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Introduction

Idemitsu Chemical Company has developed a curable phosphazene resin (PPZ™)
(1-4), which is being marketed as a hardcoating for various substrates such as poly
(ethylene terephthalate) (PET), poly(vinyl chionde) (PVC), poly(methylmethacryate)
(PMMA), polycarbonate (PC), and wood. The cured resin is reported to have the
following properties:

e Excellent Transparency

e Superior Chemical Resistance
o Substantial Abrasion Resistance
» Extreme Hardness

e Excellent Heat Resistance

o Low Curing Shrinkage

e Low Dynamic Friction Cocfficient

The cured phosphazene resin is observed to be harder and more abrasion resistant than
PMMA and PC. The phosphazene resin is also reportcd to be chemically resistant to
detergents, bleach, solvents, dilute acid, and alkaline solutions (1,2).

PC is widely used in the Army for transparent armor applications such as lenses and
canopies because of its optical clarity and ballistic properties. However, better abrasion
and chemical resistance propertics of PC are nceded. Work has been undertaken to
evaluate potential protective hardcoatings for PC (5). Since the PPZ material appears to
have good mechanical, chemical, and optical propertics and can be applied to PC sub-
strates, an evaluation is warranted. This report describes the chemical resistance cvalu-
ation of the phosphazene resin PPZ (on PET substratc) to DS-2. 2-chloroethyl ethyl
sulfide (CEES), 2-chloroethyl methy! sulfidc (CEMS), and diisopropyl methylphosphonate
(DIMP). In addition, this report also dcscribes the coating of PC with PPZ and abrasion
testing of these PPZ-coated specimens.

The resin is composed of the matcrial, 3PNC-6HEMA 1 which is a
cyclic phosphazene. 3PNC-6HEMA is prepared form the reaction of hexachloro-
cyclotriphosphazene with 2-hydroxycthyl mcthacrylate (sec Figurc 1). The phosphazene
monomer can be cured by irradiation with ultraviolet (UV) light, electron beams, or heat.
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Figure 1. Preparation of 3PNC-6HEMA 1.

Experimental

Materials

Uncured phosphazene resin (PPZ™ resin, Lot No. 911211-U-1000) and PPZ
coated on 120 um PET films (8 in. x 11 in.) wecre obtained from Idemitsu Pet-
rochemical Company, Japan (POC: Dr. Atsunori Yaguchi). The thickness of the PPZ
coating on PET was approximatcly 10 um. CEES, CEMS, and DIMP were
used as-received. DS-2 was prepared by mixing 2% sodium hydroxide, 28% 2-
methoxyethanol, and 70% dicthylenctriamine by wcight. The DS-2 mixture was used
immediately after preparation. Polycarbonate sheets (G. E. Lexan) coated with a protec-
tive paper on both sides werc cut to 4 in. x 4 in. x 0.125 in. dimensions for coating.

instrumentation

A Fourier transformed infrared (FTIR) spectrum of uncured PPZ resin was recorded
in percent transmittance with a Perkin-Elmer 1740 Infrared Fourier Transform Spectro-
photometer at 4 cm”! resolution as a thin film between NaCl plates. FTIR spectra
of PPZ-coated PET and PC samples werc obtained with the same spectrometer and an
Analect Instrument ATR Model FXA-523 4265 accessory, equipped with a 45° KRS-5
crystal (thallium bromide iodide), at an incident angle of 45°.




Gas Chromatography/Mass Spectrometry (GC/MS) was performed on a concentrated
solution of PPZ resin in acetone with a Hewlett-Packard 5995C GC/MS using helium as
the carrier gas, a split ratio of 50:1, and a 0.33 um poly(dimethylsiloxane) stationary
phase. The fused-silica capillary GC column (12 m, 0.20 mm) was temperature
programmed from 30°C to 320°C at 10°C per minute. The mass spectrometer was
scanned from mass/charge (m/z) 10 to m/z 400 at a rate of 2 scans per second.

Optical micrographs were obtained with an Olympus SZH stereomicroscope.
Scanning electron micrographs (SEM) were obtained with a JEOL JSM-840A SEM using
an accelerating voltage of 15.0 KeV. SEM samples were sputtered with a gold/palladium
coating before cxamination.

Chemical Droplet Testing
Single droplet testing

In a vented hood, a 2 in. x 2 in. sample of PPZ-coatcd PET was challenged with
~one of the following liquids: CEMS, CEES, DIMP, or DS-2. A 3 microliter droplet
of a challenging liquid was applied to the center of the sample and a watch glass was
then placed over the sample. After 24 hours at room temperature, the watch glass was
removed, and the sample was left uncovercd for an additional 24 hours for airation.
Each sample was thoroughly rinsed with distilled water and allowed to dry before
microscopic examination.

Multiple droplet testing

The procec.re was the same as the singlc droplet testing except that a 3 microliter
droplet of a caallenging liquid was applied four times, once every 24 hours.

Coating of PC Substrate

One side of the protective laminate was rcmoved from the PC prior to coating. The
exposed side was washed scveral times with isopropyl alcohol and air dried with a heat
gun. The exposed PC substratc was coatcd using a modified method of ASTM D 823-87
(6) and a Gardener knifc (see Figurc 2). The uncoatcd sample was held firmly in place
by three PC sheets of the same thickness which were securcd with double-sided tape to
an underlying glass surface. The shects provided a virtually frictionless path along which
the knife could be dragged. After the sample was placed in the channel, the knife edge
was placed in contact with thc edge of thc samplc. An cmpirically dctermined amount
of the PPZ resin was then placed at the cdge of thc sample in front of the knife. The
knife was slowly dragged across the surfacc of the sample. The thickness of the applicd
coating was approximately 50 pm.

Curing of PPZ-coated PC

The coated PC sample was placed in a UV curing apparatus (scc Figure 3) after the
underside protective laminate was rcmoved. The UV curing apparatus was constructed of
foam board and intemally lined with aluminum foil, The sample was then irradiated
with a Black-Ray B100-A UV lamp (1600 pW/cmz) for approximately !5 minutes. The
cured PPZ-coated PC samples were cut to specific tests sizes and placed between wax
paper sheets to prevent scratching and dust accumulation.
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Figure 2. Schematic of coating configuration.
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Figure 3. Schematic of UV curing apparatus.




Taber Test Method and Analysis

Abrasion of coated and uncoatcd PC samples was performed in accordance with
ASTM D 1044-85 utilizing a Taber abrader (7). The samples were cut into 4 in.
diameter disks and abraded for 100 cycles with a 500 g load. The samples were then
analyzed according to ASTM D 1003-61 (8). The increase in haze was determined with
a Gardner integrating sphere haze meter equipped with a PG-5500 Dngltal Photometric
Unit and slit width of 0.469 in.

Results and Discussion

Characterization of Uncured PPZ Resin

The uncured PPZ™ resin was analyzed by FTIR and GC/MS. The IR spectrum (sce
Figure 4a) showed absorptions in the following regions: hvdroxyl group (3525 and 1060
cm l) carbon to hydrogen bond group (3099, 2957, 2894 1457, and 1408 cm™');
carbon to carbon double-bond group (1638 and 1615 cm ) carbonyl group (1723
cm’ ) carbon to oxygen bond group (1269 and 1176 cm” h, and phosphazene bond group
(1234 cm™). All the noted absorptions should bc present for structure 1 with the excep-
tion of the hydroxyl group. The presence of the hydroxyl group suggested that the
resin is comprised of 1 and other components. GC/MS analysis confirmed that the PPZ
resin is indeed composcd of scveral additional components; hydroxylated acrylates and
methacrylates, UV curing initiator, antioxidant, diluent, and an unidentified component.
However, 3PNC-6HEMA 1 could not be detected by GC/MS since the molecular weight
is out of the instrument range of dctcction. The cured PPZ resin is illustrated in
Scheme I. Since the resin is comprised mostly of the mecthacrylated phosphazene 1
it would likely form a highly crosslinked system.
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Chemical Treatment of PPZ-coated PET Films

The PPZ-coated PET samplcs were cxposcd to droplets of DS-2, DIMP, CEMS. and
CEES. In all instances thc challenging liquid affccted the PPZ-coated PET samplcs.
The droplets did not sprecad upon application to the surfaces, with the cxception of
DIMP. In the DS-2 trcatment, only onc 3 pL droplet was applied, and a faint haz-
ing was visually observed over the cntirc arca of thc applicd droplet. An optical mi-
crograph of the effectcd arca was not obtainable. Application of one droplet of DIMP
affected the PPZ-coated PET sample in thc formation of a ring (see Figure 5a). Upon ad-
ditional DIMP applications, the liquid migrated to an untrcatcd spot on the film whercby
a new ring formed. The PPZ-coated PET samples appcared to be unaffected upon applica-
tion of one 3 uL droplet of CEMS or CEES; howcver, multiple droplet additions
of CEMS or CEES affccted the specimens. Thc formation of a ring was observed
(sec Figures 6a and 7a, respectively). How the chemicals affected the PPZ-coated PET
films could not bc explained by examination of the optical micrographs.




Examination of the untreated PPZ-coatcd PET by SEM (see Figure 8) indicated
that the film had little dimples. These markings may have resulted from the indus-
trial coating process. Whether or not these dimples are sources of pinholes for
permeation of liquids to the underlving substrate could not be determined from this study.

A SEM micrograph could not be obtained from the DS-2 treated PET films,
and a full explanation cannot be provided to the source of the observed haze in these
specimens. Further investigation of the behavior of the coating, by itself, to DS-2
exposure is needed in order to explain this obscrvation. However, it is speculated that
the haze was from the underlying PET substrate. Pinholes in the PPZ coating may have
allowed the DS-2 to permeate to the PET underlaycr. This event .5 expected to cause an
effect on the PPZ coating; however, SEM studics do not reveal any defects on the surface.

The SEM micrographs of the DIMP-treatcd films showed that upon exposure
the affected surfaces developed a cloudlike texture (sce Figures 5b through 5d increasing
magnification of the same area). This texture gives rise to the observed haze. The
treated areas on the PPZ/PET samples did not have the same wettability properties with
DIMP as the untreated areas as cvidenced by thc migration of subsequent droplets to
untreated areas. This observation suggested that the surface propertics of the treated film
changed. There are two possitle cxplanations for this observed change. First, the PPZ
coating was - lified either morphologically, chemically, or in combination. Secondly,
the PPZ coating was removed upon cxposurc to DIMP and allowed the PET to be
exposed. It is known that DIMP does not interact significantly with PET but does with
an acrylate (PMMA) resulting in a slow dissolution (9). In a crosslinked acrylate as
PPZ, DIMP is not likely to dissolve the PPZ. however, it could swell the coating. * If
the coating swells and fails. the PET is then exposed. Upon another DIMP treat-
ment, the liquid, which docs not intcract favorably with e¢xposed PET, migrates to
an untreated area on the samplc. Application of cnergy dispersive spectroscopy (EPS)
to the cloudlike texture revcaled the presence of phosphorous. This result did not
support one explanation over the other since, in the latter explanation, it is possible that
some PPZ coating material may have been left behind.

In the CEMS- and CEES-treated films, thc SEM results rcvealed that the coating
bubbled up in the affected arcas, although not complctely over the cntire treated area
(sec Figures 6b through 6d and 7b through 7d incrcasing magnification of the same area).
It is well known that acrylatcs arc not chemically resistant to chlorinated hyvdrocarbons
(9.10). Immcrsion studies of PMMA in a chlorinated hvdrocarbon have shown a slow
weight loss of thc PMMA sample (9). The weight loss is probably due to the dissolu-
tion of PMMA in this chemical. Since the PPZ coating has an acrylate functionalized
polymer backbone, it was expected that chlorinated hvdrocarbons such as CEMS and
CEES may interact with the coating, but not to thc cxtent of the uncrosslinked acrylate
PMMA. The highly crosslinked PPZ coating was not expected to be soluble in CEES
or CEMS. Therefore, the obscrved bubbling up of the coating was probably due to the
adsorption of CEMS or CEES into thc coating causing swelling and probably delamina-
tion from underlying PET substratc. The obscrved haze was a result of this bubbling
effcct.




Figure 5. Optical (a) and SEM (b through d) micrographs of DIMP-treated, PPZ-coated PET: (a) 10X; (b) 170X
at a 66° tilt angle; (c) 1000X at a 66° tilt ~ngle; and (d) 7500X at a 66° tilt angle




Figure 6. Optical (a) and SEM (b through d) micrographs of CEMS-treated, PPZ-coated PET. (a) 30X; (b) 35X ata
66° tilt angle; (c) 100X at a 66° titt angle; and (d) 1000X at a 66° tilt angle.
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Figure 7. Optical (a) and SEM (b through d) micrographs of CEES-treated, PPZ-coated PET: (a) 30X: (b)35X ata

66° tilt angle; (c) 170X at a 66° titt angle; and (d) 400X at a 66° tilt angle.




Figure 8. SEM micrograph (5000X) of untreated
PPZ-coated PET.

Curing of PPZ Resin on Polycarbonate

The coating and curing of PPZ on PC substratc was accomplishcd as shown by the
schematics in Figurecs 2 and 3. The curing time for the PPZ resin was determined by
comparing the ATR spectra of PPZ coatced on PET to spccimens cured at times of 10
minutes & 16 minutes (11). The PPZ coating on PET was used as a representative [R
spectrum for o fully curcd resin (sce Figure 9).  Figurcs 10a through 10d show th¢ ATR
spcctra of cured PPZ rcsin on PC at UV curing times of 10, 12. 14, and 13 minutces.
respectively.  In comparing the ATR spectra of the expected fully curcd PPZ with cured
samples at various timcs, scveral things were noted.  First. the carbonyl region (1720 cm-1
to 1760 cm-1) changed from two medium absorptions to onc strongi absorption upon an
increase in the curc time. Sccondly. the 700 cm’! through 1100 ecm™ region markedly
changed from mcdium to strong broad absorptions upon an incrcasc in the cure time.
Finally, the ATR spectrum of thc 153 minute curcd specimen rescmbled the fully cured
resin spectrum.  Therefore, these results indicated that suitablc PPZ-coated PC samplces
could be preparcd using the described coating and curing procedurcs at a 15 minute
cure time. For comparison, thc industrial PPZ coating is optimally applicd by roll.
spray, or dip coating and curcd for 3 scc to 10 scc at a higher UV dosage (2).
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Figure 9. ATR spectrum of the PPZ coating.

Abrasion Testing of PPZ-coated PC

The results of the abrasion rcsistancc tests arc summarized in Table 1. These pre-
liminary findings indicated that PPZ did not significantly hindcr the transparency of
PC. Furthermore, the results show that PPZ provided only a slight increase in abrasion
resistance as compared to reported valucs (2). There arc secveral possibilities for the
aforementioned disparity; i.e., curing conditions, coating process, and film thickness. The
most apparent cause for the disparity could be improper curing time despite cure moni-
toring by IR. If the specimens wecre overcured, then the sample might not perform as de-
sired. An altemative source for thc disparity might by the coating process. Lower abrasion
resistance could bc noted if the samples werc poorly coatcd: this results in nonuniformity,
voids, pinholes, or defects. In addition. film thickness could cffect the abrasion results.

Table 1. Haze data from Taber abrasion tet on polycarbonates

% Initial % Abraded

L Sampei ~ haze haze* % Increase”

PPZ (A) 27 28.58 25.88

PPZ (B) 39 26.83 22.93

PPZ (C) 22 30.36 28.16

PC (A) 1.2 . 34.05 3285
PC (B) 1 339 329

PC (C) 0.8 30.15 29.35

Average of PPZ 293 — 25.66
Average of PC 1 -— 317

* These values are the average of multiple readings from the same sample.
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Figure 10. ATR spectra of cured PPZ coatings on PC substrates at curing times of (a) 10 minutes and (b) 12 minutes.
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Conclusions

PPZ-coated PET samples were evaluated for chemical resistance to DS-2, CEMS,
CEES, and DIMP. All specimens wcre affccted; aftcr one droplet addition of DS-2 and
DIMP and after multiple droplet additions of CEES and CEMS. This preliminary evalu-
ation revealed that the PPZ coating is effected by CEES, CEMS, and DIMP. In the
DS-2 case, additional work is needed to determine if the coating is resistant to this corro-
sive liquid. Also, further work is nceded to fully explain how the DIMP is effecting
the PPZ coating. To investigate both of thcse situations, the PPZ coating must be depos-
ited on a substrate such as glass, which does not interact with the challenging chemical,
although these preliminary results suggest that the coating is not chemically resistant to
the tested stimulants and decontaminant. Ncvertheless, further investigation is needed in
order to fully evaluate this coating as a promising matcrial.

PPZ was coated on PC sheets. FTIR monitoring of the curing indicated that for
a coating thickness of approximatcly 50 pum a 15 minute curc was sufficient in
the described UV setup. However, cvaluation of thc abrasion properties with respect to
the literature values indicatcd that the applicd coating was not as good as industrially
cured PPZ coatings. Further work is necded to fully understand the disparitv between
our cured samples and the industrially curcd coatings.
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