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Abstract

Even though pyrene-based pressure sensitive paints have some special advantages like high quantum efficiency, good pressure sensitivit
and low temperature sensitivity, these paints exhibit steady degradation of the fluorescent intensity after each wind tunnel test. It has been
reported that pyrene-based paints degrade because pyrene has a tendency to evaporate. It is necessary to understand the mechanism
degradation of pyrene-based paints in order to find a solution to this problem. Thermal aging tests and UV exposure tests of the paint
specimens are carried out to study the effect of experimental parameters like temperature, pressure and UV exposure on the paint stability.
This study has shown that the paint degradation in wind tunnel is mainly due to diffusion and evaporation of pyrene. The effect of pyrene
concentration in the paint and the thickness of the active layer on the paint stability were also studied.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction citation light intensity. The accuracy of the surface pressure
measurements by PSP is reduced by the variation of the exci-
In recent times, pressure sensitive paint (PSP) techniquetation intensity over the model surface during the f&s¥].
has been increasingly used for the measurement of surfacel'he error introduced by the non-uniformities of the excita-
pressure distribution in wind tunnel studjés-9]. This tech- tion intensity can be eliminated by incorporating a second
nigue has some important advantages in comparison to thereference luminophore which is insensitive to pressure but
conventional methods like pressure taps. The high spatialsensitive to variations in excitation intensity. Such binary
resolution is the main advantage of the PSP technique thatpressure sensitive paints are reported to give more accurate
has attracted the attention of aerodynamic researchers alsurface pressure dajé-7].
over the world. The technique is based on the principle of  Three kinds of luminescent molecules or luminophores
luminescence quenching of some materials by oxygen. Theare generally used for the preparation of PSPs. They are plat-
principle of PSP is the same as that of optical oxygen sen-inum porphyrin complexefl-5,7-10] ruthenium di-imine
sors. PSP is composed of luminescent molecules embeddedomplexes[1-5,7,11-13]and pyrene[6,7,14-17] Paints
in a polymeric binder and this paint can be applied over the based on platinum and ruthenium dyes as the luminophores
wind tunnel models. The details of the PSP technique andpossess high temperature coefficients. Temperature sen-
the paint are described elsewhé¢te5,7,8] The important sitivity is a serious drawback of PSP that decreases the
characteristics required for a good paint are high pressureaccuracy of the surface pressure measurem@ntd—13]
sensitivity, low temperature coefficient, high fluorescence Hence corrections have to be applied for the pressure data
quantum efficiency, good photo stability and fast response obtained by these paints. There are certain advantages in
time. Since the paint has to function in wind tunnel condi- using pyrene as the active luminophore for PSP since it has
tions, it also should have good adhesion and stability. relatively high quantum efficiency, good pressure sensitiv-
The luminescence intensity of the paint is inversely pro- ity and low temperature coefficient at ambient temperatures
portional to the air pressure and directly proportional to ex- [6,7]. We have developed a pyrene-based binary pressure
sensitive paint termed as “NAL-J15]. This paint contains
two luminophores, pyrene as the pressure sensor and eu-
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reference luminophore has a strong phosphorescent emisand allowed to cure for 24 h at room temperature. Five paint
sion in the red region. As the luminescence of pyrene is coupons of size 3cm 5cm were cut from each aluminum
in the blue region, there is no interference between the sheet painted with each PSP formulation. The thickness of
two emissions. This paint was tested on a delta-wing-body the coating was about 355 um. Blank coupons were pre-
model in 1.2m wind tunnel at NAL. It was found that the pared by spraying a similar silicone resin mixture without
paint had a pressure sensitivity of 75%/bar and a low tem- pyrene and red phosphor.
perature coefficient<€0.3%FC). The paint cured in 24h
at room temperature and had good adhesion. The respons@.2. Methods
time of the paint was fast so that it could be used in tran-
sonic flows. But NAL-G paint showed a certain degree of 2.2.1. Fluorescence measurements
degradation in the blue emission intensity after a few blow-  Fluorescence emission spectra were recorded using a fiber
downs. Two more paint formulations with improved stabil- optic spectrometer, model SD1000 from Ocean Optics Inc.,
ity (NAL-G1 and NAL-G2) were developed subsequently USA and a 300 W xenon arc lamp (model no. 6258 from
[16,17] but they also degraded after several blowdowns.  Oriel Instruments) as source. The infrared radiation from
It has been reported that pyrene-based paints undergahe xenon lamp was filtered by means of a water filter. A
degradation because of the evaporation of pyrene under windbandpass filter (Oriel cat. no. 51650) was used to transmit
tunnel blow down conditionfs,7]. Mebarki has studied the UV radiation from the source in the wavelength range of
degradation of pyrene-based PSP in the temperature rang800-380 nm and to illuminate the coatings with UV radia-
from 40 to 100°C and found that the emission intensity of tion. The coatings were mounted in a sample chamber fab-
pyrene decreased at 50 and abovd7]. Since pyrene is  ricated in our laboratory so that emission was measured by
an organic luminophore, the degradation of the paint may the front face technique. There was provision to pass nitro-
occur either due to UV exposure or due to the evaporation gen through the chamber to record the mission spectra in
of pyrene. We have carried out systematic investigations to the absence of oxygen. The blue emission coupis) due
understand the degradation of pyrene-based paints in windto pyrene excimer emission was measured at 475nm and
tunnel. Thermal aging studies of the paint specimens with the red emission count$.{y) due to the red phosphor was
different pyrene concentrations were carried out to study the measured at 626 nm. Normalized intensity was determined
effect of temperature and pressure on the paint stability. Thisusing the equatioti/pye/ Ireq) X 100. The oxygen quench-
study has brought to light some interesting results and theseing sensitivity or the pressure sensitivity of the paint was

are described here. calculated using the equation

In, — Iy

MNe = 7ar o 100
2. Experimental Ne

wherely, andly are the normalized intensity values of the
2.1. Materials PSP coating in nitrogen and air, respectively.

Pyrene was obtained from Acros Organics. The reference2.2.2. Thermal aging studies
luminophore, %0,S:Eu (red phosphor, type QKL63/N-C1) Thermal aging studies of the coatings were carried out
was procured from M/s Phosphor Technology, UK. The sil- by exposing the paint specimens to different temperatures
icone resin, RTV IS 9188 was obtained from GE Silicones of 40, 50, 60°C and 100 mbar for 1 h in a vacuum oven and
and used as the binder for the paint. RTV IS 9188 is a translu- measuring the blue emission and red emission counts before
cent one component neutral cure silicone resin and selectionand after the thermal aging. A comparison of the normalized
of this resin as the binder for our PSP was done based on ouiintensity values before and after the thermal aging test was
previous investigationgl5]. Toluene (sulfur-free) was used used in order to check the stability of PSP coatings.
as the diluent for the paint. A blue pigment from KEROX
Pigments Corporation was used for coloring the paint.

Paint formulations of pyrene-based binary pressure sen-3. Results and discussion
sitive paint were prepared by mixing 1g of silicone resin
with a solution of pyrene in 6 ml toluene, 1 ml 0.5% blue 3.1. Effect of UV irradiation on the fluorescent
pigment solution in toluene and 0.3g red phosphor well. intensity of the coating
This mixture was filtered through a silk screen cloth into a
spray gun and sprayed onto 15 aitb cm aluminum sheets The effect of UV exposure on the emission intensity of
of 0.3 mm thickness coated with a white reflecting under- the paint coatings was studied. The pyrene concentration
coat[15]. This undercoat known as screen layer was pre- in the PSP coatings was 40 mM and these paint coupons
pared by spraying a two-component white paint onto the were prepared as describedSection 2.1Fig. 1 shows the
clean and dry aluminum sheets and curing for 12 h at room fluorescent emission spectra of a pyrene-based binary PSP
temperature. The PSP layer was sprayed on the screen layetoating in air and in the presence of nitrogen. The broad
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Fig. 1. Fluorescent spectra of a coating of the binary pressure sensitive paint in (1) air and (2) in the presence of nitrogen.

emission peak at 480 nm is due to pyrene excimer and it canpainted model also is much larger than that used here. Thus

be seen from the figure that this peak is sensitive to oxygen.the UV exposure of the painted model during wind tunnel

The blue emission intensity of the coating increased in the studies will be much less than that used for this study. A

absence of oxygen, whereas the red emission intensity oflower excitation intensity could not be used because of the

the reference luminophore at 626 nm was independent of thelimitation of the detector efficiency of our spectrometer. This

partial pressure of oxygen. study shows that the contribution of UV degradation to paint
The coatings were exposed to continuous UV radiation instability is negligibly small.

from the xenon arc lamp filtered through ORIEL UV trans-

mitting filter and water filter. Fluorescent emission spectra 3.2. Effect of thermal aging at three different

were recorded at regular intervals of exposure for a period of temperatures on the paint emission intensity

1000s. The intensity values for blue and red emission were

measured at the peak maxima. The normalized intensity The effect of thermal aging on the fluorescent emis-

was calculatedFig. 2 shows the plot of normalized inten-  sion intensity of the paint coupons was studied. The paint

sity versus UV exposure time. It was seen that the decreasecoupons were subjected to aging at three different tempera-

in normalized intensity was about 2.6% on continuous UV tures, 40, 50 and 6GC and 100 mbar in a vacuum oven for

exposure of the coating for 1000 s. 1 h and the emission intensity was measured before and af-
In the actual PSP measurements, a pulsed xenon lamper the aging test and compared. The paint coatings used for

is often used for excitation of the paint and the painted this study had a thickness of about-88 um and the pyrene

model surface is illuminated only for the duration of data concentration in the coatings was maintained at 40 mM. It

acquisition in order to minimize the photodegradation. The was seen that there was no change in the normalized inten-

UV exposure of the painted surface for a single blowdown sity of the paint coupons after thermal aging at’@and

is about 5-20s. The distance between the source and thedOO mbar for 1 h and also at 5C¢ and 100 mbar for 1 h.
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Fig. 2. Effect of UV exposure on the normalized intensity of a coating of pyrene-based PSP.
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Table 1 Table 2
Photophysical characteristics of the PSP coatings with different pyrene Effect of thermal aging at 60C and 100 mbar on the fluorescent intensity
concentratiorfs of paint coatings with different pyrene concentratfons
Pyrene concentration Normalized intensity in Pressure Pyrene concentration Normalized intensity in air Change in
mM sensitivity (% in the coating (mM intensity (%
(mM) Air Nitrogen y (%) g (mM) Before thermal After thermal y (%)
agin agin
10 189 1012 813 99 gng
20 21.8 100.5 78.3 10 19.0 8.36 —56.0
30 23.6 99.1 76.2 20 21.8 11.6 —47.0
40 25.0 100.3 75.1 30 23.6 22.2 —6.0
50 30.7 101.0 69.6 40 25.0 29.0 +16.0
60 35.1 42.1 +19.9

2Thickness of the coating is 40 10um.

aThickness of the coating is 405 um.

A decrease in normalized intensity was observed after ther-. ) . . .
mal aging at 60C and 100 mbar for 1 h. This indicated that Nt€NSity of 10mM coupons decreased steadily with aging

the paint degradation occurred at temperatures higher thantime,' Whe_n pyrene concentration.in the coating was 20 mM,
50°C. Several thermal aging tests were carried out to study the intensity increased after 15 min and decreased on further

the mechanism of pyrene loss from PSP coatings and the@d'NY as shown irkrig. 3A. When pyrene concentration n
results are described in the following sections. the coating was 30 mM, the intensity increased after 30 min

of thermal aging at 60C and decreased on further aging.
For coatings with 40 mM pyrene, increase in intensity was
stability of the paint coatings observed after 30—-45 min of thermal aging af60and the

Paint coupons with different pyrene concentrations of 10, ?nten'sity depreased on f“rth?r agirgd. 38). The normal-.
20, 30, 40, 50 and 60mM in the coating were prepared ized intensity of 40 mM coatings after 1 h of thermal aging

to study the effect of thermal aging on them. The photo- was often higher than the initial int_ensity if _the thickness
physical characteristics of the paint coatings with different ©f the coating was-40um. For coatings of higher pyrene
pyrene concentrations are givenTable 1 It can be seen concentration (50_ and 60 mM), the increase m_mtensny was
that normalized intensity values increased with increase in observed at 60 min and decreased after 90 min.

pyrene concentration in the coating. But the pressure sensi-
tivity decreased with increase in pyrene concentration due
to self-quenching at higher pyrene concentrations. This is in
agreement with the theoretical predictions. In order to select % =i
an optimum concentration of pyrene for the PSP, the paint ﬁ
stability factor also has to be considered.

Initially the paint coupons of different pyrene concentra-
tions were thermally aged together at°@Din the vacuum
oven. It was observed that the results were erratic and some
of the low-pyrene paint coupons showed an increase inemis-
sion intensity after thermal aging and vice versa. This was 0 20 40 60 80 100
probably because the pyrene evaporated from paint couponsa) Time (min)
of high pyrene concentration was collected on coatings of
low pyrene concentrations. Therefore, thermal aging study 3 -
of coatings with different pyrene concentrations was carried —0— 40mM
out separately at 60C and 100 mbar for one hour for each g
set of paint coupons with the same pyrene concentration. § 20
The results of this study are summarizedlable 2 It was =
found that the normalized intensity of coatings with 10 and %

10
z

3.2.1. Effect of pyrene concentration on the thermal

20

—&—10mM

10 ;

5_

Normalized

T
4

20 mM pyrene concentration decreased after thermal aging.
For coatings with>40 mM pyrene the intensity increased
after thermal aging.

To understand the fluorescent intensity changes taking
place in the coatings of different pyrene concentration dur- i iy 6 5 5
ing thermal aging, the intensity was measured at intervals of (B) Time (min)
15 min of thermal aging at 6@C and 100 mbar. The normal- Fig. 3. Effect of thermal aging at 6@ and 0.1bar on the normalized

ized intensity was _plptted versus thermal aging time. The intensity of coatings with different pyrene concentrations: (A) 10 and
results are shown ifrig. 3A and B. It was found that the  20mM; (B) 30 and 40 mM.
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Fig. 4. Effect of thermal aging at 5@ and 0.1 bar on the normalized intensity of coatings with different pyrene concentrations: (A) 10 and 20 mM; (B)
30 and 40 mM.

The effect of thermal aging at 3€ and 100 mbar for  but very poor stability and undergoes degradation after each
longer duration was studied for coatings with four different wind tunnel test. Generally, a lower luminophore concentra-
pyrene concentrations. The intensities were measured ation of 10 mM or below is used in PSPs to avoid the effects
periodic intervals of 30 min till the paint coatings started of concentration quenching. But in the case of pyrene-based
showing steady degradation. The coupons were taken out ofPSP, the broad excimer emission band in the 450-550 nm
the vacuum oven in every 30 min and returned to the oven region is used for PSP measurements. Excimer formation is
after fluorescence intensity measurement. The normalizedfacilitated by higher pyrene concentration as the peak emis-
intensity versus time was plotted for each paint coupon and sion intensity at 475 nm increased with increase in pyrene
the results are shown iRig. 4A and B. It was found that  concentration. However, the pressure sensitivity decreased
the intensity of 10 mM coupons decreased with aging time with increase in pyrene concentration as showmable 1
even at 50C as shown inFig. 4A. When pyrene concen-  Our results of thermal aging at 50 and ‘€D showed that
tration in the coating was 20 mM, the intensity increased a pyrene concentration of 40 mM is more suitable for PSP
on thermal aging. Maximum increase in intensity at’60 from the point of view of stability. The pressure sensitivity
was observed after 30 min. When pyrene concentration in of a PSP coating containing 40 mM pyrene was found to be
the coating was 30 mM, the intensity was constant up to 75%/bar (calculated from the slope of the Stern—Volmer cal-
100 min of thermal aging at 5. Maximum increase in  ibration plot of the paint coupon recorded using NAL PSP
intensity at 50C was observed after 140 min. For coat- system)[16].
ings with 40 mM pyrene, the intensity was constant up to
180 min of thermal aging at 5@. Maximum increase in  3.2.2. Effect of thickness of the coating
intensity at 50C was observed after 210 mirri. 4B). on the thermal stability
After 300 min of aging, the normalized emission was nearly = Thermal aging at 60C and 100 mbar for 1 h for a number
that of the unexposed paint coupon. Further aging resultedof paint coupons of different coating thickness was carried
in a steady decrease of emission intensity. out. The pyrene concentration in the coatings was 40 mM.

It has been reported that a pyrene concentration of 7 mM The normalized intensities of the coatings were measured be-
is most suitable for a pyrene-based H8F]. This coating fore and after the thermal aging and the results are shown in
is reported to have a high pressure sensitivity of 90%/bar Table 3 It was found that the normalized intensity decreased
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Effect of thermal aging on the normalized intensity of paint coatings of different thickness with 40 mM pyrene concentration

Thickness of the coatingun) Normalized intensity

Before thermal aging

After thermal aging

Difference in intensity (%)

20 21.2 15.9 —25.0
30 235 21.2 —10.80
40 25.0 29.0 +16.0
50 28.0 40.0 +43.0
60 28.5 445 +56.1

for thin coatings, whereas the intensity increased for thicker

< Aluminium substrate

coatings. When the thickness was30um, the intensity «Screen layer Blank
decreased after thermal aging. When the thickness of the «Blank silicone coating coupon
coating was 40—6Qm, an increase in intensity was observed _
after thermal aging. Thus thermal stability of the coating was Active layer ,
«Screen layer Paint
coupon

<«—Aluminijum substrate

found to be dependent on the thickness of the paint layer. _

3.3. Effect of normal aging on the intensity of paint

. . . Fig. 6. Schematic diagram of the arrangement of the blank and paint
coatings of different pyrene concentrations

coupons in the oven for thermal aging.

The normal aging stability of the paint coating of different
pyrene concentrations (10, 20 and 40 inkés studied. Paint  3.4. Experimental evidence for loss of pyrene
coupons were prepared as describe8éation 2.1 The flu- from the silicone coating
orescent emission intensity values of the paint coupons were
measured at periodic intervals of time. Initial measurements  Blank silicone coatings (paint coupons without pyrene)
were done at short intervals of 2 days for the first 15 days and pyrene-based PSP coupons were prepared as described
and thereafter measurements were made once in a week fon Section 2.1 Blank silicone coatings were placed face to
about 100 days. The first measurement was done after comface in contact with the PSP coatings as showrrim 6
plete curing of the paint. Generally, complete curing takes and thermal aging at 6@ and 100 mbar was carried out
place in 24 h for most of the RTV silicone resins. for 1h in a vacuum oven. The emission intensities of the
Normalized intensity versus storage time was plotted for blank and the paint coupons were measured before and after
three paint coupons and the results are showhign 5. A the thermal agingFig. 7 shows the fluorescence emission
comparison of shelf life of coatings of 10, 20 and 40 mM spectra of the blank coupon before and after thermal aging
pyrene showed that 10 mM coating degraded steadily with in contact with the paint coupon. It was found that the blank
time, whereas a 20 mM coating was stable for 10 days andcoupons showed the presence of pyrene after thermal aging
showed steady degradation thereafter. But a 40 mM coatingas shown by the broad excimer emission peak at 480 nm in
was stable for 100 days. These results also indicated that & ig. 7. The increased emission intensity of the blank coupon
40 mM coating had higher stability. indicates that some amount of pyrene has evaporated from

40

©® 40mM
020mM
& 301 ®oe oo, 4 A10mM
g % %o ° * o ° °
=
b1 20-.
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Fig. 5. Normal aging of PSP coatings with 10, 20 and 40 mM pyrene concentration.
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300 3.4.1. Diffusion of pyrene in silicone coatings under

different conditions of temperature and pressure
Blank silicone resin coupons were placed on the
pyrene-based PSP coupons of 40 mM pyrene during aging
tests under different conditions of temperature and pres-
sure for a period of 1 h. The emission intensities of blank
: coupons and the paint coupons were measured before and
H after the aging test and the results are showffable 5
The emission intensity of the blank coupons before aging
' was about eight counts. It was found that the increase in
' emission intensity of the blank coupon was highest &t@®0
400 450 500 S50 600 650 700 and 100 mbar and lowest at room temperature and 1bar.
Wavelength (m) The increase in emission intensity of the blank coupon is
Fig. 7. Fluorescent spectra of a blank silicone coating (1) before and (2) proportional to the amount of pyrene diffused from the PSP
after thermal aging in contact with a PSP coating. coupon to the blank coupon. In the case of paint coupons,
the decrease in emission intensity was maximum &350
Table 4 o . _and 100mbar compared to the other conditions studied.
Fluoresce_nt emission intensity _of blank coupons after thermal aging in There was very slight decrease in intensity for the PSP
contact with PSP coupons of different pyrene concentrations
coupon in contact with the blank coupon at room tempera-

250 1

200

150 -

100 -

50 -

Fluorescent Intensity ( counts)

Blank Pyrene Intensity of Increased ture and ambient pressure. The trend in the loss of pyrene
coupor? concentration blank coupons intensity of . .

in the paint after thermal blank coupons of PSP coupons matched with the gain of pyrene of the

coupon (mM) aging (counts) (counts) corresponding blank coupons under each aging condition.
BL-1 20 58 50 Therefore, it was evident that increase in temperature and
BL-2 40 82 74 decrease in pressure accelerated the diffusion of pyrene.
BL-3 60 118 110 At room temperature and ambient pressure, the diffusion

aThe emission intensity of the blank coupon before aging was about Of pyrene from the paint coating into the blank coating was

eight counts. negligibly low for a period of 1 h as shown ifable 5 The

effect of time on diffusion was studied by keeping a PSP

the PSP coupon and diffused into the blank coupon during coupon of 40 mM pyrene and a blank coupon with their sur-
thermal aging. faces in contact at room temperature and pressure for 10

The effect of concentration of pyrene in the coating on the days. It was found that the intensity of the blank increased
diffusion of pyrene was studied. Paint coatings with three to 78 counts. Thus a large amount of pyrene diffused into
different pyrene concentrations (20, 40 and 60 mM pyrene) the blank coupon over 10 days. Even though the rate of dif-
were prepared. Blank coupons were kept in contact with fusion was low at room temperature, the process was taking
these paint coupons in a vacuum oven and thermal agingplace continuously as there was a concentration gradient be-
at 60°C and 100 mbar was done for 1 h. The emission in- tween the two coupons. It was also found that the intensity
tensities of the blank and the paint coupons were measuredf the paint coupon in contact with the blank coupon de-
before and after the thermal aging. The results are showncreased. However, a paint coupon stored in contact with air
in Table 4 It was found that the emission intensity of the was quite stable and showed no change in its intensity after
blank coupons after thermal aging increased with increase10 days. This shows that the rate of evaporation of pyrene
in pyrene concentration in the paint coating. The emission was negligible at ambient temperature and pressure, whereas
intensity of pyrene is a function of the concentration of rate of diffusion within the silicone polymer is quite high
pyrene in the coating. Thus the collection of pyrene by the even under ambient conditions.
blank silicone coating from the paint coating was found to  The diffusion of pyrene in the PSP coating was further

be concentration-dependent. confirmed by more experiments by accelerating the diffusion
Table 5
Fluorescent intensity of blank coupons and PSP coupons after aging tests under different conditions of temperature and pressure
Aging conditions Intensity of the blank coupons Normalized intensity of PSP coupons (counts)

after aging (counts) - -

Before aging After aging

60°C and 100 mbar for 1 h 81.5 25.11 18.45
60°C and lbar for 1h 60.8 25.76 19.83
RT and 100 mbar for 1 h 39.7 25.12 23.15
RT and 1bar for 1h 8.6 23.82 23.75

2The emission intensity of the blank coupon before aging was about eight counts.
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Fig. 8. Change in blue intensity with aging time for a paint coupon and a blank coupon during thermal aging argD0.1 bar.

processes by increasing the temperature t6G0A paint epoxy paint and silicone resin after thermal aging treatment
coupon of 40 mM pyrene was thermally aged af60and in contact with a PSP coupon. It was found that the epoxy
100 mbar with a blank coupon with their surfaces in contact. blank coupons showed only very slight fluorescent emission
The thickness of the paint coating was Gf. Both paint after thermal aging. The pyrene collected on epoxy blank
coupon and blank coupon were taken out at 15 min intervals surface was much lower compared to that on a silicone blank
and the intensities were measured and the coupons weresurface.
returned to the oven for further aging. The intensities were  The fluorescent emission spectra of both blank coupons
measured at periodic intervals of 15 min for about 90 min. of silicone resin and epoxy paint after thermal aging test at
The blue intensity versus time was plotted for both paint 60°C and 100 mbar for 1 h in contact with PSP coupons
coupon and the blank coupon and the results are shown inwere recorded in air and in the presence of nitrogen and are
Fig. 8 It was found that intensity of the paint specimen and shown inFig. 10 It was found that the emission intensity
blank increased with aging time and reached the same valueof pyrene in silicone resin blank increased by about four
by 75min and did not change on further aging for 15min. times in the presence of nitrogen, whereas the emission of
The diffusion of pyrene from the PSP coating to the blank pyrene on epoxy paint was not increased in the presence of
coating at 60C continued until both the blank and PSP nitrogen. It is known that the epoxy paint coating has very
coupons attained the same pyrene concentration. poor oxygen permeability and silicone polymers have high
oxygen permeability. But the fact that pyrene collected on
3.4.2. Evidence for the absence of diffusion of pyrene silicone resin blank coupon has exhibited dynamic oxygen
in epoxy paint layer guenching of fluorescence shows that pyrene has not only
Coupons of white epoxy paint coating (screen layer) were condensed on the surface of silicone blank coating but also
kept in contact with the PSP coupons during thermal aging has diffused into the bulk of the coating. These results are
testat 60°C and 100 mbar for 1 lkig. 9shows a comparison  similar to the behavior of pyrene in polydimethyl silox-
of the fluorescence emission spectra of blank coupons ofane (PDMS) reported in literature. Chu and Thomas have

Fluorescent Intensity ( counts)
[y
g

400 450 500 550 600 650 700
‘Wavelength (nm)

Fig. 9. Comparison of fluorescent spectra of (1) epoxy and (2) blank silicone coatings in contact with PSP coatings during thermal aging.
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2
S

that the same is true for pyrene in silicone coatings also. The
pyrene molecules are in constant motion within the bulk of
the silicone coating and when they reach the surface they un-
dergo evaporation. At room temperature and pressure, these
processes of evaporation and diffusion are taking place at a
slower rate. The evaporation of a few pyrene molecules from
the surface is compensated by molecules diffusing towards
the surface from the bulk of the coating. For a thick coating,
especially with higher pyrene concentration, there is a bal-
ance between these two processes so that no degradation is
observed for a long period under ambient conditions. This

nitrogen

500

=
S

300

Fluorescent Intensity ( counts)

400

(A) Wavelength (nm) explains the good shelf-life or normal aging stability of the
coatings with 40 mM pyrene.

600 Pyrene molecules are uniformly distributed in the cured

paint coating at lower pyrene concentratiord. ) mM) and

the average distance between pyrene molecules at this con-
centration is approximately 1 nm. Since pyrene cannot dif-
fuse into the epoxy screen layer at the base (as discussed
in Section 3.2. it has to diffuse towards the surface. As
the thermal aging proceeds, pyrene molecules from the sur-

500 -
400 -
300 . |

200 -

Fluorescent Intensity ( counts)

face evaporate and these are replaced by molecules diffus-
1001 \ ing from the bulk of the coating. These processes lead to
nitrogen S~—_ g g. p .
0 . ; : . . accelerated loss of pyrene from the coating during thermal
400 450 500 550 600 650 700 aging. Thus a decrease in intensity is observed for paints
(B) Wavelength (nm) with lower pyrene concentratiorc(L0 mM).

Fig. 10. Fluorescent spectra in air and in the presence of nitrogen of (A) Butthe evaporation cum diffusion process cannot explaln
blank silicone and (B) blank epoxy coatings exposed to PSP coatings the phenomenon of increase in intensity observed at higher
during thermal aging tests. concentrations at a certain stage of thermal aging. We pro-
pose the following mechanism to understand the anomalous
intensity changes of paint coatings of higher pyrene concen-
reported that pyrene molecules diffuse to form excimers dy- {rations during thermal aging tests. At higher pyrene con-
namically in PDMS of various viscosity values but not in - cantrations $30 mM), pyrene molecules are not uniformly

epoxy resin or polystyreng.8]. distributed in the cured paint coating and there may be sev-
eral microclusters or aggregates of pyrene molecules. During
3.5. Mechanism of paint degradation thermal aging, pyrene molecules from the clusters diffuse

out into the coating and are available for excimer formation.

It was shown earlierSection 3.] that the contribution  Thus, at a particular time during the thermal aging, there is
of UV degradation to paint instability is small. Therefore, an enrichment of “free” pyrene in the coating due to the dis-
based on the thermal aging studies presented above, it camntegration of clusters of pyrene. It has been reported that
be easily understood that the decrease in intensity of thethe excimer formation between a pyrene molecule in ground
paint is due to the loss of pyrene in the coating by evapora- state and a pyrene molecule in excited state occurs when
tion assisted by diffusion. It is well established that pyrene the interaction distance between them is about3d. The
excimer formation is a diffusion controlled procg49]. It disintegration of pyrene clusters leads to increased excimer
has been reported that pyrene has mobility in polymers like formation and an increase in intensity is observed. The max-
polydimethyl siloxanes since these polymers have high free imum intensity is obtained when the free pyrene concentra-
volume[18]. Chu and Thomas have calculated the diffusion tion in the top layer is at the highest and the distribution of
coefficient of pyrene in PDMS with high molecular weight pyrene molecules is most favorable for excimer formation.
and high viscosity and found it to be high. The compara- Further, thermal aging results in a steady decrease in inten-
tively long Si—O and Si—C bonds reduce steric conflict, i.e. sity as the pyrene accumulated in the top layer continues to
hindrance between methyl groups on neighboring silicon evaporate and they are not replenished at the same rate.
atoms, which facilitates freedom of rotation of methyl group
about the Si—O and Si—C bonds. This unique structural fea-
ture leads to a significant free volume in bulk PDMS. The 4. Conclusions
diffusion of pyrene does not require the movement of the
whole macromolecule, but a rotation of the side groups of  Our study has shown that evaporation of pyrene assisted
the resin is sufficient for solute diffusion. We have found by diffusion in the coating as the major factor which con-
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tributes to the poor wind tunnel stability of the pyrene-based [10] B.G. McLachlan, J.L. Kavandi, J.B. Callis, M. Gouterman, E. Green,
pressure sensitive paints. The decrease in intensity due to G. Khalil, D. Barns, Surface pressure field mapping using luminescent

. . . . coatings, Exp. Fluids 14 (1993) 33-41.
UV degradation was comparatively smaller. The diffusion [11] K.S. Schanze, B.F. Carroll, S. Korotkevitch, M.J. Morris, Temperature

Qf pyrene was found to be dependgnt on pyrene CONCentra- ~ gependence of pressure sensitive paints, AIAA J. 35 (2) (1997) 306—
tion, temperature, pressure and thickness of the coating. It  310.

was seen that loss of pyrene was accelerated at higher temFL2] J.P. Hubner, B.F. CarroIII,IK.S. schanze, Temperature compensation
peratures and lower pressures. A mechanism is proposed to Model for pressure sensitive paints, FEDSM97-3470, 1997, pp. 1-6.

. R . 13] M.A. Woodman .C. Dutton, Treatin m nsitivi
understand the anomalous increase in intensity after thermal™) codmansee, J.C. Dution, Treating temperature sensitivity
effects of pressure sensitive paint measurements, Exp. Fluids 24

aging for paint coatings with higher pyrene concentrations. (1998) 163-174.
An optimum pyrene concentration of 40 mM in the coating [14] R.H. Engler, DLR PSP system intensity and lifetime measurements,
and a coating thickness of about 6t were found to give ICIASF'97 Record, IEEE Publication 97CH 36121, pp. 46-56

improved stability for the PSP applications. [15] B.J. Basu, R. Kannan, |. Rajagopal, K.S. Rajam, Development and
evaluation of the first binary pressure sensitive paint NAL-G, NAL

Project Document SE 0104, 2001, pp. 1-21.
[16] B.J. Basu, C. Anandan, K.S. Rajam, Investigations on the develop-
Acknowledgements ment of improved binary pressure sensitive paint, NAL-G1, NAL
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