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Microdeformation of a polydomain, smectic liquid
crystalline thermoset
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The microdeformation and fracture mechanisms of a densely crosslinked, polydomain,
smectic liquid crystalline thermoset (LCT) were investigated in order to gain some insight
into its interesting mechanical properties (e.g. improved fracture toughness). A difunctional
LC epoxy monomer, diglycidyl ether of 4,4'-dihydroxy-a-methylstilbene (DGDHMS), was
crosslinked with the tetrafunctional, aromatic crosslinker, 4,4’ -methylene dianiline (MDA) to
produce the LCT. Thermoset films (30 um in thickness) were bonded to copper grids,
strained in tension, and observed under the polarizing optical microscope. A new type of
microdeformation and fracture mechanism was observed for the smectic LCT. At small
strains, numerous microcracks formed which were oriented at various angles to the
straining direction. Many smaller isolated and interconnected defects (of the order of

a single LC domain, ~1 um in size) surrounded and emanated from the crack tips. At larger
strains, the microcracks propagated slowly and stably until reaching a critical size of

~250 um, at which time they began to widen and change direction, indicative of plastic
deformation which extended over many LC domains. Film failure occurred through
microcrack interconnection. A fracture mechanism for the LCT is proposed based on
microscopic voiding near the crack tip through the failure of individual LC domains.

© 2000 Kluwer Academic Publishers

1. Introduction compared to amorphous, non-LC thermosets@g=
Liquid crystalline thermosets (LCT's) are a new class0.4 k¥n?, Ki. =1.21 MPamY? [24-27]). Using the
of densely crosslinked network materials that havechevron-notched three-point bend technique, we have
unusual dynamic mechanical, compressive, and fracreported [14] that smectic LCT’s exhibit slow, sta-
ture properties [1-14] due to their unigue fine-scaledple crack propagation (Fig. 2a), rather than the un-
macroscopically isotropic “polydomain” microstruc- stable, catastrophic, brittle failure typically observed
ture [14, 15]. The nature of this microstructure is de-in amorphous, non-LC thermosets. SEM analysis of
scribed in detail in another paper [14] and reviewedthe smectic LCT samples showed extremely deformed,
briefly in Table I. [14, 16—23] and Fig. 1. In general, the fibrillar fracture surfaces indicative of bulk plastic de-
LCT's employed in this study exhibit a Schlieren tex- formation (Fig. 2b). In order to gain a better under-
ture (when viewed under the polarizing optical micro- standing of the microscopic deformation mechanisms
scope) with a high disclination density and an averaggesponsible for the increased macroscopic plastic defor-
LC domain size fraverage distance between disclina-mation and fracture toughness of these materials, strain-
tions) of approximately Lm (Fig. 1a). Within a single ing experiments were performed under the polarizing
LC domain, the molecules were ordered locally into aoptical microscope on thin films using the copper grid
smectic phase (Fig. 1b). technigue developed by Lauterwasser and Kramer [28].
As for the case of conventional, amorphous ther-This technique has been applied successfully to study
mosets, LCT's are glassy (Fgl50°C) and stiff crazingandsheardeformationzonesin glassy polymers
(E =~ 10° Pa) at room temperature. In addition, the ma-[28-37], microdeformation of polymer blends [38], and
terial no longer exhibits liquid crystalline phase tran- more recently, polymer nanofoams [39].
sitions; even above Tg, the microstructure and local
order of the liquid crystalline phase are permanently2. Experimental
“locked into the network. It has been shown that smec2.1. Materials
tic LCT’s exhibit exceptionally high fracture tough- The chemical structures of the materials employed in
ness (i.eGic = 1.62kym?, Kic =1.59 MPam¥?[14])  this study are given in Fig. 3. The liquid crystalline
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TABLE | Relevant terminology in describing the microstructure of epoxy monomer used in this study, diglycidyl ether
the liquid crystalline thermosets investigated in this study [16—23] of 4 4f-dihydroxya-methylstilbene (DGDHMS) was

Term Definition synthesized according to [15]. Characterization was
accomplished by thin layer chromatography (TLC),
Single LC domain  region of uniform molecular orientation Fourier transform infrared spectroscopy (Nicolet
Polxdomain an assembly of misoriented LC domains FTlR/44), and nuclear magnetic resonance (Varian
microstructure : . : . XL-200 'H NMR). A commercial, non-LC, epoxy
Local director unit vectom, along which the molecules in a L ) . ]
single LC domain are oriented monomer of similar molecular Welg'ht, diglycidyl ether
Schlieren texture  nonuniformity @ resulting in a field of bisphenol A (DGEBA), was obtained from the Dow

of wavy, dark brushes when viewed under Chemical Co. (DER 332). The crosslinking agent, an
the polarizing optical microscope (the brushes gromatic tetrafunctional diamine, 4hethylene dian-

are wherdh s parallel or perpendiculartothe ;e (MDA, was obtained from Aldrich Chemical Co.
polarizer or analyzer axes)

Disclination a line defect corresponding to an orientational ar_]d Useq WithOUt_further Puriﬁcaﬁon (purity98%).
discontinuity inf, located at the center of the ~ Differential scanning calorimetry (Dupont 2000 DSC
dark rushes in a Schlieren texture cell, heating/cooling rate: 20°C/min) and the polar-

Smectic phase the molecular long axes are parallel in addition izing optical microscope POM (Leitz Inc.) were

to layering of the molecular centers of gravity

) used in conjunction with a programmable hot stage
into planes or sheets

(Mettler FP-82T, heating/cooling rate20°C/min) to
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Microstructure (smectic)

- T
[

..
M A

o
.
e

~>

(b)

Figure 1 Aliquid crystalline thermoset with a (a) macroscopically isotropic, fine-scaled, Schlieren, polydomain microstructure (as viewed under the
polarizing optical microscope) and (b) smectic-type local ordering.
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Figure 2 (a) Force versus displacement curve for smectic LCT tested in chevron-notched three-point bend fracture toughness technique and (b) scan-
ning electron micrographs of cross-sectional fracture [14].
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Figure 3 Reaction of the (a) DGDHMS LC monomer or the (b) DGEBA non-LC monomer with the non-LC crosslinker MDA to form a smectic LCT
or an amorphous, non-LC thermoset.

characterize thermal transition temperatures of the (¢}
monomers and stoichiometric epoxy/amine mixtures. ) )
The crosslinking reaction takes place as shownin Fig. 3 mgrm_o—m\hmv , Side View
and is described elsewhere [14]. B BHHAanS 1. O
bonding layer

epoxy film copper grid fi
2.2. Curing and sample preparation zg;t;gi—a ™ o f {ylm
Stoichiometric proportions of epoxy and amine were gid  HEHEE F1
mechanically ground up with a mortar and pestal. To
prepare a sample, 0.1 g of the mixture was sandwichec™™ .
between a polished sodium chloride disk (diameter g
25 mm, thickness=4 mm) and an untreated glass
slide. In order to produce polydomain, smectic net- i § *
works, the curing procedure for the DGDHMS/MDA L
system was carried out as follows according to the 0.3 mm
time-temperature-LC transformation diagram reported copper grid bars 127 mm e Sng
in[14]. The epoxy/amine mixture was first heated above
its melting point &150°C) in order to form an isotropic,

uniform polymer film. The film was then brought to

85°C (i.e. within the LC phase of the mixture) within

1 minute where isothermal curing was carried out for

3 hours. The DGEBA/MDA mixture was cured in a Figure 4 Schematic of sample preparation for microdeformation exper-
imil : for3 h t 150 to f isot . iments; bonding of thermoset thin films 3@n in thickness to annealed

similar manner for 3 hours a 0 form isotropic, o ner grids.

amorphous thermoset films.

After these initial base cures, the NaCl plates wereyp, initial gauge lengthlo, of one inch and strained
dissolved and the films floated offthe glass slide inadisx; 5 displacement rate of 0.0025 in/s. Deformation and
tilled water bath, yielding homogenous, free-standingracture mechanisms were observed under the polar-
films of approximately 3Qum in thickness. The free- jzeq optical microscope with the straining axis at an
standing films were picked up on coarse size coppegngle of 45 to the polarizer or analyzer axis. Quanti-
grids (1.0 mmx 1.0 mm), as shown in Fig. 4. The grids atjve fracture analysis was accomplished by recording
had been previously annealed in a vacuum at800r  the number of grids squares with microcracks nucle-
1 hrand coated in a dilute solution of DGEBA/MDA ataq and the number of grid squares completely failed
in tetrahydrofuran. The films were then bonded firmly ; o with microcracks extending across the entire grid
to the grids with an additional post- cure of T80for  gqyare) versus the displacementThese values were
1 hour. This post-cure was also employed in order tqnen converted into the percentage of grid squares de-
devitrify the network and attain the maximum degreeformed,p(%), versus engineering straip,= AL /Lo.
of cure [40]. The absence of the epoxide group was verthe critical engineering strain for microcrack nucle-

ified in [14] by observing the infrared absorption peak ation and propagatiom, was measured & = 50%.
at 918 cnr! which is due to the asymmetric stretch of

the oxirane ring.

3. Results and discussion
2.3. Mechanical testing 3.1. Isotropic, amorphous thermoset
The samples were mounted in a motorized (MotomaticThe microdeformation and fracture of densely cross-
Electrocraft Corp, Model E552-S) straining stage withlinked epoxy-based, amorphous thermoset (network
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A ~0.6\ strand densityyy ~ 10?7 strands/m, or ~1 monomer
STRAND™--ZT*MAX between crosslinks) thin films in tension is a topic which
was studied extensively by Glad [27]. At low strains,
microcracks nucleate from local stress-concentrators
such as microscopic inhomogeneities in the film, den-
sity fluctuations, etc. On the smallest scale, the poly-
mer chains directly in front of the crack tip are highly
extended and eventually crack propagation occurs by
scission of covalent bonds (Fig. 5). On a slightly larger
scale, diffuse shear plastic deformation zones (DZ’s) of
‘ e approximately 8«m in length exist just ahead of the
chain orientation crack tip (Fig. 6), as opposed to crazes which are ob-
0) near crack tip served in more loosely crosslinked polymer networks
Figure 5 Schematic of fracture on a molecular scale in non-LC, amor: (vx <4 x 16® strands/ [32, 35]). These plastic de-
phgous, densely crosslinked thermosets; cracks are formed and ;;)ropagaft%rmatlon Zones are reglor.ls In WhICh the molecular
by the chain scission of covalent bonds. strands have a preferred orientation parallel to the ten-
sile axis and an extension ratio b 1.2. The DZ's
become reduced in width, more localized, and highly
strained as the network strand density is reduced [27]
(Fig. 7). In such thin films, the DZ is the primary en-
ergy dissipating mechanism at the crack tip and hence,

—»q

CRACK chain scission

KSTRAND“ MAX

d controls the fracture toughness. DZ’s are related to the
phenomenon of strain softening, i.e. the post-yield drop
, in true stress with increasing true strain in a uniaxial
crack tp mm A 12 compression test.
On the largest scale (i.e. a single grid square),
the following observations were made on the (3
‘ preferred molecular ) DGEBA/MDA thin films (Fig. 8). Since the material
orientation and , distance across deformation zone L . . .
birefrin is initially isotropic, the films appear dark between
gence . ' e
G within deformation crossed-polars. At small strains, the films exhibit a
zone slight birefringence due to a combination of small

Figure 6 Schematic of the microdeformation mechanisms of non-LC, amounts of local chain orientation along the stress axis,

amorphous, densely crosslinked thermosets; microcracks form with difl-€. the phot_oelastic eﬁeqt [41], ?—nd pc_)ssibly Fipping of
fues plastic deformation zones ahead of the crack tip [27]. the phenyl rings. At a critical strain, a single microcrack

shear
deformation
zone

microcrack

Figure 7 Microcrack and shear deformation zone in DGEBA/MDA non-LC, amorphous thermoset thin film (starting epoxy monomer molecular
weight, Mg = 1650 g/mol) strained in tension under the polarizing optical microscope.
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nucleates with a greater degree of birefringence aroundf the film featureless and undeformed. This behavior
the crack tip than in the surrounding film due to theis completely analogous to the bulk fracture of amor-
local stress concentration. This process leads to unst@hous thermosets. Hence, even though there is a small,
ble, rapid crack propagation perpendicular to the strairdiffuse plastic deformation zone ahead of the crack tip
axis and results in immediate and catastrophic, britti€as found by Glad [27]), it does not dissipate enough
fracture of the films. Upon failure, all of the birefrin- energy to suppress catastrophic, brittle failure and sub-
gence is lost (even along the crack fronts and at theequently leads to very low fracture toughness in these
crack tip), indicating that the deformation was primar- materials.

ily elastic. The crack fronts appear straight and the rest

3.2. Smectic LCT

Inereasmg & The microdeformation and fracture mechanisms of the
(b) (©) (@ smectic LCT were found to be very different than that of
the amorphous thermoset and are summarized schemat-
ically in Fig. 9. At low strains, an increased bire-
Q. fringence was observed to take place homogeneously
within the LC domains, i.e. there is little or no change
] - in the Schlieren texture. Soon after, the nucleation of
et e multiple diamond-shaped microcracks occurs, each ori-

ented differently with respect to the straining axis. On
Figure 8 Qualitative fracture mechanisms of amorphous, denselythe smallest scale. one can see numerous smaller iso

crosslinked thermoset thin films as viewed under the polarizing optical : i
microscope with increasing strain; (a) film appears dark with no bire-Iated and interconnected defects (Of the order of a sin

fringence,An = 0, because it is isotropic, (b) the photoelastic effect is gle domain,~1 m) surrounding and emanating from
observed with a corresponding slight increase in birefringence£ 0,  the crack tip (Figs 10 and 11). There is no evidence
(c) a single microcrack nucleates with a larger amount of birefringencefor localized plastic deformation zones, increased bire-
aheadofthecrgcktip, and (d) unstable, brittle, catastrophic failure, rapiqringence (greater than the elastic birefringence), or
crack propagation and complete oss of/afl. any changes in the Schlieren texture near the crack
tip. With increasing strain, the microcracks propagate
increasing £ slowly and stably and exhibit large crack opening dis-
— placements of the crack tips, which are in most cases
@) ®) rounded and blunt. These observations are indicative of

© @
Q Q homogeneous, large-scale plastic deformation and con-
4“_. +Q(—\» sistent with the results on bulk fracture measurements
o)

0 of ref. [14]. At a critical size of~250 um (Fig. 12),
the cracks stop propagating, begin to open up laterally
(along the stress axis), and change direction, leading to
~ rensile axis curved and jagged crack fronts (Fig. 13). At high strains,
the cracks interconnect leading to complete film failure
Figure 9 Qualitative fracture mechanisms of smectic LCT thin films aS‘(Fig. 14) atwhich time all of the strain-induced birefrin-

viewed under the polarizing optical microscope with increasing strain; is lost. Simil b fi | ted
(a) nucleation of multiple microcracks, (b) slow growth of microcracks gence Is lost. similar observatons were also reporte

and widening of crack tip opening displacements, (c) microcrack inter-_recenﬂy by Sueet al. [1] on smectic LCT thin films
connection, and (d) complete film failure. investigated by transmission electron microscopy.

Figure 10 Large microcrack and smaller microcracks in DGDHMS/ MDA polydomain, smectic LCT thin film strained in tension under the polarizing
optical microscope.
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Figure 11 Large microcrack in DGDHMS/MDA polydomain, smectic LCT thin film strained in tension under the polarizing optical microscope.

3, =250 um nations remain intact upon deformation and even be-
come more pronounced, sharper domain walls. Most
likely, this is also the case for the smectic LCT (of

18 course, to a much lesser degree due to the high crosslink

density and decreased mobility of the network strands)

and hence, it would be extremely difficult, if not im-

14F \ possible, to form a homogeneous region of molecu-
lar orientation ahead of the crack tip 8 um when

10} \ the typical LC domain size is1 um. Instead, the do-
mains prefer to fail in an individual and isolated manner.

ju—y
N
)

8 These are most likely the microscopic defects which
6 appear in front of and around the crack tip (Figs 10

4 | and 11). The networks strands of unfavorable oriented

2 L domains (perpendicular or nearly perpendicular to the
0 / ) . ) . K stress direction) should be “softer” [43] and fail first,

0 100 200 300 400 500 600 thus producing a series of microscopic voids ahead

Critical Crack Size, a, (um) of the crack tip and around the crack. Neighboring

domains can then deform under uniaxial rather than

Figure 12 Distribution of microcrack sizes prior to changing crack prop- triaxial stress and undergo significant plastic deforma-

agation direction. tion, similar to the deformation processes in rubber-
modified thermosets [44] and polycrystalline metals
b- [45]. Microcrack interconnection probably leads to the

inmacroscopically fibrillar fracture surfaces observed un-

relation to the true stress versus true strain curve e, the SEM in bulk fracture toughness experiments

uniaxial compression (Fig. 15) [14]. The lack of well- Fig. 2b).

developed plane stress deformation zones and inhomo-

geneous yielding may be associated with the absence

of a strain softening regime in the bulk uniaxial com- 3.3. Quantative analysis

pression test. This is not a disadvantage in this cas@uantitative analysis of the amorphous thermoset gives
because instead of catastrophic, brittle failure takinga critical engineering strain for microcrack nucleation,
place, homogeneous, bulk plastic deformation occurscycieationy €qual to the critical strain for microcrack
leading to higher fracture toughness. There may be &ailure, ec(ailure), Of ~#20%. The lack of incubation time
number of possible reasons for the lack of the local-between nucleation and failure was also observed by
ized plastic deformation zones in the smectic LCT. Re-Glad [20] on much thinner<0.5 .m) thermoset films
cent work on a loosely crosslinked-$0 monomers of the same material. The smectic LCT (Fig. 16) exhib-
between crosslinks) main-chain, smectic LC elastomeited a lower critical strain for microcrack nucleation,
[42] suggests that mechanical deformation takes placecnucleation™ 10%, and a critical strain for microcrack
by reorientation and rotation of the molecules within failure, ecailure) = 14%, giving a 4% delay between nu-
single LC domains along the strain axis, i.e. the discli-cleation and failure.

# Cracks (of size a,)

The microdeformation and fracture behavior o
served for the smectic LCT's can be discussed
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change in crack propagation direction

F—— 120 ur“

Figure 13 Multiple microcracks in DGDHMS/MDA smectic, polydomain LCT thin film strained in tension under the polarizing optical microscope.
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Figure 14 Microcrack interconnection in DGDHMS/MDA smectic,
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Figure 16 Quantitative microdeformation of DGDHMS/MDA smectic,
polydomain LCT thin film strained in tensior)) nucleation of micro-
cracks and) film failure.

polydomain LCT thin films strained in tension under the polarizing op- 4. Conclusions

tical microscope.
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1. Amorphous thermoseThe amorphous, non-LC
thermoset films exhibited brittle, catastrophic failure
through the formation of a single microcrack which
propagated perpendicular to the strain axis. The diffuse
shear plastic deformation zones found by Glad [17] to
be present ahead of the crack tip were unable to dis-
sipate enough energy in order to suppress this type of
failure mechanism and hence, this is why these materi-
als exhibit a low fracture toughness.

2. Smectic LCTA new type of microdeformation
and fracture mechanism was observed for smectic LCT
thin films involving the nucleation, slow propagation,
branching, and eventual interconnection of numerous
microcracks. There was no evidence of localized plastic
deformation zones (greater than the size of a single

Figure 15 True stress versus true strain for DGDHMS/MDA smectic, LC domain~1 pm) or changes in the polydomain,

polydomain LCT in uniaxial compression [14].

Schlieren texture, even near the crack tip. Instead, the
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LC domains prefer to fail in an individual and isolated 16
manner, thus forming microscopic defects in front of

and around the crack tip. These “voids” most likely *"-

relieve triaxial stresses and enable significant plastigg
deformation within neighboring domains, leading to a
very high fracture toughness.

20.
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