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Abstract

A series of melt blown samples were produced from three hardness grades of ether based
thermoplastic polyurethane elastomers (TPU). The fabrics were tested to investigate their
structure-property relationship in a melt blown process. Solution viscosities of the web were only
20-26% of there original valuesindicating alarge lossin polymer molecular weight during melt
blowing. Fiber diameter distributions measured on melt blown samples were found comparable
to those made with more conventional polymers. The fiber orientation distribution functions
(ODF) suggest slight fiber orientation in machine direction. Tensile and elongation properties
depended on die-to-collector distance (DCD), polymer hardness and fiber ODF. A strong
relationship between the tensile strength and die-to-collector distance was identified and
attributed to reduced interfiber adhesion in the web with increasing DCD. The reduction in
adhesion was attributed to greater extents of solidification before reaching the forming belt for
longer DCDs. This paper isthefirst in a seriesrelating the influence of the melt blowing process
parameters on the polymer properties and the nonwoven fabric properties for block thermoplastic
elastomers.

Introduction

Since the introduction of thermoplastic elastomers into the market, there has been a great effort
to use these materials in nonwoven fabrics. Except for patent literature, nonwoven materials
made with thermoplastic elastomer polymers have rarely been reported. Thermoplastic elastomer
melt blown webs have been used as a single layer, intimately blended with other types of fiber or
laminated into composites [1-11]. Commercial use of melt blown elastomeric webs has been
reported predominantly by 3M and Kimberly-Clark [12, 13].
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Thermoplastic elastomers are copolymeric materials made from hard and soft polymeric chain
components. Typically, hard and soft segment species are not miscible in each other, which leads
to a phase separated structure. Bonart [16] states that crosslinking in thermoplastic elastomersis
mostly brought about by the secondary valence interactions within the hard segment domains.
Even though it is expected that the hard segment regions would be crystaline, their ability to
crystallize appears to be inhibited and the regions are regarded as paracrystalline [17]. The
degree of crystallinity in hard segment domains can be increased by annealing [18] as well as a
combination of stretching and annealing [19].

Thermoplastic polyurethanes (TPUs) are one class of thermoplastic elastomers (TPE). They can
be processed from the molten state using conventional thermoplastic processing technologies
while recovering their rubber-like properties upon solidification. TPUs contain polymer hard
segment regions, which create anchor points having the same function as crosslinks in
vulcanized rubbers. The morphology of MDI-BDO-based hard segments in stretched and
anneal ed polyurethane films was extensively studied by Blackwell et al [19-22]. When compared
with other chain extender types, poly(MDI-BDO) was found to create the most crystaline
segment [23,24]. In these studies a typical annealing cycle consisted of exposing the sample to
relatively high temperature for long times such as 130°C for 7 days [18], which is not practical in
nonwoven fabric production.

Due to their arrangement as a phase-separated system, each component contained in a
thermoplastic elastomer maintains most of its properties, such as melting point or glass transition
temperature. Mechanical properties of thermoplastic elastomers depend greatly on the ratio of
hard and soft segments, as well as length of each species within the polymer chain.
Thermoplastic elastomeric polymers tend to exhibit lower melting points and are more pliable as
the soft segment content is increased. The upper practical limit to soft segment content is ~90%.
With the increase of soft segment phase in polymer composition, the recovery properties start to
deteriorate and the polymer becomes “sticky”. With higher content of the hard phase, the
polymer hardness and the glass transition temperature increases. At 60-70 wt % of hard segment,
the material behaves more like a plastic than an elastomer. Thus the hard/soft segment ratio is
closely linked to polymer durometer hardness [25].

The melt blowing process was first introduced by Wente [26] as a means to create a collection
medium for radioactive particles in the upper aimosphere. The melt blown nonwoven process is
a unique technology in which molten polymer emerging from a series of small orifices on the die
is subjected to two hot, high-velocity air streams that cause attenuation and fibrillation of the
polymer into very fine fibers. The fibers made in this process are typically 1-20 microns in
diameter. Owing to their small fiber diameter and high surface area, melt blown substrates are
typically used as barrier layers and filters. During melt blowing, the fibers are deposited on a
moving collector belt, usually creating a layer of self-bonded fibers. The basis weight of a melt
blown fibrous layer can be varied by adjusting the speed of the collector belt. A typical structure
of a melt blown nonwoven can be seen in Figure 1. The melt blown process requires polymeric
melts to be of a very low viscosity, which is usually achieved by using a polymer with a high
melt-flow rate (low molecular weight) and by adjusting the melt temperature during processing.

Once the fiber breaks loose from the molten polymer pool at the dietip, it is propelled downward
to the collector belt. The die-to-collector distance (DCD) and the air jet velocity determine the
amount of time a newly created fiber spends suspended in air before it isforced into contact with
the rest of the fibrous substrate during the collection process. The melt temperature, air velocity,
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air temperature, and DCD have major influences on how much solidification and crystallization
occurs before the fiber comes into contact with other fibers already on the collector belt.

The objective of this paper is to determine the relationship between processing conditions and
fabric performance properties of melt blown nonwoven fabrics made with three different
hardness grades of a polyether-based thermoplastic polyurethane with hard segment chemistry
based on 4,4’ -diphenylmethane diisocyanate (MDI) and 1,4-butanediol (BDO). This paper isthe
first in a series relating the influence of the melt blowing process parameters on the polymer
properties to the nonwoven fabric properties.

Experimental

Melt Blown Fabric Production: Three polyether polyurethanes with MDI-BDO-based hard
segments were provided by BASF in hardness grades of 80A, 90A and 98A durometer hardness.
This spans the useful range of thermoplastic elastomers made with MDI-BDO hard segment and
polyether-based soft segment. Softer grades are too sticky, while harder grades have poor
elastomeric properties. A series of melt blown fabrics was produced on the Nonwoven
Cooperative Research Center's (NCRC) melt blowing line. Processing temperatures were
adjusted for each polymer grade to maintain die pressures in the range 3.1-3.8 MPa (450-550 psi)
and polymer flow rates of 0.5 grams per hole per minute. The process air temperature was
maintained at the same temperature as the die temperature, the hot air flow and the quench air
were set at 70% and 20% of fan capacity respectively. For a few samples, the polymer pressures
at the die fell outside the desired range. The die temperatures used during melt blowing are listed
in Table I. Melt blown fabrics were produced at three DCD levels — 14, 20 and 30.5 cm (5.5 in,
8.0in and 12.0 in) with basis weights of 50 g/m? and 100 g/m?.

Differential Scanning Calorimetry (DSC): Heating scans were run from -50°C to 250°C at
20°C/min. Endothermic ranges and peak temperatures are shown in Table 1.

Fiber Diameter Distribution: Scanning Electron Microscopy (SEM) images were obtained for
each fabric and 150 diameter measurements were obtained using NCRC Image Anaysis
software [27].

Fiber Orientation Distribution Function (ODF): Five transmitted light optical microscopy
images were obtained for each sample and analyzed by NCRC Image Analysis software. Cosine
squared anisotropy ratio was then computed as [28]:

H; = 2 <cos? ¢> —1 (3)
where ¢ is the angle between the cross direction of the nonwoven and the fiber axis. The average
value of cos’d is

5 7T l2 >
<cos ¢>= [ f.(g)cos“(g)dg (4)
- 12

where f(¢)d¢ is the probability that the fiber axis lies between ¢ and ¢ + do.
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Basis Weight: The basis weight was measured as an average value based on five 100 cm? cutouts
randomly distributed over the fabric width according to ASTM small swatch method [29].

Tensile Strength and Elongation: Typical tensile tests performed on nonwoven fabrics use
rectangular “strip” samples that are usually 2.54 or 5.08 cm (1 or 2 inch) width [30]. Due to
frequent specimen breaks at the clamp face during tensile strip testing, a modified tensile method
was developed. A “dog bone” sample shape given by ASTM D 638-03 (type I11) was used [31]
to prevent breakage at the clamp. This shape is commonly used for standard testing of tensile
properties of plastics. The testing length of this“dog bone” specimen is57 mm (2.25”) and in the
narrow portion, the width is 19 mm (0.75”). A testing rate of 228 mm/min was used to maintain
same strain rate as the ASTM strip test (400%/min)[30]. Tensile strengths are reported as
normalized stress N/(g/m?)/2.5 cm) (Ib/(g/m?)/inch).

Results And Discussion

Thermal Analysis: The first step in melt blowing is to melt the polymer. To understand the
melting characteristics, DSC thermal scans were obtained. The endothermic ranges and
endothermic peaks are shown in Table 1. Polymer 80A exhibited a distinct endothermic peak at
111.1°C and a small peak at about 160°C region. 90A had a smaller peak at 112°C and a more
pronounced endothermic peak at 170.5°C, while 98A had a small peak shifted to 124.1°C and a
major peak at 180.5°C. The lower temperature endothermic peaks have been attributed to the
loss of hydrogen bonding between the NH-groups in the urethane linkage and the O-groups in
the polyether segments. The higher temperature endothermic peaks are due to the hard-segment
melting and disappearance of the hard-segment domaing[32].

After melt blowing, the lower endothermic peak temperature decreased dramatically, by
approximately 50°C, for 98A and by approximately 40°C for 90A and 80A. It is not clear why
this happens. The upper endothermic peak temperature change was much less pronounced for
98A and 90A, only about 5°C. However, this endothermic peak for 80A disappeared. Since the
higher temperature endothermic region is due to melting of the hard-segments and since high
temperature processing of polyurethanes results in the dissociation of urethane linkages in the
hard-segmentg33] and thus the destruction of the hard-segments, the observed reduction in the
amount of the high temperature endothermic peak and a small shift to lower temperatures is
expected.
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Table 1. TPU Properties and Melt Blowing Die Temperatures

Polymer Die Solution Viscosity Endothermic Range | Loca Maxima
Temperature

(OC) Pellets Webs Ratio Onset End Tma Tmz

(cP) (cP) (°O) °O) °O) (°O)

80A 227 152 Ax7 0.22 87 177 111 160

90A 250 141 37+1 | 0.26 80 187 112 171

98A 261 149 31x1 0.21 87 212 124 181

Solution Viscosity: In melt blowing, it is preferred to have a polymer with alow melt viscosity.
This can be achieved by using alow molecular weight polymer or by using high temperatures. In
the current study, the temperature was used to control the pressure on the melt blowing die.
BASF kindly provided the solution viscosity data of polymeric material obtained from both
polymer pellets and melt blown materials. The viscosity data for the original pellets and for the
polymer after web formation is shown in Table 1. In all cases, the solution viscosity of the
polymer in the webs dropped to 21-26% of its original value in the pellets, i.e. nye, ~ 0.21-0.26 *
Npdlas. 1t 1S well known that polyurethanes degrade at high temperatures due to a shift in the
equilibrium between chain formation and chain dissociation. Hentschel and Munstedt[33]
measured the loss of molecular weight in the temperature range 160-220°C for similar
polyurethanes with the same hard segment. Using gel permeation chromatography (GPC), they
found that the molecular weight decreased to 44% of its original value within 5 minutes at
220°C. Using their analysis, which assumed only thermal degradation and used only very low
shear stresses, the molecular weight of the webs in our study should be 28-41% of the molecular
weight of the origina pellets. According to the Mark-Houwink-Sakarada equation for a good
solvent, the solution viscosities of the webs should be 37-50% of the solution viscosities of the
pellets (i.e. nriim ~ 0.37-0.50 * nMpaies). Hentschel and Munstedt also found that the polydispersity
decreased at higher temperatures, which would reduce the solution viscosity further. Although
we observed significantly larger decreases in the solution viscosities (Mwe» ~ 0.21-0.26 * Mpaiets),
we note that the residence time of the molten polymer in NCRC's melt blowing equipment is
estimated to be 20 minutes and uses higher shear stresses. Thus the degradation of the
polyurethanes used in this study should be more severe than that of Hentschel and Munstedt's
study. The properties of the web reported throughout this article are those of the degraded
polymer, not of the original material.

Fiber Diameter Distributions: Scanning electron microscopy images of each web were obtained.
Figure 1 shows a typical SEM of one of the melt blown webs. Fiber diameter distribution data
were collected for all melt blown samples (Figure 2) from similar SEM images. The most
probable fiber diameter is approximately 5 microns and virtualy all fiber diameters are < 20
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microns. The distributions are nearly identical for al of the webs made in this study. This datais
comparable with fiber diameter distributions obtained for melt blown fabrics made with more
conventional polymers[34].
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Figure 1. Structure of polyether based Figure 2. Fiber diameter distribution functions

thermoplastic polyurethane melt blown for melt blown webs. Black symbols are for

substrate (Courtesy of BASF). webs made with polymer 80A, red symbols
are made with polymer 90A and blue symbols
are made with polymer 98A. Squares are for
webs made at a DCD of 14 cm, diamonds for
DCD = 20.3 cm, and circles for DCD = 30.5
cm.

Fiber Orientation Distribution Function (ODF) of Melt Blown Samples: The fiber orientation
distribution function histograms were obtained for al samples made in this series. The cosine
squared anisotropy ratio, H;, varied from -0.038 to -0.14, indicating slightly higher frequency of
fibers oriented in machine direction. H; did not correlate with polymer type, die-to-collector
distance or basis weight (collector belt speed). Thus, the fibers are dightly oriented in the
machine direction as expected for melt blown webs.

Tensile Testing: As discussed previously, the tensile data could not be obtained with the
conventional strip test, since al specimens broke at the grips. Thus a "dog bone" specimen was
used. To convert the displacement of the grips to elongation of the narrow section of the dog
bone specimen, a conversion equation was developed by graphing the distance between two
marks on the narrow section of the dog bone vs. the testing machine displacement. A straight line
with a slope of 1.17 was found to account for this difference for all polymer grades and for the
range of displacements used in these experiments (data not shown). Thus, the elongation of the
narrow tested area of the specimen was 1.17 times the instrumental €l ongation.

Fabric tensile strength and elongation in the machine and cross directions were obtained for all
melt blown nonwoven samples. The tensile strength and elongation for several 90A polymer
grade melt blown specimen at a DCD of 14 cm could not be measured because the instrument
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crosshead reached the extension limit (400%) before the sample failed. The tensile strengths of
the remainder of the specimens were normalized by dividing by the basis weight and the sample
width, while the elongation was corrected for the dog bone shape. Tensile strength and
elongation were plotted as a function of die-collector distance, DCD (Figure 3). It is obvious that
melt blown fabrics made with 98A achieved higher tensile strength but lower elongation to
failure than 80A. Thisis the expected behavior for similar polymers that differ primarily by their
hardness. Machine direction tensile values were noticeably higher than those in cross direction,
which ismost likely associated with the slightly higher fiber orientation in machine direction that
was measured on these samples.
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Figure 3. Tensile strengths (left) and elongation to break (right) of the webs are shown. Solid
symbols are for the machine direction while open symbols represent the cross direction data.
Solid lines are linear regressions of the machine direction data, while dashed lines are for the
cross direction. Black symbols are for polymer 80A, red for polymer 90A, and blue for polymer
98A derived webs.

The tensile strength and the elongation both decreased with an increase of die to collector
distance, both dropping 25-50% as DCD increased from 14 to 30.5 cm. Furthermore, the tensile
strength decreased more rapidly with DCD for polymers with higher hardness. This behavior is
quite different from what would normally be expected for elastomers. Usually, one would expect
that, as the tensile strength decreased, the elongation to failure would increase. Indeed, Lee and
Wadsworth [35] found for polypropylene melt-blown webs that, at low die temperatures, the
tensile strength decreased with increasing DCD, but the elongation to break increased. At higher
die temperatures, the tensile strength first increased then decreased as DCD increased. The
elongation to break, however, aways increased with DCD. Thus, our results for thermoplastic
polyurethanes differ markedly from those of Lee and Wadsworth for polypropylene. To
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understand the observed behavior, one must first understand the development of strength in a
melt blown web.

In melt blowing, very little orientation of the polymer chains within the fibers is expected to
occur, so there is no increase in fiber strength due to extension-induced molecular orientation.
Furthermore, since there is no molecular orientation, the amount of crystallinity depends only on
polymer type and the time alowed for the sample to cool. Since the fiber morphology is
expected to be nearly the same for al webs within the same polymer species, the fiber strength
depends only on the polymer properties, not on fiber morphology. Thus, each fiber within the
web should have similar tensile strength and similar elongation to break. In other words,
differences in the web strength and elongation for any one polymer type must depend on web
properties, such as fiber orientation or inter-fiber bonding, and not on fiber properties. Since we
saw similar fiber orientation patterns within al produced samples, the changes in web
mechanical properties can be attributed primarily to fiber-to-fiber bonding.

During web formation in melt blown nonwovens, the newly created fibers travel from the die to
the forming belt. The amount of time that it takes for the fibers to traverse this distance depends
only on the DCD when the process air velocity is unchanged. During this time, the fibers begin
to solidify. The extent to which they have solidified depends strongly on the time it takes for
them to travel from the die to the collector. For short DCD, the fibers are till soft and sticky
upon landing on the forming belt and upon other fibers forming the web. They do not solidify
completely until after forming the web. Under these conditions, we would expect the fibers to be
well adhered to each other and thus form a strong web. On the other hand, for long DCD the
fibers have solidified to a much greater extent as they travel to the forming belt. Although they
may complete their solidification on the forming belt, much less solidification occurs in the web.
During this process, if too much solidification has occurred prior to web formation little or no
adhesion develops between the fibers on the forming belt and the web has low strength. This is
often observed as high loft melt blown nonwovens.

This is clearly seen in the present study. Figure 4 shows load-displacement curves for three
different DCDs for the 90A hardness polyurethane. Three specimens for each DCD are shown.
(Similar curves are seen for 80A and 98A — not shown.) Note that the |oad-displacement curves
are nearly identical for all specimen and al DCDs, with the exception of their elongation to
break and tensile strength. The similarity of the load-displacement curves indicate that both the
fiber morphologies and the web structures are nearly the same in al of the webs. As DCD
increases, the point at which the web fails occurs at lower loads. Since the curves lie nearly on
top of each other, this forces the elongation to break to also be shorter. This can be understood as
follows. As one stretches a web made from these fibers, the stress increases until it reaches the
strength of the interfiber adhesion. At this point, the fibers, and hence the web, separate; i.e. the
web fails. As the interfiber adhesion decreases, this point is reached at lower and lower stress
levels, hence the tensile strength of the web decreases. Likewise, as the adhesive strength
decreases and the web is stretched, the point at which the stress reaches the adhesive strength
between fibers is reached at lower and lower elongations (refer to Figure 4). Hence the
elongation to break as well as the tensile strength decreases as the interfiber adhesion decreases
and the interfiber adhesion decreases with increasing DCD because more solidification of the
fibers occurs before the fibers reach the forming belt.
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Figure 4. L oad-displacement curves for 90A webs, three replicates for each DCD. Numbers on
curves are the DCD.

Thus the tensile data reflect a combination of three effects: 1) the inherent elastomeric properties
of each polymer grade, 2) the degree of inter-fiber bonding, which is influenced by the degree of
solidification attained at collection point, and 3) the degree of alignment of fibers in the test
direction, i.e. the ODF of thefibers.

Conclusions

A series of melt blown samples made with thermoplastic elastomers was produced and tested to
investigate the nature of their structure-property relationship in melt blown process. The
thermoplastic elastomer polymers used in this study were ether based polyurethanes with MDI-
BDO hard segment structure. The three durometer hardness grades used were 80A, 90A and
98A. Solution viscosity measurements showed a decrease of 75-80% after spinning due to the
high temperatures employed in the melt blowing nonwoven process. Differences in endothermic
peak temperatures in polymer pellet and fabric samples were also observed.

Fiber diameter distributions measured on melt blown samples ranged from sub-micron to 20
microns with the most probable value at approximately 5 microns. These values are comparable
in range with fiber diameter distributions measured on melt blown samples made with more
conventional polymers such as polypropylene.

From mechanical property datait is apparent that several mechanisms are influencing tensile and
elongation behavior including DCD, polymer hardness and fiber ODF of the samples related to
the tested direction. It was shown that the main effect of increasing DCD is that longer DCDs
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result in more time for solidification to occur before the fibers come into contact with each other
on the forming belt. This results in reduced interfiber adhesion at long DCDs and thus lower
tensile strengths and lower elongations to break.
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