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SYSTEMS AND METHODS FOR DETECTING 
DEFECTS IN COATINGS UTILIZING 

COLOR-BASED THERMAL MISMATCH 

TECHNICAL FIELD 

The present speci?cation generally relates to systems and 
methods for detecting defects in coatings and, more speci? 
cally, to systems and methods for detecting defects in coated 
substrates utiliZing infrared thermography in conjunction 
With color-based thermal mismatch. 

BACKGROUND 

The ?nish of a product or object, such as the visible surface 
of a painted object, plays an important role in a consumer’s 
perception of the quality of the object. Accordingly, for high 
quality automobiles and other vehicles and/or articles of 
manufacture, the inspection of coatings, such as paint coat 
ings, for defects is an important part of quality control. For 
example, the body panels of an automobile may receive at 
least four coatings including a protective coat, an adhesion aid 
coat, a paint coat and a clear coat. Defects occurring in any 
one of the coatings applied to a properly prepared substrate or 
surface may diminish a consumer’s perception of the auto 
mobile. Such defects may include, but are not limited to, dust, 
hair, metallic particles, coating over spray, incomplete spray, 
stripping and ?ake penetration. 

In order to identify defects in a coating each coating may be 
evaluated after application. Previously, evaluation of the 
quality of a coating Was often based on human inspection, 
Which can be a tedious and subjective process Which requires 
meaningful skill and training. Other, automated inspection 
procedures have been developed Which use charge-coupled 
device (CCD) optical sensors that sense imperfections 
through light re?ected from the coated surface. HoWever, this 
technique is not particularly effective for complex, curved 
and/or hidden geometries (i.e. automobile body panels) 
because of its sensitivity and dependence on re?ection and 
scattering angles. 

Other inspection techniques have been developed Which 
use infrared cameras to inspect certain products (i.e. semi 
conductor chips) for surface anomalies or defects. HoWever, 
such inspection techniques are based solely on the spatial 
analysis of pixel values With that of knoWn (standard) values 
Without any account for the temporal behavior of the pixel 
values (e. g., change of temperature over time). Further, While 
other techniques have been utiliZed to measure the change of 
temperature over time, such techniques do not compare the 
measured change of temperature of pixels to that of surround 
ing pixels, and therefore fail to e?iciently and effectively 
detect subsurface anomalies. Moreover, many inspection pro 
cedures require comparison to a knoWn non-defective area 
Within a thermal pro?le for thermal deviation determinations 
While others require continuous acquisition of a sequence of 
data ?les. Such procedures can also require operator interven 
tion, signi?cant time requirements, and/or computational 
complexities not suited for realtime applications. 

Accordingly, a need exists for alternative methods and 
systems for inspecting a substrate for defects Which may be 
present in a coating applied to the substrate. 

SUMMARY 

In one embodiment, a method of analyZing a thermal image 
of a coated substrate to determine the presence of defects 
includes determining a color of the coated substrate and deter 
mining a maximum temperature of the coated substrate. A 
defect temperature range is determined based on the color of 
the coated substrate and the maximum temperature of the 
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2 
coated substrate. A pixel of interest is also identi?ed. There 
after, the thermal image is processed by determining a signal 
value of the pixel of interest based on a temperature of the 
pixel of interest, temperatures of pixels in a kernel of pixels 
surrounding the pixel of interest, and the color of the coated 
substrate. The signal value of the pixel of interest is then 
compared to the loWer temperature threshold of the defect 
temperature range, Wherein the pixel of interest is a defect 
location When the signal value of the pixel of interest is 
greater than or equal to the loWer temperature threshold. 

In another embodiment, a method for detecting defects in a 
coated substrate includes determining a color of the coated 
substrate. The temperature of the coated substrate is manipu 
lated and a thermal image of the coated substrate is acquired. 
The maximum temperature of the coated substrate is deter 
mined from the thermal image. A defect temperature range is 
determined based on a color of the coated substrate and the 
maximum temperature of the coated substrate in the thermal 
image and a pixel of interest is identi?ed. Thereafter, the 
thermal image is processed by determining a signal value of a 
pixel of interest based on a temperature of the pixel of interest, 
temperatures of pixels in a kernel of pixels surrounding the 
pixel of interest, and the color of the coated substrate. The 
signal value of the pixel of interest is then compared to the 
loWer temperature threshold of the defect temperature range, 
Wherein the pixel of interest is a defect location When the 
signal value of the pixel of interest is greater than or equal to 
the loWer temperature threshold. 

In yet another embodiment, a defect detection system for 
detecting a defect in a coated substrate includes a thermal 
detector electrically coupled to a controller and at least one 
temperature manipulation device electrically coupled to the 
controller. The controller is programmed to: receive an input 
indicative of a color of the coated substrate; manipulate a 
temperature of the coated substrate With the temperature 
manipulation device; acquire a thermal image of the coated 
substrate With the thermal detector; determine a maximum 
temperature of the coated substrate from the thermal image; 
determine a defect temperature range based on the color of the 
coated substrate and the maximum temperature of the coated 
substrate; identify a pixel of interest; and process the thermal 
image by determining a signal value of a pixel of interest 
based on a temperature of the pixel of interest, temperatures 
of pixels in a kernel of pixels surrounding the pixel of interest, 
and the color of the coated substrate and comparing the signal 
value of the pixel of interest to a loWer temperature threshold 
of the defect temperature range, Wherein the pixel of interest 
is a defect location When the signal value of the pixel of 
interest is greater than or equal to the loWer temperature 
threshold. 

These and additional features provided by the embodi 
ments described herein Will be more fully understood in vieW 
of the folloWing detailed description, in conjunction With the 
draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The embodiments set forth in the draWings are illustrative 
and exemplary in nature and not intended to limit the subject 
matter de?ned by the claims. The folloWing detailed descrip 
tion of the illustrative embodiments can be understood When 
read in conjunction With the folloWing draWings, Where like 
structure is indicated With like reference numerals and in 
Which: 

FIG. 1 depicts a defect detection system for detecting a 
defect in a coating utiliZing color-based thermal mismatch 
according to one or more embodiments shoWn and described 

herein; 
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FIG. 2 depicts a test apparatus for determining the effect of 
color on the thermal effusivity of a coating applied to a sub 
strate according to one or more embodiments shoWn and 

described herein; 
FIG. 3 depicts the temperature histories of four different 

colored coatings; 
FIG. 4 depicts the temperature (y-axis) of four different 

colored coatings over the square root of time (x-axis) to 
illustrate the effect of the different thermal effusivities of each 
colored coating; 

FIG. 5 depicts the temperature histories of a red colored 
coating With and a red colored coating Without a defect; 

FIG. 6A depicts a thermal image of a coated substrate With 
a knoWn defect Which may be used to calibrate the defect 
detection system depicted in FIG. 1; 

FIG. 6B depicts the thermal image of FIG. 7A after manual 
processing to identify the knoWn defect and calibrate the 
color of the coated substrate to speci?c color parameters; 

FIG. 7 is a ?oW diagram of one method of determining the 
presence of a defect in a coating utiliZing color-based thermal 
mismatch according to one or more embodiments shoWn and 
described herein; 

FIG. 8 is a ?oW diagram of one method of processing a 
thermal image to identify defects according to one or more 
embodiments shoWn and described herein; 

FIGS. 9A and 9B illustrate a thermal image of a coated 
substrate before and after processing utiliZing the method of 
FIGS. 7 and 8; and 

FIG. 10 schematically depicts a kernel of pixels KP’Z 
according to one or more embodiments shoWn and described 
herein. 

DETAILED DESCRIPTION 

FIG. 1 generally depicts one embodiment of a defect detec 
tion system for inspecting a coated substrate to identify 
defects Which may be present in the coating. The defect 
detection system generally comprises a controller, an object 
detector coupled to the controller for determining a color of 
the coated substrate, a temperature manipulation device 
coupled to the controller for manipulating the temperature of 
the coating applied to the substrate, and a thermal detector for 
collecting a thermal image of the coating on the substrate after 
the temperature of the coating has been manipulated. The 
defect detection system, the principles of operation of the 
defect detection system, and methods of using the defect 
detection system Will be described in more detail herein. 

The defect detection system 100 depicted in FIG. 1 and 
described herein operates on the principle of thermal mis 
match betWeen the defect and the coating layer(s) in Which 
the defect is present. In particular, When the temperature of a 
surface and/or coating(s) containing a defect is manipulated 
(i.e., increased or decreased), the thermal effusivity and ther 
mal diffusivity of the defect and the coating(s) in Which the 
defect is contained may be different and, as such, the defect 
and the coating may have different changes in temperature in 
response to the thermal manipulation. Using this principle, a 
thermal detector, such as an infrared camera or a similar 
detector, may be used to monitor the changes in the tempera 
ture of both the defect and the coating and, utiliZing the 
aforementioned principle, distinguish the defect from the 
coating. 
More particularly, the thermal diffusivity of a material is a 

measure of the rate at Which thermal energy (i.e., heat) may 
diffuse through a material. Generally, materials that have high 
thermal conductivity also have high thermal diffusivity and 
respond more quickly to changes in temperature than do 
materials With loW thermal conductivity. The thermal diffu 
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4 
sivity a of a material may be expressed by the Parker Flash 
equation as folloWs: 

_ 1.38L2 (1) 

Where L is the thickness of the material and t 1/2 is the time it 
takes to raise the temperature of the material to 50% of its 
maximum for a given thermal input. Alternatively, the ther 
mal diffusivity may also be expressed in terms of the thermal 
properties of the material such that: 

= L (2) 
P% ’ 

Where K is the thermal conductivity of the material, p is the 
density of the material, and cp is the speci?c heat of the 
material. The product of p and cp may be Written as 

(3) 
PCP = F’ 

Where Q is an applied thermal energy per unit area, L is the 
thickness of the material and ATM“ is the maximum change 
in temperature of the material due to the applied thermal 
energy. 
The thermal effusivity of a material is a measure of the 

ability of a material to increase its temperature in response to 
a given thermal input. More speci?cally, the thermal effusiv 
ity e (also referred to as thermal inertia) of a material may be 
expressed as: 

gill Kpcp (4) > 

Where K is the thermal conductivity of the material, p is the 
density of the material, and cp is the speci?c heat of the 
material. Based on the foregoing, the thermal effusivity of a 
material may be described as a function of the thermal diffu 
sivity such that: 

The difference betWeen the thermal effusivity of a defected 
and the thermal effusivity of a coating es in Which the defect 
resides results in a thermal mismatch and, as such, a different 
thermal Wave may be re?ected or emitted from the defect 
compared to the thermal Wave re?ected or emitted from the 
coating. More speci?cally, the thermal mismatch F betWeen 
the thermal effusivity of the defect ed and the thermal effu 
sivity of the coating ec may be expressed mathematically as: 

(5) 

(6) 

As described above, the thermal mismatch betWeen tWo 
materials results in different thermal Waves being re?ected or 
emitted from the materials. For example, considering an 
epoxy resin (ec:667 W-sO'5/m2k) having an air pocket (i.e., a 
defect With ed:9.l9 W~sO'5/m2k), the thermal mismatch 
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between the epoxy resin and the air pocket may be expressed 
as: 

(7) 

Thus, the thermal mismatch between the epoxy resin and the 
air pocket may be about 97%. Accordingly, the interface 
between the air pocket and the epoxy resin only re?ects or 
emits approximately 97% of the thermal energy re?ected by 
the epoxy resin without an air pocket (e.g., an epoxy resin 
with a defect). 

It has now been determined that different colors may have 
different thermal effusivities e and, as such, the thermal effu 
sivity of the color of a coating and/or substrate can be taken 
into account when determining the thermal mismatch 
between a coating and a possible defect in the coating thereby 
improving the resolution of defects in the coating. 

Referring now to FIG. 2, an apparatus is shown for experi 
mentally determining the effects of color on the thermal effu 
sivity and thermal diffusivity of a coating. The experimental 
set up includes a temperature manipulation device 106, a heat 
shield 150, and a thermal detector 102. In the apparatus 
shown the temperature manipulation device 106 is an incan 
descent bulb capable of producing a light pulse of 500 us with 
a power of 500 Watts. The thermal detector is an infrared 
camera. The heat shield 150 comprises a thermally insulating 
material which includes a window 152 which passes through 
the heat shield 150. 

In order to determine the effect of color on thermal effu 
sivity and thermal diffusivity, a substrate 170 having a colored 
coating 160 disposed thereon may be placed over the window. 
The temperature manipulation device 106 and thermal detec 
tor 102 are oriented on opposite sides of the window 152 such 
that the uncoated surface of the substrate 170 faces the tem 
perature manipulation device 106 and the color coating 160 
faces the thermal detector 1 02. The temperature manipulation 
device 106 is then activated and emits a pulse of light which 
heats the portion of the substrate 170 exposed in the window 
152. The heat is propagated through the substrate 170 and into 
the color coating 160. The thermal detector 102 records the 
temperature of the colored coating 160 over time as the col 
ored coating is heated and cools. 

Table 1 contains the values for the thermal effusivity e of 
four different colored coatings which were calculated using 
Equation (4) in conjunction with experimental data (i.e., t 1 /2) 
derived with the apparatus shown in FIG. 2. As shown in 
Table 1, each of the colored coatings had a similar thickness 
L. While the coatings have similar physical dimensions, each 
colored coating has a different thermal effusivity e. 

TABLE 1 
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Referring now to FIGS. 3-4, FIG. 3 shows the temperature 

history for each of the four defect-free colored coatings of 
Table l as a result of being heated with the heat source. The 
y-axis is indicative of the normalized temperature ((T—Tmm)/ 
(Tmax—Tmin)) while the x-axis is indicative of time in seconds. 
As shown in FIG. 3, each colored coating had a rapid increase 
in temperature to a maximum temperature followed by a 
gradual decrease in temperature after being heated by the heat 
source. 

To better illustrate the effect of thermal effusivity on the 
temperature of the material, FIG. 4 shows the temperature of 
each of the four defect-free coatings of Table l on the y-axis 
while the x-axis depicts the square root of time. As shown in 
FIG. 4, each color has a different thermal response which is 
believed to be due to the different thermal effusivities of each 
of the colored coatings. For example, the red and the green 
colored coatings exhibit similar thermal behavior upon being 
heated, as illustrated in FIG. 4. However, the white and silver 
colored coatings have thermal effusivity values different from 
those of the red and green colored coatings and thus exhibit 
different thermal behavior upon being heated. 

Referring now to FIG. 5, the thermal history of a red 
colored coating both with and without a defect is shown over 
time. The data shown in FIG. 5 was collected with the appa 
ratus depicted in FIG. 2. As illustrated in FIG. 5, the red 
colored coating both with and without a defect initially 
responds similarly to heating, i.e., the temperature initially 
increases rapidly to a maximum temperature. However, after 
being heated, the red colored coating without a defect initially 
cools more rapidly than the red colored coating with a defect. 
It is believed that the difference in the rate of cooling is due 
primarily to the different thermal effusivity values of the 
defect in the coating. 

Based on the foregoing, it should be understood that dif 
ferent colored coatings have different thermal diffusivities 
and different thermal effusivities. The different values for 
thermal diffusivity and thermal effusivity of each color may 
be taken into account when determining the presence of a 
defect in a coating using the defect detection system 100 
shown in FIG. 1 and the corresponding infrared thermo 
graphic techniques thereby improving the capability of the 
defect detection system to identify defects in coated sub 
strates. 

Referring again to FIG. 1, the defect detection system 100 
for inspecting a coated substrate to identify defects in the 
coating may generally comprise a controller 104, a thermal 
detector 102, and at least one temperature manipulation 
device 106. The controller 104 may comprise a program 
mable logic controller (PLC) such as, for example, a com 
puter or similar PLC operable to execute a programmed 
instruction set (i.e., software) or an instruction set resident on 

Thermal effusivities experimentally determined for different colored coatings 

Paint L t 1/2 ct ATM,C K e 

Color Condition (m) (s) (m2/s) (K) (W/m - K) (W - sl/2/m2k) F 

white NO defect 7.3 X 10*‘ 7.3527 X 10*3 10.1337 X 10*‘ 7.466 36.533 1.1476 X 104 N/A 
white defect 8.0 X 10*‘ 13.592 X 10*3 6.58375 X 10*‘ 7.565 21.375 0.8330 X 104 15.88% 
silver NO defect 7.0 X 10*‘ 23.876 X 10*3 2.86954 X 10*‘ 5.654 14.246 0.8409 X 104 N/A 
silver defect 8.1 X 10*‘ 26.591 X 10*3 3.44998 X 10*‘ 5.949 14.067 0.7571 X 104 5.23% 
red NO defect 7.0 X 10*‘ 5.5117 X 10*3 12.4304 X 10*‘ 6.527 53.466 1.5165 X 104 N/A 
red defect 8.1 X 10*‘ 5.6395 X 10*3 16.2671 X 10*‘ 6.136 60.457 1.4989 X 104 0.58% 
green NO defect 6.8 X 10*‘ 5.0307 X 10*3 12.8520 X 10*‘ 6.136 60.522 1.6882 X 104 N/A 
green defect 7.8 X 10*‘ 5.3286 X 10*3 15.9643 X 10*‘ 6.199 64.874 1.6236 X 104 1.95% 
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the hardware of the PLC (i.e., ?rmware). The controller 104 
may comprise at least one memory storage device. Alterna 
tively, the controller 104 may be operatively coupled to at 
least one memory storage device. 

The thermal detector 102 may comprise any sensor or 
combination of sensors operable to measure thermal radiation 
emitted from a surface and/or the change in temperature of a 
surface over a period of time and convert the measured ther 
mal radiation and/ or change in temperature to an electronic 
data signal. In the embodiments of the defect detection sys 
tem 100 shoWn herein, the thermal detector 102 is an infrared 
camera such as, for example, an SC4000 infrared camera 
manufactured by FLIR Inc. The thermal detector 102 is posi 
tioned a distance of 500 mm from the coated substrate and has 
a ?eld of vieW of 120 mm by 100 mm. The thermal detector 
102 is generally positioned such that the focal plane of the 
camera is parallel to the surface of the coated substrate. The 
thermal detector 102 may be electrically coupled to the con 
troller 104. The controller 104 may be operable to send con 
trol signals to the thermal detector 102 and thereby sWitch the 
thermal detector on and off. Further, the controller 104 may 
be operable to receive an electronic data signal from the 
thermal detector 102 and analyZe the data signal to identify 
defects, as Will be described in more detail herein. 

The temperature manipulation device 106 may include any 
device operable to increase or decrease the temperature of a 
coated substrate and thereby create a thermal contrast 
betWeen the coating on the coated substrate and a defect in the 
coating. Accordingly, it should be understood that the tem 
perature manipulation device 106 may be operable to either 
heat or cool a coated substrate. 

In the embodiment of the defect detection system 100 
shoWn in FIG. 1, the defect detection system comprises a pair 
of temperature manipulation devices 106 positioned on each 
side of the thermal detector 102. In this embodiment, the 
temperature manipulation devices 106 are operable to raise 
the temperature of a coated substrate through the application 
of radiant thermal energy. Speci?cally, each of the tempera 
ture manipulation devices 106 comprises six 500 Watt halo 
gen bulbs Which, When activated, may increase the tempera 
ture of a coated substrate 200 positioned in front of the 
temperature manipulation devices 106. The temperature 
manipulation devices 106 are generally positioned such that 
the light emitted from the temperature manipulation devices 
is substantially normal to the surface of the coated substrate. 
The temperature manipulation devices 106 are electrically 
coupled to a poWer controller 105 Which, in turn, is electri 
cally coupled to the controller 104 Which is operable to send 
a control signal to the poWer controller 105 and thereby 
sWitch the temperature manipulation devices 106 on and off. 

Still referring to FIG. 1, the defect detection system 100 
may be used in conjunction With an automated or semi-auto 
mated production or assembly line in Which coated substrates 
are moved betWeen production stations With a conveyor, such 
as a conveyor belt or an overhead conveyor system. In the 
embodiments shoWn herein, the conveyor is a conveyor belt 
120. In one embodiment, in order to time the activation of the 
temperature manipulation devices 106 and the thermal detec 
tor 102, the defect detection system 100 may additionally 
include a conveyor speed detector 140 and an object detector 
130. The conveyor speed detector 140 may be operable to 
detect the speed of the conveyor belt 120 and convert the 
detected speed into an electronic data signal. The conveyor 
speed detector 140 may be electrically coupled to the control 
ler 104 Which is operable to receive the electronic data signal 
indicative of the speed of the conveyor belt 120 from the 
conveyor speed detector 140. 
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The object detector 130 may comprise one or more sensors 

for detecting the presence of a coated substrate 200 on the 
conveyor belt 120 and provide the controller 104 With an 
electronic signal indicative of the presence of the coated 
substrate 200. For example, the object detector 130 may 
comprise a proximity sensor, an electric eye or similar type of 
sensor. The controller 104 is operable to receive the electronic 
signal from the object detector 130 and, based on the speed of 
the conveyor belt and the relative positioning betWeen the 
object detector 13 0 and the temperature manipulation devices 
106 and thermal detector 102, determine the appropriate tim 
ing for sWitching on the thermal detector 1 02 and temperature 
manipulation devices 106. In one embodiment, the object 
detector 130 may be further operable to detect a color of the 
coated substrate 200, as Will be described in more detail 
herein. 
The defect detection system 100 may be used to detect 

defects in a coated substrate utiliZing color-based thermal 
mismatch. HoWever, before the defect detection system can 
be used to detect defects based on color-based thermal mis 
match, the defect detection system 100 must be calibrated for 
speci?c colors. 

Referring to FIG. 1 and FIGS. 6A and 6B, the defect 
detection system 100 may be calibrated for speci?c colors by 
placing a coated substrate With a speci?ed color coating and 
a knoWn defect in the ?eld of vieW of the thermal detector 102. 
The temperature of the coated substrate is then manipulated 
(i.e., heated in the embodiments described herein) With the 
temperature manipulation devices 106. In the embodiments 
described herein, heating may be accomplished by directing a 
700 msec pulse of light onto the coated substrate 200 such that 
the temperature of the coated substrate is increased by about 
5° C. to about 7° C. 

Thereafter, a thermal image 210 of the coated substrate 200 
is captured as the coated substrate cools. The thermal image is 
transmitted to the controller 104 Where the image is stored in 
a memory operably associated With the controller 104 for 
further processing. The differences in the effusivity of the 
coating and the effusivity of the defect cause a thermal mis 
match such that the coating and the defect have tWo different 
temperatures. HoWever, as described above, the color of the 
coating also effects the thermal effusivity of the coating. 

In order to identify defects in the colored coating, a set of 
color parameters are used as Will be described in more detail 
herein With respect to FIGS. 7 and 8. These color parameters 
include: the upper temperature threshold factor 0; the loWer 
temperature threshold factor 6; the kernel siZe Z; the standard 
deviation factor ot; the highlight factor [3; and the dim factory. 
Each of the color parameters are dependent on the color of the 
coating applied to the substrate and thus vary With the color of 
the coating. 
The upper temperature threshold factor 0 and the loWer 

temperature threshold factor 6 are used in conjunction With 
the maximum temperature of the thermal image to determine 
an upper temperature threshold T U and a loWer temperature 
threshold T L Which bound a defect temperature range for the 
speci?c color. The upper temperature threshold T UIGTMM 
and the loWer temperature threshold T LIGTMM. 
The kernel siZe Z is an odd integer Which relates to hoW 

much of an area (i.e., hoW many adjacent pixels) surrounding 
a pixel of interest P (e. g., a potential defect location) should be 
considered When analyZing the thermal image for a defect. 
The highlight factor [3 is a color parameter Which is used to 

provide additional contrast to a pixel of interest P When the 
pixel of interest P is a potential defect location. The dim factor 
y is a color parameter Which is used to modify the value of a 
pixel of interest P When the pixel of interest P is a potential 
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defect location Which has a temperature that does not vary 
signi?cantly from the mean temperature of the kernel of 
pixels KP’Z in Which the pixel of interest P is centered. 

The standard deviation factor 0t is a color parameter Which 
relates to the number of standard deviations aWay from the 
mean kernel temperature the temperature Tp of the pixel of 
interest P must be in order for the pixel of interest P to be 
considered a potential defect location. 

In order to correlate values for the color parameters to the 
color of the coating, the thermal image 210 is manually pro 
cessed by an operator until the knoWn defect 212 can be 
located in the processed image 220 by the operator Without 
any false positives. For example, as described above, FIG. 6A 
shoWs a thermal image 210 for a coated substrate Which has a 
knoWn defect 212. The thermal image 210 is manually pro 
cessed by an operator using the controller 104 to adjust the 
color parameters for the upper temperature threshold factor 0, 
the loWer temperature threshold factor 6, the kernel siZe Z, the 
standard deviation factor ot, the highlight factor [3, and the dim 
factor y. The color parameters are adjusted until the knoWn 
defect 212 appears in the processed image Without any false 
positives, as shoWn in FIG. 6B. Accordingly, it should be 
understood that, in at least one embodiment, the color param 
eters are experimentally determined. Table 2, shoWn beloW, 
contains examples of color parameters for several coated 
substrates having different colors. 

TABLE 2 

Color Parameters For Coated Substrates Having Different Colors 

Color 2 0t [5 y 6 0 

Red 5 2.65 0 15 0.20 1.0 
Green 3 2.65 0 15 0.15 1.0 
White 9 3.0 0 15 0.20 1.0 
Silver 21 2.65 0 15 0.20 1.0 

After the color parameters are experimentally determined 
for a color substrate having a speci?c color, the color param 
eters may be stored in a memory operably associated With the 
controller 104. For example, in one embodiment the color 
parameters are stored in a look up table (LUT) Where the color 
parameters are indexed according to the color of the coated 
substrate. 

Reference Will noW be made to FIGS. 1, 7, 8 and 9A-9B to 
describe a method 300 for detecting defects in a coating 
utiliZing the defect detection system 100 in conjunction With 
infrared thermography incorporating color-based thermal 
mismatch. 
As described hereinabove, the coated substrates 200 (in 

this example, painted automobile body panels) are positioned 
on a conveyor belt 120. In step 302 the color of the coated 
substrate 200 may be determined and input into the controller 
104. In one embodiment the color of the substrate may be 
determined visually, such as by an operator of the defect 
detection system Who inputs the color of the coated substrate 
200 into the controller 104. In another embodiment, the color 
of the coated substrate 200 may be detected automatically 
such as With the object detector 130. For example, the object 
detector 130 may be an optical detector electrically coupled 
to the controller 104. The optical detector may be operable to 
detect a bar code a?ixed to the substrate and encoded With a 
part identi?er as Well as the color of the part. The optical 
detector is operable to read the bar code and send an electrical 
signal to the controller 104 indicative of the part identi?er and 
the color of the coated substrate. Alternatively, the object 
detector may be a radio frequency (RF) receiver operable to 
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10 
receive an encoded RF signal indicative of the part identi?er 
and the color of coated substrate from an RF identi?cation tag 
a?ixed to the coated substrate. The RF receiver may be oper 
able to pass an electrical signal to the controller indicative of 
the part identi?er and the color of the coated substrate. 

After the color of the coated substrate has been determined 
and relayed to the controller, the coated substrate 200 is 
passed in front of the defect detection system 100 on the 
conveyor belt 120. At step 304 the temperature of the coated 
substrate 200 is manipulated With temperature manipulation 
devices 106. In the embodiments described herein, the tem 
perature of the coated substrate 200 is manipulated by heating 
the coated substrate 200 With the temperature manipulation 
devices 106. More speci?cally, based on the speed of the 
conveyor belt 120 (as determined by the conveyor speed 
detector 140) and the relative positioning of successive col 
ored substrates (as determined by the object detector 130), the 
controller 104 is programmed to send a control signal to the 
poWer controller 105 Which sWitches on the temperature 
manipulation devices 106 When the coated substrate is prop 
erly positioned With respect to the defect detection system 
100. The temperature manipulation devices are sWitched on 
for a predetermined amount of time such that the coated 
substrates are exposed to a knoWn amount of thermal energy. 
For example, in one embodiment, the thermal sources are 
sWitched on and off such that a 700 msec light pulse is emitted 
from the temperature manipulation devices 106 thereby 
increasing the temperature of the substrate by about 5° C. to 
about 7° C. 

In a next step 306 a thermal image 240 of the coated 
substrate 200 is acquired With the thermal detector 102 after 
the temperature of the coated substrate 200 has been manipu 
lated. An exemplary thermal image 240 is depicted in FIG. 
9A. In one embodiment, the thermal image of the coated 
substrate is captured over a capture time of 100 msec folloW 
ing exposure to the 700 msec light pulse. The thermal image 
of the coated substrate consists of a plurality of discrete 
pixels. Each pixel has a gray scale or color value indicative of 
the temperature of the coated substrate at the pixel location. 
For example, Where gray scale is used as an indicator of 
temperature, White may be used to indicate the upper end of 
the temperature scale, black is used to indicate the loWer end 
of the temperature scale, and shades of gray are indicative of 
intermediate temperatures With relatively darker shades 
being cooler temperatures and relatively lighter shades being 
Warmer temperatures. Where a color scale is used, red may be 
indicative of the upper end of the temperature scale While blue 
is indicative of the loWer end of the temperature scale and 
shades of green, yelloW and orange are indicative of increas 
ingly Warmer temperatures (e. g., green is cooler than yelloW, 
yelloW is cooler than orange). The temperature value of each 
pixel in the captured thermal image generally corresponds to 
the temperature of the coated substrate at the corresponding 
pixel location. An exemplary gray scale thermal image is 
shoWn in FIG. 10A. The acquired thermal images are then 
stored in a memory operatively associated With the controller 
104 for further processing. In a next step 308, after the ther 
mal image of the coated substrate 200 has been acquired, the 
thermal image is processed by the controller 104 to determine 
the presence of defects. The method of proces sing the thermal 
image to identify defects utiliZing color based thermal mis 
match Will be described in more detail With reference to FIG. 
8. 

Referring noW to FIGS. 1, 8 and 9A-9B, the method of 
processing the thermal image to identify defects in the coated 
substrate is schematically illustrated in a How diagram. In an 
initial step 402, the controller 104 determines values for the 
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set of color parameters based on the color of the coated 
substrate identi?ed With the object detector or input into the 
controller by an operator. The color parameters include the 
upper temperature threshold factor 0, the loWer temperature 
threshold factor 6, the kernel siZe Z, the standard deviation 
factor ot, the highlight factor [3, and the dim factor y. As 
described hereinabove, each of the color parameters are 
dependent on the color of the coating applied to the substrate 
and, as such, vary With the color of the coating applied to the 
substrate. In the embodiments of the defect detection system 
100 for detecting surface and/or subsurface defects described 
herein, the controller 104 is operable to determine values for 
the color parameters based on the color of the coating applied 
to the substrate. For example, in one embodiment, color 
parameters may be determined from a look-up table (LUT) 
stored in a memory operably associated With the controller 
and populated With values of the color parameters Which are 
indexed according to the color of the substrate, as described 
above. The controller 104 may utiliZe the color of the coated 
substrate 200 to determine the proper color parameter values 
for the speci?c color applied to the coated substrate. 

At step 404, the thermal image 240 is ?ltered to remove 
noise from the thermal image. In one embodiment, a Gauss 
ian ?lter is utiliZed to remove noise from the image. HoWever, 
it should be understood that other noise ?ltering techniques 
and/ or noise ?lters may be used to ?lter the image at step 404. 
At step 406, the controller 104 is programmed to analyZe 

the thermal image 240 and, based on the temperature of each 
pixel, determine a maximum temperature Tmax of the thermal 
image. Thereafter, at step 407, an upper temperature thresh 
old T U and a loWer temperature threshold TL are determine 
based on the loWer temperature threshold factor 6 and the 
upper temperature threshold factor 0. The upper temperature 
threshold T U and the loWer temperature threshold T L de?ne a 
defect temperature range for the speci?c color of the coating 
applied to the substrate. The defect temperature range may be 
bounded by an upper threshold temperature T UIGTMM and a 
loWer temperature threshold T LIGTMM. Both T U and T L may 
be determined in step 407. When the signal value SF of a pixel 
(as determined in steps 418 and 420) is greater than the loWer 
temperature threshold T L and less than the upper temperature 
threshold TU, the pixel is indicative of a defect location, as 
described in further detail herein. HoWever, When the signal 
value SF of a pixel is less than the loWer temperature threshold 
T L, the pixel is not a defect location. When the signal value SF 
of a pixel (as determined in steps 418 and 420) is greater than 
the upper temperature threshold TU, the pixel is indicative of 
a thermal mass, such as an agglomeration of metallic ?akes 
embedded in the base coat and/ or re?ections from the edges 
of metallic ?akes. Under these conditions, the pixel is 
regarded as a thermal anomaly and disregarded. 

In step 408 a kernel of pixels KP’Z for a pixel of interest P is 
determined based on the kernel siZe Z. As noted hereinabove, 
the kernel siZe Z may vary depending on the speci?c color of 
the coating applied to the coated substrate. In general, the 
kernel siZe Z is an odd integer Which relates to hoW much of an 
area (i.e., hoW many adjacent pixels) surrounding a pixel of 
interest P should be considered When analyZing the thermal 
image for a defect. The kernel siZe Z generally de?nes a 
matrix of pixels having dimensions of Z by Z and comprising 
a kernel of pixels KPZ. For example, the color green may have 
a kernel siZe of Z:3 Which corresponds to a region of interest 
comprising a 3x3 matrix of pixels Where the central pixel is 
the pixel of interest. FIG. 11 schematically depicts a kernel of 
pixels KP’Z With a kernel siZe of Z:3 Where pixel 602 is the 
pixel of interest P andpixels 603-610 form the kernel of pixels 
KP; Accordingly, at step 408, the controller 104 is pro 
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12 
grammed to determine the kernel siZe for a pixel of interest P 
in the thermal image based on the color of the coating applied 
to the substrate. 

At step 410, the mean temperature of the pixels in the 
kernel of pixels KP’Z is calculated based on the temperature of 
each pixel in the kernel of pixels. The mean temperature T—P of 
the pixels may be expressed as: 

ieKp 

At step 412 the standard deviation in the temperature of the 
kernel of pixels KP’Z is calculated based on the temperature of 
each pixel in the kernel of pixels and the mean temperature T—p 
of the pixels in the kernel of pixels as determined in step 410. 
The standard deviation GP in the temperature of the kernel of 
pixels may be expressed as: 

At step 414 the temperature difference AP betWeen the 
temperature Tp of the pixel of interest P (i.e., the pixel at the 
center of the kernel of pixels KP >2) and the mean temperature 
T—p of the kernel of pixels may be determined by subtracting 
the mean temperature T—P from the temperature difference AP 
such that: 

The value of AP provides an indication of Whether the 
temperature of the pixels surrounding the pixel of interest P 
varies signi?cantly and, as such, provides an indication of 
Whether the pixel of interest P is a potential defect location 
due to temperature variations Which result from the differ 
ences of the thermal effusivity and thermal diffusivity at the 
pixel of interest P and the kernel of pixels KP’Z 
At step 416 the temperature difference AP is compared to 

the standard deviation op of the temperature of the kernel of 
pixels KP, as multiplied by the standard deviation factor 0t. 
The standard deviation factor 0t is a color parameter Which 
relates to the number of standard deviations aWay from the 
mean temperature T—P the temperature TP of the pixel of inter 
est P must be in order for the pixel of interest P to be consid 
ered a potential defect location. As With the other color 
parameters, the standard deviation factor 0t varies With the 
color of the coating applied to the substrate. 
When the temperature difference AP is greater than or equal 

to (XOP (i.e., When Apiotop), the pixel of interest P is a poten 
tial defect location and the method proceeds to step 418 Where 
the signal value SP of the pixel of interest P is set. More 
speci?cally, at step 418, the signal value SF of the pixel of 
interest P is set to the product of the highlight factor [3 and the 
temperature Tp of the pixel of interest P (i.e., Sp:[3TP). As 
described above, the highlight factor [3 is a color parameter 
Which is used to provide additional contrast to a pixel of 
interest P When the pixel of interest P is a potential defect 
location. In the embodiments described herein the highlight 
factor [3 is dependent on the color of the coating applied to the 
substrate. 

Altematively, When the temperature difference AP is less 
than (XOP (i.e., When AP<GOP), the temperature TP of the pixel 
of interest P does not vary signi?cantly from the mean tem 
perature of the kernel of pixels KPZ. HoWever, the pixel of 
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interest P may still be a potential defect location and the 
method proceeds to step 420 Where the signal value SP of the 
pixel of interest P is set. More speci?cally, at step 420, the 
signal value SF of the pixel of interest P is set to the product of 
the dim factor y and the temperature Tp of the pixel of interest 
P (i.e., SPWTP). As described above, the dim factory is a color 
parameter Which is used to modify the signal value of a pixel 
of interest P When the pixel of interest P is a potential defect 
location Which has a temperature that does not vary signi? 
cantly from the mean temperature of the kernel of pixels KP; 
In the embodiments described herein the dim factor y is 
dependent on the color of the coating applied to the substrate. 

After the signal value SF of the pixel of interest P has been 
set at either step 418 or step 420, the method proceeds to step 
422 Where the signal value SP is compared to the loWer tem 
perature threshold T L of the defect temperature range. If the 
signal value S p of the pixel of interest P is greater than or equal 
to the loWer temperature threshold T L of the defect tempera 
ture range (i.e., SPZTL), the pixel of interest P is a defect 
location and the method proceeds to step 424. At step 424 the 
controller stores the location of the pixel of interest P as a 
defect location and set the value of the pixel of interest P to a 
defect value. It should be understood that all pixels identi?ed 
as a defect location are set to the same defect value. 

However, if the signal value SP of the pixel of interest P is 
determined to be less than the loWer temperature threshold T L 
of the defect temperature range (i.e., SP<TL) at step 422, the 
pixel of interest P is not a defect location and the method 
proceeds to step 426. At step 426 the controller may store the 
location of the pixel of interest P as a defect location and sets 
the value of the pixel of interest P to a non-defect value. It 
should be understood that all pixels identi?ed as non-defect 
locations are set to the same non-defect value and that the 
non-defect value is not equal to the defect value. 

HoWever, When the signal value SP of a pixel of interest P is 
determined to be greater than the upper temperature threshold 
T U of the defect temperature range (i.e., SP>TU) the pixel is 
indicative of a thermal mass, such as an agglomeration of 
metallic ?akes embedded in the base coat and/or re?ections 
from the edges of metallic ?akes. Under these conditions, the 
pixel is regarded as a thermal anomaly at step 422 and the 
method proceeds to step 426. At step 426 the controller may 
store the location of the pixel of interest P as a defect location 
and sets the value of the pixel of interest P to a non-defect 
value. It should be understood that all pixels identi?ed as 
non-defect locations are set to the same non-defect value and 
that the non-defect value is not equal to the defect value. 

After the value of the pixel of interest P has been set to a 
defect value at step 424, or after the pixel of interest P has 
been set to a non-defect value at step 426, the method pro 
ceeds to step 428. At step 428 the controller determines if all 
the pixels in the thermal image have been analyZed. If all the 
pixels have not been analyZed, the method returns to step 408 
and the method is repeated for another pixel in the thermal 
image. Accordingly, it should be understood that steps 408 
426 of the method may be repeated for each pixel in the 
thermal image captured With the defect detection system 100 
for detecting defects. 

After all the pixels in the thermal image have been ana 
lyZed, the method proceeds to step 430. At step 430 a pro 
cessed thermal image is presented. An exemplary processed 
thermal image is depicted at FIG. 9B. Each pixel in the 
processed thermal image has either a defect value or a non 
defect value and, as such, the location of defects on the coated 
substrate can be determined. In one embodiment, the pro 
cessed thermal image may be ?ltered to remove defects that 
are beloW a particular defect siZe threshold. For example, the 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
siZe of a defect may be determined by calculating an area of 
the processed thermal image Which is covered by a plurality 
of adj acently connected pixels having the defect value. This 
area may be compared to the defect siZe threshold and, if the 
area is smaller than the defect siZe threshold, the value of the 
pixels in the area may be reset to the non-defect value. 

Referring again to FIGS. 1 and 7, after the thermal image 
has been processed to identify defects at step 308, the con 
troller 104 may be programmed to determines if a defect is 
present in the coated substrate at step 310 based on the pro 
cessed thermal image. If no defect is present, the controller 
104 passes the coated substrate to the next step in the manu 
facturing process at step 316. 

If at step 310 the controller 104 determines that a defect is 
present in the coated substrate 200 based on the processed 
thermal image, the method proceeds to step 312 Where the 
controller 104 determines if the defect is repairable. In one 
embodiment, the controller 104 may determine if a defect is 
repairable based on the siZe of the defect, the temperature of 
the defect and/ or combinations thereof. Alternatively or addi 
tionally, the controller 104 may be pre-programmed With 
empirically determined defect tolerances. The controller may 
compare various defect parameters (i.e., the siZe of the defect, 
the shape of the defect, the temperature of the defect) deter 
mined from the processed thermal image to the pre-pro 
grammed defect tolerances. If the defect parameters exceed 
the determined defect tolerances, the controller 104 deter 
mines that the defect is not repairable and the coated substrate 
is scrapped at step 314. HoWever, if the defect parameters are 
determined to be Within the pre-programmed defect toler 
ances, a technician may repair the defect on the spot, the 
coated substrate 200 may be directed to a repair queue for 
further handling, or the coated substrate may be ?agged by 
the controller for repair during a subsequent manufacturing 
step. After the defect is repaired, the coated substrate 200 is 
returned to production at step 316. 
The methods for determining the presence of defects uti 

liZing color-based thermal mismatch have been described 
herein as being used in conjunction With a system for identi 
fying defects. HoWever, it should also be understood that the 
methods may be utiliZed apart from the system for detecting 
thermal defects. For example, the defect detection system 
may be used to capture a thermal image of the coated sub 
strate While analysis of the thermal image may be performed 
With a separate system such as, for example, a separate com 
puter system. 

It should noW be understood that the methods and systems 
described herein may be used to detect defects in coated 
substrates including, Without limitation, paint coatings 
applied to metal, plastic or composite automobile compo 
nents. Further, the systems and methods described herein may 
be used in conjunction With automated or semi-automated 
production lines as a quality control measure to reduce or 
mitigate the occurrence of defects in coatings applied to a 
substrate. 
The systems and methods described herein may be used to 

determine the presence of defects in a coated substrate based 
on the color of the coated substrate. UtiliZing the color of the 
coating applied to the substrate in conjunction With the prin 
ciples of thermal mismatch improves the defect resolution 
capabilities of the systems and methods Which, in turn, 
reduces the occurrence of false positives and improves the 
accuracy of defect detection. 

It is noted that the terms “substantially” and “about” may 
be utiliZed herein to represent the inherent degree of uncer 
tainty that may be attributed to any quantitative comparison, 
value, measurement, or other representation. These terms are 
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