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Para-Phenylenediisocyanate (PPDI) Based Thermoplastic
Polyurethanes Provide High Thermal Stability and
Excellent Power Loss Properties
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Parker-Hannifin Corporation

JAMES CHIN
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ABSTRACT

Thermoplastic polyurethanes based on p-phenylenedi-
isocyanate (PPDI} increase the application temperature
range of the thermoplastic family of polyurethanes to well
beyond that of traditional diphenylmethane- 4, 4’-dijso-
cyanate (MDI) and 3, 3"- dimethyl - 4, 4- diphenyldiiso-
cyanate (TODI) based formulations. The absence of steri-
cally hindering pendant moieties on the PPDI molecule,
as well as its symmetrical nature, provide this simple
diisocyanate with exceptional efficiency in hard segment
stacking and phase separation. Stoichiometrically, lower
molar ratios of isocyanate to polyol are required for PPDI
Systems as compared with similar MDI and TODI formu-
lations having comparable hardnesses and modulus prop-
erties. This trend reflects the relatively low level of sterie
influences and relatively high degree of stacking efficien-
¢y inherent in the p-phenylene structure. These attribut-
es render highly resilient PPDI based thermoplastic
polyurethane materials excellent for use in applications
requiring minimal power loss and superior thermal sta-
bility. In the present work, thermoplastic polyurethane
compounds representing MDI, TODI and PPDI formula-
tions in a hardness range of 92-95 Shore A and prepared
from conventional polycaprolactone palyol and 1, 4 -
butanediol were evaluated with respect to Stress-Strain
and Compression Set properties, Vieat softening,
Rheometrics data, and Power Loss determination. The
test data presented illustrate that PPDI based thermo-
plastic polyurethanes possess unique dynamic properties
and increased thermal stability that will expand thermo-
plastic polyurethane use in critical engineering applica-
tions. PPDI technology is playing an ever increasing role
in hydraulic sealing applications, where thermal stability
and compression set resistance of the sealing material are
major engineering coneerns. In addition, high perfor-
mance PPDI based thermoplastic polyurethanes are find-
ing increased use in other demanding mechanical appli-
cations traditionally limited to thermoset materials,
where exceptionally high Bashore resilience and minimal
hysteretic power consumption are of primary importance.
These dynamic applications include, but are not limited
to, bumpers, mechanical couplings, and wheels.

JOSEPH P. HALEY
DuPont Chemicals

INTRODUCTION

Many new chemical innovations have been added to
the polyurethane formulator’s repertoire during the
last several decades. A majority of these innovations have
included commercialization of numerous new chain exten-
ders, as well as an occasional new polyol soft segment. All
have enhanced the diversification of polyurethane tech-
nology. Seldom, however, has the polyurethane formulator
been given an opportunity to explore the realm of a newly
commercialized diisecyanate. The introduction of
DuPont’s Hylene® PPDI (p-phenylenediisocyanate) in the
early 1990's opened such a window of exploration to the
polyurethane technologist.

Much of the current commercial work involving PPDI
has centered around cast technology. Parker-Hannifin
Corporation’s Packing Division, being principally an injec-
tion molding concern, set out early on to explore the
potential for PPDI use in the thermoplastic polyurethane
{TPU) arena. We have found that the PPDI based hard
segment coupled with polycaprolactone polyols renders
TPU compounds having heal stabilities and hysteretic
properties that in most cases improve upon those proper-
ties exhibited by TPU formulations based on the more tra-
ditional diisocyanates; diphenylmethane - 4,4 - diiso-
cyanate (MDI) and 3, 3"- dimethy! - 4, 4’ -diphenyldiiso-
cyanate (T'ODI}. During this presentation we will focus
our discussions around three similar formulations based
on MDI, TODI, and PPDI. All formulations used poly-
caprolactone (PCL, 2000 molecular weight) for the soft
segment and 1,4 - butanediol (BDO) for the chain exten-
der. The three experimental TPU formulations yielded
Shore hardnesses ranging between 93A and 95A. We will
examine and compare various static and dynamic proper-
ties of each polymer and the impact of temperature on the
respective polymers.

THEORETICAL CONSIDERATIONS

Before examining any data, let us look at some theoret-
ical considerations. Structural variations in the steric fac-
tors and the internal degrees of rotational freedom diffaer-
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Figure 1. MDI: Degrees of Freedom & Steric Groups

Figure 2. TODI: Degrees of Freedom & Steric Groups

entiate the MDI, TODI, and PPDI monoreeric structures.
Examination of the basic MDI structure (Figure 1) indi-
cates a degree of rotational preference about the methyl-
ene moiety due to steric phenyl hydrogen interactions.
This forces the two benzene rings into separate planes,
This nonplanar conformational preference coupled with
steric interference from the methylene hydrogen atoms
promotes inefficient hard segment stacking within the fin-
ished polymer, Likewise, examination of the TODI molec-
ular structure (Figure 2) illustrates rotational freedom
about the phenyl-phenyl bond as well as steric interac-
tions associated with the pendant methyl groups attached
to the phenyl rings. These inferactions intuitively appear
to have lesser impact due to the planar/linear nature of
TODI, when compared to the hingelike methylene struc-
ture associated with the MDI molecule. The PPDI struc-
ture, as indicated in Figure 3, possesses minimal interac-
tions and provides maximum phenyl stacking efficiency.
The effects of these features are illustrated in Figure 4,
wherein the monomeric melting points are shown to
increase with decreasing rotational degrees of freedom
and lower steric interactions. These structural trends are
also reflected in the static and dynamic properties exhib-
ited by corresponding TPU formulations, as will be
demonstrated in the data presented below.

PROCESSING PARAMETERS

MD], TODI and PPDI injection moldable TPUs were
formulated using 2000 molecular weight polycaprelactone
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Figure 3. PPDI: Degrees of Freedom
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Figure 4. Monomeric Diisocyanate Meliing Points
Table 1. Formuiation Data

Compound > MDI TPU TODI TPU PPDI TPU
PGL (2000 mw)
Equivalents/Weight 1.0/ 1000 1.0/ 1000 1.0/ 1000
1.4 - butanediol
Equivalents/Weight 441198 3.0/135 1.7/76.5
Diisocyanate
Equivalents/Weight 583/725 4.45/ 588 2.921233
Prepolymer Temp. {°C) 85-90 85-90 85-90

and 1,4 - butanediol to yield materials between 93 to 95
Shore A hardness. Each compound was produced via pre-
polymer preparation by reaction of flaked diisocyanate
with polycaprolactone polyol preheated to 100-110°C fol-
lowed by chain extension with BDO. Specific conditions
are presented in Table 1. Reaction mixtures were cast into
one inch slabs which were annealed for thirty minutes at
125°C. The resulting polymer slabs were allowed to age at
ambient conditions for seven days prior to granulation.
The granulated compounds were oven dried for 16 hours
at 190°F prior to injection molding of test specimens. Test
specimens were annealed at 125°C for 16 hours then
allowed to age under ambient conditions for a minimum of
ten days prior to testing,

The required proportion of hard segment ( Diisocyanate
& BDO) to soft segment (PCL) decreases significantly for
the preparation of TPUs of similar hardness as the for-
mulation progresses from the MDI based compound to the
TODI based material (Figures 5 & 6). This decrease
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Figure 5. Stoichiometry (by Chemical Equivalents)
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Figure 6. Component Proportions (% by Waight)

becomes even more significant in formulating PPDI based
TPUs. The minimal amount of PPDI required to achieve a
93A TPU illustrates an increase in hard segment stacking
efficiency and enhanced virtual crosslinking within the
polymer. This trend also serves to offset the high price of
the PPDI monomer.

TEST RESULTS

Basic physical properties for the three TPUs are pre-
sented in Table 2. All three compounds exhibit excellent
tensile properties and fall within narrow hardness ranges
with respect to Shore A and Shore D scales.

Baged on initial test results two key areas where the
PPDI based TPU shows significant advantage include
compression set properties and Bashore resilience. The
compression set values imply that the PPDI based mater-
ial will serve well in high temperature applications’ As
well, since Demarest and Moore' have illustrated a rela-
tionship between rebound resilience and DMTA data,
additional testing was performed to better define the rel-
ative temperature resistance and dynamic characteristics
of these three materials.

Vieat softening points (Figure 7) were determined for
each compound according to ASTM method D-1525-91
using a VICAT/CSI unit with a 1 am? needle. Failure was
defined at 1 mm penetration. Heat deflection temperature
values (Figure 8) were also measured via ASTM method
D648-82/88 using CSI model HDV3 instrumentation.
Samples were die cut and conditioned according to ASTM

Table 2. Original Physical Properties @ R.T.

MDITPY TODITPU PPDITPU
ASTM No.

93/48 D2240

Compound >
Property

Hardness (A/D) 93/50 95/51

Tensile strangth (psi) 8130 7830 8510 D412
100% Modulus (psi) 1600 2180 2140 D412
300% Meodulus (psi) 2350 3270 2860 D412
Elongation, % 450 450 650 D412
Taber Abrasion, 48.5 244.4 89.5 D1044
1000g load/H-18 Wheal
mg loss/5000 cycies
NBS Abrasion Index 1547.4 1211.0 1382.7 D1630
Compression set, %
70 hours @ 70° C 26.0 29.8 23.8  D395b
70 hours @ 100°C 51.0 481 333 D385 b
Bashore Rebound, % 34 45 66 D2632
200
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Figure 7. Vicatl Soffening Foints
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Figure 8. Heat Disfortion Temperaiures (°C)

D-618. Temperature rise rates of 120°C/Hour were
employed in both sets of tests. The Vicat measurement of
198°C determined for the PPDI sample represents a sig-
nificant improvement over the other two materials. The
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Figure 11, 300% Modulus Retention vs. Temperature

PPDI heat deflection value indicates a marginal improve-
ment over the TODI sample; but shows a pronounced
advantage over the corresponding MDI compound.
Tensile retention values at elevated temperatures
(Figure 9) were performed using an Instron environmen-
tal tensile chamber, Specimens were conditioned and test-
ed at room temperature, 100, 130, and 150°C. Values for
the 100% and 300% moduli were also recorded throughout
testing (Figures 10 and 11). The resulting values continue
to reflect the increased temperature stability of the PPDI
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Figure 12.  Trouser Tear vs. Temperatura

based TPU over the corresponding MDI and TODI formu-
lations,

Hot Trouser Tear values (Figure 12) were similarly
established via ASTM D-1938 using the Instron environ-
rnental chamber. The samples were tested at room tem-
perature, 100, 130, and 150°C. The original room temper-
ature value of 590 pli measured for the PPDI based TPU
shows an initial Trouser Tear advantage for this polymer
under ambient conditions. This advantage is maintained
throughout the temperature range studied.

DYNAMIC DATA

Qur studies included Rheometric examination of the
dynamic behavior of the three subject TPUs. Dynamic test
data (Figures 13, 14 & 15) were measured under tensile
mode using Rheometrics RSA I instrumentation. Similar
comparison data (Figares 16, 17, 18 & 19) were generated
under dynamic torsional mode using Rheometrics RVE-S
equipment.

The Tensile Storage Moduli E' (Figure 13) and the
Shear Storage moduli G’ (Figure 16) for both the TODI
and PPDI derived polymers retain stable plateaus
between approximately 20°C and 175°C with crossover
occurring at approximately 180°C. This defines a signifi-
cantly wide temperature region wherein both polymers
maintain consistent elastomeric integrity. The MDI based
material, on the other hand, displays a continuous loss of
storage modulus throughout the temperature range cov-
ered, signifying gradual loss in the elastic integrity of the
polymer with increasing temperature.

The corresponding Tensile Loss Moduli E” and the
Shear Loss Moduli G” data (Figures 14 and 17 respective-
ly) display the PPDI derived compound as having a low
temperature maximum occurring at lower temperatures
than the corresponding maxima for the TODI and MDI
polymers. This temperature valve is associated with the
glass transition temperature T, of each material
Additionally, the lower E” and G” values obtained for the
PPDI based compound over the standard application tem-
perature range of between —30°C and 125°C indicate sig-
nificantly lower heat build up associated with applied
forces in application.

Significant features of the Tan § data presented for both
test modes (Figures 15 and 18) include: (1) the location of
the low temperature maxima, again T, related, (2) the
surface area under the low temperature maxima, {3) the
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Figure 15. Tan § (E"/E) vs. Temperature

magnitude of Tan § across the application temperature
range and (4) the location of the high temperature upturn.
The test data indicate that the PPDI derived TPU has the
lowest T, of the three polymers. The small value of the
PPDI Tan § integral through T, indicates more efficient
phase separation and/or less hard segment involved in the
glass transition. The low Tan § values across the practical
application range (-30°C-125°C) indicate a lower ratio of
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Figure 16. Shear Storage Madulus (G') vs. Temperature
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Figure 17. Shear Loss Modulus {G”) vs. Temperature
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energy absorbed as heat by the sample to energy returned
as resilience by the sample. Finally, the higher tempera-
ture upturn of the Tan & value verifies the higher soften-
ing temperature for the PPDT formulation.

Power loss data were determined from shear modulus
data and is presented in Figure 19. The extremely low and
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Table 3. Texus Fisx Daia
Compound Average Cycles to Failure

Test Data @ 30° Deflection @ 70°C

MDI TPU 215,000
TOD!I TPU 940,000
PPDI TPU 4,600,000"

Test Data @ 45° Deflection @ 70°C

MDI TPU 80,000
TCDI TPU 470,000
PPDi TPU 4,510,000

*None of the 6 samples failed; average cut growth =.13
"None of the 6 samples failed; average cut growth=.50

constant values produced by the PPDI based TPU illus-
trate significantly low heat absorption under cyelic load-
ing. This single feature makes PPDI stand out as the hard
segment of cholee for engineering applications involving
high cyclic loading.

TEXUS FLEX FATIGUE

Texus Flex data are included in Table 3. Tests were run
at a 30° angle of deflection and a 45° angle of deflection.
Both seta of data were generated at 70°C. The significant
lack of cut growth within the PPDI based samples demon-
strates the tenacious resistance that this material has to
crack propagation.

A cautionary note should be made at this point. None of
the formulation stoichiometries used in this study were
optimized for fatigue resistance. Palinkas® has demon-
strated the sensitive nature of Texus Flex results to vari-
ations in stoichiometry and to the chemical nature of the
base polymer backbone. Therefore, the results acquired
for the TODI and MDI based TPUs used in this study
should not be used as benchmarks for other formulations
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produced from these specific diisocyanates. This does,
however, raise an interesting challenge as to the full
potential of PPDI in formulating the ultimate in a fatigue
resistant polyurethane.

CONCLUSIONS

The inherentlg simple rigid chemiecal structure of
DuPont’s Hylene® PPDI (p-phenylenediisccyanate) allows
the preparation of thermoplastic polyurethanes which
exhibit extraordinary high temperature stability. The
compression set, Vicat softening and tensile retention
data verify that PPDI expands the high temperature per-
formance of TPUs to well beyond traditional himits. More
remarkably, the loss modulus, Tan § and power loss mea-
surements indicate that PPDI based materials are capa-
ble of redefining the role that TPU technology will play in
future dynamic materials engineering technology. PPDI
based TPUs are beginning to make inroads to dynamic
applications where previously only thermoset materials
dared to enter. Some of these dynamic applications
include, but are not limited to, high load wheels, mechan-
ical couplings, diaphragms, high impact bumpers, and
seals.
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