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Abstract. Epoxy fibers with different diameters were prepared by hot drawing and their mechanical properties were measured
under tension. The stiffness, strength, ultimate strain, and toughness revealed substantial scale-dependent effects as they all
significantly increased with a decrease in size. Compared to bulk epoxy, an intrinsically brittle material, thin epoxy fibers
displayed a highly ductile behavior under tension. A drop in stress observed immediately beyond the yield point was followed
by the development of a stable necking region propagating through the entire fiber length, then by strain-hardening up to
final rupture. Necked fiber segments tested in tension were found to have even higher strength and modulus compared to
the initial as-prepared fibers. Possible reasons for the highly ductile mechanical behavior and the size effects of epoxy fibers
are discussed. Size effects for the strength of epoxy can be elucidated in principle either by means of a classical fracture me-
chanics argument (strength ~ 1/d"/2), or via a stochastic model argument (strength ~ 1/d", where B is a function of the ma-
terial and is generally larger than 2). In both models the presence and size of critical defects play a key role. However, defects
cannot explain the colossal ductility (plastic deformation) seen in our experiments, nor can the presence of defects justify a
size effect in an elastic property, namely Young’s modulus. Only scarce evidence exists in the literature for similar (milder)
size effects in epoxy fibers but without any structural justification. We find here that highly cross-linked necked epoxy fibers
exhibit partial macromolecular anisotropy which likely explains the observed high mechanical characteristics.
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1. Introduction

When measuring the physical properties of a mate-
rial, a question of fundamental and practical signif-
icance arises: does the specimen size affect the value
of the property measured? The answer to that ques-
tion is important in practice since tests to establish val-
ues of, for example, material strength, are habitually
performed with laboratory scale (thus comparatively
small) specimens: if the strength decreases signifi-
cantly with increasing specimen size, disastrous fail-
ures could occur if proper account were not taken of
such size effect. Materials with reduced size and di-
mensionality such as thin fibers and films, nanotubes
and nanowires, or metallic clusters indeed often
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exhibit exceptionally high mechanical properties
compared to those of corresponding macroscopic
specimens. In the field of solid mechanics it has long
been known that the strength of materials depends on
the volume of stressed material and on the nature of
the stress distribution. Both of these effects usually
arise because most materials are defect-sensitive,
and defect severity and distribution are generally sto-
chastic in nature: simply stated, the probability of
finding a severe defect decreases with decreasing
material volume, therefore large bodies tend to fail at
lower stress levels than smaller ones when both are
subjected to the same stress field, pure tension for ex-
ample. The observation of such ‘size effects’ stretches
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back to Leonardo da Vinci who, in the 1500s, de-
scribed tests on different lengths of iron wires to
measure how tensile strength reduces with increas-
ing length [1]. A century later, Galileo understood and
ingeniously described how structures behave differ-
ently on different scales [2]. After considering me-
chanical structures, he later extended the same logic
to living organisms: he rationalized that because of
the strength-size (or strength-weight) relationship,
small animals are relatively stronger than large ones.
In 1921 Griffith [3] perceived that the weakness of
soda lime silica glass fibers was due to the presence
of flaws and that a reduction in fiber diameter led to
a significant increase in strength. In the second half
of the 20" century a number of studies were published
on the issue of size effects, see [4—7] and references
therein. Significant scale dependence is also observed
for stiffness [8, 9], and sometimes for toughness [5]
of fibers (including nanofibers): this has important im-
plications as to the potential role of micro- and nano-
materials as fibrous reinforcement in composites.
The effect of size was measured by Cuenot et al. [§]
for the elastic properties of silver and lead nanowires
and of polypyrrole nanotubes. They attributed the in-
crease of the apparent elastic modulus of polymer
nanofibers to surface tension effects. Greenfeld and
coworkers [9, 10] attributed the increase in stiffness,
strength and toughness of nanofibers to the molecu-
lar orientation induced by the strong stretching of ex-
tensional flow. Only very few studies deal with size
effects in epoxy resins, in spite of the relevance of the
potentially higher mechanical properties of thin inter-
fiber layers of matrix in a fiber reinforced composite,
or of thin epoxy adhesives, or of epoxy coatings on
um-sized fibers [10]. da Silva et al. [11] found that
the fracture toughness of Araldite 2015 in Mode II
increases with the adhesive thickness. Odom and
Adams [12] tested dog-bone shaped specimens and
observed a drastic increase in the strength of smaller
specimens which they attributed to the reduction of
flaw size. Hobbiebrunken et al. [13] proposed a
method to produce um-sized epoxy fibers, the aver-
age strength of which was found to be remarkably
close (60%) to the theoretical strength. Leopold and
coworkers [14, 15] used a similar experimental rou-
tine to investigate the size effect of carbonaceous
fillers (graphene, carbon nanotubes and carbon black).
In both studies the origin of the size effect on strength
was attributed to the statistical distribution of de-
fects. These authors also reported, without further
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discussion, the observation of a highly ductile behav-
ior of their epoxy fibers. Recently Misumi ez al. [16]
studied the tensile behavior of fibers made of five dif-
ferent types of epoxies and compared the mechanical
properties (yield stress, failure stress, failure strain,
modulus and toughness) of fiber and bulk materials.
Here too the epoxy fibers showed ductile behavior
with a distinct yield point in all resin systems, whereas
the macroscopic specimens exhibited brittle behavior
with no yield point. Some epoxy micro-fiber speci-
mens exhibited necking during the tensile test. The
mechanical properties of the fibers were significantly
higher (apart from the modulus) than those of their
bulk counterparts but no diameter effect was observed
(except for the failure strain) within the 100—150 um
diameter range of the fibers. Misumi et al. [16] rec-
ommended using microscale fiber test specimens,
claiming that they provide a more realistic stress—
strain response for describing the role of the matrix in
composites at smaller length scales. Towse et al. [17]
analyzed the defects causing failure and found a cor-
relation between the size of the defects and the failure
strain of an aerospace grade epoxy. Turk et al. [18]
studied the potential of improved ductility of brittle
epoxies for use in structural composites. Fiedler er al
[19] observed relatively large plasticity in brittle
epoxy (Toho-Rayon Ltd) resin specimens under shear.
Thus, evidence on the size effect in epoxy fibers is
scarce, and physical explanation is absent or just de-
scriptive. It is therefore our aim to meticulously ex-
plore the size effects on stiffness, strength and failure
strain for a wide range of fiber sizes, and to suggest
possible mechanisms that may account for such
cross-properties effects. In the present study we pre-
pared a large number (more than 100) of diglycidyl
ether of bisphenol-A (DGEBA) epoxy fibers with di-
ameters ranging between 20 and 350 um. The effects
of diameter variation on the tensile strength, strain,
modulus and fracture energy were examined and in-
terpreted. Moreover, the observed high ductility and
systematic occurrence of necking of the fibers, and
the occurrence of a further size effect in fully necked
fiber segments, were also studied and a prospective
molecular level interpretation suggested.

2. Experimental

2.1. Materials and preparation of specimens
Diglycidyl ether of bisphenol-A (DGEBA), EP828
and hardener EP304 were purchased from Polymer-
G, Israel. The curing agent/hardener EP304 is a
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polyether amine with trifunctional primary amine.
Its amine groups are located on secondary carbon
atoms at the ends of the aliphatic polyether chains.
The resin and hardener were mixed in a glass vial in
the weight ratio of 100:42, as recommended by the
manufacturer. Both parts were manually stirred vig-
orously for 10 min to ensure homogeneous mixing,
degassed for 30 min, and then heated at 80°C in an
oven for 24 minutes to almost reach the vitrified
state, at viscosity optimized for the drawing of fibers.
Subsequently, the mixture was taken out of the oven,
a small amount of it was extracted from the reservoir
using the 3x5 mm tip of a spatula, and hung at a
height of ~1.5 m until a gradually thinner fiber
formed under the effect of gravity, while gradually
cooling down to ambient room temperature. The
final diameter of the fibers was determined semi-em-
pirically by modifying the amount and viscosity of
the polymer collected at the tip of the spatula, such
that lower amount and lower viscosity yielded thin-
ner fibers and vice versa. The diameter at both ends
was slightly larger than in the central region of the
fiber, where it was uniform. The fibers were left to
cure at room temperature for 48 hrs, then fixed on a
rectangular metal frame (8 X8 cm) and post-cured
for 5 hrs at 80 °C in an oven. The cured epoxy fibers
had a smooth surface and of high quality (thus, free
of surface defects), clear, transparent, and circular.
They were subsequently cut into smaller specimens
for testing. As already mentioned, the fibers to be
tested had diameters between 20 to 350 pm (most of
them actually ranging from 40 to 160 um), thus
much wider than the 22—-51 pm range used by Hob-
biebrunken et al. (2007) [13]. Moreover, dogbone-
shaped bulk epoxy samples were prepared in silicon
molds using the same stoichiometric ratio, cured at
100°C for 6 hrs. It is noted that the curing processes
of the bulk and fibers differed: the bulk was cured at
the standard conditions recommended by the epoxy
manufacturer, whereas the fibers were cured at lower
temperatures over a longer duration in order to avoid
overheating damage. Although the conditions were
not identical, the comparison of the strength and
stiffness of both samples is conservative as the high-
er temperature in the bulk samples would have been
expected to yield higher cross-linking density and,
consequently, strength and stiffness. As to the pres-
ence of defects, both samples were degassed to re-
move air microbubbles in order to avoid adverse ef-
fect on the mechanical properties.
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2.2. Differential scanning calorimetry (DSC)
The thermal behavior of the epoxy samples was mon-
itored by differential scanning calorimetry (DSC, TA
DSC Q200). Samples were placed in a hermetically
sealed aluminum pan. Measurements were carried in
N, atmosphere from room temperature to 300 °C, at
a heating rate of 10°C-min~!. The glass transition
temperature (7,) is 83 °C for the bulk epoxy and
80 °C for the fibers. The amount of heat evolved from
the (exothermic) curing process [20, 21] was evalu-
ated from the area of the exothermic peak. With the
total heat associated with the curing of an uncured
mixture considered as a reference, the residual heat
was used to determine the percent cure of an incom-
pletely cured sample, as shown by Equation (1):
AH, .., — AH

total residual
AL 100 (1)

Cure [%]=
otal

where AH is the area under the exothermal peak of
the DSC curve.

2.3. Mechanical testing of bulk specimens
Bulk dogbone-shaped epoxy specimens, 1.50x
1.00 mm in cross-section and 15 mm in gauge length,
were tested with a home-made mechanical testing
system, using a 5 kN load cell (Kistler 9311B,
Switzerland) at lmm/min crosshead speed. A total of
16 such macroscopic samples were tested. The nom-
inal (or engineering) strain, &, was determined from
the crosshead displacement, and the nominal (engi-
neering) stress was calculated by dividing the meas-
ured load P by the initial cross-section.

2.4. Mechanical testing of fiber specimens

Two types of fibers were tested, as-prepared and
fully necked fibers. The specimens of both types were
cut and glued on windowed paper frames (gauge
length: 10 mm). Prior to testing, the diameter of each
fiber was determined under an optical microscope
by focusing on 3 points along the fiber, and the di-
ameter value was averaged. Over 100 fibers of each
type were prepared and measured. Mechanical tests
were conducted with an Instron 5965 universal test-
ing system (UK) equipped with a 10 N load cell, at
arate of 1 mm/min. The paper frame was held on the
Instron with a pair of fiber clamps. Prior to testing
the side edges of the frame (left and right) were cut
out. As-prepared fibers were tested in tension and
necking nucleated (usually at one of the clamps) at
approximately 5% strain, eventually expanding
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through the entire gauge length, as will be discussed
in the next section. Necked fibers were prepared by
first stretching as-prepared fibers to a strain of 75%,
thus prior to the region of potential strain-hardening
and/or failure, then cutting the resulting necked sam-
ples to 10 mm gauge length and mounting on paper
frames as previously described. Following this, fully
necked fiber segments were tested in tension under
the same experimental conditions as the as-prepared
fibers. In the remainder of the paper, ‘as-prepared’
fibers will simply be termed ‘fibers’ provided no am-
biguity arises.

3. Results and discussion

Table 1 presents the average values of the bulk epoxy
mechanical properties in tension and Figure 1 pres-
ents typical stress-strain curves of all epoxy specimen
types. As seen, the mechanical signatures of bulk
(macroscopic) and fibers (microscopic) epoxy speci-
mens are radically unalike. In bulk specimens, a local
instability sets in at the yield strength (or extension),
closely followed by a drop in stress. At that point a
neck begins to form (Figure 2a), leading to almost im-
mediate failure at a nominal strength of ~68 MPa and
a strain of ~12%. In sharp contrast, the as-prepared
fibers begin to yield at a strain just under 5%. Imme-
diately after the yield point the stress somewhat
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Figure 1. Typical stress-strain curves of bulk epoxy, as-pre-
pared epoxy fiber, and necked epoxy fiber.

decreases with increasing deformation (‘intrinsic
strain softening’), followed by a plateau reflecting a
lengthy necking phenomenon which, in most cases,
propagates along the entire fiber length (Figure 2b).
As aresult, the average failure strain is ~116% (some-
times even reaching ~180%). In later stages of the
test the slope of the stress-strain curve increases
(‘strain hardening’) and eventually the fiber fails at
a nominal strength of ~106+34 MPa (the large vari-
ability is due to different fiber diameters). Such duc-
tile behavior is more evocative of typical semi-crys-
talline polymers than of epoxy. Indeed, epoxy is an

Table 1. Average tensile mechanical properties of bulk epoxy samples.

Epoxy specimens Modulus Nominal strength True strength Failure strain Toughness
POXy sp [MPa] [MPa] [MPa] (%] [MPa]
Bulk 1132.3+161.6 67.8+2.0 - 12.1£1.9 5.1+1.1

2 mm

500 um

b)

Figure 2. (a) Bulk epoxy specimen before and after a tensile test, note a beginning of necking at the fractured sides; (b) typical
tensile test of as-prepared epoxy fiber (arrows designate the nucleation and propagation of necking), displaying
the large elongation of the specimen (from /g to /).
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archetypal brittle amorphous isotropic polymer,
which means that when stressed under a tensile force,
its deformation is linear and elastic up to failure as
shown in Figure 1 for a standard bulk sample (black
line). The size effects on Young’s modulus, strength,
failure strain and toughness (the amount of energy
per unit volume stored or absorbed up to fracture,
quantified simply as the area under the stress-strain

curve, thus Jode, in J/m® = Pa), from bulk to fiber to
necked fiber, are clearly significant (Figure 3).

DSC measurements (Figure 4) of the cured as-pre-
pared epoxy fibers and bulk samples show that the
fibers were 97% cured, compared to 100% curing in
the bulk. Furthermore, the glass transition temperature
dropped from 83 °C in the bulk epoxy to 80°C in the
as-prepared fibers. These observations may indicate
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Figure 3. Size effects in epoxy (the horizontal dashed lines designate average bulk values): (a) dependence of Young’s mod-
ulus on diameter of as-prepared and necked fibers; (b) dependence of (nominal and true) strength on diameter of
as-prepared fibers; (c) dependence of (nominal and true) strength on diameter of necked fibers; (d) dependence of
fracture strain on diameter of as-prepared and necked fibers; (¢) dependence of toughness on diameter of as-pre-

pared and necked fibers.
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Figure 4. DSC curves of as-prepared epoxy fibers and bulk.
The exothermic peak in the fibers sample indicates
97% curing, whereas no peak is observed in the
bulk, indicating 100% curing. The glass transition
temperature 7 is 80 °C for the fibers and 83 °C for
the bulk.

some structural changes with respect to the bulk,
such as higher chain mobility and therefore ductility
of the as-prepared fibers (partially reflected in Fig-
ure 3d), but they seem too small to lead to the large
increases in the observed mechanical properties. The
crosslink density can in principle be evaluated from
dynamic mechanical analyses but DMA testing is
rather challenging with fiber specimens and requires
extensive work, which we plan to accomplish in the
near future. We performed wide-angle X-ray scatter-
ing (WAXS) measurements, described further on,
which reveal molecular reorientation effects that are
much more likely to lead to significant mechanical
changes such as those observed here. As noted in the
experimental section, the higher curing degree in the
bulk samples compared to the fiber samples places
our strength and stiffness improvement results on the
conservative side. Further comprehensive DSC,
WAXS and other experiments are anticipated in fu-
ture research, to better understand the nature of the
structural changes in the fibers.

In highly ductile specimens such as the as-prepared
epoxy fibers studied here, it is more meaningful to
use true stress values (thus, force normalized by the
actual or instantaneous cross-section) than nominal
(or engineering) stress (force normalized by the ini-
tial cross-section). Because of the cross-section con-
traction, true strength is always much higher than
nominal strength, as seen in Figures 3b and 3c.

At constant gauge length (10 mm), the modulus and
strength (and to a lesser extent, the strain and tough-
ness) increase enormously with decreasing diameter
d, as seen on Figure 3b and 3c. In particular, the
strength closely approaches the conventional estimate

of theoretical values, namely ~E/10 (see for example
[22] on the link between the theoretical strength and
modulus based on fracture mechanics), as seen by
comparison with Figure 3a. Such diameter effect on
strength is well known for many types of materials
in fiber form, including polymers [9, 23-26]. The
significant increase in the mechanical properties oc-
curs below a certain critical diameter, D., about
300 pum for the as-prepared fiber and 150 pm for the
necked fiber (Figure 3), observed clearly in the
strength and toughness plots. Such critical diameter
is likely indicative of a structural transition, possibly
above a certain mechanical drawing ratio, reminis-
cent of the polymer-network stretch transition in
electrospun fibers [9]. Structural transition in me-
chanically drawn epoxy fibers could possibly be the
consequence of overstretching and tearing of cross-
links, bundling of polymer segments, and/or internal
confinement. The critical diameter D, should entail
material, process and structural parameters such as
epoxy (resin and hardener) type, fraction and molec-
ular structure, degree of curing, molecular mi-
crostructure, and internal friction, as well as surface
quality and the size and density of defects. As the
epoxy was the same for both fiber types, the ob-
served difference in D, is likely the result of a change
induced in the molecular microstructure during the
necking event. For example, the reduction in D,
caused by necking could be the result of tearing of
crosslinks and thus lower effective internal friction
between chain segments or bundles.

Results for the strength behavior of epoxy as a func-
tion of the fiber diameter can be elucidated in prin-
ciple by means of a number of models [6, 23, 26] ei-
ther empirical (strength ~ 1/d), or based on a
classical fracture mechanics argument (strength ~
1/d"?), or via a Weibull model argument (strength ~
1/d"®, where B, the Weibull modulus, is a function of
the material and is generally larger than 2). In these
models the presence and size of critical defects plays
a key role. A comparison between the exponents of
d given by the LEFM and Weibull models is present-
ed on a log(strength) vs log(d) experimental plot for
the as-prepared epoxy fibers (Figure 5a) and for the
necked fibers (Figure 5b). The latter were prepared
by pre-straining epoxy fibers to about 80% of their
original length (necking of the necked fibers was not
observed). The necked fiber indeed exhibits higher
mechanical properties in terms of strength and mod-
ulus. The nominal strength of the necked fiber
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Figure 5. Log-log plot of strength against diameter for (a) as-prepared epoxy fibers and (b) necked fibers. In both cases the
fracture mechanics prediction (slope = 1/2) fits reasonably well the regression line through the data. Note the

weaker fit of the line to the necked fiber data.

(204 MPa) is almost twice of that of as prepared fiber
(106 MPa), but the true strength only improves less
than 20% (from 233 to 275 MPa).

The strength data in Figure 5 appear to fit the LEFM
model reasonably well as for both fiber types the
slope of the regression line through the data is close
to 0.5. The use of LEFM in this analysis is justified
because, although the stretched fiber initially ex-
hibits plastic behavior, towards its ultimate strength
it becomes brittle due to strain hardening. This is ev-
idenced by the fiber (red) stress-strain curve in Fig-
ure 1, where after yield and up to ~80% elongation
the stress remains on a plateau, while at higher elon-
gation up to fracture (that is, after necking is com-
plete) the stress-strain slope rises to quasi linear elas-
tic. Furthermore, the fracture surface (not shown) is
distinctively smooth, typical of brittle fracture. As
seen in Figure 5, the slope of the as-prepared fibers
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5 i . . A
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is —0.42+0.04 and that of the necked fibers is
—0.38+0.06. The higher dispersion of the strength
data in the necked fibers compared to the as-pre-
pared fibers is because all the necked fibers were
prepared at the same drawing ratio of 1.75 as de-
scribed in the methods section, regardless of the max-
imum achievable elongation of each fiber (thin fibers
can elongate more than thick fibers). Note that the two
slopes (—0.42 and —0.38) give Weibull shape param-
eter values of 2.4 and 2.6 for the as-prepared fiber and
the necked fiber, respectively. These values are about
one-half or less than the shape parameter values ob-
tained from direct Weibull plots as presented in Fig-
ure 6 and Table 2 where the data have been sorted out
by diameter ranges. Those plots show parallel lines
reflecting the difference in average strength for dif-
ferent diameters. The diameter effect on the scale pa-
rameter o (proportional to the average strength of the

2
Necked fiber
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_ Of
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Figure 6. Two-parameter Weibull distribution F = 1 — exp[—(c/a)P] for (a) as-prepared epoxy fibers and (b) necked fibers.
The data was separated into four diameter ranges: <40 micron, 40—-80 micron, 80—120 micron and >120 micron.
The effect of diameter on strength appears as a shift of the data; the values of the scale (o) and shape () parameters

are indicated in the inset, see also Table 2.
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Table 2. Summary of tensile data of epoxy fibers sorted by diameter ranges.

. Nominal Weibull distribution on true strength
Diameter range . True strength
[um] No. of specimens strength [MPa o
: [MPa] [MPa] p
<40 36 134.1420.6 295.0+45.3 311.8 7.7
40-80 33 112.0+26.3 246.4+57.9 265.4 4.8
As-prepared fibers
80-120 7 79.0+£19.6 173.8+43.1 190.5 4.6
>120 25 67.0+£16.2 147.34£35.6 160.6 5.0
<40 46 227.1+63.4 306.5+£85.5 336.4 4.3
40-80 47 198.3£55.9 267.6£75.5 294.0 43
Necked fibers
80-120 18 175.1+40.3 236.4+54.4 257.5 5.0
>120" 3 117.0+13.5 158.018.2 - -

*Only 3 necked fiber specimens with diameter above 120 micron were available, therefore the Weibull statistical analysis was not per-

formed.

population) is as expected in both cases, namely, the
smaller the diameter the larger the scale parameter;
however, the diameter effect on the shape parameter
B is not as clear in those plots, except for the obvious
fact that the values of  are at least double those in
Figure 5. We conjecture here that direct Weibull plots
(Figure 6) provide adequate values of the shape pa-
rameter but that the diameter effect on strength can-
not be interpreted in a straightforward way in terms
of the Weibull shape parameter as calculated from
the log(strength) vs log(size) plot as in Figure 5. The
reason for the discrepancy between the two types of
plots is not obvious but is often observed [6, 24-26],
including for other fiber types such as carbon. More
sophisticated stochastic approaches discuss this and
other aspects of size effects [6] but fall beyond the
scope of the present paper.

From Table 1 and Figures 3b and 3c, compared to
the bulk value of epoxy strength (68 MPa), the mi-
croscale as-prepared epoxy fiber has higher nominal
and true strengths, 106 MPa and 233 MPa on aver-
age, respectively. The strength increase in epoxy fiber
is likely attributed to the following: (i) the surface of
the fiber is almost defect-free since the formation of
the fiber does not involve machining (ii) the small vol-
ume of the fiber limits the presence of critical defects
in its interior. The additional strength observed in the
necked fiber (nominal: 204 MPa, true: 276 MPa) is
more difficult to explain since the necked fiber di-
ameter is only slightly smaller than the as-prepared
fiber diameter. An attempt to explain the additional
strength increase is presented below, based on pos-
sible structural changes.

However, the presence of defects in a material can-
not provide an explanation of a size effect in an elas-
tic property, namely Young’s modulus (Figure 3a),

which for epoxy fiber is about 2.5 (as-prepared fiber)
to 3 times (necked fiber) that of bulk epoxy. Nor can
defects explain the colossal ductility (plastic defor-
mation and failure strain) seen in our experiments
with epoxy fibers. Only scarce evidence exists in the
literature for similar (and milder) size effects in
epoxy fibers [13, 16] but largely without explanation.
We attempt to partly deal with this issue below.
Tensile toughness (or ‘effective fracture energy’, the
amount of energy per unit volume that a material can
store or absorb before fracture) was quantified sim-
ply as the area under the stress-strain curve as ex-
plained earlier. Compared to bulk epoxy, both epoxy
fibers have higher strength and elongation, resulting
in an order of magnitude increase in tensile tough-
ness compared to bulk epoxy (Figure 3e).
Referring again to Figure 3a, the average value of
Young’s modulus of as-prepared epoxy fibers
(2.5 GPa) is more than twice that of bulk epoxy
(1.1 GPa). Moreover, following necking, it is further
improved to 3.0 GPa. As previously noted, diameter
effects on Young’s modulus have previously been
observed in semi-crystalline polymers and other
fiber types at the micron-size scale [6, 23-26] as well
as in various sub-micron sized electrospun polymer
fibers [9, 27-30]. The necking phenomenon seen
here in epoxy is almost never-observed in highly
cross-linked glassy polymers. It is accompanied by
an increase in Young’s modulus with decreasing di-
ameter which cannot be explained by the presence
of defects (which for the fiber strength leads to a ¢ /2
dependence as discussed earlier). It is postulated here
that the ductility, necking behavior, and size effect
in highly cross-linked epoxy fibers might be linked,
if not attributed, to macromolecular re-alignment
during necking. This is a highly counterintuitive
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conjecture because, unlike semi-crystalline poly-
mers, or even lightly cross-linked polymers, epoxy
is an amorphous polymer which forms 3D rigid in-
terconnects when cured, thus a macromolecular net-
work with very little propensity to flow [31] and re-
orient. In Figure 7, however, we present wide-angle
X-ray scattering (WAXS) evidence of molecular
(re)orientation in necked epoxy fibers, whereas
epoxy films, and as-prepared and tensile tested fibers
show no preferred orientation. Herman’s orientation
parameter, calculated from the WAXS data for the
necked fibers, is f= 1.5<cos’a> — 0.5 = 0.23+0.04,
where a is the angle between the fiber axis and the
macromolecules. Since f'can vary between 0 (no pre-
ferred orientation) and 1 (full alignment with the fiber
axis), this result clearly indicates molecular orien-
tation. Although the orientation data exhibit a weak
increasing trend with respect to decreasing fiber di-
ameter, as might be expected, this trend should be
validated by further experiments.

As the as-prepared fibers do exhibit diameter depend-
ence in both their stiffness and toughness, it could be

q[A7]

q A

qlA7]

Figure 7.

Azimuth []

Azimuth [°]

that their degree of alignment was below the WAXS
detection threshold. Efforts are currently underway
to expand these preliminary WAXS observations. If
molecular (re)orientation in necked epoxy fibers is
indeed confirmed, an explanation/mechanism will
have to be proposed for this surprising result. This
would likely involve reordering of polymer seg-
ments, distortion and/or loss of crosslinks (evidenced
in the DSC measurements of the as-prepared fibers),
or other molecular-scale structural changes, which
would favor mechanisms leading to high strength,
stiffness and plasticity.

In that context, regarding necked fibers, the notion
of size dependence may be somewhat misleading,
as it implies a direct influence of the fiber diameter
on the tensile mechanical properties. Rather, the di-
ameter and the strength/modulus/toughness are sep-
arately dependent on the mechanical drawing ratio
during fiber preparation; thus, the fundamental
property is the drawing ratio instead of the diameter.
In other words, a high drawing ratio reduces the
fiber diameter while at the same time increases the
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Wide-angle X-ray scattering patterns of (a) an as-prepared epoxy fiber, showing no detected evidence of preferred

orientation at the sub-nanometer scale, and (b) a necked epoxy fiber where structural orientation (arc-shapes) is
clearly visible. g is the scattering vector [A~'], and color reflects intensity (arbitrary units).

1001



Sui et al. — eXPRESS Polymer Letters Vol. 13, No.11 (2019) 993—1003

molecular orientation and consequently the strength ~ References

and elastic modulus.

4. Conclusions

Epoxy fibers with different diameters were prepared
and their stiffness, strength, ultimate strain, and ten-
sile toughness demonstrated substantial scale-depen-
dent effects as they all significantly increased with a
decrease in diameter. Surprisingly, below a critical
diameter the mechanical behavior changed from de-
fect-controlled to a yield and plastic deformation-
controlled strengthening, showing an extreme duc-
tile behavior compared to bulk epoxy. Necked fiber
segments subsequently tested in tension were found
to have even higher strength and modulus compared
to the initial as-prepared fibers. Size effects for the
strength of epoxy can be elucidated in principle ei-
ther by means of a classical fracture mechanics ar-
gument or via a stochastic model argument. In both
of these approaches the presence and size of critical
defects plays a key role. However, defects cannot ex-
plain the extensive plastic deformation seen in our
experiments, or justify a size effect in Young’s mod-
ulus, an elastic property. Only scarce evidence exists
in the literature for similar (milder) size effects in
epoxy fibers but without any structural justification.
We present here first indications (by WAXS) that
highly cross-linked necked epoxy fibers exhibit
macromolecular anisotropy which likely explains the
observed high mechanical characteristics.
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