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Soy protein/nylon 6 monolithic and core-shell nanofibers were solution-blown and collected
on a rotating drum as fiber mats. Tensile tests of rectangular strips of these mats revealed their
stress-strain dependences. These dependences were linear at low strains which correspond to their
elastic behavior. Then, a plastic-like nonlinearity sets in, which is followed by catastrophic rupture.
Parameters such as Young’s modulus, yield stress, and specific strain energy were measured. The
results were rationalized in the framework of the phenomenological elastic-plastic model, as well
as a novel micromechanical model (the latter attributes plasticity to bond rapture between
the individual overstressed fibers in the mat). Besides, the effects of stretching history, rate of
stretching, and winding velocity of the collector drum on the strength-related parameters are
studied. The results for soy protein/nylon 6 nanofiber mats are also compared to those for solution
blown pure nylon 6 mats, which were produced and tested in the same way. © 2012 American

Institute of Physics. [doi:10.1063/1.3682757]

. INTRODUCTION

Booming SoyDiesel production'? facilitates increasing
production of soy, while using only soy oil (which comprises
only about 20% of soy mass), and leaving behind abundant
residual soy protein. In addition to the use of soy protein as a
nutrient, it has great industrial value too. In particular, devel-
oping innovative ways of utilizing residual soy protein result-
ing from SoyDiesel production will make the overall process
more economically feasible and reduce cost of SoyDiesel.
Moreover, these innovative soy protein-based products will
help to significantly reduce dependence on oil, not only for
transportation but also by replacing petroleum-based poly-
mers by their biopolymer counterparts. Biopolymer products
are even more attractive than those derived from petroleum,
since the former are biodegradable, while the latter are not.
Non-biodegradable packaging and other materials create sig-
nificant problem with garbage utilization, and their burning
contributes to production of greenhouse gases. Biodegradable
materials produced from residual soy protein effectively
eliminate this problem. The field where biodegradable mate-
rials can potentially replace petroleum-derived polymers
encompasses textiles and nonwovens, biomedical, “green”
construction and packaging materials, and catalyst supports.

One of potentially attractive ways of utilization of soy pro-
teins is in production of novel “green” soy protein-based com-
posites which is facilitated by their mechanical and thermal
characterization.> The first steps in the direction of utilization
of soy protein resulting from SoyDiesel production have al-
ready delivered the first fruits in the field of nonwovens.
Namely, nano-textured nonwovens have already been pro-
duced using solution blowing in.* Moreover, a similar
approach can be potentially applied to the other residuals of
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biofuel production: algae and other crops of interest. Soy pro-
tein nanofibers can be also produced by using a slower process,
electrospinning.”™® Both solution blowing and electrospinning
employ blends of biodegradable soy protein and petroleum-
derived polymers to sustain spinnability of solutions employed.

The present work is devoted to the mechanical charac-
terization of nano-textured nonwovens produced by using
the solution blowing process similar to that of Ref. 4. The
mechanical properties of soy blend or core-shell pro-
tein/nylon 6 nanofibers are also compared to those of pure
nylon 6 nanofibers produced using solution blowing. The
mechanical behavior revealed in the tensile tests is rational-
ized in the framework of two models, the standard phenome-
nological elasto-plastic model and the micromechanical
model proposed in the present work. As a result, Young’s
modulus, the yield stress, and the corresponding microme-
chanical parameters of soy protein nanofiber mats are estab-
lished, as well as the effect on them of such parameters as
the rotational speed of the collector drum.

The paper is organized as follows. Materials and solu-
tions used, sample preparation and tensile tests are described
under Sec. II. Solution blown nanofiber mats are illustrated
in the following section. Then Sec. IV outlines two different
models used to describe stress-strain curves of soy pro-
tein/nylon 6 nanofiber mats and the details are given in
Appendices A and B. In the following section, the experi-
mental data is compared with the models and the correspond-
ing material parameters are established. Conclusions are
drawn in Sec. VL.

Il. EXPERIMENTAL
A. Materials

Materials used in this work include Polyamide-6 (nylon-
6) obtained from BASF (M,, = 65.2 KDa), formic acid grade
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>95%, obtained from Sigma-Aldrich, protein isolate PRO-
FAM 955 (SP 955) obtained from ADM Specialty Food
Ingredients. All materials were used as received, without any
further purification.

B. Solution preparation

For solution blowing of monolithic nanofibers of blend
of soy protein and nylon 6, the solution preparation was per-
formed as described in Ref. 4. In particular, 1 g of soy pro-
tein SP 955 was mixed with 9.5 g of formic acid and left on
a hotplate at 75 °C for 24 h. Next, 1.5 g of nylon 6 was added
to the solution and stirred at 75°C for a day. For solution
blowing of core-shell nanofibers, two solutions were pre-
pared. The core solution was prepared as follows. First, 1.3 g
of SP 955 was mixed with 8.7 g of formic acid and left on a
hotplate at 75 °C for 24 h. Then, 1 g of nylon 6 was added to
the solution and stirred on the hotplate at the same tempera-
ture for another day. The shell solution was a blend of 20 wt
% nylon 6 in formic acid, which was left on a hotplate at
75 °C for a day to become homogeneous. For solution blow-
ing of pure nylon 6 nanofibers, a 20 wt% solution of nylon 6
in formic acid was prepared.

C. Solution blowing

In order to produce soy protein-based nanofibers, the
setup described in Ref. 4, 9—10 was used. In particular, for
blowing of monolithic nanofibers, solution was pumped
through a 13 G needle using a syringe pump with flow rate of
5 ml/h. After leaving the needle exit, the solution was sub-
jected to a coaxial turbulent air jet at an upstream pressure of
1.5-2.5 bar through an annular nozzle surrounding the needle
and the needle-to-collector distance was 19-24 cm. The
upstream pressure differs from that of Ref. 10 since the tub-
ing setting used in this particular experiment was 1/8”,
whereas the tubing in Ref. 8 was 1/16”. Smaller tubing size
caused more friction in the system; thus, higher upstream
pressure was needed to obtain specific downstream velocity
in Ref. 9-10. Solution blowing experiments were done at
room temperature and 45%—55% relative humidity.

The set-up for core-shell co-blowing is described in Ref.
10. In particular, to blow core-shell soy protein/nylon 6
nanofibers, two different solutions were used as described
above. The core solution was pumped into a central nozzle
which was surrounded by a reservoir carrying the shell solu-
tion. The shell solution was pumped through the reservoir
with the flow rate of 4 ml/h. The core solution was supplied
with the same flow rate. The core-shell jet was issued inside
a concentric nozzle surrounded by an annular nozzle. A tur-
bulent air jet was issued through the annular nozzle with the

J. Appl. Phys. 111, 044906 (2012)

upstream pressure of 1.5 to 2.5 bar. It is emphasized that the
exit of the core nozzle was slightly pushed inside the annular
nozzle to avoid clogging. The core-shell soy protein/nylon
6 nanofibers were collected on a rotating drum covered
with aluminum foil which was located 15 cm below the
nozzle exit.

For comparison, solution blowing of pure nylon 6 was
conducted as follows. Pure nylon 6 solution was pumped
through a 13 G needle with a flow rate of 5 ml/h. The needle
was surrounded by an annular nozzle. A turbulent air jet
with the upstream pressure of 1.5 to 2.5 bar was issued
through the annular nozzle. Nanofibers were collected on a
rotating drum covered with aluminum foil located at a
distance of 19-24 cm from the needle exit.

D. Sample preparation

Nanofibers were collected on a rotating drum with diam-
eter of 5 cm, which was covered with aluminum foil. The
rotating drum had an angular velocity of 100-280 rad/s,
which transcends into linear velocity of 2.5-7.0 m/s at the
foil surface. Aluminum foil which was covered with nano-
fiber mat was taken off from the rotating drum. The nano-
fiber mat was cut into rectangular pieces which were 25-35
mm long and 10 to 15 mm wide and then piled off from the
foil. The thickness of nanofiber mat was 0.15-0.30 mm.
Nanofiber mat pieces which were used as samples in the
uniaxial stretching experiments are shown in Fig. 1. The
SEM images of the nanofiber mats are shown in Figs. 2(a),
2(b), 2(c). The samples were kept at room temperature and
humidity.

E. Tensile tests

The tensile test was performed using a 100 N capacity
Instron machine (model 5942). The upper and lower ends of
the samples were clamped by Instron’s pneumatic grips.
The upper end was stretched with a single stretching rate
(0.1 mm/min), while the lower end was kept at its initial
position. The uniaxial stretching tests were conducted until
sample breakage. Tensile test with a fixed rate of stretching
until sample rupture is termed protocol 1. This protocol was
applied to soy protein/nylon 6 mats, pure nylon 6 mats, and
core-shell nanofiber mats. Soy protein/nylon 6 nanofiber
mats collected at different winding velocities of the rotating
drum were also tested according to protocol 1. The corre-
sponding mechanical properties of these nanofiber mats are
reported below.

Another protocol, termed as protocol 2, was used to
evaluate the effect of stretching rate in uniaxial stretching on
mechanical behavior of nanofiber mats. Similar samples

FIG. 1. (Color online) Solution blown nanofiber
mat samples prepared for stretching test. Panel
(a) shows soy protein/nylon 6 nanofibers. Panel
(b) shows co-blown core-shell nanofibers, and
panel (c) shows pure nylon 6 nanofibers.
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were tested with three different stretching rates: 0.1, 0.5, and
1.0 mm/min, and the corresponding mechanical properties
were compared. This test was applied to soy protein/nylon 6
nanofiber mats.

The third set of experiments followed protocol 3,
designed to evaluate the effect of pre-stretching on nanofiber
mat’s mechanical behavior. In particular, rectangular nano-
fiber samples were uniaxially stretched up to a particular
strain (3%), and were held at that strain for 5 min. Then,
they were released from the grips and fully unloaded. After
that, they were clamped again with the initial gauge length
and stretched. Then, the unloading and the following stretch-
ing were repeated once again. At the third stretching, the
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FIG. 3. Tensile stress vs strain acquired for a sample of soy protein/nylon 6
solution-blown nanofiber mat. Symbols-experimental data. Sample rupture
oceurs at oy ruprure= 0.7 MPa and éryprure= 4.5%.
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FIG. 2. SEM images of soy protein/nylon 6 nanofiber mat.
Panel (a) shows that nanofibers collected on rotating drum
are oriented. A zoomed-in image shown in panel (b) illus-
trates that stretched nanofibers are mostly oriented in the
winding direction shown by an arrow. Panel (c) shows that
some nanofibers are glued together, which is a result of an
incomplete evaporation of solvent from the jet in flight.
Panel (d) shows that nanofiber mats have a layered struc-
ture, and only about one half of the cross-section supports
load in the uniaxial stretching tests.

process was continued to the sample failure. This protocol
was applied to soy protein/nylon 6 nanofiber mats.

In the experiments which followed protocol 4, samples
were uniaxially stretched with incremental loads of 0.01 N
and unloaded afterwards. The loading and unloading proce-
dure continued until a sample was stretched with 0.35 N load.
This test protocol was designed to evaluate reversible and
irreversible components in the mechanical behavior of nano-
fiber mats. This test was conducted with soy protein/nylon 6
nanofiber mats.

FIG. 4. (Color online) Typical sample rupture pattern for soy protein/nylon
6 nanofiber mat.
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FIG. 5. (Color online) Comparison of
phenomenological elastic-plastic model
[Eq. (1)] with the experimental stress-
strain data for soy protein/nylon 6 nano-
fiber mat. In panel (a), Eq. (1) is fitted to
the experimental data up to the rupture
point. Panel (b) shows the overall stress-
strain data corresponding to panel (a).
Symbols 1: (black in color) experimental
data, line 2: (red in color) phenomeno-
logical model, Eq. (1).
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lll. OBSERVATIONS OF SOLUTION BLOWN MATS

Morphology of solution-blown nanofibers was observed
by using a Phenom scanning electron microscope (SEM).
For the observation purposes, soy protein/nylon 6 nanofiber
mats were sputter coated with a 6-7 nm Pd-Pt layer. The
observations were done by using 5 kV accelerating voltage.
The observations of soy protein/nylon 6 nanofiber mat
cross-section were done by using JEOL JSM 6320 F
scanning microscope after a 7-8 nm Pd-Pt layer was sputter
coated. In these observations a 3.5 kV accelerating voltage
was applied.

Solution-blown nanofibers had cross-sectional diameters
in the range of 300-500 nm. The size distribution of the nano-
fibers corresponded to the one reported in Ref. 4. The overall
and zoomed-in SEM images of soy protein/nylon 6 nanofib-
ers collected on a rotating drum are shown in Fig. 2. Com-
pared to those of Ref. 4, nanofibers are stretched and have
preferential orientation in the direction of rotation [cf. Figs.
2(a) and 2(b)], since they were collected on a rotating drum.
Due to the relatively small distance between the needle exit
and rotating drum, solvent did not completely evaporate from
the jet in flight. As a result, nanofibers were glued to each
other in some places of the collected mat [cf. Fig. 2(c)].

The mat cross-section shown in Fig. 2(d) demonstrates
that it has a layered structure and is not fully filled with
nanofibers. There are significant gaps between the fiber
layers. This circumstance should be accounted for when cal-
culating the stress supported by nanofiber mats in uniaxial
elongation by using Instron. The images similar to the one in
Fig. 2(d) taken at 30 different locations will be used for cor-
recting the cross-sectional area and evaluating the real area
which supports load. The processing of such images by using
MATLAB revealed that only about 50% of the cross-
sectional area in the mat contains nanofibers which support
the load.

TABLE I. Average mechanical properties of soy protein/nylon 6 nanofiber mats.

3
&(%)

IV. THEORETICAL BACKGROUND

The phenomenological equation for the uniaxial stretch-
ing of a planar strip as in the experiments in the present work
yields the following, the stress-strain dependence

o —\/thanh \/ZES
T3 3v7)

which encompasses the elastic and plastic behavior (see
Appendix A). In Eq. (1), E is Young’s modulus, Y is the
yield stress, o, is the tensile stress, and ¢ is the tensile strain.

In the following section, Eq. (1) will be compared to the
experimental data to establish the values of Young’s modu-
lus E and the yield stress Y for solution-blown soy protein
nanofiber mats.

The micromechanical stress-strain relation for nano-
fiber mats under uniaxial elongation derived in Appendix B
reads

ey

1 271 2E, 2
Oy = Emsﬂexp(Zs) J cos*o (1 + fs;:OS(p>
0 *
2Esecos? d
X exp(— f (/)> > 4 ——- (2)
O [cos @ + exp(4e)sin (p}

The dimensionless tensile strength ¢«/E; in Eq. (2)
affects the character of deviation of the dependence of o, on
¢ from the linear Hooke’s law, and thus effectively controls
mat plasticity.

In the limit of small strains when ¢ — 0, Eq. (2) reduces
to o= (3/8)Ee. The latter corresponds to Hookean behav-
ior. The Hookean limit should correspond to that of the phe-
nomenological model of Eq. (1), which means that
E, = (32/9)E. Equation (2) is compared to the experimental
data in the following section.

Average thickness

Average specific Average maximum Average maximum

Average width of of the samples Average Young’s Average yield strain energy u strain at rupture stress at rupture
the samples (mm) (mm) modulus E (MPa) stress Y (MPa) (MPa) Erupture(%0) O x rupture
12.07 0.20 19.56%6.48 0.56%0.15 2.26%0.71 4.52+0.92 0.67=0.10
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FIG. 6. (Color online) Soy protein/nylon 6 stress-strain curve fitted with (a)
phenomenological and (b) micromechanical models. Sample No. 1 from
Table II. Symbols 1 (black in color) depict the experimental data, lines 2
(red in color) the corresponding theoretical results.
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V. COMPARISON WITH THE EXPERIMENT AND
DISCUSSION

A. Stress-strain curves from the experiments
according to protocol 1 (monolithic fibers)

A typical stress-strain dependence for soy protein/nylon
6 nanofiber mats measured in the tests following protocol 1,
is shown in Fig. 3. It is seen that at relatively small deforma-
tions, a,, depends on ¢ practically linearly demonstrating an
elastic Hookean response. At higher strains, £> 1.5%, the
response becomes nonlinear which can be attributed to the
onset of plasticity.

The morphology of sample failure corresponding to
Fig. 3, is illustrated in Fig. 4. In most cases, samples failed
in the middle (cf. Fig. 4). Typically, the failure stress and
strain were in the range of 0 upwre =0.4-0.9 MPa and
Erupture = 4%—10%, respectively.

Fitting Eq. (1) to the experimental stress-strain curve in
the elastic and plastic zone, the values of Young’s modulus
E and the yield stress Y can be determined (cf. Fig. 5). The
average values of £ and Y found for several samples of soy
protein/nylon 6 nanofiber mats are listed in Table 1. The ta-
ble also contains the specific strain energy defined as
u= [ onde.

The micromechanical model (2) was also fitted to the
data, and one case of such fitting is shown in Fig. 6. It is seen
that the micromechanical model fits the data in the elastic
and plastic part of the stress-strain dependence as good
as the phenomenological model (1), albeit as the latter is
incapable to describe the last part corresponding to the cata-
strophic rupture of the sample. Similar comparisons were
done for 20 different samples and the results are presented in

TABLE II. Young’s modulus, yield stress, and the relative bond-rupture stress o, /Ey. Soy protein/nylon 6 nanofiber mats.

Young’s modulus £

Young’s modulus E
corresponding to the

Yield stress of the Relative bond rupture stress

(phenomenological micromechanical phenomenological of the micromechanical
Sample  Width (mm) Thickness (mm) model); MPa model; MPa model, Y (MPa) model, o, /Ef
1 11.91 0.22 12.8 12.8 0.53 0.071
2 11.47 0.22 17.58 17.58 0.46 0.047
3 12.43 0.22 14.26 14.26 0.46 0.058
4 11.47 0.22 20.88 20.88 0.53 0.047
5 11.21 0.22 19.69 19.69 0.6 0.055
6 11.38 0.24 24.01 24.01 0.6 0.047
7 11.53 0.2 38.02 38.02 0.78 0.038
8 11.65 0.22 24.25 24.25 0.53 0.041
9 11.99 0.22 14.87 14.87 0.49 0.058
10 12.01 0.16 21.79 21.79 0.79 0.060
11 11.59 0.16 21.58 21.58 0.69 0.062
12 11.68 0.22 17.62 17.62 0.59 0.057
13 10.87 0.22 21.93 21.93 0.49 0.042
14 11.6 0.22 14.55 14.55 0.56 0.062
15 12.72 0.22 18.74 18.74 0.67 0.062
16 13.38 0.16 14.58 14.58 0.69 0.076
17 14.14 0.16 20.22 20.22 0.39 0.041
18 13.44 0.17 40.28 40.28 0.77 0.035
19 12.83 0.15 16.50 16.50 0.21 0.030
20 12.29 0.18 21.46 21.46 0.57 0.041
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TABLE III. Average mechanical properties of soy protein/nylon 6 nanofiber mats found for three different rates of stretching.

Rate of stretching Average Young’s Average yield Average specific strain Average maximum strain Average maximum stress
(mm/min) modulus E (MPa) stress Y (MPa) energy u (MPa) at Tupture €ryprure(%) at TUpture 0., rupture
0.1 19.56%6.48 0.56%0.15 2.26%0.71 4.52+0.92 0.67%0.10

0.5 21.52*1.82 0.57%0.03 2.85*0.36 4.57%+0.14 0.75%+0.08

1.0 31.13+6.88 0.65*0.12 2.99+0.02 4.04%x0.2 1.12%+0.41

Table II. The fitted values of E,, of the micromechanical
model were recalculated into the values of Young’s modulus
E of the phenomenological model using the relation
E, = (32/9)E, and found to be in full agreement with the
values of E found directly by fitting the phenomenological
model (Table II). It is emphasized that the micromechanical
model (2) does not involve the yield stress Y. Instead, it
involves the relative characteristic bond-breaking stress
o+/Ey, which is responsible for plastic effects. Its values for
20 samples are also presented in Table II.

The effect of the relative fiber rupture parameter o, /E;
on predictions of the micromechanical model is illustrated in
Fig. 7, which shows how a particular value of this parameter
is chosen to fit the data in the plastic part when the value of
E,, (or E) has already been established using the elastic part
of the stress-strain curve.

B. Effect of the stretching rate according to protocol 2
(monolithic fibers)

Performing tensile test on soy protein/nylon 6 nanofiber
mats with three different stretching rates, it was found that
unaixial stretching with a higher stretching rate results in a
higher value of Young’s modulus corresponding to the
stress-strain curve. Also, the yield stress, strain energy, and
maximum stress at rupture acquire higher values for higher
stretching rates. Table III contains such results for three dif-
ferent stretching rates. The corresponding graphic illustration
of the above-mentioned trends is depicted in Fig. 8. The pa-

3 4 5 6
&(%)

FIG. 7. (Color online) The effect of the relative fiber rupture stress,o .. /Ef,
on modeling plastic behavior of soy protein/nylon 6 nanofiber mats. Black
symbols (1) depict the experimental data. Curves 2, 3, and 4 show the results
of the micromechanical model with different values of the ratio o, /Ef: 2-
0./E; = 0.040, 3-0, /E; = 0.047, and 4-0, /E; = 0.058.

rameters listed in Table IIT and Fig. 8 were found by fitting
the phenomenological Eq. (1) to the experimental stress-
strain curves.
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FIG. 8. (a) Young’s modulus, (b) yield stress, and (c) specific strain energy
for three different rates of stretching.
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TABLE IV. Average Young’s moduli for soy protein/nylon 6 nanofiber
samples for three consequent stretching tests.

Average Average Average
Average Average Young’s Young’s Young’s
thickness of  width of the modulus £ modulus £ modulus £
the samples  samples (MPa), Ist (MPa), 2nd (MPa), 3rd
(mm) (mm) stretching stretching stretching
0.17 13.28 21.19+£9.45 26.74+13.30 24.60*£10.54

C. Effect of pre-stretching on the stress-strain curves
of soy protein/nylon 6 nanofiber mats according to
protocol 3 (monolithic fibers)

According to protocol 3, soy protein/nylon 6 nanofiber
mat was loaded up to 3% strain and held at this strain for
5 min. Then, the sample was released and clamped again at
the same gauge length. After that, the second pre-stretching
step was done up to 3% strain where the sample was kept for
5 min. Then, it was released once again and reclamped with
the initial gauge length. After that, the sample was stretched
up to its rupture. The phenomenological model (1) was fitted
to the stress-strain curves for the 1%, 2™, and 3™ stretching
and the corresponding values of Young’s moduli found are
reported in Table IV and Figs. 9 and 10. The results show
that pre-stretching increases nanofiber mat strength, and in
particular, Young’s modulus at the 2" consequent stretch-
ing. Figure 9 and the data for the 2"* and 3" stretching in Ta-
ble IV show that the highest value of Young’s modulus can
be reached in the intermediate (2"%) stretching process
instead of the last (3rd) one. This could be attributed to dam-
age accumulated in the preceding two stretching tests, as a
result of which many fibers in the mat can already be rup-
tured before the 3rd test had begun.

D. Incremental loading-unloading of soy
protein/nylon 6 nanofiber mats according to protocol
4 (monolithic fibers)

An example of the experimental data obtained follow-
ing protocol 4 with alternating loading and unloading is
shown in Fig. 11. The experiments of this type allow

26{74

246

21419

15- /
s

Mean Young's modulus{MPa)

NN

L) o I » I
1st 2nd 3rd
Stretching Stretching Stretching

FIG. 9. Young’s moduli in three consequent stretching tests.
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FIG. 10. (Color online) Stress-strain curves for soy protein/nylon 6 nano-
fiber mat in three subsequent stretching tests. Data set 1 shows the results for
the 1*' stretching; 2: for the 2" stretching; and 3: for the 3" stretching.

evaluation of the reversibility /irreversibility of sample
deformation. In particular, Fig. 11(a) shows the stress-
strain curve obtained in the loading steps of the experi-
ment, in which sample was loaded by incremental values
of 0.01 N. After each loading step, the sample was

.a)

..
e

000 005 010 015 020 025 030

o, (MPa)

FIG. 11. (a) Stress-strain curve corresponding to the loaded states of sample
according to protocol 4. (b) Strain vs stress: square symbols (1) show the
total strain vs the applied stress, circular symbols (2) show the corresponding
irreversible strain found in the unloaded sample.
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mation. Data set 1 corresponds to the winding velocity of 3.2 m/s; 2: to 3.6; 0.8 5 b)
3:t04.5;4:t05.5; and 5: t0 6.9 m/s.
0.7 -
unloaded, and shrank, but not to its initial length due to - aady 0.56
some irreversible changes in the mat structure. That g 0.5 27
allowed us to evaluate the irreversible strain correspond- g 7
ing to each stress level achieved, as is shown in Fig. 11(b). = 0.4 4 %/ 05
This incremental loading and unloading was continued = oz
(O8] . . =034 %, ofs  ols
up to 0.35 N, which is close to the rupture point. It is g
seen that the irreversible part of strain corresponding to = 0.2 / 0.19
plastic component due to the damage accumulation is /
gradually increasing as the total strain and the applied 0.1 /
stress increase.
0.0 —
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Figure 12 shows stress-strain curves measured for

samples corresponding to different winding velocities. The § 234 2.b6

stress-strain curves were fitted with the phenomenological ? A

model (1) and, as a result, the values of Young’s modulus g 201 7]-5-
and yield stress were found. They are listed in Table V to- 2

gether with the specific strain energy corresponding to the :’é 1.5 7 1.39

data sets in Fig. 12. These parameters are also illustrated g 7,
graphically in Fig. 13. At the lowest values of the winding s 107

velocity the mat strength varies non-monotonously, being 3

higher at 3.2 than at 3.6 m/s. However, beginning from the 0s- 06 036

velocity of about 4.5 m/s the further increase in the wind- ] % ﬁ"

ing velocity practically does not affect the stress-strain 0.0 / il | Wl | el | Veed || ek
curve (cf. Fig. 12). Overall, Figs. 12 and 13 show that the 2.58 3.10 3.60 4.50 5.55 6.90

. S . . . Windi ity
effect of the winding velocity in the intermediate range is AR SRRV
insignificant. FIG. 13. Mechanical properties of soy protein/nylon 6 nanofiber mats at
different winding velocities of mat formation.

TABLE V. Young’s modulus, yield stress, and specific strain energy vs winding velocity at sample formation of soy protein/nylon 6 nanofiber mats.

Winding velocity Average width of the Average thickness of the Average Young’s Average yield Average specific strain
(m/s) samples (mm) samples (mm) modulus E (MPa) stress Y (MPa) energy u (MPa)
2.58 11.87 0.26 6.39+2.42 0.33+0.17 0.46+0.12

3.1 12.07 0.20 19.56+6.48 0.56%0.15 2.26+0.71

3.6 12.68 0.18 8.13*x4.12 0.35%0.14 0.28+0.12

4.5 11.97 0.16 10.11+5.71 0.19%0.11 0.36+0.11

5.55 13.01 0.22 7.65+2.75 0.28+0.06 1.39+0.53

6.9 13.41 0.21 9.48+1.46 0.28+0.07 1.93+0.63
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FIG. 14. (Color online) Stress-strain curve for soy protein-nylon 6 core-
shell nanofiber mat (symbols 1, black in color), fitted with the phenomeno-
logical model (line 2, red in color) up to the rupture point.

F. Stress-strain curves from the experiments
according to protocol 1 (core-shell nanofibers)

Stretching behavior of core-shell soy protein/nylon 6
nanofiber mats was studied experimentally following proto-
col 1. A typical stress-strain data set is depicted in Fig. 14.
Core-shell soy protein/nylon 6 nanofiber mats behave elasti-
cally at small strains. Plasticity is felt at the strains higher
than about 1.5%, and rupture occurs at about
O rupture = 0.4—0.7 MPa and &pure & 2.1%. Fitting the data
by the phenomenological Eq. (1) revealed the values of the
mechanical parameters listed in Table VL.

G. Stress-strain curves from the experiments
according to protocol 1 (nylon 6 nanofibers)

For comparison with the data for monolithic and
core-shell soy protein/nylon 6 nanofiber mats, pure nylon
6 mats were studied. A typical stress-strain curve for nylon
6 nanofiber mat is shown in Fig. 15. It was fitted with the
phenomenological Eq. (1) and the corresponding mechani-
cal parameters were established. Their values are listed in
Table VII.

Comparing mechanical properties of soy protein/nylon
6 nanofiber mats with those of pure nylon 6 samples, we find
that mean values of Young’s modulus are almost the same
for both types of samples [cf. Fig. 16(a)]. However, Figs.
16(b) and 16(c) show that the specific strain energy and yield
stress of pure nylon 6 nanofiber mats are higher than those of
soy protein/nylon 6 nanofiber mats. Therefore, pure nylon 6
nanofiber mats resist more to deformation up to rupture than
the corresponding soy protein/nylon 6 nanofiber mats.

J. Appl. Phys. 111, 044906 (2012)

6, (MPa)

a("%)

FIG. 15. (Color online) Stress-strain data (symbols 1, black in color) for pure
nylon 6 nanofiber mat and the phenomenological model (line 2, red in color),
fitted up to the rupture point (practically indistinguishable from the data).

VI. CONCLUSION

The experiments conducted in this work showed that the
novel monolithic and core-shell soy protein-containing nano-
fiber mats recently introduced by this group possess suffi-
ciently high tensile strength for their applications as
nonwovens. Their Young’s moduli are close to those of pure
nylon 6 nanofiber mats, albeit the yield stress and specific
strain energy of the latter is higher. The effects of such gov-
erning parameters as winding velocity, as well as the stretch-
ing history on tensile strength of soy protein-containing
nanofiber mats are also elucidated. It is shown that the tradi-
tional phenomenological and a novel micromechanical mod-
els (the latter is introduced in the present work) can
successfully describe stress-strain curves of soy protein-
containing nanofiber mats in the elastic and plastic zones.
These models are still incapable of describing the cata-
strophic rupture of such nanofiber mats at high values of ten-
sile strain.
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APPENDIX A: PHENOMENOLOGICAL CONSTITUTIVE
EQUATION

Phenomenological models which span the elastic and
plastic ranges of stress response of solids to deformation date
back to the seminal works of Prager,] 112 True:sdell,l3’14 and
Green."” They bridge between the Hookean elastic body and
the ideally plastic body which flows with a constant yield

TABLE VI. Mechanical properties of core-shell soy protein/nylon 6 nanofiber mats.

Average width of Average thickness of Average Young’s
the samples (mm)  the samples (mm)  modulus £ (MPa)

Average yield
stress Y (MPa)

Average specific
strain energy u (MPa)

Average maximum strain Average maximum stress
at rupture &pypeure(%) at TUPLUre O,y rupture

11.22 0.15 22.26*6.06 0.57*0.3

0.92+0.02 2.41+0.40 0.54+0.10
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TABLE VII. Mechanical properties of pure nylon 6 solution-blown nanofiber mats.

Average width of ~ Average thickness of ~ Average Young’s

Average yield

Average specific Average maximum Average maximum

the samples (mm) the samples (mm) modulus E (MPa) stress Y (MPa) strain energy u (MPa) strain at rupture stress at rupture
Srupture(%) gx,\',ruplure
13.00 0.39 14.46+2.30 1.17%+0.75 11.71=0.31 11.80*=1.39 1.68+0.18
Ly a) stress as soon as the von Mises condition is fulfilled. Differ-
28 ent terms were applied to such materials, e.g., alternatively,
o hypo-elasticity or plasticity. More recently, materials of this
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FIG. 16. (a) Average Young’s moduli, (b) average specific strain energies,
and (c) average yield stresses for soy protein/nylon 6 and pure nylon 6
solution-blown nanofibers.

type with deviations from the Hookean linear behavior and
the associated irreversibility of deformation were understood
as elastic-viscoplastic and close counterparts of viscoelastic
polymeric liquids.'® Following Ref. 16, the phenomenologi-
cal rheological constitutive equation prone of behavior remi-
niscent of that in Figs. 3 and 5 and 6 will be taken in the
form

2
f:Vv.rH.VvT——(c:D)I+2MD—r1
dt 3
AT, 1,,
——— | = (D Al
| (A1)

where d/dt denotes the material time differentiation, t
denotes the deviatoric stress tensor, Vv is the velocity gradi-
ent tensor, and D its symmetric part (the rate-of-strain ten-
sor), I is unit tensor, u is the Lame coefficient responsible for
the elastic behavior (in the case of an incompressible body
assumed here, ;1= E/3 with E being Young’s modulus), and
©:D denotes the scalar product of two tensors. The dimen-
sionless factor o is included here for the correspondence
with Green’s version of plastic rheological constitutive equa-
tion in Ref. 15.

In the uniaxial stretching of an axisymmetric specimen
or a strip in the x-direction, the quantity I' in Eq. (Al) is
determined as I' = ¢ with & =const being the rate of strain.
Then, integrating Eq. (Al), we obtain for the longitudinal
deviatoric stress

2
Ty = —'utanh(ocs), (A2)
o
with ¢ = éf being strain.
Since 7 : I = 0, for an axisymmetric specimen one finds

that the lateral deviatoric stresses ty, =1, = —T/2. Then,
the longitudinal stress ¢,,=7,,—1,, is equal to

3
Op = —'utanh(ocs). (A3)
o
Since as ¢ tends to infinity, o, =Y with Y being the

yield stress, and 3= E, one finds that o = E/Y and Eq. (A3)
reduces to the following expression established by Green:'>

E
6. — Y tanh <? g>, (A4)

which obviously recovers Hooke’s law o, = E¢ as ¢ tends to
zero.
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For uniaxial stretching of a planar strip similar to the
experimental situation in the present work, integrating
Eq. (Al) and accounting for the fact that « > 1, we obtain
Eq. (1) of the main text, which obviously recovers Hooke’s
law for this case, g, = (4/3)Ee as ¢ tends to zero.

APPENDIX B: MICROMECHANICS OF NANOFIBER
MATS IN UNIAXIAL STRETCHING

1. Fiber orientation

Consider the orientational probability density function
f.(®.,t) in nanofiber mats with ¢ being the angle relative to
the stretching direction and ¢ being time. It assumes that fiber
segments cross any cross-section normal to the stretching
direction with certain inclinations ¢, and the corresponding
probability density function f,(¢,t) varies in time as stretch-
ing goes on. At the moment stretching has begun =0 and
Jorl@,H) =1/(2m) which corresponds to a random mat result-
ing from solution blowing. The probability density function
fo(@.t) (cf. Fig. 17) can be found from the following Fokker-
Planck equation:

for
ot

.0 .
- 8% (for sin 2¢)7 (B1)

where the stretching rate ¢ is assumed to be constant.
The solution of Eq. (B1) satisfying the initial condition
reads

exp(2e)
or = N . B2
’ 27n[cos? + exp(4e)sin® @] ®2)

It is easy to see that Eq. (B2) automatically satisfies the
normalization condition

2n
0

2. Rupture of individual bonds in mats under uniaxial
stretching

Tensile strength of different bulk materials o+ including
individual nanofibers is affected by many factors which are
not under control, and therefore can be treated as a mathe-

y E Y
Stretching Stretching
- A —
¢
Fiber ., 3
B
- —

FIG. 17. Randomly oriented fiber with the angle ¢ relative to the stretching
direction.

J. Appl. Phys. 111, 044906 (2012)

matical expectation of many scattered values which might be
measured in repeated experiments. Following our previous
works,!”™" consider a material with n potential defects per
unit volume, which might be responsible for a local rupture.
In the present context, these defects are associated with
the interfiber bonds. These bonds are formed due to
conglutination of partially wet nanofibers when they deposit
on top of each other in the process of mat forming. The bond
strength is random in its nature, albeit an appropriate statisti-
cal law can be expected. This law is outlined below. The
bonds can be ruptured due to stretching in any direction if an
appropriate effective local stress arises. We can treat these
bonds as initially conglutinated rupture surfaces (cf. Fig. 18).
A bond is ruptured when its banks are pulled apart by an
appropriate effective stress normal to its conglutinated
surface. Each bond, in fact, can be considered as multiple
conglutinated surfaces radiating spherically symmetrically.
Any of these surfaces could be ruptured by an appropriate
effective normal stress. The bond rupturing process is con-
sidered as random.

The calculation below in this subsection follows that of
Ref. 19 and is included here for completeness of discussion.
The probability density function of a bond to be ruptured by
an effective normal stress g, [related to stretching along the
Ox; axis (cf. Fig. 18), whereas the conglutinated surface is
normal to this axis] is denoted as F(o;), and the probability
of the defect to be ruptured by a stress from the interval [,
011 +doy] is py =F(o1) doy,. Rupture process in different
directions is considered to be mutually independent. There-
fore, the number of ruptured bonds in a unit volume sub-
jected to stretching, for example, along three normal axes
Ox4, Ox,, and Ox3 is

dN = I’ZF(O'“)dGllF(O'zz)dO'QQF(G33)d0'33. (B4)

This number is obviously associated with the joint probabil-
ity density function f{a;, 022, 033), SO that

Jlx
2

X3

FIG. 18. Sketch of a bond and its rupture. An intact bond with conglutinated
banks is depicted on the left. A bond ruptured by stresses in the x, direction
is shown on the right.
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dN = nF(O'U)F(Gzz)F(O’33)dGl1d0’22d0’33
= f(o11,022,033)do11do0dos;. (BS)

Therefore, the number of bonds in a unit volume which will
not be ruptured at all in such three-axial stretching by
stresses g1, 0,, and ¢ is given by

00 00

F(G33)d0’33

a3

No :nJ F(Gll)do-llj

a1 a2

F(O’zz)d()'zzJ
= n®(a,)D(02)D(03)

J J Jf(Uu,022,033)d011d022d033

o3 Joy JOy

(B6)

(a1, 02,03).

Accordingly, the number of bonds ruptured in a unit volume
in this case is N = n—N,.

The choice of a coordinate system is obviously arbitrary,
and same rupture process can be described using an arbitra-
rily oriented Cartesian coordinate frame Ox, Oy, and Oz.
Then, the number of the intact bonds is equal to No = w(0 .,
Oxys Oxzs Oyy, Oyz, 022), Where gy, etc. denote the correspond-
ing components of the effective stress tensor ¢. The previ-
ously used Cartesian axes Ox;, Ox,, and Ox3 can be thought
as the principal axes of the effective stress tensor o, with oy,
05, and o3 being, correspondingly, the principal stresses. The
number of the intact or ruptured bonds should not depend on
the directions of the arbitrarily chosen axes Ox, Oy, and Oz,
which means that the function @ should depend only on the
three invariants of the effective stress tensor ¢

Iy = 0+ 0y + 0. =01+ 02+ 03, (B7)

2 2 2

I, = OxxOyy + OyyOz; + Oy 02 — Oy = 0y, = Oy,
= 0102 + 0203 + 0103, (B3)

2 2

2
I3 =0,.0y,0.. +20,0,.0 — Oxx0y, = Oyy0y, — 0220,

— 010203. (B9)

Equations (B6)—(B9) result in the following functional
equation:

n®(a,)®(02)®(03) = w(o1 + 02 + 03,0102 + 6203
(B10)

+0103,010,03).

Its solution reads

®(g;) = (A+ Bo;)exp(—Coa;), i=1,2,3, (B11)

with A, B, and C being constants.

When there is no stress applied, the number of the intact
bonds in a unit volume Ny=n. Then, Egs. (B10) and (B11)
yield Ng= nA,? and therefore, A = 1.

From Eq. (B11), it follows that

o(0;) = J F(oi)do; = (1 + Ba;)exp(—Ca;), (B12)
which yields
F(oi;) = (BCaj; + C — B) exp(—Cay;). (B13)

J. Appl. Phys. 111, 044906 (2012)

Since materials have a certain strength, F(0) =0, and thus
C = B, which results in
F(c;) = B*a; exp(—Ba;;). (B14)
It is easy to see that Eq. (B14) satisfies the normalization
condition.
The mathematical expectation of the bond-opening
stress is denoted o+«. Therefore, using Eq. (B14), we obtain

00 00

Oy = J O',','F(O',‘,‘)dO',‘,‘ :J Bz(fizi CXP(—BO’l‘l‘)dO',‘,‘, (BIS)
0 0

which yields B=2/0. Then, the probability density func-

tion of bond rapture under stretching in the i-th direction is

given by

4
F(oi) = = giiexp(—2a;:/0.).

*

(B16)

3. Mat plasticity as bond rupture process

Assume that all bonds behave as Hookean elastic solids
until they rupture. We aim to show below that the macro-
scopic nanofiber mat plasticity can result from rupture of
individual bonds in the mat under uniaxial stretching.

Fibers in the mat experience different stretching from
the overall macroscopic axial stretching imposed on the sam-
ple e. Indeed, for an inclined fiber the strain ¢; is given by

& = ecos’(¢). (B17)

According to Eq. (B16), if an initially unloaded bond was
stretched to a certain stress ¢, its probability to stay intact

Pintact is
20 20
Pinaer = (1 + _) exXp <_ _> .
Oy O

Then, it is easy to see that the longitudinal stress in the mat
is given by the following expression:

(B18)

2n
Oxx = EmJ SI(QD)COSZ(pPima('tfm‘(QDa B)d(ﬂa (B19)
0

where E,, is proportional to Young’s modulus.

Substituting Egs. (B2), and (B17) into Eq. (B19), and
accounting for the fact that for an individual Hookean bond
according to Eq. (B17) 6 =Es« cos” ¢ with Efbeing the char-
acteristic Young’s modulus, we arrive at Eq. (2) of the main
text.
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