percent. Their tensile modulus is 3,100
MPa and they present a rather high water absorption of 0.32 percent for
24 hours in bars of 0.0032 m thickness. The refractive index of the mate-
rial and its Poisson’s ratio remain still undetermined [2].

The purpose of this paper is to determine the mechanical and optical
properties of polyimides in the range of temperatures between 20°C and
225°C, where the materials allow the highest degree of imidization and they
pass through a transition zone. The mechanical and optical properties of
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membranes, prepared according to the maximum degree of imidization,
were tested in tension at the respective temperatures and their characteris-
tic mechanical properties were evaluated. Furthermore, edge cracked thin
plates were studied under mode-I deformation and their stress intensity
factors were evaluated by using the optical method of caustiecs. Interesting
results were derived, concerning the mechanical and optical behaviour of

these polymers.

EXPERIMENTAL PROCEDURE

The purpose of this study is to evaluate the physicochemical proper-
ties of the final products of polyimides by regulating the reaction and cur-
ing temperature of the melt-fused salt. It has been already established [2]
that the appropriate selection of the curing process for the preparation of
polyimide membranes influences considerably their physicochemical and
mechanical properties. The membranes in our tests were prepared from a
solid precursor, prepared from a poly (amide-acid), and subsequently dehy-
drated to the respective polyimide by heating. The poly (amide-acid) was
formed by reaction of a 10 percent solution of the dianhydride of the
benzophenol-tetracarbic acid in dimethyl-formamide and diaminodiphenyl
ether, which was subsequently dehydrated to the respective poly-imide.

By using differential thermal analysis and infrared spetcroscopy of
the initial poly (amide-acid) solution, a series of characteristic tempera-
tures has been defined, varying between 20°C and 225°C, which allows to
bound-in the optimum degree of poly-condensation (imidization). The final
selection of the duration of the imidization-process for each particular reac-
tion temperature was based on the study of the variation of the mechani-
cal properties of the membranes. For this purpose, samples from each pre-
paration were tested in simple tension, up to failure, and the stress-strain
diagrams of the materials were plotted [2].

Fig. 1 presents the variation of the applied load P; at the initiation
of fracture, as well as the stress o; and strain ; at failure, versus the temper-
ature T of poly-condensation. These results have been derived from the
stress-strain curves plotted for each distinct temperature of poly-condensa-
tion for temperatures T = 209, 809, 130°, 1500, 2000 and 225°C. These stress-
strain diagrams were plotted in Fig. 2[2].
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It is clear from these figures that the behaviour of the polyimide
varies with temperature. Three distinct zones of temperature may be iden-
tified. The interval between 20°C and 80°C, which is characterized by a
large ductility od the material (ductile zone). The intermediate - tempera-
ture interval, between 80°C and 150°C, defined as a transition zone, where
the material changes progressively properties from ductile to brittle, and
finally the interval above 150°C, where the behaviour of the polymer is
typically brittle (brittle zone).

Of special interest is the first zone from 20°C to 80°C, inside which
the values of the strains at fracture achieved their maxima, giving elonga-
tions varying between 14 and 22 percent. It has been shown [2] that the
os-stress at fracture of the membrane was continuously increasing with
the increase of the temperature of poly-condensation and this increase was
explained by the fact that a continuous rejection of the dimethylforma-
mide, which was added by an amount of 25 percent, happened in this zone,
thus reducing the degree of imidization to only 3 to 4 percent.

The polyimide membranes prepared in this interval of reaction-
temperature developed, during loading, a constrained form of elastic defor-
mation, engendering at the exhaustion of elasticity necking phenomena,
indicated in the respective stress-strain diagrams of Fig. 2.

The intense imidization in the temperature interval from 100°C to
150°C has as a result to engender an abrupt increase of the o;-stress at
fracture and a respective decrease of the ¢;-strain. The increase of the molec-
ular interactions in volume and density in the polymer created this change
of the character of deformation of the membrane, which tended progres-
sively to become brittle. Fig. 2 indicates clearly the rapid reduction of the
g¢- strain, combined with a respective increase of the o;-stress of the speci-
mens in this transition zone. However, this maximum in ¢ -strain does not
coincide with the maximum of the externally applied load P.

The stabilization of the limits of ¢; and o; for temperatures above
150°C may be explained by a stereophasic imidization, which increases the
imperfections of the membranes, because of the difficulty of the transport
process of the excesses of the poly-condensation from the bulk of the polymer.

Besides the study of the influence of the reaction temperature on the
mechanical properties of the polymer, it was necessary to study the
fracture behaviour of the membranes, in order to have a clear picture of
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the mechanical behaviour of these substances. The study of mode of frac-
ture of cracked membranes in simple mode-I deformation allowed a pheno-
menological study of the influence of the variation of the high-molecular
structures of the polymers to the variation of their mechanical characteri-
stics at fracture.

For the study of the crack propagation in the polyimide samples
the method of caustics was used [8]. For this study strips of the various
types of polyimides were used of a thickness of 100 pm, a width w = 0.035 m
and a length /= 0.090 m. The effective length of each strip outside the
grips of the Instron tester was always equal . = 0.045 m.

Each specimen was initially edge-cracked on the one side at its mid-
length with a very thin blade. All transverse cracks had an intitial length
a,= 0.005 m.

For the recording of the fracture tests a typical experimental set-up
was used. An Instron tester was loading each specimen and a laser-light
beam was illuminating the instantaneous position of the crack tip. The load-
ing levels measured in the testing machine and a camera was recording the
position of the crack tip and the caustic formed around it. The details
of the experimental arrangement were described in ref. [4].

It is well known that the theory of caustics yields directly and accu-
rately the values of the components of the stress intensity factor, by meas-
uring the size of anyone of the diameters of the caustics and the angle of
the orientation of its axis of symmetry relatively to the instantaneous crack-
axis for the case of elastically deformed materials and for brittle materials
up to fracture. In order to check the validity of the elastic deformation and
small-scale yielding of the cracked plate, each form of the caustic was checked,
so that several diameters of each curve corresponded to the form of cau-
stics for elastically deformed bodies. Since in the elastic case all diameters
of the caustic differ at maximum by only 5 to 6 percent, a first and simple
check was to measure the almost equality of typical diameters.

For the case of large-scale yielding, as it was the case of polyimides
treated at the ductile zone of temperature (between 20°C and 80°C), the
caustics formed by such specimens had the typical shape of elongated
caustics corresponding to yielding, obeying the Dugdale - Barenblatt model.
For the case of application of this model the shape and size of caustics is
a sensitive criterion to define the validity of the simple model, or anyone
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of its modifications, depending on the amount of strain hardening ol the
material. However, in all our cases the elongated shape of caustics was typi-
cal for the simple model and its theory was directly applied [5].

Fig. 3 presents a series of photographs of caustics formed at the tips
of the cracks at the initiation of the crack propagation for loading levels
corresponding to regions above the yield stress of each type of material.
It is obvious from this figure that, while the caustics for reaction tempera-
tures of T =20°C and 225°C were completely circular, corresponding to
brittle materials, all other caustics (for temperatures T = 80° 130° and
150°C) were very narrow and elongated curves, indicating an elastic-perfectly
plastic behaviour of the substance. 7

By using the simple relations derived from the application of the
simple Dugdale - Barenblatt model, we could define the size R of the plastic
zone and the respective value of the stress intensity factor. These quan-
tities were derived from the simple relations valid for the Dugdale - Baren-
blatt model for elastic perfectly plastic materials [6] :

e i o
at R ‘005(2 o—o> i
K2
: P o 9
807 (2)

where, a is the length of the edge-crack, o is the remotely applied stress
and o, is the yield stress of the material.

From the orientation of all caustics it was evident that only the
Ki-component of the stress intensity factor was operative and no shear
phenomena appeared at the tips of the cracks. In order to evaluated the
instantaneous stress intensity factor from the caustics in the case of appli-
cation of the Dugdale - Barenblatt model, use was made of the nomogram
given in ref. [5], where the characteristic dimensions of the caustics were
connected with the externally applied stress at infinity o, normalized to
the yield stress o, of the material in simple tension.

Fig. 4 presents the variation of the ratio of the transverse to the
respective longitudinal diameter of the caustic in terms of the applied stress
to the specimen (o), normalized to the yield stress (c,) of the material
in simple tension. From this nomogram, together with relations (1) and (2),
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(a) T=20°C (b) T=225°C

(c) T=80°C

(d) T=130° (e) T=1500C

Fig. 3. Series of photographs showing caustics for loading levels above the yield stress
of each type of material.
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Fig. 4. Variation of the ratio of the transverse (D,) to the longitudinal (D;) diame-
ters of caustics, versus the ratio of the remotely applied stress o, to the yield stress o,
of the material.
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Fig. 5. Variation of the stress intensity factor K; and the size of the plastic zone R, versus the temperature

of imidization T for the initiation of yielding.
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it made be possible to evaluate the size of the plastic zone R, and the value
of the stress intensity factor K.

From this nomogram and by measuring the ratio of the transverse
diameter to the longitudinal diameter of the caustic the stress o, can be
evaluated knowing the yield stress o, of the material in simple tension given
in Fig. 2 with oblique crosses in the stress-strain diagrams. Then, by using
relation (1) the length R of the plastic zone may be evaluated and from
relation (2) the respective value of the stress intensity factor.

Fig. 5 presents the values for K; and R, versus the temperature of
imidization T for the initiation of yielding (points with oblique crosses in
the diagrams of Fig. 2). It is clear again from the figure, which is in
conformity with the mechanical behaviour of the various types of the
polymer, that at the transition zone between 80°C and 150°C there is a
drastic change in the mechanical behaviour of the substance.

RESULTS

It may be observed from the photographs of Fig.3 that a substan-
tial change in the structure of the polymer appears with the variation of
temperature of poly-condensation. As this temperature increases from 20°C
to 80°C. the normally appearing interweaving macroscopic structure of the
surface (at 20°C for example) becomes progressivelly more and more
smoother and finely pitted (Fig. 3¢). The overall texture of the surface of
the membranes returns back to its normal interweaving texture, as the
imidization temperature is increased (see for instance Fig. 3b). This kind of
texture, which is shown in Fig. 3, remained unchanged from the unloaded
state of the membranes, up to their end of complete failure of the strips.

If we take into consideration the considerable influence of the molec-
ular interaction on the amount and the form of deformation of linear high-
polymers of the type of polyimides, we can assume that the homogenization
of the structure of the macromolecules in the polymer had as a result to
make more uniformly distributed the influence of the molecular junctions,
fact which counted on the mutual influence of the externally applied load
P to the mode of deformation of the polymer.

For this reason and since the membranes in the region of T = 80°C
presented a special character in the development of deformations, the high-
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polymer presented at this temperature level a very ductile idiosyncrasy,
developing very large elongations before fracture, much larger than those
at ambient temperature.

There is no simple explanation of the loss of homogenization of the
polymer as the temperature of polycondensation was raised above 80°C.
However, there are some indications in the literature [7, 8] for a low-tem-
perature tendency of destruction of the solution of the poly-amide acid by
degradation, entailing hydrolysis, and perhaps also reaction with the sol-
vent, which may be correlated with the reduction of the molecular weight
of the polymer. It was found that the loading of the cracked plates related
to the caustics presented in Fig. 3 corresponds to stresses lying at the neigh-
bourhood of the initial yielding of the cracked-plates indicated with obli-
que crosses in Fig. 2.

For an increase of the loading in the zone of delayed elasticity, lying
between oblique crosses and open-circles in the stress-strain curves of Fig. 2,
the length R of the plastic zone continues to extend for increasing applied
stress, so that at the end of this zone the lengths of the plastic zones have
achieved some limiting value Rq, plotted in Fig. 6 together with the respec-
tive values of oq-stresses.

Fig. 7 gives the variation of the applied load and the respective strain
developed at the end of delayed elasticity zone (open circles in Fig. 2), whe-
reas in Fig. 8 typical photos were given of the propagation of the cracks
for the ductile models at poly-condensation temperatures of 20°C and
80°C, respectively at this stress-level. Both photos correspond to types of
polymer with rather high ductility, so that, at this step of loading, all the
transverse ligaments of the strips were plastically deformed (see the dark
narrow strips in front of the cracks). The isolated or coalescing oblong zones
in front of the main crack may be either caustics of the precursor plastic
zone or crack-kinks under development. Their opening displacements were
larger for the specimen of T = 80°C and the secondary disturbances were
parallely displaced by a small amount.

All other caustics for the remaining temperatures maintained the almost
circular form of typical caustics with some amounts of elongation due to
plasticity and there was no need to apply any plasticity model.

It was further observed that, while, at the initiation of yielding, plastic

zones were developed and the typical caustics were formed, there was a
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(b) T=80°C

Fig. 8. Photographs showing the extension of the plastic zone ahead of the crack-tip
at the end of delayed elasticity.
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loading interval for which a compulsory increase of the externally applied
stress was necessary to make the development of further plasticity.

In order to define the applied load, corresponding to each step related
to each caustic, since its evaluation was inaccurate from the testing machine,
a recourse was made to classical formula of caustics interrelating K; with
the characteristics of the caustics [3]. This relation is :

2V2r D\
% — ____Va/" (—st_) 3)
320 d7\m2 Ct L

where z, is the distance between the specimen and the reference screen where
the caustic is formed (z,= 0.72m), d the thicknesses of the plates, A, the
magnification ratio of the optical set-up, 8, a correction factor, which for
typical caustics is §; = 3.17, and D, the transverse diameter of the caustic.
The optical constant ¢, was determined from standard tests where
centrally perforated strips were subjected to simple tension. By knowing
the diameter 2R of the central perforations of the strips and the o, -stress
applied at infinity, it was possible to evaluate the optical constant c¢; for
traversing light-rays by using the following relation given in ref.[9] :

6o = — (3/4Am)® (Dumax/4V R)® (1/24dc:) (4)

where, D,., 1s the maximum diameter of the caustic created by the stress
concentration around the small hole.

The values of the stress-optical constant derived by Eq. (4) can be
inserted in Eq. (3) and thus the K;-factor may be evaluated for the elastic
case. A comparison between the values of the stress intensity factor K;
derived using Egs. (1), (2) and the nomogram of Fig. 4 and using Egs. (3)
and (4), shows a good egraement for the elastic case (brittle zone).

In order to complete the evaluation of the spectrum of the mechani-
cal and optical properties of the polyimides for different reaction temper-
atures at the transition zone we have evaluated their refractive indices
n, at the unloaded state, as well as their elastic moduli and Poisson’s ratios.
For this purpose a series of tests were first undertaken to evaluate the varia-
tion of the refractive index n, for the various types of polymers. A series
of samples of diluted polyimides to form thin films were measured at a
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and Poisson’s ratio v of the polymer at various temperatures of poly-condensation.

The values of the elastic modulus E

Fig. 10.
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refractometer. The values of the refractive index of the polymer prepared
at various temperatures of poly-condensation were plotted in Fig.9. It
is again worthwhile remarking that the variation of the refractive index
n, of the material follows a similar trend as its mechanical properties.

Finally, the elastic moduli [2] and Poisson’s ratios of the materials
were evaluated by using simple tension tests at an Instron tester and mea-
suring the components of the longitudinal and transverse strains by appro-
priate strain gauges. Fig. 10 presents the variation of these quantities, ver-
sus the poly-condensation temperature T. It is worthwhile noting that, while
the elastic modulus presents a linear variation with temperature, Poisson’s
ratio presents a typical wavy curve depending on T.

CONCLUSIONS

It has been established in this paper that a transition zone exists in
the reaction process of polyimides, depending on the reaction temperatures
during the preparation of the polymer. This zone extends between ambient
and 80°C, where the polyimide membranes prepared present an extensive
ductility giving ultimate strains of the order of 20 percent and more.

Above this zone the material passes a transition zone becoming
progressively brittle, so that at a reaction-temperature of the order of
T =200°C it changes again to a brittle substance.

Besides the study of the variation of the mechanical properties of
the polymers with a change in the reaction temperature the optical
properties, that is their refractive index and the stress-optical constant,
were evaluated and found to present a variation with reaction temperature
having a bell-like shape, like their mechanical properties.

The study was extended to define the mode of fracture of cracked
membranes by using the optical method of caustics. It was shown again
that large plastic regions of a narrow oblong shape in front of the cracks
were developed in the ductile region, whereas outside it, the material
presented typical quasi-brittle almost circular caustics. The evaluation of the
variation of the plastic zone was based on the simple Dugdale - Barenblatt
model for elastic-perfectly plastic materials and the curves of variation
of Ky, as well as the length of the plastic zones followed similar patterns.

ITAA 1983
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From this experimental study it has been derived that the deforma-
tion properties of the polyimide membranes depend strongly on the macro-
molecular structure of the polymer and the distribution of their mutual
influences.

It was shown that the strength of the membranes depends only
insignificantly on the macromolecular properties of the polymers, but it is
the result of the physical state of the material at the tip of the crack, of
the extend of the plastic zone in front of the crack, as well as on the stress
distribution there, and the stress intensity at the tip of the crack.

The application of the optical method of caustics together with the
analysis of the mechanical and optical properties of the polymers yielded
the possibility to define the mechanism of fracture in polyimide membra-
nes. It was found that the crack starts to propagate only when the load-
ing of the membrane forces it to enter on the zone of delayed elasticity,
beyond the initial yield point. In all cases the crack was propagating
steadily and rapidly as soon as the stress at the tip overpassed the limit of
exhaustion of delayed elasticity.
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poxpactas YrepBaivovsag tovg 4000C xal ddvavrar v avbicravror éxbéceig Bpa-
yetog Srapnsiag elg Oeppoxpaciog 800°C. ‘H idi6tng oy adrh, pé iy Eaiperov
e 4 ~ ’ ~ \ ~ 3 \ . LI
ixavédtnro Ocpuixic povisews, xabiotd To mwohvpep? adTo noTaAARAE St Emi-
oTphoels T6Y edGY dyrietopdtey cuvdétey YAdy SYmiTs dvroyis ot EEwrept-
#%g @optioels xal dmotéuovs &hhaykg Ospuixdv wedlwv. Xpnoipomorolvrar 3¢
edpéwg el Ty Tapaoreviy Tohv-cuvléTmy BA@Y xaTtahAiAwy duk dteeThuéTAOLX
%l FANAG GYeTIXOG dpapuoyds, Gmov al StaywpioTixal Oplaxal cTpdecelg peTabld

y ] ~ e ~ I A ! A 4 ~ 3 \
pdoewy TEY V@Y mwpémer vo Tailovv ToV pbhov TposappocTod cig THY peTaBah-
Aopévny pyavindy el Osppixdy upmepLpopdy T@Y doswy ol cuvBétov Aol
elc edpd gdopo Oeppoxpacidy Acttovpytos.

Eic thv épyaociav adthyv pshetiitar 7 EEdptnols TGV SLayprpdToY TEGEWY -
TAPAROPOAGEWY TEY ToALiLLdlwy, mapasxevalopévey clg Suupbpous Depuoxpastiog
avtidpdoeng, xalog Emione xal T@v Tdoewy xoal wapapopphceny Hoaboswg TGV
OAndy adteyv. epartépm perpeivar 7 petafBorh 7ol Setxtov Siabhdosws xal g
taoconTindc otalepdc Tol VAol ocuvapthicer Tig Ocppoxpasiog dvridpdcewe.
Téhog, Euetondnoay 7 petaBor) Tob pérpou EhacTidTyrog xal Tob Adyou Tob Pois-
son t&Y dapdpwy THTWY pepwBpavy.

A Ty peMétyy THe oupmeplpopds T@Y moAvipdiny dmo wopeiy pepPex-
vav el Opadow dyévovto Sonipal clg 2pehnuopdy dpyin®ds PNYUATOWEVGY UEP~

~ \ ’ \ ~ 7 ~ ~ < FL ~ ~
Boovadv xal xabwpichn i thg uebodov t@v xavoTindy N Extacis Tig TAxoTIKdG
Cavne R elg t0 péromov tig poypic xal 6 cuvteheoti)s évtdoews TRY TAGEWY.

*Amedelyfn étv Td molvpeph adtd wapovotdlouy peraBatikiy Lovny dmwd
g Beppoxpactag mepLBdhovros uéypr tig Oeppoxpasioag tév 80°C Srov 7 Yabupa
ouuTepLpopd Twv petatpémetal paydaiweg slg Ghwipov pd wapapoppoets Bpadoeg

4 ~ L ! 5 \ o 3 ) 3y o~ ’ \ £ ~
wéypr 20 Tolc Exarév. *Amd tH¢ dpraxiic adtic Oepuoxpaciag xal wéypel Tig Ocppo-
xpasiac &y 1509C mapovordletar petafatind) Lowy petaforijc Tév iSothrwy
~ ~ e e ! 4 3 {4 ~ Y \ 3 \ b A
TEV TOAWEPGY, T 6mota petatpémet Ex véou TpoodeuTinds Ta HAukd adta el Yabupa.
*Amd tg Ocpponpactag Tév 1500 xal dve to SAuxa pertamimrouv xal waAw el Thy

Jabupdy Tav xatacTacty.
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‘H perafory adty tév Sothrey tév Shxéy elc iy Ldvny Oeppoxpactéy
&md 209C péypr 150°C, 7 dmola mopetnendy clg Ehag Tag ISt Tde TV, PNYAVIRAG,
Quotxag kol OmTixdg, Odvatar ve EEnyn0% dmd Ty émidpaciv i Oepupoxpactoc

dvridpdoseme éml ol Tpbmov Siapoppiicews THe Soutic TEAY ToAupepdY.

REFERENCES

1. C.E.Sroog, “Polyimides” in Encyclopedia of Polymer Science and Technology,
John Wiley and Sons Inc. N. York, Vol. 11, pp. 247 - 272 (1969).

. V.M. Startchev, V.N. Tukaev and V. A. Ogarev, Plastmassy (USSR)
No 3, p. 9 (1977) ; see also Frenkel, S. Ya., Kolesov, V. I., Vysokomolek,
soed. (USSR) 18A, No 8, p. 1680 (1976) and Serchenkoya, S.V., Shablyghyn,
M. V., Kravchenko, T.V., Bogdanov. M. V., Kudryavtsev, G. I., Vysoko-
molek. soed. (USSR) 18A, No 8, p. 1863 (1976).

3. P.S. Theocaris, “Elastic Stress Intensity Factors Evaluated by Caustics”, Expe-

o

rimental Determination of Crack-Tip Stress Intensity Factors, “Mechanics
of Fracture”, Vol. VII, G. C. Sih Editor, M. Nihjoff Publ., Holland, Chapter
3, pp. 189 - 252 (1981).
4. —, “The Reflected Shadow Method for the Study of Constrained Zones in Cracked
Plates, Applied Optics, Vol. 10, pp. 2240 - 2247 (1971).
. P.S.Theocaris and E.Gdoutos, “Verification of the Validity of the Dug-
dale - Barenblatt Model by the Method of Caustics”, Engrg. Fracture Mecha-
nics, Vol. 6, No. 3, pp. 523 - 535 (1974).
6. —, “The Size of Plastic Zones in Cracked Plates Made of Polycarbonate”, Exp.
Mechanics, Vol. 15, No. 5, pp. 169 - 176 (1975).
7. G.E.Sroo0g, AAL.Endrey, S.V.Abramo, C.E.Berr, W.M.Edwards,
and R.L.Olivier, “Aromatic Polypyromellitimides from Aromatic Poly-
amic Acids”, Jnl. Polymer Science, Ser. A, Vol. 3, pp. 1373 - 1390 (1965).
8. G.M.Bower and L.W.Frost, “Aromatic Polyimides”, Jnl. Polymer Sci., Ser.
A, Vol. 1, pp. 3135 - 3150 (1963).
9. P.S. Theocaris, “Optical Stress Rosette Based on Caustics, Applied Optics,
Vol. 12, pp. 380 - 387 (1973).

(333




