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ABSTRACT

The mechanical and tribological properties of electrospun fiber mats are of paramount
importance to their utility in a large number of applications. In this work, mats of electrospun fibers of
poly(hexamethylene adipamide) (PA 6,6) with average fiber diameter of 238 4+ 22 nm are characterized
for their crystal structure as well as their mechanical and tribological properties. Post-spin thermal
annealing was used to modify the fiber morphology and crystallinity within the fibers. Morphological
changes, in-plane tensile response, friction coefficient and wear rate were characterized as functions of
the annealing temperature. The mechanical and tribological properties of the thermally annealed PA 6,6
fiber mats exhibited significant improvements through the Brill transition temperature, comparable to
the improvements observed for amorphous polyamide electrospun mats annealed near the glass

transition temperature. The effective wear rate of the electrospun fiber mats is well-described by a
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previously proposed modification of the Ratner-Lancaster relationship that relates wear to the yield

behavior of these nonwoven mats.
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1. Introduction

Electrospinning is a simple yet robust method to create highly porous nonwoven fiber mats from
polymeric solutions. In this process, a viscoelastic fluid is charged so that a liquid jet is ejected from the
surface of the fluid (typically supplied by a needle or spinneret) and accelerated by an electric field
toward a collection electrode, typically a grounded plate. The resulting product is a nonwoven mat
composed of fibers with small diameters (~100 nm - 10 um), high specific surface area (~1-100 m*/g),
and high porosity (~90%) [1,2]. By adjusting the processing and solution parameters, the fiber diameter,
porosity, specific surface area and mechanical properties of the mat can be tailored for various
applications. The unique properties and relative ease of fabrication of electrospun fibers and their
nonwoven mats have led to their use in a broad range of applications [3,4] including (but not limited to):
degradable biomedical scaffolds [5,6], optical sensors [7], and ion-exchange membranes [8,9]. In each
of these applications the mechanical and tribological response of the fiber mat is critical to the utility of
the device.

Individual electrospun fibers have been shown to exhibit some remarkable increases in elastic
stiffness and yield stress below a critical, submicrometer diameter, the value of which has been found to
vary from polymer to polymer [10,11]; however, the origin of these increases in single fiber mechanical
properties remains a topic of some debate, and may differ depending on the polymer. For non-
crystalline fibers like those formed from poly(trimethyl hexamethylene terephthalamide) (PA 6(3)T), an
amorphous nylon, the increases in stiffness and yield stress have been shown conclusively to result from
increased molecular orientation, which in turn was attributed to increased strain during formation [11].
Regardless of the diameter-dependent changes in fiber properties, the as-spun mats tend to exhibit
consistently low yield stresses (typically 0.5-3 MPa), Young’s moduli (typically 20-60 MPa) and
toughnesses (typically 0.5-2 MJ/m’) [12,13]. For some applications such as tissue engineering, where a
soft, porous matrix is desirable, this may be an advantage; however, for many applications of nonwoven
mats, notably membranes and textiles, for example, modest improvements to the mechanical integrity
without significant losses in the inherently high porosity or specific surface area would be highly

desirable. Although many experimental studies have been conducted on the mechanical properties of



conventional nonwoven fabrics, there are a limited number of reports that account adequately for the
observed mechanical properties of mats comprising electrospun fibers [14,15]. In recent years several
research groups have demonstrated significant improvements to the Young’s modulus and yield stress of
electrospun polymeric fiber mats by various forms of post-spinning techniques such as thermal
annealing [16,17], mechanical drawing [18], hot pressing [19], and solvent vapor treatment [20]. For
amorphous polymer nonwovens, thermal annealing has been shown to consolidate the fibers, creating
stronger, more uniform materials [21]. In addition, if the amorphous polymer fiber mats are annealed
above the material’s glass transition temperature (Ty), flow and welding between fibers can be observed,
which enhances mechanical properties through the mechanism of increased number (and perhaps
rigidity) of junctions.

For a broad range of applications, nonwoven fiber materials must be not only strong, but also
wear-resistant. Derler et al. have measured the friction coefficient and hardness of conventional textiles
in contact with human skin equivalents [22]. Gerhardt et al. have measured the frictional properties and
contact pressure of skin-fabric interactions [23]. The textile industry currently uses several abrasion and
wear testing techniques (such as the Taber abraser) to evaluate the durability of fabrics. Such
tribological characterization is necessary for electrospun fiber mats as well, if they are to be developed
and commercialized. We have recently reported the first quantitative study of friction and wear
resistance for electrospun fiber mats of the amorphous nylon PA 6(3)T. We showed that wear correlates
well with the yield properties of the nonwoven mat, in accord with a modified Ratner-Lancaster model,
and that significant improvements can be realized by thermal annealing in the vicinity of the polymer
glass transition [17]. Here, we report the study of friction and wear resistance for electrospun fiber mats
of the semicrystalline nylon, poly(hexamethylene adipamide) (PA 6,6). The crystal structure and
polymorphic phase transitions within electrospun Nylon 6 and Nylon 6,6 fibers have been previously
investigated [24,25], as have the tensile mechanical properties of the electrospun Nylon 6,6 fibers [25].
Subjecting a semi-crystalline polymer fiber to heat treatment at a temperature above the crystallization
temperature (T.) of that polymer, but below the equilibrium melting temperature (T,) can cause the
melting of small, imperfect crystals, and the formation of larger, more perfect crystals within the fibers,
thus creating a stiffer and tougher matrix [26,27]. The effect of crystallinity on the tribological
properties of electrospun nonwoven mats has, to our knowledge, not yet been reported. This work
reports the tribology of semi-crystalline PA 6,6 electrospun mats, correlates this with mechanical
properties, and demonstrates the improvement of both mechanical integrity and wear resistance by post-

spin annealing, to generate more robust membranes.



2. Experimental
2.1. Materials

Poly(hexamethylene adipamide) (Nylon 6,6), henceforth referred to as PA 6,6, was purchased
from Scientific Polymer Products, Inc. It is a semi-crystalline polyamide with a glass transition
temperature of 45 °C (T,=318 K) and crystal melting temperature of 254 °C (Ty=527 K) as reported by
the vendor and confirmed by differential scanning calorimetry. N,N-dimethyl formamide (DMF) and
formic acid (FA) were purchased from Sigma-Aldrich and used as received to create solutions with the
composition 20:75:5 by weight of PA 6,6:FA:DMF. The less volatile DMF was added to prevent

solidification of the solution at the needle tip and to decrease the solution conductivity.

2.2. Electrospinning of Fiber Mats

Fiber mats were fabricated by electrospinning from organic polymer solutions using a parallel
plate geometry inclined at 45° with respect to vertical, as shown in Figure 1. Two aluminum plates (the
top one 12 cm in diameter, the bottom one a 20 cm square plate) were positioned as illustrated with a
tip-to-collector distance of 20 cm. The rotated geometry of the electrospinning process was employed to
avoid dripping of solution onto the electrospun fiber mats, which re-dissolves the PA 6,6 fibers and
disrupts the uniform fiber matrix morphology; the change in orientation should have no effect on the
physics of fiber formation. A high voltage power supply (Gamma High Voltage Research, ES40P) was
used to apply an electrical potential of 28 kV to the polymer solution and the top plate. The nozzle
consisted of a stainless steel capillary tube (1.6 mm OD, 1.0 mm ID) (Upchurch Scientific) in the center
of the top plate. A digitally controlled syringe pump (Harvard Apparatus, PHD 2000) was used to obtain
a constant flow rate of 0.0023 mL/min. The entire apparatus was contained within a fume hood to ensure
proper ventilation. PA 6,6 is well known to be hygroscopic, and the spinning process was found to be
very sensitive to humidity. All samples fabricated for testing in this work were collected between 15-
25% relative humidity (RH) and stored after fabrication in a sealed dry box, containing desiccant to
remove any atmospheric moisture. An anti-stick agent (CP Fluoroglide® from Saint-Gobain
Performance Plastics) was sprayed onto the aluminum collector plate to facilitate removal of the
electrospun mat. Each mat of approximately 11-12 cm in diameter and 100 pm in thickness was

produced from 0.5 mL of PA 6,6 solution.
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Figure 1. Schematic representation of 45°-rotated parallel-plate electrospinning apparatus: (A)
solution pump; (B) high voltage power supply; (C) capillary tip; (D) upper plate; (E) lower grounding
collector plate; (F) whipping polymer fiber jet; (G) resistor; (H) voltage meter; (I) ground.

2.3. Morphological Characterization of Fiber Mats

A JEOL JSM-6060 scanning electron microscope (SEM), with an accelerating voltage of 10-15
kV and a working distance of 10 mm, was used to determine the diameter and morphology of the fibers.
A thin layer (~10 nm) of gold was sputter-coated onto SEM samples prior to imaging. The mean and
standard deviation of fiber diameter were determined based on 100 measurements of fiber diameter from
a set of SEM micrographs at 17,000X magnification using Imagel. Porosity of the fiber mats was
determined gravimetrically by cutting out rectangular sections and measuring the mass and dimensions
of the mat specimen and converting to porosity. Five mat thickness measurements were taken per
sample with a Mitutoyo digital micrometer with a constant measuring force of 0.5 N; the mean thickness
was used for porosity calculations. Lateral sample dimensions were determined using a digital caliper

with 0.01 mm precision. The volume and mass of the specimen were then converted to a porosity using



the bulk density of PA 6,6 (1.14 g/cm’ for the amorphous nylon; 1.25-1.30 g/cm’ for specimens of 40-60
% crystallinity) and the following equations [28,29],

— Mmat
papp hmatXAmat
(D
¢=(1- ;’ﬂ) x100%
bulk (2)

where pg,, 1s the apparent density, .., is the mass of mat, 4, is the thickness of mat, 4, is the area of
mat, ¢ is the mat porosity (%) and pp. is the bulk density.
2.4. Thermal Annealing of Electrospun Mats

The electrospun mats were thermally annealed in a Thermolyne lab oven. Each mat was draped
over a 100 mm diameter pyrex dish and placed in the oven for 60 minutes at a specified temperature.
Nitrogen was introduced during annealing at 240 and 270 °C to prevent degradation and charring of the
PA 6,6. Contact of the mat with the rim of the pyrex dish was sufficient to prevent the mats from tearing
during heat treatment and suspended the sample so that it did not contact or stick to any surfaces. After
annealing, samples were removed from the oven and allowed to cool before carefully cutting the mat off
of the pyrex dish.

2.5. Crystal Structure Analysis

Differential scanning calorimetry (DSC) was performed using a TA Instruments Discovery
Series DSC Model 972001. Samples of 4-6 mg were prepared in standard aluminum pans and
equilibrated in the DSC under nitrogen purge for 5 minutes at 40 °C before being ramped up to 295 °C
at 10 °C/min to determine the crystallinity. Samples were then held isothermally at 295 °C for 5 minutes
before ramping back down to 40 °C at 10 °C/min to confirm the crystallization temperature (T.) of the
PA 6,6 samples. TRIOS software version 2.5.0 was used to analyze the DSC data. Crystallinity was
calculated from the heat absorbed in the melting endotherm and the heat of fusion of PA 6,6
(AH°=191.9 J/g) [30].

Wide-angle X-ray diffraction (WAXD) patterns were obtained using a Molecular Metrology
ASSY 610 X-ray diffractometer at 45 kV and 0.66 mA. The distance between the detector and the
sample for WAXD was 117 mm. The wavelength of the X-ray beam (Cu-K,) was A=1.54 A, and the
beam was aligned and calibrated using a silver behenate standard with the first reflection peak at the
scattering vector g=(4nsin®)/A)=1.076 nm™', where 0 is the scattering half-angle. Fuji imaging plates
were used as X-ray detectors with a typical exposure time of 6 hours. Digital WAXD images were

obtained using a Fuji BAS-1800II scanner and analyzed using Polar® X-ray Diffraction (XRD) analysis
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software version 2.7.5, with a Voigt peak-fitting model to deconvolute the crystalline and amorphous
regions and determine the percent crystallinity.

Polarized infrared spectra were measured using a Nicolet 6700 Fourier transform infrared (FT-
IR) spectrometer equipped with a Nicolet Continuum infrared microscope (Thermo Fisher Scientific,
Waltham, MA). An IR polarizer was used in transmission mode, and 128 scans were recorded in the
range of wavenumber from 650 to 4000 cm™ for polarization both parallel and perpendicular to the fiber
axis. Bundles of aligned fibers were collected as described previously and used for FTIR, due to
limitations in sensitivity of the instrument to measure single fibers [11]. OMNIC software was used to

analyze the FTIR spectra. The dichroic ratio was used to characterize crystal orientation; it is defined as

D=Ay/A ., where A and A, are the absorbances measured with the incident beam polarized parallel and

perpendicular to the fiber bundle axis, respectively. The dichroic ratio can be related to an orientation
function, f11,31]:

f= (D-1)/(D+2)
(2cot2a—1)/(2cot?a+2)

3)
where a is selected to be the angle between the molecular axis and the transition moment vector of the
CH, twist-wagging mode around 1200 cm™ in PA 6,6 (0=0°) [32]. The orientation function, f; is related

to the second moment of molecular orientation {cos’d) by the expression

f =1[3(cos?0) —1]/2 @)

where /= 1 corresponds to perfect uniaxial alignment of molecules in the fiber direction, f = 0
corresponds to the absence of preferred molecular orientation, and f = -1/2 corresponds to molecular
alignment perpendicular to the fiber axis.
2.6. Mechanical Testing

Uniaxial tensile testing of electrospun fiber mats was performed with a Zwick Roell Z2.5 tensile
testing machine using a 2.5 kN load cell. Rectangular specimens were cut to 50 mm x 12 mm and
extended at a constant extension rate of 0.36 mm/s with a 36 mm gauge length (corresponding to a strain
rate of 0.01 s™). Five specimens were tested for each temperature of thermal treatment to determine the
mean and standard deviation. The thickness of each specimen was determined from the average of three
measurements taken along the gauge length with a Mitutoyo digital micrometer with a constant
measuring force of 0.5 N. The force—displacement data was converted to engineering stress versus
engineering strain results using the initial thickness, width and gauge length of the test specimen.

Young’s modulus was determined from the maximum slope of the engineering stress-engineering strain



curve in the elastic region. Yield stress was determined from the intersection of the linear fit to the
elastic deformation region at small strain with a linear fit to the plastic deformation region at large strain.
2.6. Tribological Testing

The coefficient of friction was measured according to ASTM D-1894-11 [Standard Test Method
for Static and Kinetic Coefficients of Friction of Plastic Film and Sheeting] using a custom-made “sled
and spring gauge” apparatus. Friction force measurements were taken with a series of normal forces
ranging from 0.5-2.5 N with an IMADA push-pull force gauge (10 N capacity and 0.05 N precision), at
a testing speed of 0.25 m/s. Five measurements were taken for each set of heat-treated mats to determine
the mean and standard deviation. The counter-face used for coefficient of friction measurements was the
H-38 Calibrade” standardized abrasion testing wheel used in the abrasive wear testing experiments.

The surface roughness of the fiber mats and polymer film were measured using a Veeco surface
profiling system, Model “Dektak 150”. A 2.5 pm stylus with 3.0 mg tip force was used to scan across
5.0 mm of sample in 30 seconds. The arithmetic average roughness (R,) was recorded for each sample
analysis, and the average of five scans was used to determine the mean R,.

The abrasive wear resistance of the electrospun mats was measured by a modified ASTM D-
3884-09 [Standard Test Method for Abrasion Resistance of Textile Fabrics (Rotary Platform, Double-
Head Method)], similar to the method outlined in [17]. Test samples were prepared by carefully cutting
out 100 mm diameter circles from an electrospun mat and attaching them to the adhesive side of a 100
mm diameter Polyken® 339 duct closure foil. This prevents the mats from bunching up or shifting
during testing. Five 100 mm specimens were prepared for each combination of annealing temperature
and specified number of abrasion cycles, to determine the mean and standard deviation. H-38 Calibrade®™
standardized abrasion testing wheels were used with an applied load of 50 g for 10, 50, 100, 250, and
500 cycles at 1 revolution per second (25 cm/s). The H-38 Calibrade® standardized Taber abrasion
wheel is classified in ASTM D-3884-09 as a very fine-grained abrasive wheel for use in testing woven
and nonwoven fabrics as well as delicate textiles. Samples were conditioned overnight in a sealed box,
containing desiccant, to remove any residual atmospheric moisture from the fibers, since moisture is
known to affect the mechanical properties of polyamides [33,34]. Abrasive wear testing was conducted
entirely within a sealed glove box maintained at <1% RH with a dry air purge, in order to prevent the
absorption of water that would disrupt the mass-loss measurements. The temperature of the electrospun
mats was monitored during testing using an OSXL450 non-contact infrared thermometer to ensure that
there was not a significant amount of frictional heating during the course of abrasive wear testing.
Samples were analyzed for abrasive wear by visual inspection and mass loss using an Ohaus E11140

analytical balance. By measuring the mass loss of the fiber mats after a specified number of cycles (or
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sliding distance), the effective wear rates of the membranes were determined. The data for mass loss vs.
number of cycles for each sample were fitted to a second order polynomial forced through the origin,
using the method of least squares. An effective wear rate for each sample was then calculated by taking

the value of the tangent to the second order polynomial at 100 cycles.

3. Results and Discussion
3.1 Morphology/Porosity of Heat-Treated PA 6,6 Mats

Uniform PA 6,6 fibers having a mean diameter of 238 + 22 nm were fabricated from a 20 wt%
solution in 15:1 FA:DMF for use in all of the tests described here. Each nonwoven fiber mat was
produced using 0.5 mL of polymer solution to generate a mat of roughly 100 um thickness and 12 cm in
diameter. The mats were then annealed at one of several temperatures selected to bracket the major
thermal transitions of PA 6,6: T, (45 °C), T, (240 °C), and T, (254 °C). PA 6,6 also exhibits a broad
thermal transition between 80 and 170 °C called the Brill transition, Tg. It is believed that the thermal
annealing serves to drive out any residual solvent or air pockets within the fibers, increase the number of
weld points between fibers, and alter the crystal morphology and crystalline fraction. Figure 2 shows
SEM micrographs of PA 6,6 fibers after 1 hour of annealing at various temperatures. There are no
discernable weld points between fibers on the untreated SEM, nor are there any observable
morphological changes for the 70 °C annealed sample; however at 170 °C and 240 °C thermal treatment,
several weld points become visible, as well as some qualitative densification of the fiber mat. The 270
°C annealed PA 6,6 fiber mat exhibits extensive flow and fusion between fibers, leading to considerable
loss of the original fiber morphology and porosity, thus creating a webbing effect between fibers similar

to that seen previously in the thermal annealing of an amorphous polyamide above T, [17].
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Figure 2. SEM micrographs of untreated electrospun PA 6,6 nanofibers (left), and after 60 minutes of
thermal treatment at 70, 170, 240, and 270 °C. Scale bar for all images is 1 um. HT refers to the heat
treatment (annealing) temperature.

The SEM micrographs indicate that there may be a decrease in the pore size between fibers as
the temperature of annealing increases, as well as what appears to be a decrease in the overall porosity

of the mats. Before the mats were subjected to the heat-treatment, they were typically 100 = 10 pm in
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thickness. At the highest annealing temperature (270 °C), the mats were observed to contract to as thin
as 55 £ 10 um, while maintaining a fixed diameter of 100 mm. Figure 3 shows the results for porosity of
electrospun PA 6,6 fiber mats after annealing at each temperature. The nonwoven mats have an
inherently high as-spun porosity of 90.8 + 1.4%, which drops slightly to 86.8 + 1.0% as the result of the
170 °C heat treatment (between the T, and T.). Annealing at temperatures above the T, produces a more
significant drop in porosity, falling to 72.1 + 2.6%, which is consistent with the significant changes

observed in the SEM micrographs from Figure 2.

10 ! ! ! !
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Figure 3. Porosity of PA 6,6 nanofiber mats after thermal annealing at various temperatures.

3.2. Crystal Structure of Annealed PA 6,6 Fibers
The crystalline structures of PA 6,6 electrospun fibers were characterized by WAXD at room
temperature for each annealing temperature. The azimuthally-integrated WAXD profiles of the annealed

PA 6,6 fiber samples are plotted in Figure 4; the plots show broad scattering regions for the as-spun and
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70 °C HT samples and two distinct narrow scattering peaks for the samples annealed at 240 °C and 270
°C. The sample annealed at 170 °C HT exhibits a scattering pattern intermediate between these two
extremes. The as-spun PA 6,6 fiber mat exhibits a relatively strong (100) diffraction peak at a 20
scattering angle of 20.2 degrees, and a second broader (010)/(110) doublet diffraction peak at a 20 of
23.0 degrees, corresponding to the triclinic o crystal structure of PA 6,6 [35,36]. Consistent with
previous reports, the diffraction peak are relatively broad, indicating that the sizes of PA 6,6 crystallites
are small and heterogeneous in the electrospun fibers [24]. The sample annealed at 70 °C shows a shift
of the diffraction peaks to 20.9 and 23.6 degrees, with a corresponding loss of intensity, suggestive of
some melting out of the least stable crystallites. Meanwhile, the sample annealed at 170 °C HT also
exhibits broad, low intensity peaks, but these are shifted back to 20.4 and 22.8 degrees, with both the
(100) and (010)/(110) diffraction peak intensities closer in magnitude to each other; this behavior is
consistent with transformation of the triclinic o form to a pseudo-hexagonal form above the Brill
transition temperature, followed by recovery of the triclinic form upon cooling [36,37,38,39]. The
samples annealed at 240 °C and 270 °C exhibit very similar WAXD profiles, but with higher intensity.
This is a consequence of the fact that both are cooled following annealing well above Tg. These samples
each exhibit a new, small (002) peak at a 20 of 13.9 and 14.1 degrees, very sharp (100) diffraction peaks
at a 20 of 20.0 and 20.2 degrees, and an additional sharp (010)/(110) doublet diffraction peak at a 20 of
23.4 and 23.5 degrees, respectively. Sharper peaks (and larger crystallites) are achieved through thermal
annealing of the PA 6,6 fiber mats between Tg and Th,.
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Figure 4. WAXD profiles of electrospun PA 6,6 fiber mats: as-spun, 70°C HT, 170°C HT, 240°C
HT, and 270°C HT. HT refers to the heat treatment (annealing) temperature.

Polarized IR absorption was used to measure the dichroism of the peak around 1200 cm™, which
is attributed to the CH, twist-wagging vibration mode in the a-crystalline phase of PA 6,6 [35,40].

Polarized FTIR spectra for the oriented PA 6,6 fiber bundles at each annealing temperature are shown in

Figure 5. The solid lines represent the absorbance perpendicular to the fiber axis, A ., indicative of

alignment of the PA 6,6 backbone parallel to the fiber axis, and the dotted lines represent the absorbance
parallel to the fiber axis, Ay, indicative of molecular alignment perpendicular to the fiber axis Visual
inspection of the polarized FTIR spectra indicate that the samples annealed below the Ty, of PA 6,6 all
exhibit a greater absorbance of CH, twist-wagging parallel to the fiber axis, while the two samples
treated near or above T, exhibit higher absorbance perpendicular to the fiber axis. Values for the
dichroic ratio and orientation function of PA 6,6 fiber bundles are tabulated in Table 1. The orientation
function value for the as-spun sample is 0.054, indicating some preferential crystal orientation parallel to
the fiber axis. There is a modest increase in f for the 70 °C and 170 °C heat-treated samples to 0.109
and 0.074 respectively. When annealed above Tg, the calculated value of f drops below 0, to -0.099 for
the sample annealed at 240 °C, and even further to -0.181 for the sample annealed at 270 °C. This
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transition of the molecular orientation function from slightly positive (oriented along fiber axis) to
slightly negative (oriented perpendicular to fiber axis) indicates significant changes to the crystal

organization within the fibers occur when annealed above the crystal Brill transition temperature.

270°C HT

240°C HT

170°C HT

Absorbance [a.u.]

70°C HT

as-spun

1220 1210 1200 1190 1180 1170 1160
Wavenumber [cm™]

Figure 5. Polarized FTIR of oriented PA 6,6 fiber bundles after annealing at various temperatures.
Solid lines represent A, and dotted lines represent Ay,.

Thermal heating profiles of the electrospun PA 6,6 fiber mats were obtained by DSC. The first
heating at 10 °C/min was used in order to determine the T, of the PA 6,6 crystals as well as the heat
required to melt the crystalline regions of the polymer; the first cooling was used to confirm the T, of the
PA 6,6 samples (240 °C), and did not change significantly with temperature of annealing. Figure 6
shows the first heating thermal profiles from 40 °C to 295 °C for each of the annealed electrospun PA
6,6 mat samples (solid lines), and a typical first cooling profile for the as-spun sample (dotted line). The
as-spun sample exhibits a broad melting peak with a T, of 255.8 °C for the fibers crystallized from
solution; this is very close to the reported value from the manufacturer (254 °C). The samples annealed
at 70 °C and 170 °C exhibit melting peaks with a similar breadth; however, the peaks are split into two
distinct melting points: 252.6 °C and 254.4 °C, respectively, for the first melting peak, and 257.1 °C and

259.2 °C for the second melting peak, which we interpret as indication of cold crystallization within the
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fibers. The sample annealed at 240 °C exhibits a significant change in the heating profile, with a large
shift in the first melting peak to 237.5 °C (close to the annealing temperature of 240 °C), and a second
smaller melting peak at 247.8 °C. This shift in the melting peak indicates that the thermal treatment at
240°C (above the Tp of PA 6,6) leads to substantial melting and recrystallization within the fibers. The
sample annealed at 270 °C exhibits a broad melting peak with a single Ty, of 253.0 °C, indicating that
the sample readily recrystallized during the quench after annealing; however, the heat required to melt
the crystallites of the 270 °C was lower than that for any other sample, indicating that some melting of

crystallites did take place at this temperature and was not recovered.

I A
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Ist cooling cycle e cccccccce———= s S
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Eﬁ 1 _as-spun \/~
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2 . -
> 170 °C HT \/_
~—
>
= -3 [240°CHT "
4 [ 270 °C HT \/_
5 ' : ' '
50 100 150 200 250

Temperature [°C]

Figure 6. DSC Thermographs of electrospun PA 6,6 fiber mats from the first heating: as- spun, 70°C
HT, 170°C HT, 240°C HT, and 270°C HT (solid lines); also shown is a typical first cooling cycle for
the as-spun fiber mat (dotted line).

A summary of the thermal properties and crystal structure analysis of the electrospun PA 6,6
fiber mats is shown in Table 1. The percent crystallinity, as measured from WAXD, was determined by
deconvoluting the crystalline and amorphous regions of the 1D-integrated intensity profiles using Polar
analysis software and then normalizing the area under the crystal peaks by the total integrated intensity.
Percent crystallinity, as determined by DSC, was calculated based on the integrated area of the melting
endotherm divided by the heat of fusion of 191.9 J/g for an ideal a-form PA 6,6 crystal [30]. The percent
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crystallinities of the PA 6,6 fibers determined by WAXD and DSC exhibited differing values and trends.
The percent crystallinity of the PA 6,6 fiber mats, as calculated from deconvolution of the WAXD
spectra, decreases from 38.8% for the as-spun sample to 34.9% and 35.7% for the 70 °C and 170 °C
heat-treated samples, respectively. Thermal annealing above Tp showed an increase in the percent
crystallinity to 40.1% for the 240 °C annealed sample and 44.9% crystallinity for the 270 °C thermally
annealed sample. The percent crystallinity as measured by DSC, showed the as-spun fibers to be 41.0%
crystalline, while the samples annealed at 70 °C exhibited a small drop to 40.1%, indicating that the
annealing temperature was too low to cause significant changes to the crystal structure of the polymer.
The crystallinity dropped more significantly, to 34.4%, for the samples annealed at 170 °C, and an even
further to 32.7% for the samples annealed at 240 °C. These results show that while the annealing process
changes the crystal structure of the PA 6,6 fibers, the total percent crystallinity of the samples also
changes with temperature of thermal treatment. The relatively high percent crystallinity for the 270 °C
(44.9% by WAXD) confirms that the annealing and subsequent quenching process of the fiber mats
produced larger, but perhaps less perfect, crystallites.

Table 1. Structural Properties of Heat-treated Electrospun PA 6,6 Fiber Mats

Sample D f Crystallinity | Crystallinity | T, (DSC-1* | T,, (DSC-2"
(WAXD) [%] | (DSC)[%] | Peak)[°C] | Peak)[°C]

As-spun 1.17 0.054 38.8 41.0 255.8 -

70 °C HT 1.37 0.109 34.9 40.1 252.6 257.1

170 °C HT 1.24 0.074 35.7 34.4 254.4 259.2

240 °C HT 0.73 -0.091 40.1 32.7 237.5 247.8

270 °C HT 0.54 -0.181 44.9 32.2 253.0 -

3.3. Mechanical Properties of Heat-Treated Mats

Uniaxial, constant strain-rate tensile testing was employed to observe the effect of the annealing
temperature on the mechanical response of the semi-crystalline electrospun fiber mats. Representative
plots of the tensile behavior of heat-treated electrospun mats are shown in Figure 7; note the slight
increase in modulus and yield stress with increasing temperature of heat-treatment and the transition
from more highly extensible, plastic behavior for the untreated sample to more brittle behavior when
annealing close to or above Tp,. The PA 6,6 mats as-spun and annealed at 70 °C both exhibited the most
ductile behavior, with large plastic deformation regions extending well beyond 50% breaking strain for
most of the samples tested. The samples annealed at 170 °C and 240 °C exhibited some ductility, with
higher elastic moduli, and breaking strains of 35-45%. The sample annealed at 270 °C exhibited much
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more brittle behavior, with a very narrow plastic deformation region, breaking very shortly after
reaching the yield point. This behavior is similar to that observed for the amorphous nylon electrospun

fiber mat annealed above T, [17].
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Figure 7. Representative stress-strain curves for PA 6,6 fiber mats as-spun and after annealing at
various temperatures (1 hour each at 70, 170, 240, and 270 °C).

Analysis of the nonwoven mat tensile testing results show that thermal annealing of the
electrospun fiber mats can significantly alter their mechanical properties. Plots showing changes to the
Young’s modulus, yield stress, maximum (breaking) stress, breaking strain, and tensile energy-to-break
(toughness) are plotted in Figures 8-10. The Young’s modulus for the as-spun material was 45.11 + 2.30
MPa and did not increase when thermally annealed slightly above T, (70 °C HT sample); however, it
did increase modestly to 67.81 + 6.53 MPa after annealing at 170 °C (between T, & Ty,), as shown in
Figure 8. Further improvements to the Young’s modulus were not observed in the samples annealed
around the T, of PA 6,6 (240 °C and 270 °C), indicating that crystal annealing/melting within the fibers

does not have a significant effect on the Young’s modulus of the nonwoven mat.
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Figure 8. Plot of Young's modulus vs. annealing temperature for PA 6.6 nanofiber mats.

The yield stress and maximum (breaking) stress of the mats as a function of annealing
temperature is shown in Figure 9. Steady increases in the yield stress are observed from the as-spun state
at 2.92 + 0.14 MPa up to 4.54 + 0.43 MPa for the samples annealed above T, (170 °C), then increases
even further for samples annealed above Ty, (7.05 = 1.10 MPa for the 270 °C HT). The bar graph for the
yield stress looks very similar to the inverse of the trend in porosity shown in Figure 3, with consistent
increases in the yield stress for each increase in the temperature of annealing. The maximum (breaking)
tensile stress of the PA 6,6 mats shows a modest increase between 70 °C and 170 °C thermal treatment
(increasing from 5.94 + 0.99 MPa to 9.03 = 1.37 MPa); however, no further increases in the breaking
stress is observed with annealing at higher temperatures than 170 °C, and all values are statistically
identical for samples annealed at 170, 240, or 270 °C.

Bar graphs for strain at break and for toughness of the electrospun fiber mats are shown in Figure

10. They do not follow a consistent trend with increasing annealing temperature. There is a slight drop
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in the strain at break for the sample annealed at 170 °C and another drop for the sample annealed at 240
°C, indicating a possible transition from a ductile fracture response to more brittle behavior or
introduction of microstructural flaws or stress concentrators (crystallites) causing premature fracture.
The toughness of the electrospun mats correlates very closely to the strain at break. This behavior
reflects the fact that the breaking stress for all of the samples did not vary by more than 50% from the
lowest mean value to the highest, while the strain to break dropped from 0.67 + 0.11 mm/mm to 0.27 +
0.05 mm/mm for the as-spun sample and the sample annealed at 270 °C, respectively. This suggests

that the breaking strain is the dominant factor in determining the tensile energy-to-break for the PA 6,6

fiber mats.
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Figure 9. Plot of the yield stress and maximum (breaking) stress of PA 6,6 electrospun mats vs.
annealing temperature.

19



I I I I 4

Strain at Break

<
o0

Energy to Break

N e
BN ()} (@) ~
[ rrrr|rr

S
w2

[\
[sul/f]/\[] $SoUY3NO |,

Strain to Break [mm/mm)]
S
o

>
[S—

Untreated  70°C  170°C  240°C  270°C

Figure 10. Plot of the strain-to-break and tensile energy-to-break (Toughness) vs. annealing
temperature for PA 6,6 nanofiber mats.

3.4. Tribology of Electrospun Mats

Untreated electrospun fiber mats are typically fragile and susceptible to wear and delamination,
even under conditions of gentle handling. This is a source of concern for the post-spin handling as well
as the end-use of such mats, and could be a critical limitation to their service lifetime. To quantify the
tribological behavior of nonwovens, the coefficient of friction (u) was measured using a standardized
testing material (Calibrade® H-38 abrasive wheel) for each of the fiber mats, as-spun and after each of
the prescribed annealing temperatures. A plot of the friction force vs. the normal force for each
annealing temperature is shown in Figure 11; from this plot, the friction coefficient can be determined
by taking the ratio of the average measured friction force to the applied normal force. A plot of the
coefficient of friction vs. the normal force is shown in Figure 12; note that there is a modest decrease in
the coefficient of friction with increasing normal force at low loads, but that above 1.0 N (~100 g

applied load), the friction coefficient becomes relatively constant for each sample. The decrease in
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coefficient of friction with increasing load is typical of compressible polymeric materials, whose shear
strength increases with applied load [41]. Mean friction coefficients at 50 g load decreased from 0.97 for
the as-spun mat to 0.85 for the 170 °C heat-treatment sample, to 0.69 for the 240 °C heat-treated mat. A
lower mean coefficient of friction for the fiber mats is typically desirable, as it implies that the mat
experiences smaller forces during abrasive contact with a counter-face, which could lead to significantly

less wear.
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Figure 11. Friction force of PA 6,6 mats as a function of the normal force after annealing at various
temperatures: as-spun (x), 70 °C (O), 170 °C (A), 240 °C (¢) and 270 °C (V).
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Figure 12. Coefficient of Friction of PA 6,6 mats as a function of the normal force after annealing at
various temperatures: as-spun (%), 70 °C (O), 170 °C (a), 240 °C (¢) and 270 °C (V).

The Taber abraser was used to provide uniform, low levels of abrasive wear in order to measure
quantitatively the changes in the tribological response of annealed electrospun PA 6,6 fiber mats. The
surface roughness of a material can be a major factor in the tribological response, relating to the area of
contact between the test material and the abrasive counter-surface; all of the PA 6,6 mats used in these
wear tests had a mean-value roughness (R,) on the order of 1.5-2.5 um; values are listed in Table 2. An
applied load of 50 g was used for testing because it was sufficiently high to yield consistent coefficient

of friction values, while being a low enough such that more than 100 abrasion cycles could be performed
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before destruction of each sample. Temperature changes to the fiber mat during abrasive cycling were
monitored using a non-contact infrared thermometer. The surface temperature of the mats were
measured to be 25.0 = 0.2 °C before wear testing and typically did not increase by more than 0.4 °C
(25.8 °C maximum reading) at any point during testing, even up to 500 continuous abrasion cycles. The
mats never approached the T, (45 °C) or T, (254 °C) of the bulk PA 6,6 during testing and should
therefore not have undergone any thermally induced transformations or deformations due to the wear
cycling.

Visual inspection of the nonwoven membranes after 10, 50, and 100 abrasion cycles indicated
significant qualitative differences in the wear mechanisms between the samples annealed at the various
temperatures, as shown in Figure 13. The as-spun sample and the sample annealed at 70 °C exhibit
some observable signs of deformation and wear after as few as 10 abrasion cycles, and significant levels
of deformation and wear after 50 cycles; the samples typically reach tribological destruction (>50% of
sample mass removed from the wear path) by approximately 100 abrasion cycles. The sample annealed
at 170 °C exhibited only marginally more wear resistance; however, the mechanism of wear seems to
have changed from a fibrous pulling/displacement-type deformation to more of a tearing and rolling
mechanism. The sample annealed at 240 °C exhibited significantly more robust wear resistance, and
shows only minor wear and abrasive tears at 10 and 50 cycles, before exhibiting more significant tearing
and delamination after 100 cycles. The samples annealed at 240 °C do not reach the 50% mass loss wear
destruction until as much as 500 abrasion cycles. The samples annealed at 270 °C were also very robust,
showing minimal signs of wear until 50 abrasion cycles (most of which are small tears and holes), then

exhibiting some more significant levels of tearing after 100 cycles.
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Figure 13. Optical images of abrasive wear path for fiber mats at 0, 10, 50, and 100 wear cycles under
50 g applied load (top row: as-spun; second row: 70 °C heat-treated; third row: 170 °C heat-treated,
fourth row: 240 °C heat-treated, bottom row: 270 °C heat-treated), scale bar is 10 mm.

Quantitative evaluation of the abrasive wear properties of the electrospun PA 6,6 mats was
performed by measuring the mass loss of the samples after a specified number of abrasion cycles. A plot
of the abrasive mass loss vs. the number of cycles for 50 g applied load is shown in Figure 14 for 10, 50,
100, and 250 cycles. The wear rate was measured up to approximately 50% mass loss within the wear
path, or ~35-40 mg for each sample, which was defined as the point of tribological destruction.
Significantly more material was removed from the untreated electrospun mats compared to the thermally

annealed samples, with the most wear-resistant mats being those annealed at 240 °C; this is consistent
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with what was observed qualitatively from visual inspection. Modest decreases in the effective wear rate
of the electrospun fiber mats was observed with increasing temperature of thermal annealing for 70 °C,
170 °C, and 240 °C; however, annealing the PA 6,6 mats at 270 °C (above the Ty,) yielded an increase in
the wear rate compared to the mat annealed at 240 °C, indicating that there could be significant
morphological changes in the samples annealed at 270 °C that affected the wear response. The effective
wear rate for each sample was calculated as the slope of the tangent to a best-fit second-order
polynomial to each set of wear data, evaluated at 100 cycles. The effective wear rate was seen to
decrease from 8.10 x 10° g/cm for the as-spun PA 6,6 sample down to 3.01 x 10° g/cm for the mats
annealed at 240 °C. The improvements to the wear resistance of electrospun PA 6,6 mats were not as
significant as previously seen for poly(trimethyl hexamethylene terepthalamide) [PA 6(3)T] fiber mats
[17]. However, the amorphous polyamide samples also had greater changes in mechanical properties
with thermal annealing. A summary of all the tribological data including the mean-value roughness (R,),

mean coefficient of friction (i), and effective wear rate are compiled in Table 2.
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Figure 14. Abrasive mass losses of electrospun nanofiber mats as a function of the number of wear
cycles under 50 g load: untreated (%), 70 °C heat-treated (0J), 170 °C heat-treated (A), 240 °C heat-
treated (¢) and 270 °C heat-treated mats (V).
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Table 2. Summary of Tribological Properties of PA 6,6 Nanofiber Mats

R, [um] | Mean coefficient of | Wear rate (50g)
friction, p (50 g) [g/cm]
Untreated 2.459 0.97 8.10x 10°
70 °C HT 1.887 0.71 7.12x 10°
170 °C HT 2.298 0.85 5.17x 10°
240 °C HT 2.145 0.69 3.0l x 10°
270 °C HT 1.581 0.59 4.55x 10°

The tensile mechanical properties and the abrasive wear properties of polymeric materials tend to
be strongly correlated. The deformation of a surface is generally a function of the indentation hardness,
the relative motion opposed by the frictional force, and disruption of material at the contact points,
involving an amount of work equal to the area under the stress-strain curve. One of the most commonly
used correlations based on such a mechanism is the Ratner-Lancaster correlation [42,43], which predicts

the wear rate, W, as:

w=c¢ (,Ll Hal;,sb) (5)

where C is a constant, p is the coefficient of friction, L is the applied load, H is the hardness, o} is the
breaking stress of the material, and &, is the breaking strain. The indentation hardness of most polymer
fiber mats is relatively small and does not change significantly between materials; therefore, the
dominant parameters tend to be o, and g, [44,45]. For electrospun fiber mats, we have previously
proposed that the breaking stress and breaking strain of individual fibers is reflected in the yield stress
and strain of the nonwoven mats; based on this, a modified version of the Ratner-Lancaster relationship
is obtained, in which the yield stress, 0,, and yield strain, ¢,, of the mat replace the breaking stress and
strain of the fibers [17]. The wear rate is furthermore put on a mass basis by the density of the polymer

mat, p, to get:
W « (p = L)
O'ySy (6)

This modified Ratner-Lancaster relationship has been show to correlate well the wear results for

the electrospun mats of the amorphous polyamide PA 6(3)T [17]. Figure 15 compares the effective
wear rates of the treated PA 6,6 fiber mats to the modified Ratner-Lancaster wear rate relationship from
equation 6, along with the previously reported PA 6(3)T data. The effective wear rate for the PA 6,6

mats increases proportionately with the quantity (pul)/(o,¢,) for the samples annealed below the Tp,.

27



Only the sample annealed at 270 °C exhibits a wear rate that deviates significantly from the proposed
scaling. This deviation from the expected scaling of the wear rate is most likely due to morphological
changes of the crystal structure within the fibers, which could significantly alter the fracture mode and
breaking strain of the individual fibers. With the exception of the sample annealed above Ty, (270 °C
heat treatment), the semicrsytalline PA 6,6 electrospun nonwoven mats wear more slowly, by a factor of
2-3x, compared to the amorphous PA 6(3)T electrospun nonwoven mats. These results show that the
mechanical and tribological properties of electrospun fiber mats are well-correlated by the modified
Ratner-Lancaster model, and that the effects on wear resistance due to the crystallinity and crystal

morphology within a semi-crystalline polymeric fiber mat cannot be neglected.
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Figure 15. Effective wear rate vs. (puL)/(oy¢,) of nanofiber mats subjected to varying temperatures
of thermal treatment: PA 6,6 at 50 g applied load (#) [this work], and PA 6(3)T from previous
tribology investigation [17] at 25 g () and 100 g (A) applied load. The line with slope=1 is drawn as
a guide to the eye.

4. Conclusions

The tribological and mechanical response of thermally annealed semi-crystalline electrospun PA
6,6 fiber mats were investigated in this work. The crystallinity of the fiber mats was observed to exhibit
small changes as a function of the annealing temperature, with more pronounced increases to the percent
crystallinity, according to WAXD, when samples were treated above Tg. Significant changes to the
crystal morphology and orientation were observed within the PA 6,6 fibers as molecular alignment
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changed from parallel to the fiber axis to perpendicular for samples treated above Tg. The change in
molecular orientation is most likely due to the initial strain alignment when forming the crystallites as a
result of the jet stretching during the electrospinning process. During the thermal annealing process
above Tp, the molecular orientation relaxes as the chains become more mobile. The Young’s modulus,
yield stress, and toughness of the nonwoven mats were found to change with an increase in the
annealing temperature through the glass transition, Brill transition, and crystalline melting points, at the
expense of mat porosity. The yield stress increased modestly from 2.9 MPa for the untreated PA 6,6
nanofiber mat, to 4.5 MPa for the 170 °C heat-treatment, without suffering a significant loss of porosity.
The yield stress could then be increased further up to 7.1 MPa after 270 °C heat-treatment (above the
Tm), at a substantial loss to the mat porosity (90% to 72%). In addition to gains in mechanical integrity,
there was also an improvement in the wear resistance of the semi-crystalline electrospun fiber mats with
thermal treatment. Annealing at 240 °C results in a significant decrease in the effective wear rate relative
to that of the as-spun mats, from 8.10 x 10 g/cm to 3.01 x 10 g/cm at 50 g applied load, while the
porosity decreases only modestly, from 90% to 86%. The mechanical and tribological properties of the
thermally annealed PA 6,6 fiber mats were found to exhibit significant improvements through the Brill
transition temperature, comparable to the improvements observed when annealing amorphous PA 6(3)T
electrospun mats near the glass transition temperature. The effective wear rate of the electrospun PA 6,6
fiber mats was well-described by a modified Ratner-Lancaster relationship for wear rate of polymeric
materials, W~(pul)/(oy¢,) for samples annealed below the Ty, suggesting that the mechanism of wear is
primarily due to the breakage of fibers that apparently contributes to yield in these nonwoven mats. Only
the sample annealed at 270 °C exhibits a wear rate that deviated significantly from the proposed scaling.
The deviation from the modified Ratner-Lancaster correlation is most likely due to the changes observed
in the crystal orientation and morphology; these changes could affect the individual fiber properties such
as the fracture mode and breaking strain of the individual fibers, resulting in a lower mechanical energy
required to remove material from the surface. The mechanical and tribological properties of electrospun
fiber mats are found to be inter-related, and the effects of crystallinity and crystal morphology within

semi-crystalline polymeric fiber mats significant with respect to the wear resistance.
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