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OPTICAL FILTER FOR FLASH LAMPS IN
PULSED THERMAL IMAGING

[0001] The United States Government has rights in this
invention pursuant to Contract No. W-31-109-ENG-38
between the United States Government and Argonne
National Laboratory.

FIELD OF THE INVENTION

[0002] The present invention relates to an optical filter for
flash lamps used in pulsed thermal imaging.

DESCRIPTION OF THE RELATED ART

[0003] Pulsed thermal imaging is widely used for nonde-
structive evaluation (NDE) of advanced materials and com-
ponents. The premise is that the flow of heat from the surface
of a solid is affected by internal flaws such as disbonds,
voids or inclusions. In pulsed thermal imaging, optical
radiation (visible light) is used to heat the surface of the
sample, and an infrared camera to detect changes in the
surface temperature as the surface cools. Material properties
or flaws within the sample can be derived from the measured
surface temperature data during and after the pulsed heating.
Photographic flash lamps are the most commonly used
pulsed radiative sources for thermal heating of the test-
sample’s surface, and most NDE systems use mid-wave-
length (3-5 pum) infrared cameras (some use long-wave-
length 8-14 pm infrared cameras).

[0004] For photographic flash lamps, the flash energy is
mostly concentrated in the visible spectrum (0.4-0.75 pm).
However, they also emit a significant amount of energy in
the infrared spectrum. This infrared radiation can be
reflected by the test-sample surface back to the infrared
camera.

[0005] Because the infrared radiation from the flash lamps
can be several orders of magnitude higher than that emitted
from the sample surface, even a small amount of flash
radiation reflected into the camera will make the detector
signal to be not representative of the real surface tempera-
ture.

[0006] Infrared radiation from flash lamp is a major hard-
ware problem in one-sided pulsed thermal imaging. How-
ever, this has not been of significant concern for most
thermography users because most applied for NDE detection
of large/severe defects (e.g., delaminations) in slow transient
materials such as polymer matrix composites. Thermal tran-
sient times for these materials are typically long, more than
5 to 10 seconds. For metals and many advanced materials
such as ceramic composites and thermal barrier coatings
(TBCs), which consists of a top ceramic coat, a bond coat,
and a metallic substrate, thermal transient time ranges from
a few seconds to tens of milliseconds or shorter. Pulsed
thermal imaging is not reliable (or cannot be used) to test
these materials. Current practice is to apply a black paint on
sample surface to increase surface emission and reduce the
reflection of infrared radiation from the flash lamps. This
practice is not desirable for some materials such as TBCs.
[0007] This problem has been recognized in the 1970’s. In
early studies, water was used to “filter” the infrared radiation
because it has significant absorption in several bands of
infrared wavelengths. For example, water has been used to
filter infrared radiation for modulated thermography. How-
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ever, water is not an efficient filtering medium for the
wavelengths used in the state-of-the-art infrared cameras
because these cameras are designed for remote sensing so
they must avoid the water (moisture) absorption bands to
achieve long-distance imaging capability.

[0008] A recently developed mechanical shutter device by
NASA is used to block the infrared camera during the flash
and block the flash lamps after the flash. This mechanical
shutter device consists of three shutters for a typical system
with two flash lamps: one shutter for the infrared camera,
and two shutters for the two flash lamps. The device is
operated in three steps during a pulsed thermal imaging test.
(1) Before the flash: the camera shutter is opened so the
camera can take several initial images. (2) During the flash:
the lamp shutters are opened to allow for flash heating of the
sample surface and the camera shutter is closed to prevent
camera saturation. (3) After the flash: the camera shutter is
opened to take thermal images and lamp shutters are closed
to eliminate the residual-heat radiation. This device, besides
its complex operation procedure, does not allow the camera
to take image data during the flash period, but it does
eliminate residual heating problem.

[0009] An electronic quenching device has been recently
developed by Ringermacher et al. of General Electric Com-
pany to terminate the decay electric current to the flash lamp
so flash duration can be significantly reduced to before
taking the first image. The device can produce controllable
flash duration, and a short duration of 2.5 ms was demon-
strated, and shorter durations can also be obtained. However,
reducing the flash duration will also reduce the flash power;
the demonstrated 2.5-ms flash retains only about 50% power
of the full flash. In addition, this device does not allow for
thermal imaging during the flash period and, since the flash
tube is still hot after current is cut off, residual-heat radiation
still remains.

[0010] Thus, none of the attempts to control radiation
from the flash lamp has proven to be totally effective.
[0011] A principal aspect of the present invention is to
provide an optical filter for flash lamps used in pulsed
thermal imaging.

[0012] Other important aspects of the present invention
are to provide such an optical filter for flash lamps used in
pulsed thermal imaging substantially without negative effect
and that overcome some of the disadvantages of prior art
arrangements.

SUMMARY OF THE INVENTION

[0013] In brief, an optical filter is provided for flash lamps
used in pulsed thermal imaging. The optical filter covers a
flash lamp and allows visible wavelength to penetrate while
blocking infrared wavelengths that are sensitive to an infra-
red camera. The filter substantially eliminates the infrared
radiation from flash lamps to allow for accurate detection of
surface temperature during pulsed thermal imaging tests.
[0014] In accordance with features of the invention, the
filter is made from a borosilicate optical material. For
example, one such material has been identified where a 6.5
mm thick optical window provided an optical transmission
of greater than 92% in the visible wavelengths, and less than
2.5% in the infrared 3-5 micron wavelengths.

[0015] In accordance with features of the invention, the
filter is made from a stack of multiple plates, for example,
a stack of 6 plates can reduce the infrared radiation from a
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flash by greater than 9 orders of magnitude, while the flash
energy in the visible wavelengths is decreased by about only
~40%.

[0016] In accordance with features of the invention, the
filter allows for the complete data obtained in a thermal
imaging test to be usable and accurate, without errors
introduced by flash reflection effect and residual heating
effect.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The present invention together with the above and
other objects and advantages may best be understood from
the following detailed description of the preferred embodi-
ments of the invention illustrated in the drawings, wherein:
[0018] FIG. 1 is a diagram illustrating a thermal imaging
apparatus including an invented infrared filter in accordance
with the preferred embodiment;

[0019] FIG. 2 is a graph illustrating blackbody thermal-
radiation spectrums at various temperatures, at 5850K (flash
lamp source) and 300K (sample surface) in accordance with
the preferred embodiment;

[0020] FIG. 3 is a graph illustrating measured flash inten-
sity decay for a flash lamp at various flash-power settings in
accordance with the preferred embodiment;

[0021] FIGS. 4A and 4B are graphs illustrating typical
one-sided pulsed-thermal-imaging result measured by a
mid-wavelength infrared camera for a stand-alone TBC
specimen and illustrating effect of infrared reflection from
flash lamp on measured surface “temperature” and tempera-
ture slope” in log-log scale for a stand alone TBC specimen
in accordance with the preferred embodiment;

[0022] FIG. 5 is a graph illustrating the transmission
characteristics of a 6.5-mm-thick borosilicate window in
accordance with the preferred embodiment;

[0023] FIG. 6 is a graph illustrating the optical transmis-
sion spectrum of infrared filters made from 1 to 7 borosili-
cate windows in accordance with the preferred embodiment;
[0024] FIGS. 7A and 7B are graphs illustrating the effect
of using infrared filters made from up to 7 borosilicate
windows on measured surface temperature InT and tem-
perature slope d(InT)/d(Int) as functions of time for a
graphite sample in accordance with the preferred embodi-
ment;

[0025] FIG. 8 is a graph illustrating the comparison of the
measured temperature-slope data with theoretically pre-
dicted results in accordance with the preferred embodiment;
[0026] FIGS. 9A and 9B are graphs illustrating the effect
of using infrared filters made by borosilicate windows on
measured surface temperature and temperature slope as
functions of time in log-log scale for a TBC sample in
accordance with the preferred embodiment; and

[0027] FIGS. 10A and 10B are graphs illustrating the
effect of using infrared filters made with 2, 4, and 7
borosilicate windows on measured surface temperature and
temperature slope as functions of time in log-log scale for a
metallic sample in accordance with the preferred embodi-
ment.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0028] Having reference now to the drawings, FIG. 1
illustrates a pulsed thermal imaging apparatus generally
designated by the reference numeral 100 including an
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invented infrared filter 102 in accordance with the preferred
embodiment. Thermal imaging system 100 includes a flash
lamp 104 providing a pulse of thermal energy for heating a
first surface of the sample 106. Thermal imaging system 100
includes, for example, a high-resolution and high-sensitivity
infrared camera 108, for example, with 256x256 pixel focal
plane array of infrared sensors. Infrared camera 108 is
positioned on the same side of the sample 102 as the flash
lamps 104.

[0029] In accordance with features of the invention, the
infrared filter 102 in accordance with the preferred embodi-
ment substantially eliminates mid and long infrared radia-
tion from the flash lamp 104 so that substantially only a
visible light pulse is applied to the sample 106.

[0030] Emission of thermal radiation in pulsed thermal
imaging can be estimated based on blackbody emission. All
substance having a temperature above absolute zero degree
(OK) emits electromagnetic radiation. The intensity of emit-
ted radiation is a function of wavelength. For blackbody
emission, the spectral intensity i is expressed as:

. 2he?
b= AS(ehe/ MT _ 1)

where A is wavelength, T is absolute temperature, ¢ is speed
of light, h is Planck constant, and k is Boltzmann constant.
The total emitted intensity I (or power) is the integration of
the above equation in the entire wavelength: I=0T*, where
o is the Stefan-Boltzmann constant.

[0031] Thermal radiation is considered to be those with
wavelengths from slightly ultra-violet at ~0.3 pm to long
infrared wavelength of ~1000 um. In the following, the
blackbody radiation is used for a conservative estimation of
the thermal radiation emitted from sample surface 106 and
flash lamps 104.

[0032] Considering radiation emission and reflection by
surface, a surface of a material emits thermal radiation. Its
ability to emit radiation at a wavelength is represented by the
spectral emissivity €, which is the ratio of the surface
emission intensity to the blackbody emission intensity. For
incident radiation, the surface may absorb, reflect, and
transmit the incident radiation. The spectral absorptivity a.,
reflectivity p, and transmissivity r of the surface are related
by: a+p+t=1. By definition, emissivity is equal to absorp-
tivity, or e=c.. If the surface is considered to be a blackbody
surface, € is unity and reflectivity, and transmissivity, is zero.
For simplicity, in the following discussions no distinction is
made between the spectral and the wavelength-averaged
properties except explicitly described.

[0033] Most engineering materials can be considered
opaque (t=0) with wide range of emissivity and reflectivity
values. For metals, depending on surface condition, emis-
sivity is typically in the range of 0.05-0.3; therefore, their
surface reflectivity can be an order of magnitude higher than
surface emissivity. For opaque nonmetals, the emissivity is
typically >0.8 (most black surfaces have emissivity >0.95);
therefore, their surface reflectivity is an order of magnitude
lower than surface emissivity. However, many oxide ceram-
ics including thermal barrier coatings (TBCs) are translu-
cent, their emissivity is comparable to the reflectivity.
[0034] Typically photographic flash lamps 104 are
designed for illumination in optical photography, their emit-
ted intensity, or power, is mostly concentrated in the visible
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wavelengths, such as in a range of 0.4-0.75 pum. This
requires the flash medium to be excited to a high tempera-
ture, for example, ~6000K. For a typical commercial flash
lamp 104, such as manufactured and sold by BALCAR,
France, its radiation spectrum is closely matched with the
blackbody emission at S850K.

[0035] In pulsed thermal imaging apparatus 100, the flash-
lamp radiation in the visible spectrum is used to heat the
sample surface, while that in the infrared spectrums advan-
tageously is not used. On the other hand, the surface of the
test sample is near room temperature (~300K) during most
times in pulsed thermal imaging. The detector signal, there-
fore, contains two components: (1) the thermal radiation
emitted from sample surface which is the real signal and can
be approximated as the product of surface emissivity and
blackbody radiation at ~300K and, (2) the reflected thermal
(infrared) radiation from the flash lamp that can be approxi-
mated by the product of surface reflectivity and blackbody
radiation at ~5850K; this component contributes to mea-
surement error and it can be several orders of magnitude
higher than the real signal. Therefore, for thermal imaging it
is desirable that the sample surface has a high emissivity and
low reflectivity.

[0036] FIG. 2 shows blackbody thermal-radiation spec-
trums at 5850K (flash lamp source) and 300K (sample
surface). The intensity of the two spectrums is scaled to 1 at
the maximum of the 5850K spectrum, and a factor of 10°
was multiplied to the spectrum from 300K to facilitate
examination. FIG. 2 also illustrates the ranges of visible,
mid-infrared and long-infrared wavelengths. It is seen that
the intensity of infrared radiation in the 3-5 pm wavelengths
from the flash lamp is about 5 orders of magnitude higher
than that from the sample tested at room temperature.
Therefore, even a small amount of flash infrared radiation
that is reflected by the sample surface to the infrared camera
108 will overwhelm the camera reading, so the measured
data will not be representative of the real surface tempera-
ture.

[0037] The two spectrums in FIG. 2 also indicate that, for
long-infrared-wavelength (8-14 um) range, the infrared
radiation from a flash lamp is only 2 orders of magnitude
higher than that from a room temperature surface. Therefore,
flash infrared radiation is of less significant when thermal
imaging using a long-wavelength infrared camera.

[0038] When thermal imaging using an infrared camera,
the detector signal should contain less than 1% of the
reflected infrared radiation from flash lamps so it represents
the real surface temperature. Based on the above estimations
on flash and surface radiation intensities and on surface
emission/reflection properties, it is estimated that, for ther-
mal imaging using a mid-wavelength infrared camera, the
flash infrared radiation should be reduced by a factor of 10°
for opaque nonmetals and 10® for metals and oxide ceramics.
Using a long-wavelength infrared camera, the flash infrared
radiation should be reduced by a factor of 10° for opaque
nonmetals and 10° for metals and oxide ceramics.

[0039] In addition to the spectral characteristics, photo-
graphic flash lamps are also designed to have a short flash
duration. The flash intensity typically rises very quickly
(<0.1 ms), but decays slowly (several milli-seconds). By
neglecting the rise time, the flash intensity decay can be
closely modeled by an exponential decay of the form:
I(t)=Ae2"", where A is a constant and T is a characteristic
flash duration.
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[0040] FIG. 3 shows measured flash intensity decay for a
flash lamp at various flash-power settings. It is seen that
radiation energy can last up to ~15 ms. After the active flash,
the flash tube is still hot (possibly hundreds of degrees), so
a relatively weaker infrared radiation (residual heat) may
still present for up to several seconds.

[0041] FIGS. 4A and 4B show a conventional one-sided
pulsed-thermal-imaging result measured by a mid-wave-
length infrared camera for a stand-alone TBC specimen. It is
seen that the measured “temperature” Tin the initial (flash-
ing) period drops rapidly, which is closely matched by the
flash decay curve (I=Ae ") as indicated in the temperature
slope d(InT)/d(Int) plot of FIG. 4B. From theory, the mag-
nitude of temperature slope Id(InT)/d(Int)l should be lower
than 0.5 during the entire transient for the TBC sample,
while it peaks to ~3.8 in the measured “data.” Therefore, the
measured “surface temperature” in the flash period comes
entirely from the reflected infrared radiation from the flash
lamp. After the active flash was finished at ~18 ms, the data
are still not typical for a TBC plate sample as predicted from
theory. This set of data, therefore, illustrates the significance
of the reflection of infrared radiation from the active flash
and from the residual heat in the flash tubes. The residual
heat effect appears ended (i.e., the slope becomes zero) at
Int=0, or at t=1 s; this was because that the flash lamp was
partially covered by an infrared filtering glass in this test.
Had the glass not been used, the residual heating would last
longer, as to be demonstrated in the following examples (the
0-window curves in FIGS. 7A and 7B and FIGS. 9A and
9B). In general, detector signal in shorter times, such as
within flash duration <18 ms, is dominated by reflected
infrared radiation from the active thermal flash and that in
the intermediate time, within a few seconds, contains a
significant component of reflected residual heat from hot
flash tubes.

[0042] Infrared radiation from flash lamp is a major hard-
ware problem in one-sided pulsed thermal imaging. How-
ever, this has not been of significant concern for most
thermography users because most applied for NDE detection
of large/severe defects (e.g., delaminations) in slow transient
materials such as polymer matrix composites. Thermal tran-
sient times for these materials are typically long, more than
5 to 10 seconds. For metals and many advanced materials
such as ceramic composites and TBCs, thermal transient
time ranges from a few seconds to tens of milliseconds or
shorter. Pulsed thermal imaging is not reliable (or cannot be
used) to test these materials. Current practice is to apply a
black paint on sample surface to increase surface emission
and reduce the reflection of infrared radiation from the flash
lamps. This practice is not desirable for some materials such
as TBCs.

[0043] In accordance with features of the invention, opti-
cal filter 102 is placed in front of the flash lamp 104 that
allows visible wavelength to penetrate while blocking infra-
red wavelengths that are sensitive to the infrared camera
106. Use of such an infrared filter 102 is the only simple,
low-cost, and efficient solution to remove infrared radiation
from high-power flash lamps. The efficiency of an infrared
filter 102 in a thermal imaging system 100 is determined
from the product of the detector sensitivity, the filter trans-
mission, and the radiation spectrum.

[0044] In accordance with features of the invention, based
on above estimations, the filter 102 is required to reduce at
least 6-8 orders of magnitude of infrared radiation intensity.
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Such filter 102 advantageously is made from borosilicate
optical material (although more efficient filter materials exist
with higher costs). One such material, BOROFLOAT™
Borosilicate Windows (Edmonds Industrial Optics, N.J.),
has been identified. Also filter 102 can be made from
commercially available heat absorbing glass (Schott KG-
series) and IR-Cut filter, and the like. Further filter 102 can
be made from another generic material, sapphire, for
example, used to filter the long-IR wavelength in 8-14
microns.

[0045] FIG. 5illustrates the transmission characteristics of
a 6.5-mm-thick borosilicate window. Optical transmission in
two wavelength ranges is most important to thermal imag-
ing: the visible wavelength range in 0.4-0.75 um (for sample
heating) and the mid-infrared wavelength range in 3-5 pm
(that should be extincted by the filter). FIG. 5 indicates that
the borosilicate window has a high transmission ~92% in the
visible wavelengths. The transmission curve in the mid-
infrared range is conservatively approximated as a triangular
shape: with a peak of ~17% at 3.24 um that drops to zeros
at 2.9 um and 3.5 pm on the two sides. When averaged in the
mid-infrared 3-5 um wavelengths that are sensitive to the
infrared camera 108, the average transmission is <2.5%.
Therefore, the borosilicate window has the desired optical
properties to construct an infrared filter 102 for thermal
imaging. The borosilicate window has high transmission in
the visible wavelengths and high attenuation in the mid-
infrared wavelengths. In addition, borosilicate window is
heat and thermal shock resistant, and has a generally low
cost.

[0046] A single borosilicate window provides less than 2
orders of magnitude in reduction of infrared radiation. When
several windows are stacked as an infrared filter, the filter
can essentially extinct the infrared radiation from a flash
lamp.

[0047] FIG. 6 shows the optical transmission spectrum of
infrared filters 102 made from 1 to 7 borosilicate windows.
Note that the minimum transmission value of zero is set to
1072 to facilitate the plot. The averaged transmissions in the
visible and mid-infrared wavelengths for these filters are
listed in Table 1. It is seen that an infrared filter 102 with 6
borosilicate windows can reduce the mid-infrared radiation
by >9 orders of magnitude, while the flash energy in the
visible wavelengths is decreased by only ~40%. Most
importantly, this filter will allow for thermal imaging of a
sample surface in both during and after the flash period to
obtain complete and accurate data, without errors introduced
by flash reflection effect and residual heating effect.

[0048] This infrared filter 102 advantageously is used for
thermal imaging with long-wavelength infrared cameras
108. Based on the filtering concept, other new filter mate-
rials may be found which could provide even better trans-
mission/extinction performance for thermal imaging appli-
cations in various wavelengths.

TABLE 1

Average transmission in visible and infrared ranges for
infrared filters with 1 to 7 borosilicate windows.

No. of windows Visible (0.4-0.75 um) Infrared (3-5 pum)

1 0.92 <2.5 x 1072
2 0.846 6.3 x 107
3 0.779 1.6 x 107
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TABLE 1-continued

Average transmission in visible and infrared ranges for
infrared filters with 1 to 7 borosilicate windows.

No. of windows Visible (0.4-0.75 pm) Infrared (3—5 pm)

4 0.716 3.9 x 1077
5 0.659 9.8 x 107°
6 0.606 2.4 x 10710
7 0.558 6.1 x 10712

[0049] The performance of the infrared filter 102 is evalu-
ated for 3 materials: graphite, TBC, and metal. These
materials have wide range of reflectivity representing most,
if not all, important engineering materials. Pulsed thermal
imaging tests were conducted using a mid-infrared-wave-
length (3-5 pm) camera at an imaging speed of 1900 Hz. The
flash lamp 104 has a short flash duration of T=1.1 ms. For
example, 2000 thermal images were taken in each test. The
acquired surface temperature data were plotted in log-log
format to facilitate examination of the amount of infrared
reflection from the flash lamps and, therefore, to determine
the performance of the filters.

[0050] The first sample is a round graphite plate of 1-inch
diameter and 4 mm thick. Graphite is black and opaque and
has a low reflectivity of <10%. FIGS. 7A and 7B show the
effect of using infrared filters made from borosilicate win-
dows on measured surface temperature and temperature
slope as functions of time in log-log scale. It is seen that,
without a filter (0 window), the measured “temperature” is
very high and saturated in the flash period, with a high
“temperature” decay rate (high magnitude of the tempera-
ture slope). This curve is not representative of the real
surface temperature. By comparing the 0-window curve to
those obtained with filters, it is evident that the measured
“temperature” comes entirely from the flash reflection in
early times (<18 ms), and is dominated by the reflection of
residual heat from hot flash tubes in the later times (>1 s).
When using an infrared filter made with 2 borosilicate
windows, the temperature slope d(InT)/d(Int) does not
change further with additional windows after the time t>18
ms (Int>-4). This indicates that the residual heat effect has
been removed. When using an infrared filter made with 4 or
more borosilicate windows, the temperature-slope curves
converge to the same curve in the entire test period, includ-
ing that within the flash duration. These results demonstrate
that an infrared filter made with 4 borosilicate windows can
reduce the infrared radiation from flash lamps to a suffi-
ciently low intensity that its reflection by a black-opaque
surface does not affect the detection of the emitted infrared
radiation from the same surface. From Table 1, a filter 102
with 4 borosilicate windows transmits 71% of visible light
energy that is used for sample heating, and <4x1077 of
mid-infrared-wavelength (3-5 pm) radiation which is the
source of camera saturation and data inaccuracy.

[0051] For measured temperature in FIGS. 7A and 7B,
addition of each window causes an 8% reduction in tem-
perature magnitude; this is because each window transmits
92% of the visible light for surface heating, or an 8%
attenuation.
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[0052] Measured thermal imaging data using an infrared
filter made from 4 borosilicate windows can be demon-
strated to be the real surface temperature from the pulsed
thermal imaging test. This is done by comparing the mea-
sured data with theoretical predictions. For opaque plate
sample, and accounting for the flash duration effect, theo-
retical solution of the surface temperature response during
pulsed thermal imaging has been obtained.

[0053] FIG. 8 illustrates a comparison of theoretical pre-
dictions and measured data obtained using an infrared filter
made from 4 borosilicate windows for a graphite sample. It
is seen that, although some noises present in the experimen-
tal data, measured data match very well with the theoretical
prediction. In particular, the measured data exhibit a tem-
perature-slope peak at 2.5 ms that is predicted by the theory;
this peak time is related to the flash duration <.

[0054] The second sample is a TBC material, with a
1.2-mm-thick TBC coating and a 2.5-mm-thick metallic
substrate. TBC is a translucent material with a high reflec-
tivity, in the order of 50%.

[0055] FIGS. 9A and 9B show the effect of using infrared
filters made by borosilicate windows on measured surface
temperature and temperature slope as functions of time in
log-log scale. In the temperature-slope d(InT)/d(Int) plot of
FIG. 9B, the initial temperature slope has magnitudes lower
than 0.5 which is due to the translucency of the TBC coat.
Again, it is seen that a filter with 2 borosilicate windows
removed the infrared radiation from the residual heat of the
hot flash tubes after flash. However, temperature-slope
curves obtained using filters with 6 and 7 borosilicate
windows are converged in the entire pulsed thermal imaging
period, indicating that 6 windows are needed to extinct the
infrared radiation in this test. Therefore, an infrared filter
with 6 borosilicate windows should be used when conduct-
ing pulsed thermal imaging for translucent TBC (and oxide
ceramic) samples. From the above Table 1, a filter with 6
borosilicate windows transmits 60% of visible light energy
that is used for sample heating, and <3x107*° of mid-
infrared-wavelength (3-5 pum) radiation.

[0056] The third sample is a nickel-alloy plate of 2 mm
thick with TBC coating on the back surface. This sample
represents a typical metal with an opaque and high reflection
surface.

[0057] FIGS. 10A and 10B show the effect of using
infrared filters made with 2, 4, and 7 borosilicate windows
on measured surface temperature and temperature slope as
functions of time in log-log scale for the metallic sample.
Again, all temperature-slope d(InT)/d(Int) curves converge
after 18 ms from the flash, indicating that a filter with 2
borosilicate windows removed the residual-heat infrared
radiation. The temperature-slope d(InT)/d(Int) curves
obtained with 4 and 7 windows have slight differences
within the flash period (0-18 ms), possibly due to measure-
ment noise. Nevertheless, it is apparent that an infrared filter
with 6 borosilicate windows should be sufficient to eliminate
infrared radiation from flash lamps when testing metal
samples that are opaque but have high surface reflectivity.
[0058] In summary, for pulsed thermal imaging of mate-
rials, an infrared filter 102 made from 4 borosilicate win-
dows is sufficient to extinct the infrared radiation from flash
lamps 104 for black-opaque samples that have low reflec-
tions; a filter 102 made from 6 borosilicate windows is
sufficient for all other high-reflection materials including
translucent TBC, oxide ceramics, and metals. A filter 102
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with 4 borosilicate windows transmits >71% of visible light
energy that is used for sample heating, and <4x10~7 of
mid-infrared-wavelength (3-5 pm) radiation which is the
source of camera saturation and data inaccuracy. A filter 102
with 6 borosilicate windows transmits >60% of visible light
energy, and <3x107'° of mid-infrared-wavelength (3-5 um)
radiation. With this filter 102, all materials can be directly
tested without the need of surface treatment such as surface
paint. In addition, the filter 102 allows for accurate mea-
surement of the complete thermal imaging data in during
and after the flash period; thermal response within short
period is essential for analyzing thin or high-conductivity
materials. This filter 102 can also be used for pulsed thermal
imaging by long-wavelength (8-14 um) infrared cameras.
[0059] While the present invention has been described
with reference to the details of the embodiments of the
invention shown in the drawing, these details are not
intended to limit the scope of the invention as claimed in the
appended claims.

What is claimed is:

1. An optical filter for flash lamps used in pulsed thermal
imaging comprising:

at least one optical filter member,

said at least one optical filter member substantially cov-

ering a flash lamp; and

said optical filter member allowing visible wavelength to

penetrate while substantially blocking infrared wave-
lengths, said blocked infrared wavelengths being in a
predefined spectrum band range of an infrared camera.

2. An optical filter as recited in claim 1 wherein said at
least one optical filter member is made from a selected
material of a group consisting of a borosilicate optical
material, a heat absorbing glass, and sapphire.

3. An optical filter as recited in claim 1 wherein said
optical filter member substantially eliminates infrared radia-
tion from flash lamps to allow for accurate detection of
surface temperature during entire pulsed thermal imaging
tests.

4. An optical filter as recited in claim 1 wherein said
optical filter member includes a 6.5mm thick borosilicate
optical window.

5. An optical filter as recited in claim 4 wherein said 6.5
mm thick borosilicate optical window provides an optical
transmission of greater than 92% in the visible wavelengths,
and less than 2.5% in the infrared 3-5 micron wavelengths.

6. An optical filter as recited in claim 1 wherein said
optical filter member is made from a stack of multiple plates.

7. An optical filter as recited in claim 1 wherein said
optical filter member includes a stack of 6 plates made from
a borosilicate optical material.

8. An optical filter as recited in claim 7 wherein said
optical filter member reduces the infrared radiation from a
flash by greater than 9 orders of magnitude, while the flash
energy in the visible wavelengths is decreased by less than
40%.

9. An optical filter as recited in claim 1 wherein said
optical filter member allows for substantially complete data
obtained in a thermal imaging test to be usable and accurate,
substantially without errors introduced by flash reflection
effect and residual heating effect.

10. An optical filter as recited in claim 1 wherein said
blocked infrared wavelengths within said predefined spec-
trum band range of an infrared camera include a range of 3-5
micron wavelengths.
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11. An optical filter as recited in claim 1 wherein said
blocked infrared wavelengths within said predefined spec-
trum band range of an infrared camera include a range of
8-14 micron wavelengths.

12. An optical filter as recited in claim 1 wherein said
optical filter member includes a stack of 6.5 mm thick
borosilicate optical windows.

13. An optical filter as recited in claim 12 wherein said
stack includes a maximum of seven of said 6.5 mm thick
borosilicate optical windows.

14. An optical filter for flash lamps used in pulsed thermal
imaging comprising:
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at least one optical filter member, said at least one optical
filter member being made from a borosilicate optical
material;

said at least one optical filter member substantially cov-
ering a flash lamp; and

said optical filter member allowing visible wavelength to
penetrate while substantially blocking infrared wave-
lengths, said blocked infrared wavelengths being in a
predefined spectrum band range of an infrared camera.



