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Abstract: Strain hardening has important roles in understanding material structures and polymer
processing methods, such as foaming, film forming, and fiber extruding. A common method to
improve strain hardening behavior is to chemically branch polymer structures, which is costly, thus
preventing users from controlling the degree of behavior. A smart microfiber blending technology,
however, would allow cost-efficient tuning of the degree of strain hardening. In this study, we
investigated the effects of compounding polymers with microfibers for both shear and extensional
rheological behaviors and characteristics and thus for the final foam morphologies formed by batch
physical foaming with carbon dioxide. Extensional rheometry showed that compounding of in
situ shrinking microfibers significantly enhanced strain hardening compared to compounding of
nonshrinking microfibers. Shear rheometry with linear viscoelastic data showed a greater increase
in both the loss and storage modulus in composites with shrinking microfibers than in those with
nonshrinking microfibers at low frequencies. The batch physical foaming results demonstrated a
greater increase in the cell population density and expansion ratio with in situ shrinking microfibers
than with nonshrinking microfibers. The enhancement due to the shrinkage of compounded
microfibers decreasing with temperature implies that the strain hardening can be tailored by changing
processing conditions.

Keywords: strain hardening; polymeric foaming; in situ shrinking microfiber

1. Introduction

The strain hardening behavior of molten polymers has important roles in characterization and
manufacturing, which is demonstrated by the tensile stress growth coefficient above the linear
(invariant with rate) curve during extensional flow. This nonlinear behavior can promote a self-healing
effect [1], leading to more homogenous deformation and less flow instability during extensional flow.
Thus, we can expect that the strain hardening behavior in polymeric materials is an indicator to
determine the processability of manufacturing areas that involves strong extensional flow, such as
foaming, film blowing, and fiber spinning. Regarding the thermoplastic foaming process, a higher
degree of strain hardening under extension can increase the cell population density by reducing cell
coalescence [2–5].

Chemically introducing long-chain branching on linear polymeric chains has been a standard
method to improve strain hardening and has been studied extensively [6–8]. However, efforts to
produce polymers with controlled branching structure to achieve the desired strain hardening are still
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quite costly, and once a long-chain branched polymer has been synthesized, changing the behavior
becomes difficult. Even though various methods have been studied to improve the properties and
processability of polymers [2,9–11], few published studies exploit the compounding of fiber materials
with shrinking characteristics with a matrix material to change the physical characteristics of the
matrix and eventually obtain the desired properties of the products, such as the tailored foamability
of polymers.

In our previous study [12], we pioneered the technology to enhance and control strain hardening
of linear polymers by compounding with heat-shrinking fibers to tailor the resulting properties by
changing certain operating conditions, such as temperature. While the shrinkage of fibers outside
of the matrix occurs upon activation due to a change in temperature, the shrinkage of fibers in the
matrix is suppressed by the properties of the matrix, causing the fibers to generate compressive stress
in the matrix. Our current study aims to present a polymeric composite reinforced by microscale in
situ shrinking fibers to more precisely control the strain hardening behavior (Figure 1).

Polymers 2018, 10, x FOR PEER REVIEW  2 of 18 

 

behavior becomes difficult. Even though various methods have been studied to improve the 
properties and processability of polymers [2,9–11], few published studies exploit the compounding 
of fiber materials with shrinking characteristics with a matrix material to change the physical 
characteristics of the matrix and eventually obtain the desired properties of the products, such as the 
tailored foamability of polymers.  

In our previous study [12], we pioneered the technology to enhance and control strain hardening 
of linear polymers by compounding with heat-shrinking fibers to tailor the resulting properties by 
changing certain operating conditions, such as temperature. While the shrinkage of fibers outside of 
the matrix occurs upon activation due to a change in temperature, the shrinkage of fibers in the matrix 
is suppressed by the properties of the matrix, causing the fibers to generate compressive stress in the 
matrix. Our current study aims to present a polymeric composite reinforced by microscale in situ 
shrinking fibers to more precisely control the strain hardening behavior (Figure 1).  

In this study, we hypothesized that compounding a linear polymer matrix with shrinking 
“microfibers” would show a more apparent enhancement of strain hardening upon extensional 
deformation and that such enhancement could be more accurately controlled by changing the 
operating temperature than in our previous work. We chose polypropylene (PP) as a matrix material 
because PP is one of the most popular polymers due to its unique combination of desirable chemical 
and physical properties. For example, PP has a high temperature resistance/stiffness, high impact 
strength, and great chemical resistance [13]. However, conventional linear PP has a relatively low 
melt strength and shows no strain hardening in extensional flow, which together limit the processing 
window considerably [14,15]. To investigate the effect of shrinkage, extensional viscosity 
measurements were described in terms of strain hardening behaviors in PP composites containing 
shrinkable or heat-activated shrinking (HAS) microfibers (PP/HAS). PP/HAS was compared to those 
containing preshrunk or heat-passive (HP) microfibers (PP/HP) and neat PP. Microfibers were also 
fabricated from PP, which is beneficial for recycling [16]. The single microfiber tensile test for the two 
types of microfibers was conducted to prove that the improved strain hardening behavior resulted 
from the shrinking mechanism. Microfiber pull-out tests were conducted to reinforce our hypothesis 
by confirming the existence of adhesion between the matrix and the microfibers. Extensional 
rheometry was conducted to show strain hardening due to shrinking microfibers and to study the 
possibility of controlling the degree of strain hardening using the processing temperature. Shear 
rheometry was performed to investigate the resemblance with cylinder-type microphase separation 
in block copolymers. Foams were generated using carbon dioxide (CO2) as a physical blowing agent 
to demonstrate the effect of enhanced strain hardening on the properties of the foams, such as cell 
population density and volume expansion ratio.  

 
Figure 1. Comparison among fibers used in the previous and current studies, along with long-chain 
branching. (a) The previous study [12] was conducted using macroscale shrinking fibers, which 
showed the feasibility of the improvement of strain hardening as well as the foamability. (b) As a next 
phase, the current study has been conducted with microscale fibers. 

Figure 1. Comparison among fibers used in the previous and current studies, along with long-chain
branching. (a) The previous study [12] was conducted using macroscale shrinking fibers, which showed
the feasibility of the improvement of strain hardening as well as the foamability. (b) As a next phase,
the current study has been conducted with microscale fibers.

In this study, we hypothesized that compounding a linear polymer matrix with shrinking
“microfibers” would show a more apparent enhancement of strain hardening upon extensional
deformation and that such enhancement could be more accurately controlled by changing the operating
temperature than in our previous work. We chose polypropylene (PP) as a matrix material because
PP is one of the most popular polymers due to its unique combination of desirable chemical and
physical properties. For example, PP has a high temperature resistance/stiffness, high impact strength,
and great chemical resistance [13]. However, conventional linear PP has a relatively low melt strength
and shows no strain hardening in extensional flow, which together limit the processing window
considerably [14,15]. To investigate the effect of shrinkage, extensional viscosity measurements
were described in terms of strain hardening behaviors in PP composites containing shrinkable or
heat-activated shrinking (HAS) microfibers (PP/HAS). PP/HAS was compared to those containing
preshrunk or heat-passive (HP) microfibers (PP/HP) and neat PP. Microfibers were also fabricated
from PP, which is beneficial for recycling [16]. The single microfiber tensile test for the two types
of microfibers was conducted to prove that the improved strain hardening behavior resulted from
the shrinking mechanism. Microfiber pull-out tests were conducted to reinforce our hypothesis by
confirming the existence of adhesion between the matrix and the microfibers. Extensional rheometry
was conducted to show strain hardening due to shrinking microfibers and to study the possibility
of controlling the degree of strain hardening using the processing temperature. Shear rheometry
was performed to investigate the resemblance with cylinder-type microphase separation in block
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copolymers. Foams were generated using carbon dioxide (CO2) as a physical blowing agent to
demonstrate the effect of enhanced strain hardening on the properties of the foams, such as cell
population density and volume expansion ratio.

2. Materials and Methods

2.1. Materials

We used a random linear propylene–ethylene copolymer (e-PP) received from A. Schulman, Inc.
(DS6D82, Fairlawn, Ohio, United States) as a matrix. We also chose another PP material to fabricate
microfibers and anticipated recycling without issue. We fabricated microfibers using isotactic PP (i-PP)
purchased from Sigma-Aldrich (Product number 182389, St. Louis, MO, USA). We carefully chose
those two PPs to achieve a difference in melting points large enough to characterize and process when
the matrix is molten and the microfibers are not, therefore retaining the fiber structure and having a
sufficient temperature window to study the possibility of tailoring the strain hardening. The shrinking
activation temperatures with/without dissolved CO2 were within the processing temperature window
(i.e., between two melting points of the e-PP and i-PP). CO2, as a physical blowing agent, was purchased
from Airgas with purity over 99%.

2.2. Sample Preparation

All the resins were dried in a vacuum oven at room temperature for 24 h before preparation.
Microfibers of i-PP were fabricated by spinning with a twin-screw compounder (DACA Instruments,
Santa Barbara, CA, USA), as shown in Figure 2. The screw speed was set to 25 rpm, while the
barrel temperature was maintained at 240 ◦C. To create two different types (HAS and HP) of
microfibers, we cooled down the microfibers after spinning under two different conditions: quenching
with icy water to make shrinkable (HAS) fibers that will shrink during operation and leaving at
room temperature to make shrunk (HP) microfibers that will no longer shrink. The microfibers
had an average diameter of 25 µm and were cut to 18 mm in length. Thus, the aspect ratio was
approximately 720.
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Figure 2. (a) Schematics of a fiber spinning system to fabricate heat-activated shrinking (HAS)
microfibers. The heat-passive (HP) microfibers were fabricated without icy water and were cooled at
room temperature while they are continuously collected. (b,c) Microfibers fabricated by fiber spinning.

We tested samples with two different ways of aligning the microfibers in the matrix. First,
to prepare e-PP/randomly distributed microfibers (e-PP/R-HAS, e-PP/R-HP) for extensional/shear
rheometry and foaming, dried e-PP and the microfibers were compounded using a 2-piece roller
blade mixer (CW Brabender, South Hackensack, New Jersey, United States) at the screw speed of
15 rpm, at 150 ◦C, which is lower than the melting point of the microfibers and higher than that of the
e-matrix. The morphology of the composite, shown in Figure 3, was examined using a digital inverted
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microscope (Fisher Scientific, Hampton, NH, USA). The resultant composite showed well-dispersed
microfibers with uniform diameters. The composites were reshaped using compression molding
(Carver Inc., Wabash, IN, USA), with a rectangular mold for extensional rheometry and a circular
mold for shear rheometry, and batch foaming experiments. The dimensions of each mold were
18 mm × 10 mm × 0.7 mm and 25 mm in diameter with 3 mm height, respectively. Figure 4a shows a
schematic of these samples. All samples were made with 4 wt % (4.2 vol %) microfibers.
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To prepare e-PP/linearly distributed microfibers (e-PP/L-HAS, e-PP/L-HP) for extensional
rheometry, microfibers were aligned in the extensional direction on top of a 1.5-mm-thick slab of e-PP,
and another slab was placed on top of those. Then, the set was compression-molded at 150 ◦C to
achieve the sample shown in Figure 4b.

2.3. Microfiber Shrinkage Ratio

We determined the shrinkage ratio of the HAS microfibers at various pressures with/without
dissolved CO2. The HAS microfibers were cut to 10 mm. A PTFE film was layered on the bottom of a
chamber. This film was to prevent the heated microfibers from being physically contacted to the oven
surface, causing resistance during shrinkage. The chamber was heated to set temperature. Then, the
microfibers were placed in the heated chamber and taken out after 5 min without applying CO2 for
the 1 atm test or with applied CO2 for high-pressure tests. The time of 5 min was selected because
it was sufficient time for microfibers to complete the shrinkage, and further shrinkage did not occur
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after 5 min. The length of each microfiber was measured, and the shrinking ratio was calculated using
Equation (1):

Shrinking ratio (%) ≡ 100× 10− Lh
10

(1)

where Lh is the final length (mm) of the microfibers.

2.4. Shrinking Behavior of HAS Microfibers

Figure 5 shows the shrinking ratio of HAS microfibers at temperatures between 135 and 160 ◦C
with a 5 ◦C interval at various pressures with/without dissolved CO2. Figure 5a shows that the HAS
microfibers rarely shrunk up to 150 ◦C, but they showed abrupt shrink activation at temperatures
between 150 and 155 ◦C, offering a shrinking ratio of 66% at 155 ◦C. Such a behavior shift toward lower
temperature with pressure implies that the activation temperature for shrinking decreases with CO2

pressure due to the plasticization effect of dissolved CO2 [12]. The shrinking behavior as a function of
temperature and pressure can be modeled as a logistic function by Equation (2):

Shrinking ratio (%) =
SRmax

1 + e−k[T−T0(P)]
(2)

where SRmax is the maximum shrinking ratio in percentage, k is the steepness of the curve, and T0(P)
is the temperature at the midpoint of the shrinking ratio as a function of pressure. Each parameter
was found to be 66%, 1.58 ◦C−1, and 151.8 ◦C (at 1 atm), respectively. Figure 5b shows that T0(P)
is a decreasing function of CO2 pressure within the experimental window, and those values can be
modeled by Equation (3):

T0(P) = −0.041 P2 − 0.8675 P + 152 (3)

where T0(P) is in ◦C, and P is in MPa.

2.5. Tensile Properties of Microfibers

We hypothesized that the tensile stress in microfibers against extensional deformation
fundamentally contributes to strain hardening of the matrix, and the degree of strain hardening
increases with the tensile stress of the microfibers. Therefore, if there is a gap between the samples
with HP and HAS microfibers from the tensile test, it would likely result in a discrepancy in the
strain hardening results of the two specimens as well. Thus, obtaining the tensile properties of
each microfiber would be meaningful. Our previous study [12] compared the extensional rheometry
results measured with those achieved by a conventional fiber tensile test in which the sample is
held between two clamps and stretched by moving one clamp away from the other at a constant
speed [17,18]. Notably, extensional rheometry in a Sentmanat extensional rheometer (SER) is based on
Meissner-type extension [19], where the sample length is constant during deformation, so rotating the
drums that are holding the sample at a constant speed can give a constant Hencky strain rate on the
sample. However, conventional tensile tests are similar to Münstedt-type [17] extension, where the
sample length increases during deformation, so an exponential increase in the extension speed with
time should give a constant Hencky strain rate; thus, constant speed tensile tests cannot be directly
compared with data obtained using an SER.

Therefore, the microfiber tensile test was conducted with the method identical to that used for the
extensional viscosity measurement (i.e., Meissner-type) using an SER fixture in a rheometer (DHR-3,
TA Instruments, New Castle, DE, USA). Once the microfibers were loaded on the SER fixture at 145 ◦C,
which is below the heat activation temperature, the tensile force reading was electronically zeroed
when no tension was applied, and the temperature was increased to 155 ◦C. The tensile test was
conducted at this temperature, at which the HAS microfibers were completely activated, i.e., fully
shrunk, at a strain rate of 1 s−1. By controlling the temperature in this way, the HAS microfibers were
activated as the tensile test was initiated.
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Figure 5. The microfiber shrinkage measurement at various temperatures and pressures in a chamber
with/without CO2. (a) The shrinking ratio at 1 atm as a function of temperature and (b) the midpoint
of shrinking ratio curve T0 as a function of CO2 pressure, which is decreasing with pressure, implying
that the shrinking ratio curve shifts toward lower temperature with CO2 pressure. (Color should
be used).

2.6. Single Microfiber Pull-Out Test

To confirm adhesion between the matrix and both types of microfibers, pull-out tests [20] were
performed in the tensile test fixtures in the same rheometer (DHR-3, TA Instruments, New Castle, DE,
USA). Between two 3-mm-thick and 20-mm-long slabs of e-PP, a microfiber, which was longer than the
slabs, was sandwiched in the center, along the long axis of the slabs. One end of the slabs was fixed
vertically on one grip of the tensile fixture at 145 ◦C, and the microfiber was fixed on the other grip.
Then, the temperature was increased to 160 ◦C. As soon as the temperature was set to 160 ◦C, the test
was conducted. The microfiber was pulled out of the sample at a constant speed of 5 mm/s, which is
equivalent to a shear rate of 1 s−1 considering the distance from the microfiber to the edge of the slabs.

2.7. Extensional Rheometry

Extensional rheometry measurements were performed using samples with 4 wt % microfibers, as
shown in Figure 4, on the same rheometer (DHR-3, TA Instruments, New Castle, DE, USA) with an
SER fixture [21,22]. The samples were tested at strain rates of 0.1, 1, and 3 s−1 and temperatures of 155,
160, and 165 ◦C. This temperature range is between the full shrinking and melting temperatures of the
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microfibers. Using e-PP/L-HAS and e-PP/L-HP, the measurements were carried out in the direction
of alignment. The tests in the perpendicular direction were not performed because they would not
show any effects of microfiber shrinkage.

2.8. Shear Rheometry

To determine the linear viscoelastic properties, oscillatory shear experiments were performed
using the same rheometer (DHR-3, TA Instruments, New Castle, DE, USA) with 25 mm parallel plates.
The storage modulus (G′) and loss modulus (G”) were determined at 155, 160, and 165 ◦C in a nitrogen
environment. The temperatures were chosen to allow the matrix to melt while the microfibers do not,
but microfiber shrinking was activated right before the measurements. Frequency sweeps from 100
to 0.01 rad/s were performed at strains within the linear viscoelastic range. A time sweep test was
conducted for the same amount of time (one hour) beforehand, and the magnitude of the decrease in
the complex viscosity was less than 3% in an hour, showing that thermal degradation would not be an
issue for the frequency sweep tests.

2.9. Batch Physical Foaming

Batch physical foaming was conducted to evaluate the effects of compounded shrinking or
nonshrinking microfibers on the material behavior in a real process using disk-shaped samples that
were 25 mm in diameter and 3 mm in height. Figure 6 gives a schematic of the configuration of the
foaming system. A chamber was heated up to set temperature between 115 and 140 ◦C. After placing
a sample (e.g., microfibers only, e-PP, e-PP/R-HP, and e-PP/R-HAS) in the chamber, the chamber was
evacuated, and CO2 was applied with pressures of 20.7 MPa (3000 psi) and 31 MPa (4,500 psi) for
20 min. This saturation time is estimated assuming one-dimensional CO2 diffusion (Figure S1) and
calculating CO2 concentration and diffusion amount (Figures S2–S4). which was sufficient time for
the e-PP matrix to be saturated according to the solution to Fick’s 2nd law of diffusion [23]. Detailed
analysis is given in the supplementary material [24]. Then, the pressure was suddenly decreased at
two different pressure drop rates by opening one of the two different ports to induce foaming: Port 1
for 55 MPa/s and Port 2 for 16 MPa/s.
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Figure 6. Schematic of the custom-built batch foaming system used to prepare foams of the samples in
a process using CO2 as the foam blowing agent.

Prior to the above foaming step, we carried out the same process for microfibers only.
The plasticization effect decreases the melting point of microfibers. However, the above depressurizing
tests with microfibers confirmed that microfibers did not foam in all the test conditions.

To quantify the effect of microfibers in the foam structure, the cell population density, with respect
to the solid polymer, and expansion ratio were determined. After the foam morphology was observed
by scanning electron microscopy (SEM, JEOL 6060), the number of bubbles was counted. Then, the cell
population density was calculated by Equation (4) [25,26]:

Cell− population density (number of cells/cm3) = (
n
A
)

1.5 ρp

ρ f
(4)
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where A is the area (cm2) of the SEM image, n is the number of cells in the image, and ρp and ρ f are
the densities of the unfoamed and foamed specimens, respectively. Considering the unit volume of the
unfoamed polymer and not that of the foamed polymer excludes the effect of bulk volume to compare
the cell population density among foams with different bulk volumes. To determine the expansion
ratio, the bulk density of the foam was determined by the water displacement method according to
ASTM-D792 using a density determination kit (A&D Company, AD-1653).

3. Results

3.1. Polymer Characteristic Analysis

To analyze the tacticity of materials, 13C-NMR measurements were performed at 120 ◦C
using a 500 MHz Varian Inova NMR system (Varian Inc., Palo Alto, CA, USA) with
deuterated-tetrachloroethane-d2 (TCE-d2) as the solvent. A gel permeation chromatograph (GPC,
SEC-IR, Polymer Char, Valencia, Sapin) equipped with an infrared (IR) detector was used to
characterize the molecular weight and comonomer content (Figure 7). A broad-band IR channel
with a band region ranging from 2700 to 3000 cm−1 (covering all saturated C–H stretching vibrations)
was used for the polymer concentration measurement, while two narrow-band channels with a central
band wavenumber located at 2960 cm−1 (C–H in CH3 group) and 2920 cm−1 (C–H in CH2) were used
for comonomer composition measurements. 1,2,4-trichlorobenzene (Sigma-Aldrich) with 300 ppm
antioxidant (butylated hydroxytoluene) was used as the mobile phase. The molecular weight was
determined by combining the universal calibration relationship with the Mark–Houwink (M–H)
equation based on the M–H parameters a/K = 0.705/0.000229 for PP. The comonomer composition
was determined by the ratio of the IR detector intensity corresponding to the CH2 and CH3 channels,
calibrated with a series of PE and PP homo/copolymer standards whose nominal values were
predetermined by NMR.
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The melting temperatures of e-PP and microfiber (i-PP) were determined using differential
scanning calorimetry (DSC, 204 HP Phoenix, Netzsch, Selb, Germany) at 1 atm and 3.4 MPa (500 psi)
with CO2 (Figure 8), which is the maximum possible pressure to obtain reliable data. Although DSC
does not cover the whole experimental window of this work, it can provide insight regarding the
effect of dissolved gas on the melting point of the microfibers. A heat procedure was performed at
heating rates of 0.4 ◦C/min, which is estimated as a value that will minimize temperature lag [27].
The peak melting points showed that e-PP had a peak melting point that was 35 ◦C lower than that of
microfibers due to the existence of comonomer. Pressurizing with CO2 to 3.5 MPa reduced the melting
points by 8 ◦C. This melting temperature drop is due to the plasticization effect of dissolved CO2 [12].
We chose an operating temperature window where e-PP was in the molten state while the microfibers
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were in the solid state, i.e., the solid microfiber could be activated for shrinking. The resulting values
of the GPC, NMR, and DSC measurements are shown in Table 1. The crystallinity of polymers was
determined by the area of DSC melting peak relative to the heat of fusion (165 J/g) of 100% a-crystalline
isotactic polypropylene [28].Polymers 2018, 10, x FOR PEER REVIEW  9 of 18 
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Figure 8. Differential scanning calorimetry (DSC) scans at heating rate of 0.4 ◦C/min at 1 atm and
3.4 MPa.

Table 1. Polymer characteristics.

Code Function

Molecular Weights
(kg/mol)

Mw/Mn

Tacticity (Triad mol
%) Comonomer Content Peak Tm (◦C) Crystallinity

(%)

Mn Mw Mz rr mm mr mol % mass % 1 atm 3.4 MPa
with CO2

e-PP matrix 55 252 621 4.58
a

84.7
propylene (92)

ethylene (8)

propylene
(94.5)

ethylene (5.5)
135.5 127.5 14.5

i-PP micro- fiber 60 451 2080 7.55 3 93 4 b N.A. b N.A. 170.5 161.3 c 62.8

a % mm from PP and EP sequences: mm from PP and EP/(mm + mr + mr) from PP and EP. b i-PP is a homopolymer.
c HAS microfibers.

3.2. Tensile Test Properties of HAS and HP Microfibers

Figure 9 shows the tensile stress growth function of HAS and HP microfibers at a Hencky strain
rate

.
ε of 1 s−1. The shrinkage of the HAS microfibers was activated due to the test temperature

at the beginning of the test, which led to a tensile stress difference appearing at 0.1 s between the
two types of microfibers, which was almost a difference of an order of magnitude. Furthermore,
the gap increased as the test continued, and it reached a maximum of 1.5 orders of magnitude at the
end of the test at 3 s when the microfibers broke. This increase in tensile strength resulted from the
HAS microfiber continuously shrinking during the test, and the gap led to a difference in the strain
hardening enhancement in the extensional rheometry of e-PP/HAS composites.
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Figure 9. Tensile stress measurements of single HAS and HP microfibers at 1 s−1 using the
Meissner-type test. Shrinkage of the HAS microfiber was activated in the rheometer chamber
immediately preceding the beginning of the test. The results show the average of five tests. Error bars
have been omitted because the standard deviation was smaller than the magnitude of data points.
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3.3. Microfiber Pull-Out Test

Our hypothesis was based on the assumption that the microfibers would continue to adhere to
the matrix during extension; thus, the tendency to shrink would continuously exert compressive stress
on the matrix and enhance strain hardening [12]. In other words, such an enhancement would not
appear or would be small if there were slips between the microfibers and the matrix. However, a slip
is not expected because there is a certain chemical similarity between the matrix and the microfibers,
but it is important to confirm the adhesion between them. Pulling out the microfiber also pulls out a
significant amount of matrix sticking to the microfiber, confirming no slip. If interfacial slip occurred,
the HAS microfiber would show more slip, and the portion of the HAS microfiber in the matrix would
travel faster than that of the HP microfiber due to shrinkage at a given pulling speed in which one
end of both microfibers travel. This would result in more friction between the matrix and the HAS
microfibers, thus causing pull-out stress. However, Figure 10 shows that the steady state values of
the measured pull-out stress (pulling force/contact area) of both types of microfibers were similar,
and we can infer that interfacial slip did not occur. Therefore, we can expect good adhesion between
the microfibers and the matrix. Also, if any differences were to be found in the physical properties
between e-PP/HP and e-PP/HAS, they would have originated from the shrinking behavior of the
HAS microfibers.
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Figure 10. Pull-out stress of HP and HAS microfibers pulled out of the PP matrix. Error bars represent
the standard deviation from five tests.

3.4. Extensional Rheometry

Figure 11a–c show the tensile stress growth coefficient η+
E (t,

.
ε) of neat e-PP, HAS microfibers,

HP microfibers, e-PP/R-HAS, and e-PP/R-HP at various temperatures and Hencky strain rates.
Figure 11d–f show the tensile stress growth coefficient η+

E (t,
.
ε) of neat e-PP, HAS microfibers, HP

microfibers, e-PP/L-HAS, and e-PP/L-HP at various temperatures and Hencky strain rates. The solid
line in the figures indicates the linear viscoelastic prediction of the extensional viscosity, 3η+(t), where
η+(t) is the shear stress growth coefficient in the linear viscoelastic region at a shear rate of 0.05 s−1.
The measurements were conducted at 155, 160, and 165 ◦C, where the shrinkage of the microfibers was
heat-activated, but the microfibers did not melt, as mentioned earlier. Each test was continued until
the composite ruptured. The extensional flow behavior of neat linear e-PP showed no strain hardening,
as expected. While e-PP/R-HP exhibited strain hardening, e-PP/R-HAS microfibers showed an even
higher degree of strain hardening. The e-PP/L-HAS and e-PP/L-HP showed generally similar trends
as those of e-PP/R-HAS and e-PP/R-HP but showed a much higher degree of strain hardening and
maximum η+

E as well as a longer time to rupture. All these phenomena were expected as the composite
was reinforced in the direction of deformation.



Polymers 2019, 11, 211 11 of 18

Polymers 2018, 10, x FOR PEER REVIEW  11 of 18 

 

strain hardening and maximum η+E as well as a longer time to rupture. All these phenomena were 
expected as the composite was reinforced in the direction of deformation.  

Figure 11a,d overlap with Figure 9, which was measured at 𝜀 = 1 s  and 155 °C. There was a 
notable difference in the maximum η+E of the composites and neat microfibers. This phenomenon was 
obvious, considering the small amount of compounded microfibers, but we could clearly see the 
origin of strain hardening (from compounding with HP or HAS microfibers) and its enhancement 
(from shrinking of HAS microfibers). While the neat microfibers ruptured at 3 s, e-PP/R-HP and e-
PP/R-HAS ruptured at approximately 2 s. However, e-PP/L-HP and e-PP/L-HAS ruptured at the 
same time as the neat microfibers, which can be again attributed to the reinforced nature. 

   

   

   
Figure 11. Tensile stress growth coefficient, η+

E, of e-PP, HP microfibers, HAS microfibers, and
composites of e-PP and microfibers at 155, 160, and 165 ◦C and at Hencky strain rates

.
ε of 0.1, 1,

and 3 s−1. The solid lines are 3 times the stress growth coefficient of steady simple shear at a strain rate
of 0.05 s−1, which is in the linear regime; (a–c) have randomly distributed microfibers, and (e–f) have
linearly aligned microfibers.

Figure 11a,d overlap with Figure 9, which was measured at
.
ε = 1 s−1 and 155 ◦C. There was a

notable difference in the maximum η+
E of the composites and neat microfibers. This phenomenon

was obvious, considering the small amount of compounded microfibers, but we could clearly see the



Polymers 2019, 11, 211 12 of 18

origin of strain hardening (from compounding with HP or HAS microfibers) and its enhancement
(from shrinking of HAS microfibers). While the neat microfibers ruptured at 3 s, e-PP/R-HP and
e-PP/R-HAS ruptured at approximately 2 s. However, e-PP/L-HP and e-PP/L-HAS ruptured at the
same time as the neat microfibers, which can be again attributed to the reinforced nature.

Understanding the effect of temperature on the degree of enhancement of strain hardening is
important. Figure 12 shows a comparison between e-PP/HAS, e-PP/HP, and neat e-PP specimens at
the Hencky strain rate of 1 s−1 at three different temperatures. While the difference in the degree of
strain hardening between e-PP/HP and e-PP/HAS was highest at 155 ◦C, it was lowest at 165 ◦C [12].
In other words, the difference diminished with temperature. This trend was independent of the
alignment of the microfibers; the higher the temperature of the matrix, the lower was its viscosity,
which resulted in easier dissipation or relaxation of the extra compressive stress from the shrinkage of
HAS microfibers, and the effect of shrinkage in strain hardening was depleted. This phenomenon is
important for tailoring the strain hardening using shrinking microfibers.
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were smaller than the magnitude of data points.

Figure 13 shows close comparisons of the ultimate η+
E, defined as the final value of the tensile

stress growth coefficient of e-PP, e-PP/HP, and e-PP/HAS microfibers at different temperatures, at
the Hencky strain rate of 1 s−1. As expected, the tensile stress growth coefficient of e-PP decreased
with temperature, while that of e-PP/R-HP did not vary with temperature. The tensile stress growth
coefficient of e-PP/R-HP showed increases of 250%, 770%, and 780% over that of e-PP at 155, 160,
and 165 ◦C, respectively. The e-PP/R-HAS composites, alternatively, showed higher values than
e-PP/R-HP, yet the difference decreased with temperature (i.e., 1800%, 980%, and 160%). A similar
trend was observed with composites with linearly aligned microfibers. The composite of e-PP/L-HP
showed increases in the tensile stress growth coefficient of 1200%, 2900%, and 2600% over those
of e-PP at 155, 160, and 165 ◦C, respectively. Generally, e-PP/L-HAS showed higher values than
e-PP/L-HP, yet this difference again decreased with temperature (i.e., 1300%, 580%, and 230%).
This trend is attributed to the melt strength of PP in which the internal stresses caused by microfiber
shrinkage are dissipated in the matrix more easily, or less momentum from shrinkage is transferred
to the matrix as the temperature increases [12]. Notably, the ultimate η+

E of e-PP/HP was less
affected by temperature. The dependence and independence of temperature have important roles
in controlling strain hardening. These trends result because the lower viscosity of the matrix at
higher temperatures causes the compressive stress from the HAS microfibers to easily dissipate; thus
shrinkage provides fewer advantages. This phenomenon can be exploited to tune the behaviors and
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properties in applications such as foaming by controlling the processing temperatures when HAS
microfibers are compounded and the degree of shrinking in engineered microfibers.
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Because the shrinkage of the microfibers occurs in longitudinal direction (i.e., the direction
considered to be lengthwise), the specimens with linearly aligned microfibers showed higher
extensional stress than those with randomly distributed microfibers. At all temperature conditions,
both e-PP/L-HAS and e-PP/L-HP showed 2–4 times higher ultimate values compared to e-PP/R-HAS
and e-PP/R-HP. From this result, it is expected that aligning microfibers in the matrix would be
beneficial in processes with unidirectional flow, such as fiber spinning.

3.5. Linear Viscoelastic Shear Behavior

A microfiber network was detected by measuring the storage (G’) and loss (G”) moduli as a
function of frequency (ω). Figure 14a–c show that both moduli of e-PP/R-HP and e-PP/R-HAS
had upturns over e-PP, especially at low frequencies. We attribute this shift to the presence of solid
microfibers that did not melt at the test temperature and that reduced the stress relaxation behavior
of the matrix on a universal scale rather than on a local scale of the molecules. This effect was more
pronounced in G’ than G” in the logarithmic scale, i.e., the effect of compounding with microfibers
was more apparent in elastic properties than in viscous properties, which can be seen more clearly
in Han plots [29]. Figure 14d–f show that the existence of the microfiber, and the shrinking nature
caused increases at low frequencies (to the left and bottom). The e-PP/R-HAS composite showed
even higher moduli compared to e-PP/R-HP. This increase is attributed to the shrinking behavior of
HAS, which not only remained in the matrix in solid form but also actively restricted the motion of the
matrix and prevented relaxation of the matrix by exerting internal stress.

As the temperature increased, the difference in moduli between e-PP/R-HP and ePP/R-HAS
decreased. This trend, similar to that of extensional rheometry, is attributed to the easier dissipation of
internal stresses in the matrix caused by microfiber shrinkage or the transfer of less momentum from
shrinkage to the matrix as the temperature increases [12]. The effect of the microfibers is also similar to
the cylindrical structure in block copolymers with phase separation. Kossuth et al. [30] showed that
the slope of G’(ω) is 1/3 that at low frequencies below the phase separation temperature. Therefore,
studies with microfibers and block copolymers can be models for researching each other.
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Figure 14. Linear viscoelastic behavior of neat PP, melt-compounded PP/HP microfibers (96/4 wt %),
and PP/HAS microfibers (96/4 wt %) frequency dependence of the storage (G’) and loss (G”) moduli
for the three samples at (a,d) 155 ◦C, (b,e) 160 ◦C, and (c,f) 165 ◦C. (Color should be used).
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3.6. Batch Foaming

Batch physical foaming was conducted with e-PP, e-PP/R-HAS, and e-PP/R-HP. The foaming
process of the microfiber itself was also conducted under identical conditions, and it was experimentally
confirmed that the microfiber does not foam; this is important because, if they are foamed, a decreased
effect of the microfibers and shrinkage would be expected. Also, under identical conditions, it was
found that the HAS microfibers shrunk at 115 ◦C or higher temperatures. Therefore, in order to
investigate the shrinking behavior of microfibers, the foaming test was conducted at no lower than
115 ◦C.

Figure 15 shows the cell structure of the three samples (i.e., e-PP, e-PP/R-HP, and e-PP/R-HAS
specimens) at three different processing temperatures (120, 130, and 140 ◦C) and two different pressures
and pressure drop rates (31 MPa/55 MPa/s and 20.7 MPa/16 MPa/s). As shown in Figure 16, in the
order of e- PP < e-PP/R-HP < e-PP/R-HAS and 140 ◦C < 130 ◦C < 120 ◦C, the cell size decreased and
each foam structure became more uniform.
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at 20.7 MPa.
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Figure 17 shows the cell population density and expansion ratio over the studied temperature
range (115–140 ◦C) and pressure conditions (31 MPa/55 MPa/s and 20.7 MPa/16 MPa/s). The cell
population density of e-PP ranged from 104 to 106 cells/cm3, the e-PP/R-HP microfiber samples ranged
from 107 to 109 cells/cm3, and the e-PP/R-HAS microfiber samples ranged from 107 to 1010 cells/cm3.
The expansion ratio of e-PP ranged from 2 to 8, those of the e-PP/R-HP microfiber samples ranged
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from 3 to 11, and those of the e-PP/R-HAS microfiber samples ranged from 3 to 12. E-PP/R-HP
microfibers showed higher cell population densities and expansion ratios than neat e-PP due to the
presence of microfibers, which induced stress variations, thus decreasing cell coalescence. This effect
was enhanced further with e-PP/R-HAS microfibers. The increase of cell population density with HAS
microfibers was much more significant than that with macrosized HAS fibers [12] (i.e., approximately
4200% of magnitude increase in cell population density in this study compared to 450% of increase
in our previous study). The degree of improvement was highest at 120 ◦C and decreased as the
processing temperature increased, which is consistent with the extensional viscosity measurement
result in Figure 13 as well as the linear viscoelastic behavior in Figure 14 in which a low melt strength
of the matrix at a high temperature caused the dissipation of internal stresses formed by shrinkage
of the microfibers. A high expansion ratio indicates that a large amount of gas is retained within the
closed cells of the foam, and gas escaping from the polymer is inhibited [2]. A decrease in the viscosity
of the matrix due to an increase in temperature caused greater dissipation of the compressive stress
formed by heat activation of the HAS microfibers; thus, the positive effect of microfibers on foaming
decreased with temperature. This effect was more prominent with HAS microfibers than with HP
microfibers, implying that cell population density and foam density of foams with microfibers can be
tailored by controlling processing conditions, such as temperature with shrinking microfibers, and a
wider range of cell/foam density can be expected than with passive microfibers.
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Figure 17. Characterization of the cell population and foam densities measured after batch foaming at
various temperatures at two pressures and pressure drop rates. (a) Cell population density at 31.0 MPa,
(b) the expansion ratio at 31.0 MPa, (c) cell population density at 20.7 MPa, (d) the expansion ratio at
20.7 MPa. Standard deviation bars have not been included in (a, b) because they were smaller than the
data points. Lines have been added only as a guide and are not a model prediction. The results show
the average value of five measurements. Error bars in (a, b) have been omitted because the standard
deviation was smaller than the magnitude of data points.
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4. Conclusions

We proved that compounding microfibers that have active-shrinking behavior into thermoplastic
polymer is a feasible approach to enhance and control strain hardening and thus foamability. The results
demonstrate that improvement and control of strain hardening of PP by compounding in situ
shrinking microfibers are clear. It was demonstrated that the degree of in situ shrinkage can control
the strain hardening behavior and the temperature dependence of composite structures. Yet, this
trend is independent of the microfiber orientation (i.e., linearly aligned and randomly distributed).
An application of the strain hardening control was also confirmed in batch physical foaming.
This technology may be able to provide an alternative solution for typically nonfoamable resins
to be utilized to produce superior foam structures without long-chain branching and/or cross-linking.
This strategy is expected to be applicable not only to foaming process but also to various polymers
with no foaming ability to control the viscoelastic properties.

Subsequent research studies will include the effects of microfiber size, aspect ratio, more specified
microfiber orientation, processing conditions during microfiber generation, and degree of in situ
shrinking on rheology and foam morphology because they are key variables in our smart microfiber
blending technology. In addition, further studies will be conducted with nanoscale shrinking
microfibers to more significantly enhance strain hardening and foamability.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/2/211/s1,
Figure S1. CO2 diffusion in x-direction. Figure S2. Relative concentration in the center of the polymer sheet.
Figure S3. Relative quantity absorbed by the polymer sheet. Figure S4. Relative quantity absorbed by the
polymer sheet.
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