Ideality of Pressure-Sensitive Paint. IV. Improvement of
Luminescence Behavior by Addition of Pigment
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ABSTRACT: We report the effect of inorganic pigments on the diffusion properties of a
polymer matrix. The presence of pigments has a large effect on the frequency factor and
the activation energy of the diffusion of oxygen in the polymer matrix. This effect is
used to modify the overall temperature dependence of the luminescence in pressure-
sensitive paint (PSP). Ideality of luminescence (i.e., independent effect of pressure and
temperature on the luminescence intensity) can be achieved with a PSP formulation by
using a low-cost and commercial silicone polymer using Al,O, as the pigment. Ideality
temperature limits (ITL) can be tailored by adjusting the pigment volume concentration
(PVC) in the paint formulation. With the appropriate adjustment of PVC, the lumines-
cence characteristics of the PSP can be designed to suit the particular needs of the
wind-tunnel researchers. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 77: 28242831,

2000
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INTRODUCTION

Pressure-sensitive paint (PSP) is increasingly
popular as an alternative to conventional pres-
sure taps used in wind-tunnel research for pres-
sure mapping.'~ PSP technology is now expected
to supplant pressure taps, its much more expen-
sive but less informative predecessor, because
many breakthroughs have been made during the
last few years. Paint formulations with good pho-
tostability, fast response time, and low-tempera-
ture dependence are now available.!®* However,
some problems still prevent PSP technology from
becoming an efficient quantitative tool for wind-
tunnel research.”

The main inaccuracy comes from the inherent
temperature dependence of the luminescence of

Correspondence to: M. Gouterman.
Contract grant sponsor: NASA-Ames Research Center;
contract grant number: NAG 2-1157.

Journal of Applied Polymer Science, Vol. 77, 2824-2831 (2000)
© 2000 John Wiley & Sons, Inc.

2824

PSP. The temperature of the model in the wind
tunnel drifts over a temperature range by as
much as 40°C. Moreover, temperature gradients
are established over the model, due to different
flow rates and to the internal morphology of the
model. The temperature inhomogeneity of the
model leads to a discrepancy between the pres-
sure values found with the PSP and with the
temperature-independent pressure taps.!®!!
Some paints have been developed with low-tem-
perature dependency,! which limits the diver-
gence of the measurements due to temperature
changes. Errors induced by the temperature
change are not substantial, but can be fatal in
low-speed wind-tunnel experiments, where inten-
sity changes due to pressure variations are small
and comparable to intensity changes caused by
temperature drift.

The inherent temperature dependence of pres-
sure-sensitive paints comes from the temperature
dependence of the different decay rates involved
in the luminescence processes.*'%!? The intensity
of the luminescence is given (as in Paper II) as:
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where %, and k,, are, respectively, the radiative
and the radiationless decay rates and «, is the
bimolecular oxygen quenching rate constant. D,
is the apparatus constant. In eq. (1), we express
k,, in terms of a frequency factor A,, and an
activation energy AE,,.'*'? The concentration of
molecular oxygen in the layer is represented by
[Oy]. Equation (2) expresses Henry’s law that the
oxygen concentration in the polymer is linear

with the oxygen pressure over the layer:

B P
[0.] = C°<Po> (2)

where C, is the solubility of oxygen in the paint
layer at reference pressure P, usually taken as 1
atm and is not temperature dependent over the
range of interest. Expressing k, in terms of a
frequency factor and an activation energy'®'% and
making use of eq. (2) we obtain:

P
K[0y] = A e 2F/RT = A;)(P)eAE[,/RT (3)

0

Equations (1) and (3) give the pressure and tem-
perature dependence of &, and «,. The radiative
decay rate, k,, is temperature independent,'* and
the oxygen concentration in the polymer, C,, is
considered temperature independent over the
temperature range normally used in wind-tunnel
research,'®16 and we absorb it into the frequency
factor A,,.

In Paper I of this series we defined an ideal

paint as one such that

I(P07 TO)~f(P’ PO)
I(P,T) g(T, Ty

(4)

where the functions f(P, P,) and g(T, T,) are
generally defined as

1P, T)
fT(PaPO)_W (5)
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_I(P,T)
gP(T, TO) - I(P TO) (6)

Thus, in general, f/,(P, P,) is a set of functions of
pressure that slowly change with temperature;
gp(T, T,) is a set of functions of temperature that
slow change with pressure. In the case of ideal
paints a single function f(P, P,) adequately rep-
resents all functions f (P, P,) and a single func-
tion g(7T', Ty) adequately represents all functions
gp(T, T). In the laboratory we carry out pressure
runs at constant temperature. In this case using
eqgs. (1) and (2), we obtain

I(Py, T)
fr(P, Py) 1P, T)

kr + kr{r + KZCO(P/PO) 'T()(T)
= T T, = (7
k. + k,, + k,C 7(T)

In using eq. (7), we take the decay times as aver-
age times if the decays are nonexponential. If the
intensity is described by a sum of exponential
terms, I(¢) = 3, A,e ", then the mean lifetime is
(1) = (Z,;A;7;/Z; A,). The T indicates temperature
dependence, and the subscript O refers to P = 1
atm. We then get

(LR 8
1) ~ AT B ®
where
e ket kT n_ kIC,
T kA RL+RIC T R+ ERL A+ KIC,
9

Because eq. (9) requires that A, + By = 1, only
the ratio

(10)

can vary with temperature. Thus for f (P, P,) to
be independent of T, the condition of ideality,
then y(T) = const. Expressing this in terms of the
frequency factors and activation energies, we
have

B; Ale SETC,

A, y(T) = k. + A g 3BT (11
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In Paper I we show that the condition of ideal-
ity is very important for temperature correction of
PSP. In the case of ideal paints, one can replace
the wind-off measurement by a suitable temper-
ature dependent but pressure-independent refer-
ence, i.e.,

g(T, T)I(P,, Ty) — I,.T) (12)

Thus replacing the wind-off over wind-on inten-
sity ratio by

I(Py, To)
IP, T)

Iref(P’ T) _ Iref(T)
IP,T) IP,T)

(13)

can lead to an experimental ratio that has less
temperature dependence. In fact, a referenced
PSP has been made that reduces temperature
dependence by nearly a factor of 2.!7 However,
ideality requires y(7") = const, and eq. (11) makes
it clear that this cannot be true for all tempera-
tures. However as pointed out in Paper II, there
can be ideality temperature limits (ITL) over
which this is approximately true to within 1%.
Although the parameters %,, A,,,, and AE,,, can-
not be significantly modified, it is known that the
diffusion of oxygen in the layer, which is related
to Kq,12 is affected by the presence of inert pig-
ment in the polymer.'® In this article, we use
decay time as a function of temperature to deter-
mine the frequency factors A,, and Ag and the
activation energies AE,, and AE of egs. (1) and
(3). In this article, we show Ag and AE, can be
modified by adding pigment to a polysiloxane
polymer-based PSP, thereby idealizing this PSP.

EXPERIMENTAL

Paint Formulations

The PSP formulations used in this study com-
prised a polysiloxane, named SR-900 purchased
from GE Silicones (Pittsfield, MA), mixed with
a platinum tetra(pentafluorophenyl)porphine
(PtTFPP) sensor purchased from Porphyrin Prod-
ucts (Logan, UT). The SR-900 polymer solution
contains 50% (v/v) silicone polymer dissolved in
toluene. The silicone solution is diluted to an ad-
equate viscosity by adding p-chlorotrifluorotolu-
ene, purchased from Occidental Chemical Corp.
(Dallas, TX) under the name of Oxsol-100. A cer-
tain amount of pigment (Al,O5 of size 1-5 um) is
added to the solution and the mixture is ball-

milled at room temperature for 2 days. Typically,
the paint formulation contains 11.3 g of silicone
solution, 7 mg of PtTFPP, and 36 mL of Oxsol-
100. Paints with different pigment volume con-
centrations (PVC) (see Paper II for a definition of
PVC) are prepared by adding 0, 1.5, 3.0, 3.5, 4.0,
and 4.5 g of pigment to the solution above, leading
to PVC values of approximately 0, 13, 27, 31, 36,
and 40%. The paint is sprayed on clean aluminum
coupons (6.2 and 1 cm?) with a spray gun, using
argon at a pressure of 20 psi as the carrier gas.
The samples are annealed at 75°C for half an
hour and then cooled at room temperature on the
bench for about 15 min.

Luminescence Analysis

Lifetimes of the luminophor as a function of pres-
sure and temperature, for the different samples,
were measured on a homemade apparatus. This
lifetime apparatus comprises a nitrogen-pumped
dye laser (Oriel) as the excitation source and a
pressure- and temperature-controlled chamber.
The excitation wavelength is set at 390 nm and
the emission light is filtered through a bandpass
(20-nm width at half-height) filter centered at 645
nm. The intensity of the luminescence as a func-
tion of time was measured 50 times and then
averaged for each experiment. The lifetime values
were extracted from the raw intensity data by a
single exponential fit for experiments conducted
in vacuum and the mean lifetime of a double
exponential fit for those conducted at atmospheric
pressure.!®

The intensity of luminescence as a function of
temperature, pressure, and time was measured
with a homemade system called the PMT survey
apparatus, similar to the lifetime apparatus.
Here the excitation light comes from a tungsten
lamp filtered through a bandpass (20-nm width at
half-height) filter centered at 390 nm.

The response times of the different paints were
determined by measuring the intensity change as
a function of time after a very rapid pressure
change. Those experiments were conducted on a
homemade apparatus similar to the PMT survey
apparatus. In that apparatus, the pressure- and
temperature-controlled chamber is much smaller
(thus allowing pressure jump from vacuum, ~1
Pa) to atmospheric pressure in about 0.6 ms.

RESULTS AND DISCUSSION

Thickness is not believed to affect the diffusion
rate of oxygen in the layer, nor the permeability of



the coating. However, the response time is cer-
tainly affected by the thickness of the sample.!®
Therefore, particular care has been taken to pre-
pare samples with consistent characteristics,
such as the thickness, roughness, and dryness. It
has been shown in a previous paper'® that an-
nealing has an effect on the diffusion properties of
the coating. Samples in this study have been an-
nealed all together at 75°C for 30 min. Sample
thicknesses range from 20 to 22 um and rough-
ness of all samples is about 1.0 um.

The luminescence and the diffusion properties
of the paint have been studied as a function of
PVC. It is known that the diffusion characteris-
tics of polymers are affected by the presence of
solid particles.'® Researchers have followed the
original work of Stern and Volmer'® and, assum-
ing Henry’s law linearity of oxygen concentration
in the polymer with oxygen partial pressure over
the polymer, have derived a Stern—Volmer equa-
tion for the emission of luminophors in polymer:

Jact B Jvac B kr + knr + KqC()(P/PO) o Ko P
T T ke, TES
(14)

where the Stern—Volmer constant, Ky, is

l{ — q 0 — Tvac C 0 — 1 — A tl'
S ki‘ knTr PO q PO AT ( )

IVaC

where 77%¢ and are, respectively, the lifetime
and the intensity measured at vacuum and A,
and B, are given in eq. (9). The solubility of
oxygen in the coating is represented by C,/P,,
where C, is the concentration of the quencher
(Oy) at an air pressure of P,. The quenching rate
coefficient k, is related to the diffusivity of the
quencher in the layer:

Kgq = QKqgiff (16)

where « is the probability for quenching after the
formation of the excited luminophor/quencher
complex and kg 1s the diffusion-controlled rate of
complex formation. We expect that « is near
unity. Smoluchowski®® related kg to the diffu-
sion coefficient of the quencher:

Kaiee = 477 4gIN oD a7
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Figure 1 Stern—Volmer intensity plot for PtTFPP in
SR-900 at various temperatures. The superposition of

the plot represent the near-ideality of the paint formu-
lation.

where r,5 is the collision radius of the complex
(in em), D is the diffusion coefficient (in cm?s),
and N, is Avogadro’s number. [To get units of cm?
(STP) cm ™3, divide N4 by 22,400 cm?® (STP)/mol.]
Rearrangement of eqs. (15-17) gives

IVaC ,Tvac

7= = 1+ 4muNaar™(DCJ/P)P

where (DCy/P,) is the permeability of the coat-
ing. Because we expect that (r4za) will be similar
for the various polymer matrices, then compari-
son of the Stern—Volmer constants for the differ-
ent samples gives an idea of the relative perme-
ability of the paints and the effect of the PVC on
the permeability coefficient.

The Stern—Volmer equation either as eq. (8) or
(18) predicts a linear relationship between the
intensity ratio and the air pressure if we assume
the partial pressure of oxygen in air is constant.
Figure 1 shows the Stern—Volmer plot for sample
#4, with a 31% PVC of the Al,O5 pigment in the
silicone polymer. We can see that the experimen-
tal data are not precisely linear, and thus the
Stern—Volmer equation does not fully describe the
quenching of a luminophor immobilized in a poly-
meric matrix. However, this equation gives a good
approximation of the luminescence properties,
and the Stern—Volmer equation was used in this
study. Table I shows the Stern—Volmer constants
as a function of PVC, at 25°C. We can see that the
relative permeability, as reflected in Kgy, is re-
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Table I Diffusion and Ideality Characteristics for Paint Formulations with Different Amounts of
Aluminum Oxide (CPVC of aluminum oxide used in this study is about 30%)

Kq,® X 10° Response Time?
Paint Al,O; PVC (%) (Pa™h) ITL" (°C) %Nonideality® (ms)
1 0 4.11 130-477 2.10 60
2 13 3.71 177-686 1.22 120
3 27 3.60 19-158 0.88 135
4 31 3.55 11-161 0.22 145
5 36 3.65 42-263 0.95 130
6 40 3.74 122-583 2.14 120

* Kgy values are determined at 25°C. Kgy = k,77%%(C/P,).

P ITL is the ideality temperature range, temperature range where the ratio B,/A; is independent of temperature at +1%.

¢ From 10 to 50°C.

4 Time required for the intensity to complete 95% of its total change when pressure rises from near vacuum to 1 atm.

lated to the pigment concentration and goes
through a minimum around 31% PVC, which is
about the CPVC of aluminum oxide, the pigment
used in the paint.

The diffusion properties of oxygen in the coat-
ing are known to be affected by the presence of
pigment.'® Therefore, it is important to know how
the parameters of eq. (11) (i.e., the frequency fac-
tor and the activation energy for the diffusion of
oxygen) are affected by the pigment. A better
comprehension of the effect of the pigment would
allow the possibility of predictable modification of
the PSP properties.

The lifetime of the luminescence for every sam-
ple has been studied as a function of the temper-
ature. The lifetime values were extracted from
the raw intensity data as a function of time by a
single exponential fit for experiments conducted
in vacuum. Data taken at atmospheric pressure
were fitted by a double exponential fit, because a
single exponential fit does not describe correctly
the experimental results. The mean lifetime was
calculated from the fitting parameters. A multi-
sites model has been proposed by researchers to
legitimize the use of a multiexponential fit-
ting,'®2! but controversy remains on this subject.
However, this study does not require an absolute
and accurate determination of the lifetime and
these average lifetimes are considered satisfac-
tory for this particular study. The luminescence
properties of the paint were extracted from the
lifetime as a function of temperature, in vacuum,
according to

1
T k,+ A,e AT (19)

The three-parameter function gives an excellent
fit to the experimental data for all the samples
studied in this article. The lifetime values as a
function of temperature, determined at atmo-
spheric pressure, were fitted according to

1
;: kr+Anre—AEnr/RT+Age—AEq/RT (20)

In eq. (20), the radiative decay rate k,., the preex-
ponential term A,,, and the activation energy
AE ,, were taken as the same value found in vac-
uum. Therefore, the lifetime values as a function
of temperature, at atmospheric pressure, were
fitted with only two parameters, AS and AE,.
Equation (20) describes properly the experimen-
tal data for all the samples, even though the life-
time values determined at atmospheric pressure
are the average lifetimes determined from the
parameters of a double exponential fit.

Figure 2 shows the luminescence and diffusion
parameters as a function of the PVC. As expected,
the luminescence parameters k&,, A,,,, and AE,,
are not much affected by the presence of pig-
ments. On the other hand, the effect of the pig-
ment concentration on the frequency factor Ag is
unambiguous. The frequency factor Ag decreases
over an order of magnitude as the PVC increases
up to the CPVC. Ag goes through a minimum at
the CPVC. The activation energy AE, is only
slightly affected by the presence of pigments and
variations might be due to the uncertainties as-
sociated with the measurements, although it
seems to go through a minimum at a PVC of 31%.
Figure 2 clearly shows that the diffusion proper-
ties are affected by the pigments, but it also
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Figure 2 Fitting parameters from eq. (20) (%,, A4,,,,
AE,,, A,, AE,) as a function of the Al,O; PVC in the
paint formulations #1-6.

shows that the Arrhenius parameters of the
quenching rate constants are selectively affected
by the presence of pigments. This very important
selectivity could be exploited to design and pre-
dict properties of PSP with the addition of inor-
ganic pigments such as aluminum oxide.

We showed in a previous paper'? that ideality
of paints is achieved only over a narrow temper-
ature range and is dependent mostly on the dif-
fusion properties of oxygen in the coating. The
plot of the ratio B;/A; = y(T) as a function of
temperature of eq. (11) gives an idea of the tem-
perature range where ideality of paint is
achieved. Figure 3 shows the plots generated
from eq. (11) using the parameters of Table II. In
Figure 3, the effect of the glass temperature tran-
sition on the diffusion properties of the paint is
not considered. We can see that for each sample,
there is a fragment of the curve where the ratio
B, /A, is almost independent of temperature.
This is called the ITL and is defined as the tem-
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perature range where the ratio B /A is indepen-
dent of temperature at =1%. Table I shows the
ITL for paints with different amounts of pig-
ments. We can see that paint #4 has the lowest
ITL, from 11 to 161°C. It is important to note that
this sample also has the lowest frequency factor
A (see Table II).

To verify those assumptions, we measured the
temperature dependence of the different paints in
vacuum and at atmospheric pressure from 10 to
50°C, the usual temperature range in wind tun-
nels. The comparison of the temperature depen-
dencies at different pressures is a good indication
of the ideality of the paint. Figure 4 shows the
temperature dependencies gp(T, T,) = I(P, T)/
I(P, T, of eq. (6) at atmospheric pressure for
paint formulations #1, 2, 4, 6 and the temperature
dependence of the luminescence in vacuum
(which is independent of PVC). We can see that
the temperature dependence of the intensity of
luminescence varies greatly with PVC. Below
CPVC (PVC = 31%), the presence of pigment
decreases the temperature dependence of the lu-
minescence intensity at atmospheric pressure
and above CPVC, the temperature dependence of
the luminescence intensity starts to increase
again. This profile parallels the PVC dependence
of the frequency factor of the oxygen diffusion in
the polymer matrix, as shown in Figure 2. Figure
4 shows that the temperature dependence of the
luminescence intensity can be fine-tuned from
roughly 1.0 to 0.7%/°C by incorporation of inor-
ganic pigment in the paint formulation. At a PVC
of 31%, the temperature dependence of the lumi-
nescence intensity at atmospheric pressure is al-

70
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Figure 3 Temperature dependence of the ratio
B /A generated from eq. (11). The effect of the glass
transition temperature is not considered.
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Table II Parameters Obtained from Temperature Dependence Data Fitted to eqs. (11) and (12)

Sample #1 #2 #3 #4 #5 #6
Al,O, PVC 0% 13% 27% 31% 36% 40%
k,(sh) 1.06E* 1.07E* 1.04E3 1.04E3 1.03E3 1.04E*
A, (s7YH 1.54ES 6.86E° 5.60E° 4.96E° 4.07E? 3.35E°

AE,,, (kJ/mol) 15.0 13.8 12.3 11.3 11.0 11.1
A (s™h 5.91E7 2.45E7 4.55E° 3.12E¢ 6.64E° 1.01E7
AE,, (kd/mol) 12.0 10.5 5.9 5.8 6.5 7.7

most equal to the temperature dependence of the
luminescence intensity in vacuum. This is called
ideality. Ideality is attained when the tempera-
ture dependence g (T, T) is independent of pres-
sure. Thus we define percentage nonideality by

Ti=Tn
%NID(Ty, T) =[N = 17" > (awm(T), To)

Tj=T1

— 8vael Tj, To))?]" X 100% (21)

where N is the number of data. Here T is a
particular temperature (we used 25°C). Note that
gp(Ty, Ty) = 1, which is why we use N — 1 in eq.
(21). Summary of the percentages of nonideality
for the samples studied are presented in Table I.
We can see that the predicted ideality of paint #4
between 10 and 50°C is verified in Table I, be-
cause the percentage of nonideality is very low
over this temperature range.

The response time of the paint is also an im-
portant characteristic for practical consider-
ations. The response times were expected to be

100 T T T

57 Tl ]

901 e, 1
F. 10 i
g 85 1 . T 1~
= 801 e x\*\, ]
@ 75 e A N ]
£ —+— Vacuum Fre .4 I\Vw\'
3 701 ® 0% "ateta]

.
es] ¢ 13% .t
v 31% .
601 A 40% -
55 T T T
10 20 30 40 50

Temperature (°C)

Figure 4 Temperature-dependence g(T, T,) of eq.
(6) for PtTFPP paint sample #1, 2, 4, and 6 at atmo-
spheric pressure and the temperature dependence of
luminescence in vacuum (independent of PVC).

affected by the presence of pigments, because the
permeability of the polymer is reduced by addi-
tion of solid particles up to the CPVC (Table I).
The response time is defined in this article as the
time necessary for the intensity to complete 95%
of the total change when pressure rises from I to
10° Pa. For example, the paint formulation #4 has
a 95% response of about 145 ms, which is very
short compared to wind-tunnel research needs.
This short response time occurs at an even
shorter time if the PVC < 31% = CPVC, where
response time reaches its maximum (see Table I).
This time is significantly longer than 60 ms
shown by the pure polymer (sample #1). The in-
organic particles restrain the diffusion of oxygen
through the layer and therefore increase the re-
sponse time of the paint. However, at PVC above
CPVC, the coating contains voids filled with air
that increases the diffusion rate of oxygen and
thus lowers the response time.

The pigments can also influence the photosta-
bility of the probes incorporated in the polymer
matrix. It is known that titanium dioxide is a
powerful oxidation agent when irradiated with
UV light. Paints prepared with titanium dioxide
showed the same ideality profile with PVC as the
paints prepared with aluminum oxide. However,
paints using titanium dioxide as the pigment
show a significantly higher photodegradation rate
with time. Because the effect on the diffusion
properties does not depend on the nature of the
pigment but only on the PVC, any pigment could
be used. The pigments used in this study, alumi-
num oxide, do not increase the photodegradation
rate of the sensor, compared to paint without
pigments. However, titanium dioxide could be
used in paint formulations where the sensor is
excited by a longer wavelength (>400 nm). A
longer excitation wavelength would not promote
the degradation of the paint containing titanium
dioxide.



CONCLUDING REMARKS

We have shown in this article that the lumines-
cence properties of pressure-sensitive paints can
be modified and idealized by the addition of inor-
ganic pigments. The ideality temperature limits
of a low-cost and readily available silicone resin
have been tailored to suit the particular needs of
wind-tunnel research. Although the response
time of luminescence is increased by the presence
of pigments, it is shown that it still remains in the
limit of the wind tunnel exigencies. We have dem-
onstrated that the PSP luminescence character-
istics can be designed a priori to fulfill prerequi-
sites. Comprehension and control of the factors
affecting the PSP characteristics facilitate the de-
sign of paint formulations and minimize trial and
error experiments.
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