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SYSTEMS AND METHODS FOR
INSPECTING COATINGS, SURFACES AND INTERFACES
Kozo Saito
Mohammed I. Hassan Ali
Akira Numasato
Mohammed A. Omar
Masahito Sakakibara
Toshikazu Suzuki

Yasuo Tanigawa

CROSS REFERENCE TO RELATED APPLICATION

This application is a continuation-in-part of prior copending U.S. Application No.
10/629,426 filed July 29, 2003, the entire disclosure of which is hereby incorporated by
reference herein.

FIELD OF THE INVENTION

This invention relates to systems and methods for detecting defects in surfaces and

to coatings applied to substrates. More particularly, this invention relates to systems and
methods for detecting surface and subsurface defects in vehicle paint coatings, surfaces,

and interfaces using an infrared camera.

BACKGROUND OF THE INVENTION

One of the most important methods in high quality automobile and other vehicle

or machine production involves the inspection of the exterior appearance (i.e. the quality
of the paint finish on a part). Usually, an automobile shell, for example, receives at least
four coatings including a protective coat, an adhesion aid coat, a paint coat and a clear
coat. Defects occurring in the coating method of a properly prepared surface that may
diminish the perceived quality of the exterior paint include, but are not limited to, dust,
hair, metallic particles, over spray, incomplete spray, stripping and flake penetration.
Inspection for such defects will ensure the exterior quality of the product from the
customer's point of view.

Previously, evaluation of the quality of the paint finish was often based on human
inspection, which can be a tedious and subjective method and one that requires
meaningful skill and training. Other inspection procedures have been based on the use of
charge-coupled device (CCD) optical sensors that sense imperfections through light

reflected off of the finished surface. However, this technique is not particularly effective
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for complex, curved and/or hidden geometries (i.e. automobile bodies) because of its
sensitivity and dependence on reflection and scattering angles.

In addition, it has been generally known to use infrared cameras to inspect certain
products (i.e. semiconductor 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).

In addition, while other techniques have been utilized to measure the change of
temperature over time, such techniques do not compare measured change of temperature
of pixels of the same data file to that of surrounding pixels, and therefore fail to
efficiently and effectively detect subsurface anomalies. Moreover, many inspection
procedures require the need for a known non-defective area within a thermal profile for
thermal deviation determinations, and others require continuous acquisition of a sequence
of data files. Such procedures can also require operator intervention, significant time
requirements, and/or computational complexities not suited for realtime applications.

As such, there is a desire for improved systems and methods capable of inspecting
not only surface, but subsurface anomalies in multi-layered paint coatings, and in other

related surfaces.

SUMMARY OF THE INVENTION

Accordingly, the present invention is intended to address and obviate problems

and shortcomings and otherwise improve previous systems and methods for inspecting
coatings on surfaces, and particularly for automotive paints and coatings, bonded joints
and other surfaces. According to some aspects, techniques are provided for more
efficiently detecting subsurface anomalies. In accordance with other aspects, techniques
are provided for realtime applications, and for minimizing need for operator involvement.

To achieve the foregoing and other bbj ects and in accordance with the exemplary
embodiments of the present invention, a system for detecting defects in coatings
comprises a temperature manipulation apparatus configured to change the temperature of
the surface and the coating, an infrared sensor configured to measure the change in
temperature of the surface and the coating over time and a processor configured to
compare the measured change in temperature of the surface and the coating over time to
an expected change of temperature over time.

To still further achieve the foregoing and other objects of the present invention, a

system and method for detecting defects in coatings comprises the steps of measuring a
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thermal profile of a surface to create a thermal signature, applying a first coating to the
surface, changing the temperature of the coated surface, taking a first measurement of
emitted radiation from the coated surface and comparing the emitted radiation to the
thermal signature. The method also comprises the steps of applying a second coating to
the coated surface, changing the temperature of the coated surface, taking a second
measurement of emitted radiation from the coated surface and comparing the first
measurement to the second measurement.

To yet further achieve the foregoing and other objects in accordance with other
exemplary embodiments of the present invention, a system and method for detecting
defects in coatings comprises the steps of applying a plurality of coatings to a surface,
configuring an expected change of temperature, manipulating the temperature of the
coated surface, measuring the change of temperature in the normally manipulated coated
surface and comparing the measured change of temperature in the manipulated surface to
the expected change of temperature.

To even further achieve the foregoing and other objects in accordance with
additional exemplary embodiments of the present invention, a system and method for
detecting defects in coatings comprises the steps of measuring a thermal profile of a
surface to create a thermal signature, applying a first coating to the surface, and changing
the temperature of the coated surface. The method further includes the steps of taking a
first measurement of amount of emitted radiation from the coated surface, comparing the
emitted radiation to the thermal signature, applying a second coating to the first coating,
changing the temperature of the coated surface, taking a second measurement of amount
of emitted radiation from this coated surface and measuring change in temperature
thereof. The method also includes the steps of configuring an expected change of
temperature, comparing the first measurement to the second measurement and comparing
the measured change in temperature of the coated surface to the expected change of
temperature,

Still other embodiments, combinations, advantages and objects of the present
invention will become apparent to those skilled in the art from the following descriptions
wherein there are shown and described alternative exemplary embodiments of this
invention for illustration purposes. As will be realized, the invention is capable of other
different aspects, objects and embodiments all without departing from the scope of the
invention. Accordingly, the drawings, objects, and description should be regarded as

illustrative and exemplary in nature only and not as restrictive.
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BRIEF DESCRIPTION OF THE DRAWINGS

While the specification concludes with claims particularly pointing out and

distinctly claiming the present invention, it is believed that the same will be better
understood from the following description taken in conjunction with the accompanying

5  drawings in which:

FIG. 1 is a schematic view of an exemplary system and method for creating a

thermal signature in accordance with the present invention;

FIG. 2 is a schematic view of an exemplary station in a system and method for
coating a surface and measuring a thermal profile in accordance with the present

10  invention;

FIG. 3 is a simplified flow chart illustrating exemplary steps in a method of

inspecting coatings in accordance with the present invention;

FIG. 4 is a simplified flow chart illustrating exemplary steps in an alternate
embodiment of the method of inspecting coatings in accordance with the present

15 invention;

FIG. 5 is a simplified flow chart illustrating exemplary steps in another
embodiment of the method of inspecting coatings in accordance with the present

invention;

FIG. 6 and FIG. 7 are graphs showing how the change in temperature over time

20  can be used to detect defects, according to principles of the present invention;

FIG. 8 shows an example thermal profile of a steel structure coated with an anti-
corrosive protective coat with a chipped spot representing a different thermal profile from

its surroundings, which can be detected according to principles of the present invention;

FIG. 9 which shows a visual image of a thin paint area and its corresponding

25  thermal profile, which can be detected according to principles of the present invention;

FIG. 10 shows an example of a bonded joint, the strength and integrity of which

can be determined according to principles of the present invention;
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FIG. 11 is a three-dimensional analytical model intended to simulate the bond

region of the example of FIG. 10;

FIG. 12 is a graph showing a sample temperature cooling curve over time after
depositing pulses at locations in a bonded joint, which can be used to detect the presence

5  ofan air gap according to principles of the present invention;

FIG. 13 is a graph showing the thermal contrast over time for different
delaminations at different depths, which can be used to detect delaminations according to

principles of the present invention;

FIG. 14 is a thickness map showing a drop in thickness in the middle of a kissing
10  bond joint, having delaminations which can be detected according to principles of the

present invention;

FIG. 15 is an image verifying the presence of delaminations in an example bonded

joint;

FIG. 16 is a thermal profile of an example coated surface, defects on which can be

15  detected according to principles of the present invention;

FIG. 17 are images and graphs showing examples of the contrasts and intensities
present across a dent in a surface, FIG. 17a showing the contrast and intensity computed
using an embodiment of a self-referencing technique, and FIG. 17b showing an absolute

contrast and intensity embodiment;

20 FIG. 18 is a graph showing the effectiveness of a self referencing approach in

isolating the features of interest from the rest; -
FIG. 19 is a thermal profile and its corresponding intensity graph;

FIG. 20 is a defect graph, both showing defects in another sample which are
detected using a self referencing technique according to principles of the present

25  invention;

FIG. 21 is a schematic diagram of another illustrative system layout, the system

being configured and operating according to principles of the present invention;



WO 2006/054962 PCT/US2004/037622

FIG. 22 is a schematic view of a system for detecting defects in a bonded joint, the

system being configured and operating according to principles of the present invention;

FIG. 23 is a graph illustrating the speeds of thermal fronts as the temperature
changes over time for a plurality of samples, which can be used for detection of defects

5  according to principles of the present invention;

FIG. 24 is a schematic view of another exemplary detection system, configured

and operating according to principles of the present invention; and

FIG. 25 is a schematic view of a combination of comparisons that can be made to
locate surface and subsurface defects, according to various principles of the present

10  invention.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

One principle of defect detection utilized in embodiments herein relates to thermal

mismatch. In particular, when the temperature of a surface and/or coating(s) bearing such
defects is manipulated and viewed by an infrared sensor, the defects will be effectively

15 magnified and distinguishable as spots of different thermal imprint or color. More
particularly, the thermal characteristics or effusivity difference between the defect and the
surrounding paint or surface creates a thermal mismatch. The thermal mismatch results in
a different thermal wave reflection from the defect as compared with its surroundings.
The concept of thermal mismatch may be represented by the formula:

20

—\/klplcl - ﬂkopoCo

—\[klplCI + kopoCo

wherein k = thermal conductivity, p = density and ¢ = specific heat. Sub 1 indicates

25  properties of the defect whereas sub 0 indicates properties of the surroundings.
Because effusivity e = k- p-c, then:

r=el —eo

e +e,
Accordingly, thermal mismatch is the difference between the thermal properties or
characteristics (effusivity) of the defect and its surroundings as sensed by the sensing

30 mechanism (e.g., the infrared camera or sensor, as will be discussed further below). For
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example, in determining the thermal mismatch between an air pocket and resin epoxy,
wherein the air pocket (defect) has a known thermal effusivity of 9.19 W. (sec.mK™)?
and the epoxy resin (surroundings) has a known thermal effusivity of 667 W. (sec.m™.K
1y.5

)

[ (¢thermal mismatch) = e —e, _9.19-667

= ~-0.97
e +e, 9.194+667

Accordingly, in this example, only approximately 97% of the thermal wave will reflect
from the air pocket interface as compared with the epoxy resin, thereby causing a
deviation in the temperature profile between the air pocket and the epoxy resin at that
particular spot.

As aresult of the thermal mismatch between the defect and its surroundings,
thermal change or contrast profiles, which are parameters that account for the speed of the
change in temperature of the defect as compared to the speed of change of its
surroundings, can be established. More particularly, because the different effusivity
values of the defects result in a different rate of cooling AT compared with its
surroundings, the contrast between the defect and its surroundings can be observed. The
concept of thermal contrast or thermal change (T.) may be represented by the formula:

Tu(t) — Tu(to)

T,=

T:(t) - T«(to)
wherein T = temperature, t = time, d = defective spot, tyis the initial time, and s = non-
defective spot. Accordingly, thermal contrast is the deviation in the measured temperature
profile AT for various data points or pixels of the surface as compared to the normal
(expected) profile (i.e., an expected temperature change over time for the points), due to
the existence of a foreign material or excess or absence of coating material(s) (e.g.,
defect).

Applying these principles, the systems and methods of the present invention, in
one or more of the embodiments, are capable of detecting defects in single and multi-
layered coatings by measuring emitted radiation and comparing that measurement to 1) a
known, expected, or model thermal profile; and/or 2) a previously measured thermal
profile, such as of a shell and/or previous layer; and/or to 3) determine a thermal contrast
or change based upon the measurement and compare that value to an expected contrast or
change. At least some embodiments of the invention allow for identification of a defect

in a two-dimensional plane as well as a particular depth or thickness of the defect.
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Referring to the drawing figures in detail, wherein like numerals indicate the same
elements throughout the drawing figures, FIG. 1 illustrates at least part of an exemplary
system 10 for viewing and determining a thermal profile. The exemplary system of FIG.
1 may be applied to a situation where a surface, herein referred to as a shell or workpiece
12, is raw (e.g. does not have a coating) and a thermal profile of the shell (i.e., the
uncoated part or the uncoated part with a layer of primer) may be measured to create a
shell thermal signature for later comparison to the thermal profile of the same shell with
one or more additional coatings (described later herein). Of course, shell 12 could
comprise a complete vehicle body, portions of a vehicle, or a single piece to be coated.
Alternatively, the exemplary system of FIG. 1 may also be applied to a situation wherein
shell 12 comprises one or more coatings and the thermal profile of the shell and coatings
is sought to be measured to check for defects. For purposes of this example, however, it
is assumed that shell 12 is raw and/or that the coatings of interest have yet to be applied.

As illustrated in FIG. 1, the exemplary system 10 may comprise a temperature
manipulation apparatus 20, a sensing mechanism such as an infrared (IR) sensor 30, and a
processor 40. In this example, temperature manipulation apparatus 20 is illustrated as
comprising a curing oven. Curing ovens are often used in the industry to "bake" a coating
or layer of paint to the surface of an automobile shell. In the present invention, not only
does the curing oven function to "bake" coatings and/or paint onto the shell 12, but also
provides éppropriate temperature manipulation of the shell and coatings so that emitted
radiation and change of temperature may be optimally measured by IR sensor 30
(discussed later herein). As known in the industry, such a curing station or oven can
comprise a plurality of heater banks and/or other elements to raise the temperature of the
shell, its surfaces to be coated and/or the coating(s) applied as appropriate. Inan
exemplary embodiment for applying paint and/or other surface coatings to automobile
panels or the like, the temperature of the curing oven may be set in the range of 150-
250°C. This range has been found to be particularly effective to ensure proper "baking"
of a coating while manipulating the temperature of the shell (and coatings) so that a
desired thermal profile can be measured.

In another embodiment, however, curing oven 20 may be set at any desired
temperature to adequately "bake" or cure a coating and/or provide optimal conditions to
measure a thermal profile. In addition, it should be understood that because the present
invention is directed toward detecting defects through measurements of emitted radiation

and change of temperature during any heat transition, the temperature manipulation
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apparatus may also include any combination of heating and/or cooling devices used to
manipulate the temperature test surface (and coatings) to provide optimal measurement of
a thermal profile. In this regard, it should be understood that the "manipulation”
contemplated can comprise increasing or decreasing relative temperatures. Such
combinations include, but are not limited to application of a coating at a different
temperature than the shell surface to create a measurable temperature differentiation
therebetween and/or measuring the thermal profile of the shell 12 while the subject
surface is being heated. Such combinations may further include use of sound waves or
ultrasound waves that are converted to thermal energy inside the material and then
detected by the IR sensor or other appropriate sensing mechanism.

Once the temperature of the shell 12 is manipulated in the curing oven 20, shell 12
may be inspected by IR sensor 30. As illustrated in FIG. 1, IR sensor 30 may be
configured with a predetermined field of view 32 for inspecting shéll 12. IR sensor 30
may be appropriately positioned to inspect shell 12 as the result of input from shell
recognition sensor 16 and belt speed sensor 18. For example, shell recognition sensor 16
may be integrated, or configured to communicate with the IR sensor 30 and/or processor
40 for determining the type of shell or workpiece entering the cﬁring oven 20. The
recognition of the shell may be useful to assure that the IR Sensor 30 is calibrated and
situated to capture an appropriate field of view 32 (e.g. size or angle) for the specific shell
12. In addition, belt speed sensor 18 may be integrated with the IR Sensor 30 and/or
processor 40 for determining the speed of the belt 14 so that the IR Sensor may be
synchronized or matched to position itself at a starting position appropriately and move
around shell 12 on robotic arm 34. Also, IR sensor may be stationary and situated to take
snap shots (e.g., plan or side views). In another embodiment, any combination of sensors
and/or logic may be integrated with IR sensor 30 so as to properly position one or more
IR sensors 30 to measure the desired field of view 32.

Still referring to FIG. 1, a delay between the time that shell 12 exits the curing
oven 20 and is measured by the IR sensor 30 may be desired for multiple reasons. For
example, it is believed that at the time when shell 12 first exits curing oven 20, shell 12
may still be absorbing heat, and therefore, may provide a varying emission of radiation
for measuring the thermal profile. Accordingly, it is believed that it may be desirable to
take measurements at some point during the cooling (i.e., after maximum temperature
achieved) of the shell and/or coating(s) depending on the shell type and composition, and

any associated coatings. As previously discussed, however, the present invention
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contemplates the use of any combination of heating and cooling to provide a temperature
at which optimal radiation is emitted for measurement.

In addition, a delay between the curing oven 20 and measurement by the IR sensor
may be desired in accordance with a calculated maximum contrast for the shell 12. More
particularly, it is believed that as a result of the different thermal properties among
various shells and/or layered coatings bearing defects, an optimal time window will
generally exist for viewing a maximum thermal contrast (e.g. AT, the deviation in the
measured temperature profile and the normal or expected profile due to the existence of a
foreign material). For example, when a workpiece or shell has cooled to near room
temperature, less thermal contrast will generally be detectible, and as a result sensitivity
or accuracy of the defect detection will be reduced. As discussed later herein, by
measuring the shell 12 during its particular window of thermal maximum contrast, focus
may be given to the depth of a potential defect in one or more layers of a multi-layered
coating,

IR sensor 30 may comprise any sensor or sensing arrangement configured to at
least measure radiation emitted from a surface and/or the change of temperature of a
surface over a period of time. For example, IR sensor 30 of the above example may be a
TVS 8500 manufactured by CMC Electronics which is capable of achieving excellent
observation ranges for the present invention of about 3 to 5 pm (Wavelength) at a
temperature range of < 40°C over ambient temperature. While such observation ranges
are currently believed to be particularly applicable for automotive coatings which have
relatively low curing temperatures of about 200°C or less, other observation ranges are
contemplated by the present invention.

IR sensor 30 may change the field of view 32 through manual and/or automatic
focusing of its lenses or by positioning itself at a proper location relative to shell 12 such
as through appropriate positioning of robotic arm 34. Accordingly, while it is
contemplated that only one IR sensor 30 might be needed to capture all desired fields of
view 32, it should be understood that any number of IR sensors may be used to together
to capture any number of fields of view. In such embodiment, IR sensors may be
temporarily synchronized to compare temperature contrasts at same time.

As illustrated in FIG. 1, IR sensor 30 can measure an initial or base emitted
radiation (a thermal profile) from the raw shell 12 by establishing an appropriate field of
view 32. As discussed later herein, IR sensor 30 may map an area under a field of view

into a grid, wherein each square or pixel of the grid may reflect a desired area to measure.
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If the raw shell is acceptable (e.g. does not comprise fatal defects such as cracks, dents,
etc. that may prevent subsequent acceptable coating), a thermal profile for the shell (its
thermal signature) may be created.

The thermal signature of the shell 12 may be stored in processor 40 or elsewhere
for access by processor 40. Processor 40 may include, for example, any memory or
computer configured to log data and perform comparison and analysis of data recorded.
The shell thermal signature may be used as a template to be later compared with the
thermal profile of the shell having one or more coatings, for detection of defects. More
particularly, because the shell thermal signature may provide a template (i.e. a map of any
preexisting acceptable flaws or defects), defects detected upon comparison to a thermal
profile taken of the shell 12 with one or more coatings can be distinguished from the
flaws/defects already known to be existing on the shell.

Another unique feature of this system and method is that multiple shell thermal
signatures for a variety of shells may be created and stored within processor 40 (or so that
processor 40 has access to them). For example, recognition sensor 16 may sense the
geometries of the shell and transmit signals regarding the geometries to processor 40 to
discover whether an applicable thermal signature or one for a similar model has been
created. If so, shell may be diverted directly to Paint Station I 60, described below.
Alternatively, if processor 40 does not recognize shell 12, shell 12 may be directed
through system 10 to create a thermal signature. In another embodiment, shell 12 may
include an identification tag or other identifying apparatus configured to transmit signals
to the IR sensor or processor regarding shell type. Because the system of the invention is
capable of establishing a distinct thermal signature for each shell, different shell models
may follow each other along beltline 14.

Once a shell thermal signature has been created and stored for a particular shell
12, the shell may be moved to a first coating station. Referring to FIG. 2, a first coating
station is illustrated as Paint Station I 60. For purposes of this example, the exemplary
system illustrated in FIG. 2 comprises similar components as that éf FIG. 1 with the
addition of application apparatus 50. As later discussed herein, an exemplary coating
station, such as Paint Station I, may be configured to measure not only the thermal profile
of shell 12 with one or more coatings, but also the change in temperature of shell 12 and
any associated coatings after temperature manipulation.

Paint Station I 60 is illustrated as comprising a coating application apparatus 50, a

temperature manipulation apparatus 20, an infrared sensor 30 and a processor 40. As

11
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illustrated in FIG. 2, application apparatus 50 may comprise a paint gun or electrostatic
spraying device as generally known in the industry configured to apply paint or another
desired coating to a surface such as automobile shells. In another embodiment, any
apparatus configured to apply paint and/or any other coating to a surface may be used.

Similar to FIG. 1, temperature manipulation apparatus 20 may comprise a curing
oven configured to heat the shell and first coating 112 from application apparatus 50. As
previously discussed, temperature manipulation apparatus 20 may also comprise any
combination of heating and/or cooling elements or apparatuses configured to manipulate
the temperature of the shell and/or coating 112. Such elements might include heat lamps,
infrared heating elements, convection areas, microwave heaters or the like. As illustrated
in FIG. 2, car recognition 16 and belt speed 18 sensors may be positioned on the opposite
end of curing oven 20 to sense the shell 112 and belt speed once the shell 112 has exited
the curing oven 12. As also to be understood, bar code readers, optical sensors, contact
switches or other identification equipment and/or alignment arrangéments can also be
utilized to properly queue a shell 112 for IR sensing. As discussed above, such sensors
may be used to appropriately position IR sensor 30 to capture an appropriate field of
view.

The systems described above and illustrated in FIGS. 1 and 2 can be used, for
example, to inspect automobile shells only and automobile shells with coatings applied
thereto for defects that may deteriorate the exterior appearance of the automobile.
Moreover, the present invention contemplates multiple methods of inspecting automobile
coatings utilizing the systems set forth above. For example, one method of inspecting a
multi-layered coating for defects includes analysis of each successive layer of coating
with comparison to a previous layer. More specifically, the thermal profile for a coating
may be compared with the thermal profile measured from a previous coating to determine
the existence of a new or unresolved defect. Accordingly, a number of coating and
inspection stations, similar to Paint Station I, may be linked together to create a complete
coating line wherein each of the coating stations is configured to communicate data
regarding previous coating stations, as well as statistical method data throughout the
coating line.

Referring to FIG. 3, exemplary steps for a method for inspecting a multi-layered
coating for defects is illustrated. For purposes of this example, it is assumed that a shell
thermal signature for the raw shell (e.g. 12 in FIG. 1) has been created or is otherwise
known. Referring to FIGS. 1-3, raw shell 12 progresses to Paint Station I 60 for coating.

12
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Once the coating is applied 62, the shell (112 in FIG 2) may be moved to temperature
manipulation apparatus 20 (e.g. curing oven). The surface and coating may be
manipulated by curing oven for curing and pre-testing manipulation (step 64).

After an appropriate amount of time, IR sensor 30 may take appropriate field of
view pictures to measure the radiation emitted from the shell and the coating (shown at
step 66). Accordingly, a thermal profile or "picture” refers to the capture of a single
thermal image at an instant in time (t). In taking a picture of the thermal profile, the IR
sensor 30 may map an area under a field of view into a grid (i.e. FIG. 2), wherein each
square or pixel of the grid may reflect a desired area to measure. For example, the grid
may be divided up into land areas of .1mm. Such land area may be based, for example, on
the size of a defect normally visible to a casual naked eye, or the smallest size defect
which may be practically repairable.

The IR sensor may transmit the measured thermal profile to a processor (e.g. 40),
wherein the processor may compare (step 68) the profile with the shell thermal signature
of the automobile shell. In this stage (68) of the method (e.g. Paint Station I), the profile
captured by IR sensor is compared with the shell thermal signature created from the raw
shell (12 in FIG. 1). More particularly, the grid of the thermal profile viewed and captured
by the IR sensor may be electronically overlaid onto the grid of the shell thermal
signature. Deviations between the thermal profile and the thermal signature may be
indicated electronically within the processor or visually on a monitor (not shown) by
spots of varying color thereby indicating the presence of a defect.

Upon subsetjuent coatings, as discussed below, the thermal profile of shell and
coatings may be compared to a previous thermal profile measured from a shell and fewer
coatings taken at a previous instance in time, similarly at stage 68. In another
embodiment, not only may the captured profile be compared with the shell thermal
signature, but it can also be compared to an acceptable preexisting model profile stored
within the processor. More particularly, through manual inspection or accumulated data
from previous inspections, a model profile (or "standard") indicating a surface coating
(and/or ranges of deviations) of acceptable quality may be created and stored within the
processor. The model profile can be formed based on thermal modeling (temperature rise
profiles) discussed herein with real-life repeated measurements of this emission
difference. The idea behind acquiring first and second coating layer thermal emissions
and comparing the difference to a model profile is to monitor coat layers build up (i.e.

thickness) and integrity (i.e. existence of foreign contaminants).
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A deviation from a model profile indicates a defective behavior in the coat layer
that may be related to (1) coverage of coat layer two over layer one; (2) thickness of coat
layer two; (3) defective interfacing between coat layer one and two; and/or (4) existence
of foreign contaminants in coat layer two. Accordingly, the thermal profile captured by
the IR sensor may be additionally compared to this acceptable model profile for detection
of deviations and insuring quality control set to a predetermined standard.

If a defect is indicated upon comparison, the processor may determine (at step 70),
based on programmed acceptable standards, whether the defect is of such a nature that it
may create a problem for subsequent coatings and/or will result in an unsatisfactory final
product (major defect). Where there is a major defect, the processor may then determine
at step 72, again based on programmed acceptable standards, whether the defect is
repairable by comparing defect parameters with stored data oflhistoric defect
phenomenon. If the defect is not repairable, in one embodiment, the shell may be sent for
scrap at step 74. If it is determined that the surface and coating is repairable 76, a
technician may either repair the defect on the spot, direct the shell to a repair "queue" for
handling, or repair the defect later in the coating method (as it may be possible to repair
the defect by simply applying the next coat). If repaired, the shell might be re-inserted to
the finish method, such as in line for Paint Station II at step 80.

If the processor determines that no major defects are indicated, the automobile
shell may pass to Paint Station II (step 80). Similar to Paint Station I, Paint Station IT
may apply a coating (step 82), transfer shell to curing oven (step 84) and measure the
thermal profile of the shell, first coating and second coating (step 86). The IR sensor may
transmit the thermal profile to the processor for comparison at step 88. At this stage the
processor may compare the thermal profile measured at Paint Station II to the thermal
profile measured at Paint Station I for deviations. Deviations among the thermal profiles -
may indicate defects in the newly applied coating (e.g. coating applied at Paint Station II).
In addition, processor may also compare the thermal profile measured at Paint Station II
to the shell thermal signature of the shell or a preexisting model profile (or standard) for
an acceptable shell with two coatings in order to further check for defects.

If a major defect is detected as described above, the processor may determine at
step 92 whether to send the shell to scrap (step 94) or repair (step 96). If no major defects
are indicated, the automobile shell may move to Paint Station III 100 to follow steps
similar to steps 80-86 discussed above. The thermal profile measured at Paint Station III,

however, can be compared to the thermal profile measured at Paint Stations I and/or II for
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deviations. In addition, the thermal profile measured at Paint Station III may be compared
to the thermal signature of the shell or a preexisting model profile (or standard) for an
acceptable shell with three coatings.

Accordingly, in this exemplary method of the present invention, because thermal
profiles of each individual coating can be measured and compared not only to previous
thermal profiles, but also to the thermal signature of the automobile shell and an
acceptable preexisting model profile, defects can be more accurately detected and
localized by layer. This detection method may be particularly useful in applications
where, despite detection of major defects, the coating method is allowed to continue to or
toward completion. In this situation, data regarding each ;:oating layer and detected
defects may be compiled so that the defects may be localized and more appropriately
repaired as needed at the end of the coating method, rather that at each coating stage. For
example, a defect in the top coat might only require a light repair procedure on the
topcoat and clear coat, while another defect in the primer layer may need more robust
activities.

In some applications, it may be desired to take a single measurement sometime
later in the method, or at the completion of the coating method, rather than measuring the
thermal profile of each coating. Defect detection of this type would enable a method
whereby not only surface defects could be indicated as described above, but also
subsurface defects. As such, another aspect of the present invention includes a method
for detection and localization of subsurface defects at any point in the coating method,
including completion, by taking successive measurements (e.g. thermal profiles or
thermal pictures of the field of view) to determine the change in temperature (e.g. thermal
contrast) between a defect and its surroundings. In another embodiment, IR sensor may
scan the field of view over an interval of time. The measurement in the change of
temperature may be compared to an expected change in temperature (e.g. expected
thermal contrast) configured from a known thermal emissivity of the particular defect and
its surroundings. This method can not only detect a surface defect located in the
outermost coating of the paint, but may also detect and localize a defect in any one or
more of the coating layers beneath the outermost coating,.

For example, referring to FIG. 4, an alternative method for detecting and
localizing surface and subsurface defects is illustrated. As previously discussed, the
principle of this aspect of the inventive method is to measure the changes in temperature

of the shell and coatings once heated up in a temperature manipulation apparatus (i.e.,
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curing oven). As illustrated in FIG. 4, a coating may be applied at step 122 to the
automobile surface. Once the coating has been applied, the temperature of the
automobile shell and coatings may be manipulated 124 as discussed above. Once the
coated shell is up to temperature and heating ceases, an IR sensor may measure (at step
126) the speed of the change of temperature of the shell and defects within the coatings at
a time when maximum contrast between the defects and their surroundings is achieved.
As previously discussed, the thermal effusivity difference between the defect and the
surrounding coatings creates a thermal mismatch. The thermal mismatch results in a
different thermal wave reflection from the defect as compared with its surroundings, and,
as a result, thermal contrast profiles can be established by the IR sensor. Maximum
thermal contrast may vary among shells and associated coatings, and timing and specific
procedures for measuring the temperatures and changes can be varied accordingly.

The IR sensor may transmit the thermal contrast/change data to the processor,
which may be programmed with known thermal effusivity values for the coatings and
defects, and ultimately, expected change of temperature. For example, because a coating
and defect may have a known thermal conductivity, density and a specific heat
capacitance, an expected change of temperature (how quickly the shell, coatings and
defects should change temperature) can be determined. Accordingly, the actual change in
temperature from the cooling shell, coatings and defects and the thermal contrast
therebetween may be compared to an expected change in temperature to determine the
presence of any defects. Similarly, actual change in temperature of detected defects may
be compared to programmed data and data accumulated through previous tests to
determine the specific type and severity of the defect (i.e., dust, hair, metal flakes, etc.) at
stage 130. If no major defect is indicated, then the automobile shell may move to
Production or to the next Paint Station (step 140).

To form an expected change of temperature or expected thermal contrast for a

coating, as discussed above, thermal properties (i.e. x, p,c) can be identified, wherein:
effusivity e = /K- p-c

and diffusivity & = ——
p-c

The thermal effusivity value determines the thermal inertia of the coating.

_Applying this inertia and diffusivity values into the following heat evolution (for heating

temperature manipulation) conduction equation provides a temperature rise profile

(surface temperature rise upon heating):
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T@)=C, \/2 1+i;1_2_rn '{exp(—zzfz)_’j&\/_;:—eﬁc(\/%)}

wherein ¢ is the time variable, C is a constant related to the heat absorption, L is the

thickness of coat layer. As such, monitoring thermal emission of a coating under
inspection to set practical tolerances and modifications on its temperature rise profile
leads to the formation of an expected change in temperature (e.g. expected thermal
contrast).

Based on the comparisons discussed herein, where a major defect is observed, the
defect may be localized to a specific area at stage 130. As mentioned, IR sensor may map
an area under a field of view into a grid, wherein each square or pixel of the grid may
reflect a desired area to measure. Processor can compare the speed of the change of
temperature of relative adjacent pixels to one another to determine, iaased on expected
change of temperature (discussed above), the location of anomalies (defects). According
to one aspect, comparison of adjacent pixels can be carried out according to the "self-
referencing" techniques for determining and comparing thermal contrast for the pixels, as
described in greater detail below. Then, knowing the contrast, the area and depth of a
defect can be identified. Accordingly, a defect may be localized by both specific coating
layer and area. In other words, both the planar location and the depth of the defect can be
determined in this embodiment.

The processor may then determine at step 132 whether the defect is repairable by
comparing defect parameters with stored data of historic defect phenomenon. If the
defect is not repairable, in one embodiment, the shell may be sent for scrap at step 134. If
it is determined that the surface and coating is repairable, a technician may repair the
defect at stage 136 or take other appropriate measures as discussed above.

It should be understood that the method illustrated in FIG. 4 may also be used for
detecting defects in a single coating or shell, and therefore, is not limited to application
with more than one coating. For example, referring to FIG. 3, wherein a single coating
has been applied to the automobile shell, IR sensor may be configured to measure the
actual changes in temperature during the measurement period and transmit the
measurement to the processor for comparison with a thermal emissivity value (an

expected change in temperature) for the shell, coating and defects. Accordingly, the
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method illustrated in FIG. 4 can be used to detect defects in both single-layered and
multi-layered coatings by measurement and comparison of the detected speed of the
change in temperature.

It is also contemplated by the present invention to corhbine the methods discussed
above to further ensure absolute quality of the automobile coating method. For example,
referring to FIG. 5, another embodiment of the method for inspecting multi-layered
coatings is illustrated. Similar to FIGS. 3 and 4, a coating may be applied (at step 222) to
the automobile shell at Paint Station I. Once the coating has been applied, the
temperature of the automobile shell and coatings may be manipulated (step 224) as
discussed above. Once removed from the curing oven, an IR sensor may take a field of
view picture to measure the emitted radiation (the thermal profile) from the shell and the
coating and may also measure the speed of the change of temperature of the shell and
defects within the coatings 226. IR sensor may transmit the data to processor for
comparison to stored data. |

The processor may compare the thermal profile with the thermal signature of the
automobile shell (at step 228a), an acceptable preexisting model profile, and/or, if later in
the coating method, to the previous thermal profile to determine the presence of any
defects. Likewise, the processor may compare the actual change in temperature to an
expected change in temperature to determine the presence of any defects (step 228b). If
desired, the comparisons can be evaluated at step 230 either together or separately to
realize the true nature of the defect and whether repair is needed and/or practical.

Because the present systems and methods are capable of such detailed

. measurements and comparisons thereby yielding immediate detection of a defect, it is

contemplated that the present invention may be integrated with other artificial intelligence
and/or automatic feedback logic so that, once a defect is detected, statistical analysis of
operation and necessary changes in coating methods (if any) can be made in real time. For
example, referring to FIGS. 2 and 5, upon detection of a defect (i.e. paint over-spray),
processor 40 may flag the defect on the current shell for repair, but also transmit a signal
to application apparatus 50 at Paint Station I to decrease spray pressure, paint amount,
clean or replace the spray gun, etc. (i.e. correct a detected defect). This information might
also facilitate maintenance or upgrading of coating application systems by identifying
problem areas. In addition, the processor may store and/or otherwise update the
knowledge database regarding information about the defect, the operation of the

machinery causing the defect and/or the technical operation of the machinery or station
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where the defect occurred. Accordingly, real time changes and statistical analysis can be
made to minimize or eliminate defects, not only in coatings in previous stages, but in the
entire coating method.

EXAMPLES

Introduction

The infrared inspection techniques discussed herein offer a flexible, non-contact
and non-destructive tool for investigating the presence of defects in a variety of
automobile manufacturing processes. As shown in the examples below, principles of the
present invention can be applied for inspecting coated surfaces and/or the adhesion
strength/integrity in welded composite polymer plastic joints.

In these examples, the type of infrared techniques that can be utilized can include
use of transmitted signals and/or of pulsed reflected signals, for example. The detection
and generation of the photothermal waves could be performed remotely providing a non-
contact system and method. Due to the remote scanning and area inspection techniques
used in these examples, the potential of improving the inspection time and of uses in
realtime manufacturing operations can be attained.

Various heating methods can be utilized for such defect detection. It has been
found that for the inspection of close to the surface, shallow adhesion interfaces, as in the
case of the coating adhesion application, a step heating regime of infrared thermography
that will monitor the heat rise across the material surface can be used. And for the cases
of in depth defects or the inspection of subsurfacé defects in materials of low thermal
conductivity as in a plastic bond application, it has been found that a pulsed reflected
infrared thermographic setup can be utilized to provide a better quantitative analysis.

Equations:

As will now be described, the evaluation of adhesion integrity and coating defects
using infrared thermography can be based on the concepts and principles discussed
above. In particular, with respect to the film-substrate interface, these anomalies
constitute planes that reflect the thermal wave by an amount governed by the thermal
mismatch factor I discussed above and which can also be defined as:

€ oo =L
R,

plane

coat plane

where: e is the thermal inertia or, effusivity; defined as:

e=.k-p-c
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k is the thermal conductivity, p is the density and ¢ is the specific heat of the material.
The subscripts coat, plane refer to the coat material and the material that the reflection
plane is made of (e.g. air) respectively.

The role of the thermal mismatch factor I' in reflecting thermal waves leading to
heat entrapments over defects can be represented by the following heat conduction

equation:

= a,t a,t a,

T(z=0,¢)=C, '«/;[HE—Z-I‘" -{exp(_nzﬁj— nlin e;fc( nLtJ }}

where z is the depth, ¢ is the time variable, C. is a constant related to the heat absorption,
L is the thickness of material and a, is the thermal diffusivity defined as; a = K . The

p-c
solution can be expressed at depth z = 0 which is the facial temperature history detected
by the infrared detector. From the equation, it is apparent that I" is the factor that decides
on the heat travel forward and backward from the plane of reflection (defect or substrate
interface) to the material surface affecting the facial temperature value.

Illustrative Applications:

Thus, according to principles of the present invention, the thermal wave reflection
effect from the substrate interface could be used for locating subsurface defects, as well
as for measuring the thickness of a coat film. A thickness measurement application is
illustrated in FIG. 6 where a temperature history graph (i.e., the temperature versus time)
is shown for different illustrative paint layer thicknesses upon the reflection from a steel
substrate. The thickness value could then be inferred from the time of on-set point of
departure from the semi-infinite case (i.e. no, reflection interface).

Similarly, the evaluation of the adhesion interface integrity can then be conducted
utilizing a similar procedure of monitoring the value of I' at a specific depth (at the
adhesion interface) and characterizing the adhesion anomalies based on the thermal
mismatch factor value. To illustrate this application, FIG. 7 shows the reflection from the
adhesion layer interface with different I' values. FIG. 8 is a plot of a normalized version
of the above heat conduction equation, the normalization being done with respect to the
heating source (i.e. C;) and the normalized time represents the square root of the Fourier

number
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F o(z.e.t,m,m = ——L—]

Accordingly, monitoring thermal profiles over time, and in particular monitoring
thermal mismatch in the profiles(i.e., monitoring changes in how one area of a profile
differs from surrounding areas), can be used for both three dimensional subsurface defect
identification, as well as for thickness measurement.

Accordingly, as shown above and described with respect to the more specific
examples below, principles of the present invention can be used for inspecting and
locating subsurface defects in coatings, surfaces, and adhesion interfaces. According to
one aspect, monitoring thermal profiles over time, and in particular, monitoring changes
in the thermal mismatch and/or thermal contrast exhibited by the thermal profiles, can be
used for pinpointing the specific depth location of defects and/or defects in thickness.

More specific examples are provided below.

EXAMPLE 1

In this example, an infrared system is installed on a production line for the
detection of a chipped spot in an anti-corrosive coating. FIG. 8 shows a thermal profile of
a steel structure coated with an anti-corrosive protective coat with a chipped spot
representing a different thermal signature from its surroundings. (The same infrared
detection system can be used for missed coat spots (thin paint) detection.) Those chipped
spots expose the steel substrate which has a different thermal inertia from that of the coat
making it an easy target to detect. This application is shown in FIG. 9 which shows a
visual image of a thin paint area and the corresponding thermal profile. In accordance
with principles of the present invention, the change in temperature over time of the area
can be determined by monitoring the thermal profile over time, and defects can thereby
be determined based upon the change in temperature versus the expected change, such as

according to the methods described herein.

EXAMPLE 2

In this example, an infrared system is used to investigate the adhesion layer
integrity of a polymer plastic welded joint, according to additional principles of the
present invention. The joints in this example are made from a composite of two layers of

a polymer (High Density Polyethylene HDPE) with an adhesive interface. Carbon
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pigments have been added to one of HDPE layers for darkening to provide better thermal
absorption and emission properties for insulation purposes. The geometry of the joints
under inspection in this example, along with a cross section, are shown in FIG. 10, and
the geometry of this example is represented as two cups welded together at the neck
region. The bond interface is located between the HDPE layer and the rest of the
geometry. In this example, the infrared thermography can be applied in two modes; a
transmission mode where the stimulant (e.g., source) and the detector are located on
opposite sides. For the reflection mode, the stimulant and detector are situated at the
same side and monitor the reflected thermal wave effect on the surface temperature over
time. The main aim of using the reflection mode is to investigate some of the subsurface
features such as delaminations using a real tlme non contact mode.

An analytical model is devised in thls example to help predict the behavior of this
material. This analytical model is shown in FIG. 11 and is intended to simulate the bond
region. This model utilizes an implicit finite difference approach to represent the general

homogenous heat conduction equation in the following cylindrical coordinates equation:

9°T 18T 1 8*T BT 16T
At —— st —
or ror r’oo oz* T a 61‘

This symmetry simplifies the analysis to where only a pie slice is studied. The back and
side walls are assumed to be thermally adiabatic. The stimulation boundary conditions
are set according to a radiation source. The boundary conditions can be adjusted to fit the
transmission mode. The convection and radiation surface heat losses are included in this
model. The delaminations in the analytical study are modeled as an air layer that will
constitute an interface to reflect the thermal characteristics waves due to the thermal
mismatch existing between the polymer and the air.

The reflection of thermal waves from subsurface features affects the facial
temperature value at that point causing a deviation from its surroundings. This deviation
is monitored over time and recorded as the thermal contrast. FIG. 12 shows the sample
cooling curve over time after depositing a pulse of Q=100kW/m> over a non-defective
spot and a second one over an air gap. FIG. 13 shows the thermal contrast over ﬁme for
different delaminations occurring at different depths; as shown, the contrast peak decays
as the depth of the delamination increases. FIGS. 12 and 13 can be used to guide the

pulsed infrared thermographic procedure in deciding on the best observation time window
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for monitoring and recording the change in temperature over time, and the sensitivity
limits.

Once recorded, the data can then be analyzed using different software routines;
pulse phase thermography PPT, synthetic infrared thermography SIT, and/or infrared
dynamic tomography IDT. The following analysis for this example is based on IDT with
the intention of mapping the thickness of the adhesion layer of the kissing bond. This
approach is based on establishing a maximum contrast matrix and a time-gram matrix.

The maximum contrast matrix presents the maximum deviation values between a

 defective spot and a non-defective one exhibited through the transient response to the

pulse and the time of occurrence for these values is reported by the time-gram matrix. .
Moreover, in this example, a self-referencing procedure is utilized in computing
the thermal absolute contrast needed for the maximum contrast matrix. The self-
referencing procedure is based on computing the deviation between each pixel in the
thermal profile and a small local neighborhood or area (e.g.,v a kernel of pixels)
surrounding it. This procedure eliminates the need for a known sound area within the
thermal profile for thermal deviation calculations and guarantees the accuracy since each
thermal profile is referenced to itself. A computer code using MATLAB is prepared for
the modified infrared dynamic tomographic calculations. A further modification is
applied for the representation of the tomographic results to enable it for thickness
mapping. The representation of this technique is based on slicing the material under
inspection into depth slices that correspond to the distribution of the thermal properties at
those depths. In this application the tomographic output will be represented in the form
of a thickness map in order to include all the information in a single image rather than
multiple slices. In this example, the thickness mapping scheme is applied using the

following equation:

Z(l, J) = @[ty (s ) Can G )

where Z(j, j) is the depth at location (i, j), a, b are constants determined experimentally
(dependant on the material under inspection), tmax (i, j) is the time at position (z, j) taken
from the time-gram matrix, Cmax (7, j) is the contrast value at (i, j) from the contrast
matrix.  Accordingly, the depth can be determined from the contrast and the
corresponding time that the thermal profile was taken to compute the contrast.

The result of using this approach is shown in FIG. 14 which shows a drop in

thickness map in the middle of the kissing bond, thus indicating delaminations. To
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validate this result, an ultrasound C-scan is conducted with an Ultrascan 5 (US Ultratek,
Martinez, CA). For this scan the transducer frequency is 5 MHz, the sampling rate is 100
MHz, the X-Y scan increment is .01-2 inches, and the sonic velocity is .0741
inches/microsecond. The velocity of sound is estimated with a contact transducer applied
over parts of samples including regrind and virgin layers that could be measured directly
with calipers. The X-Y increment is chosen to be about 1/4 the width of the beam field of
the transducer (.04 inches). The C-scan result is shown in FIG. 15 which verifies the

existence of delaminations in this sample.

EXAMPLE 3

In this example, and in accordance with additional aspects of the invention,
infrared "self-referencing" thermography is again applied. As mentioned, this technique
eliminates the need for prior knowledge of a defect free area to allow automatic
identification of defects from thermal profiles. The basis of this technique is to divide the
thermogram profile into small, localized neighborhoods using the assumption that these
neighborhoods exhibit the non-defective behavior for the thermal contrast computation.
This technique can be utilized in both static (hot spot detection) and dynamic (Infrared
Tomography) cases.

The thermal contrast computation is used in processing the data in this example,
because of its ability to enhance the irﬂage quality and consequently the defect visibility.
Thus, contrast could be computed by monitoring changes in temperatures in multiple
profiles taken successively. Many definitions could be used to compute the thermal
contrast. Such definitions include the running contrast, normalized contrast and absolute
contrast with the absolute contrast being the most widely used. Absolute contrast can be

computed through the following equation:

CC.Jst) =Ty (5, 1,8) = T, (G, 1, 1)

Where (i, j) are the coordinates of the pixel in the thermal profile, ¢ is the time instant,
C(i, j,t) is the thermal absolute contrast, Ty (i, 7,1) is the temperature of the defective
pixel, T, (i, j,t) is a non-defective area temperature value.

However, the common problem with computation of the thermal contrast using
any of these contrast definitions is the fact that they require prior knowledge of a non-
defective area within the thermal profiles under study (i.e. T, (i, j,7) ). Other problems

with the thermal contrast computations arise from the non-uniform distribution of
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stimulant power on the surface of the material inspected and the uneven surface
emissivity due to the surface geometry or condition (surface roughness and cleanliness).
Computational problems are also present for continuous contrast measurements. Such
problems complicate the automation of the infrared thermographic inspection and reduce
the efficiency of automatic systems in evaluating some geometrical shapes.

The present technique of this example is based on comparing the behavior of a
defective pixel with a kernel (21 X 21) of pixels surrounding it to study the deviation in
the logarithmic temperature time history slope, in order to monitor the change in
temperature over time of one area with respect to adjacent areas. The basic principle of
this technique, which will be referred to as “self referencing”, is to divide the thermal
profile data for the pixels representing the surface into small local neighborhoods to
serve as the non-defective behavior required for the thermal contrast computation. The

contrast is then computed through the following equation:
C(i=j’t)= Tpix(iﬂj’t) - Tsurr(i,j)(t)
Where: T, (i, /,¢) is the temperature of the pixel at 7,/ coordinates and time ¢, T, ;,(®)

is the average temperature of the neighborhood surrounding the pixel (i, j) at time ¢.

Thus, this method subtracts the pixel temperature from that of the mean for the
surrounding pixels. Then, each difference for each pixel can be compared to particular
multiples of the standard deviation of the surrounding neighborhood to decide if the pixel
is defective. If this difference is larger than the criterion (determined for the particular
application), then the pixel is defective. If it is smaller, then it is not defective.
Accordingly, this calculation can be made statically on a particular thermal profile, rather
than continuously over time.

Other applications of this approach could use the median of the surrounding
neighborhood temperatures rather than the average. Application of this approach
overcomes challenges resulting from non-uniform heating and uneven emissivity on the
surface of materials under inspection. Breaking the thermal profile into small enough
local neighborhoods to ensure uniformity in power distribution and emissivity values
eliminates the influence of unevenness. The following four main advantages can be
gained through applying the self-referencing procedure of this example: |

(1) Eliminates the need for separate “standard reference” since each thermal
profile will be referenced to itself.

(2) Overcomes non-uniformity in the delivery of stimulant power, uneven

emissivity and geometrical differences.
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(3) Eliminates the need for prior knowledge of a defect free area within the
thermal profiles.

(4) Simplicity and static operation, which leads to relatively short processing time.

To maximize the accuracy of defect detection, the size of the local neighborhood
can be selected such that it will be larger than the defect and sizes sought and assure a
stable temperature across the region, but small enough to be contained within the smallest
area of non-uniformity.

To illustrate the effectiveness of the self referencing scheme it will be applied to a
static infrared thermographic hot spot detection and dynamic infrared tomographic
application with different types and sizes of defects involved in the following more

specific examples.

EXAMPLE 3A

In this example, an infrared system is designed to detect facial features on metallic

surfaces painted with automotive coating structure (120 £ in thickness). Such features

may include dust particles, dents and foreign matter contamination which will affect the
appearance of painted surfaces. Those imperfection areas will have a different thermal |
profile (as well as a different change in temperature over time) when compared with their
surroundings, due to the difference in the thermal properties (dust or dirt contamination)
or, difference in the emissivity due to the geometry (dents).

This example is intended to inspect large fields of view in real time, creating a
challenge to assure delivery of uniform heat to the entire field of view. In this example, a
steel substrate sample is painted with 3 different types of paint (primer coat, clear coat
and a third coat that contains metallic flakes). This coat combination is chosen to provide
three regions with different thermal profiles. The primer coat is thick and opaque, the
clear coat is a transparent layer and the third layer has metallic flakes that boost its
thermal conductivity. A small indentation (dent) is artificially applied on the surface, size
of dent=0.75 mm to provide a detectable defect.

The sample is heated randomly (for 15 seconds) using a halogen lamp (150 watt)
and the thermal map (picture) of the surface is recorded using an infrared bolometer, and
in particular using a ThermaCAM SC 2000 product of FLIR, with 200 pm Germanium
lens. The raw thermal profile image is depicted in FIG. 16. The thermal contrast is also
computed using two approaches; one using the absolute contrast with prior knowledge of

a defect free area within the thermal profile data (requiring operator intervention) and the
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other using the self-referencing approach. The results of the two procedures are shown in
FIG. 17 a and b, with 17a showing the contrast across the dent using self-referencing
technique, and 17b showing an absolute contrast. A profile of intensity values is drawn
next to each of FIGS. 17a and 17b to show the contrast obtained with both techniques.
The self referencing algorithm of this example is oriented to boost the intensity of
pixels that exhibit deviation levels from their local neighborhoods, which exceed criterion
like the one shown in the following equation while preserving the rest of the pixels
values. The technique can be utilized along with various embodiments of the present
invention, including those which determine the change in temperature over time of the
coated surface. In this example, the local neighborhood size is chosen to be a kernel of

19x 19 pixels.

" Tsurr(s, )
Where 7 is a constant dependant on the signal to noise ratio of the thermal profile, and
T,y 18 the standard deviation of the local neighborhood surrounding pixel (, 7).

Such criterion could be used to threshold the thermal profile reducing the data content to
the useful ones only, and can be used as an automated detection scheme. Applying a
thresholding step according to the equation criterion to the thermal profile from FIG. 16
results in FIG. 18 which shows the effectiveness of such approach in isolating the features
of interest from the rest. The thresholding process removes the middle strip and its edges
completely since the local neighborhood size is set smaller than the strip width and so,

such neighborhoods are contained within the strip.

EXAMPLE 3B

To emphasize this feature of the self-referencing technique another sample with

facial defects and large thermal mass is studied. This sample is shown in FIG. 19 and the
results are shown in FIG. 20. Having large thermal masses disrupts the thersholding

statistics based on the thermal profile as a whole which will reduce the effectiveness of an

.automated defect detection algorithm dependant on such statistics.

EXAMPLE 3C
In this example, the self-referencing technique is applied to infrared tomo graphy.

The tomographic approach is chosen because it is based inherently on the monitoring of
the thermal contrast transient behavior. The self-referencing algorithm is applied inside

the tomographic procedure to assist the analysis of that behavior. The application case in
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this example is the inspection of the adhesion integrity in a welded plastic composite
structure (High density polyethylene polymer). A pulsed infrared thermographic setup is
utilized in this example using a 6.4kJ pulse source with duration of 15 ms (commercial
name BALCAR Source 6400). The sample shown in FIG. 10 is utilized in this example.

A computer algorithm using MATLAB is prepared to perform the infrared
tomographic procedures for the sequence of thermal profiles obtained from the pulsed
routine adopting the self-referencing contrast computation scheme. The local
neighborhood (area or kernel) size in this case is chosen to be 33 x 33 pixels. The output
from the tomographic routines is in the form of a time-gram image representing the time
for the maximum contrast and the value of maximum contrast corresponding to that time.
In other tomographic applications the time for the half maximum contrast can be used. In
traditional presentations of infrared tomographic results the material under inspection is
sliced into depth layers corresponding to the distribution of thermal properties at specific
depths. In this example, a new form to represent the tomographic results is used. The
thermographic data is represented as a thickness map for the area under inspection. This
map represents all of the data in single image rather than the different slices for different
depth layers. This image is created through adopting the time-gram and maximum

contrast matrices into the following equation:
e
7 = , » tmin . [_;_]0.95
Where Zis the depth of the defect, ¢, is the occurrence time of the minimum of the

normalized effusivity £ curve, which could be related to the time of maximum contrast.

2

This equation could be written in terms of contrast terms as the following equation, as

discussed earlier:

20, )= 0 ft () - o (G, )

Where Z(i, j) is the depth at location (i, ), a,b are constants determined experimentally
(dependant on the material under inspection), ¢, (i, /) is the time at position (i, j) taken
from the time-gram matrix, C,,, (%, /) is the contrast value at (i, /) from the contrast matrix.

The results of the tomographic procedure have been shown in FIG. 14, which
shows a delamination in the middle of the welded bond. To verify the existence of these

delaminations an ultrasound check for the thickness map is used. The ultrasound device
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used a transducer frequency of 5 MHz, and sampling rate of 100 MHZ (commercial name
Ultratek). The ultrasound result has been shown in FIG. 15.

Accordingly, the self-referencing algorithm works effectively in the dynamic
thermal absolute contrast computation. This self referencing technique can help
automating both static and dynamic infrared thermography applications without the need
for operator intervention. Further, this technique may be used for inspecting complicated
geometries.

As can be understood, the functionality of this algorithm and the other
functionalities, methods, and algorithms described herein can be implemented using
software, firmware, and/or associated hardware circuitry for carrying out the desired
tasks. For instance, the various functionalities described can be programmed as a series
of instructions, code, or commands using general purpose or special purpose
programming languages, and can be executed on one or more general purpose or special

purpose computers, processors or other control circuitry.

EXAMPLE 4

In this example, a system is provided for detecting missed coated spots on steel
substrates (fuel tanks, steel structures, etc.) utilizing the difference in their thermal
emission. The system comprises a thermal detector, a scanning mechanism to transverse
the detector across the target surface, a thermal manipulation device applied through a
radiation source such as a heating lamp or through convection devices such as air guns or
curing ovens which are existent in the process, and a computational processing unit. As

discussed, it is believed that the difference in thermal emission over time is caused by the

difference in thermal properties i.e. thermal conductivity &, specific heat C, and density

p between the missed spot that has the properties of those of the steel substrate and the

well coated surroundings having the properties of the paint material. Upon the thermal
manipulation (through any of the above thermal stimulation methods) of the coated steel
product, the missed coated spots will store and transfer heat differently from their well
coated surroundings leading to a different thermal imprint of those spots and differences
in thermal changes which take place over time between the missed spot and the well
coated surroundings. The thermal detector will detect the thermal emission from the
coated surface and produce a thermal profile of this emission. The processing unit

processes this thermal profile and detects the deviation of the thermal emission values
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that deviates from those of a well coated substrate, as well as the differences in thermal
changes which take place over time. This information can then be utilized to detect the
missed spot, such as according to the systems and methods described herein.

An exemplary system layout is shown in FIG. 21. In this example, steel fuel tanks
are coated with anti-chip coating for protection purposes, but the painting application step
(painting gun nozzle configuration) misses some spots termed as "thin paint spots". The
thermal detector installed at the exit of the curing oven produces a thermal emission
image of the tank and a computer code detects the thin paint spots based on their
emission, and in particular using the differences in thermal changes which take place over

time versus the temperature change that is expected over time.

EXAMPLE 5

In this example, the integrity of plastic joints is inspected. The system utilized
inspects the contact strength of the plastic molded joints, and the existence of
delaminations at the adhesion interface. The system comprises in this example a thermal
detector, a scanning mechanism to transverse the detector across the target surface, a
thermal manipulation method, and a computer or processing unit. Well contacted joints
(i.e. no trapped air) transmit heat faster than joints with air pockets because of the high
thermal resistance of air (due to its low thermal conductivity value). So, monitoring how
the heat travels through the joints over time aids the evaluation of the contact strength. In
addition, delaminations have different thermal properties (i.e. thermal conductivity x,

specific heat C, and density p) and constitute interfaces that reflect the thermal front by

an amount governed by a factor termed as thermal reflection coefficient

V p Features \} 1’ surroundings
V p Features V 1’ surroundings

This system could be applied in two configurations, one having the thermal
detector and thermal stimulant at opposite sides and monitoring the thermal transmission
through the joint under study, such as is shown in FIG. 22. The speed of the thermal front
across joints changes with different strength values of the joint (measured by pull force
required to break joints), and this concept is shown in FIG. 23. Accordingly, as shown by

FIG. 23 by monitoring the change in temperature over time as the joint is heated, it can be
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determined if an imperfection in the joint exists. In particular, a weak joint raises its
temperature more slowly than a strong joint due to the presence of the air pockets.

The second configuration of this system could be applied through having the
detector and thermal stimulant at the same side. So, in this case, the thermal detector
monitors the reflected component of the thermal front rather than the transmitted. This
configuration setup is shown in FIG. 24. The reflected thermal front reveals the interfaces
or, features of reflection inside the joints and the time required for this reflection is an

indication of these interfaces depth. The processing unit relates the amount of reflection

K

and its time of occurrence to the material thermal diffusivity ¢ = to produce depth
pPe,

maps of those features as shown in figure 6. using the following equation:

dep th = C treﬂection ) S !

C, n constants dependant on material thermal properties i.e. ¢ . S thermal reflection

signal. Accordingly, a relationship exists between depth and the thermal reflection signal
obtained at various times.

As another example, plastic fuel tanks incorporate stand offs to protect tank
structural integrity against crushing (vacuuming) or crashing (impact damage). These
stand offs are made through plastic joints that should withstand a certain pull force before
breaking. The methods and systems described above could be utilized for inspecting the

structural integrity of such stand offs.

EXAMPLE 6

In this example, a system is provided for evaluating curing performance in terms
of curing uniformity and sufficiency. The system comprises a thermal detector, a
scanning mechanism to transverse the detector across the target surface, a thermal
manipulation device, and processing unit. The curing process is applied to dry the
moisture content in the coat structure and catalyze the paint bonding. Monitoring the
thermal emission with a thermal detector from the cured coated products provides
temperature values for the product surface. This profile indicates the distribution of
thermal stimulation provided by the curing oven. The temperature values in the thermal
profile indicate the moisture content in coat structure since water has different thermal

properties (i.e. thermal conductivity x, specific heat C , and density p) from that of

paint. This system could include a thermal detector installed at the exit of a curing oven
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to collect the thermal emission from the cured coated products. This thermal emission is
processed to be compared with predefined (expected) ideal curing profile. This ideal
profile is obtained through the thermal profile from a controlled sample.

EXAMPLE 7

FIG. 25 is a schematic view of a combination of comparisons that can be made to
locate surface and subsurface defects, according to various principles of the present
invention. This example combines various aspects of the present invention to create a
system and method for determining defects in surface coatings using multiple defect
checking operations. In this example, the surface of an automobile part is coated with
layers, and, for each layer, comparisons are made in order to determine the presence of
defects. In particular, prior to applying the first layer, a shell thermal profile, or signature,
102 is obtained of the uncoated shell (e.g., coated with only primer) by heating the shell
at a desired temperature for a given amount of time, and then using an infrared sensor to
obtain the thermal profile. The shell thermal profile data 102 comprises a plurality of
pixel locations representing the temperature T at each location XnYn on the shell.

Then, a first coating is applied to the shell, and the coating is heated at the same
temperature and for the same amount of time as the shell. The thermal profile data 104
for the shell with the first layer is then taken at time t1, by using an IR sensor. This
coating thermal profile data 104 is then compared to the shell profile data 102 to
determine how significantly each pixel deviates ﬁofn its corresponding pixel in the
original profile taken from the shell. Should the temperature for a pixel in shell profile
102 exceed a corresponding pixel in the coating profile data 104 by a predetermined
amount (dependent upon the application), then a potential defect at that pixel location is
noted. As an additional check, each pixel in the coating profile data 104 may be
compared to surrounding pixels in the data to determine whether any significant
deviations are present. In particular, in this example, the temperatures T for the
surrounding pixels 108 are averaged and pixel 106 is compared with that average. The
number of surrounding pixels 108 to be used in the calculation can be varied depending
on the application and the type of defects typically encountered. For example, defects in
coatings on a fuel tank may be typically less than 5 millimeters in size, and so an
appropriate number of pixels can be chosen that corresponds to 5 millimeters. Once a
pixel 106 is compared to the average of its surrounding pixels 108, a thermal contrast can

be calculated for each pixel representing the difference between those values. The

32



10

15

20

25

30

WO 2006/054962 PCT/US2004/037622

thermal contrast for each pixel can then be compared to a threshold level. If a significant
deviation is present, then pixel 106 is recorded as a location of a potential defect. The
amount of deviation that is considered significant will depend upon the type of
application. For example, when analyzing coatings on a plastic fuel tank, a deviation of
0.3-0.4 degrees C or greater may be significant for a 5 millimeter kernel size. As an
additional comparison, the coating thermal profile 104 taken at time t1 can be compared
to an expected coating thermal profile 105, which can be determined empirically or via
calculation and which represents an ideal shell after a coating is applied and no defects
are present. Additional thermal profiles at differing times t can also be taken for layer 1
and used in similar comparisons.

Moreover, additional comparisons can be made of thermal profile data for each
layer that is added. In this example, after the second layer is applied, a second coating
thermal profile data set 110 is obtained at time t1 after the shell and two layers are heated.
This second coating data 110 can then be compared to first coating data 104 to determine
whether significant deviations in corresponding pixels are present. The second coating
thermal profile data 110 can also be compared to the shell thermal profile data 102 to
determine if deviations are present. Moreover, the second coating thermal profile data
110 at time t1 can also be compared to the expected thermal profile data 105. In addition,
an additional second coating thermal profile can be obtained at time t2 and this data can
be compared to the second coating data 110 taken at time t1 to determine an absolute
thermal contrast data set 112. This absolute thermal contrast data 112 can be compared to
an expected thermal contrast 114 for coating 2 at time t2. In addition, a self referencing
thermal contrast computation can be made on the pixel data 116 (data 116 represents the
thermal profile data taken for layer 2 at time t2). In this example, the temperature T for
each pixel 118 is compared to the temperatures T of the surrounding pixels 119 (e.g., by
using the average or mean temperature of the pixels 119) to determine the thermal
contrast of each pixel. If a significant deviation exists between the thermal contrast of a
pixel and the allowable contrast, pixel 118 can be recorded as a potential defect location.
The number of surrounding pixels 119 can be varied depending on the application, and, in
some embodiments, pixel 118 may actually represent the average temperature of multiple
smaller pixels.

The pixel location of the defect thus identifies the two-dimensional location of the
defect. Once the various defect pixel locations are identified, the depth of the defect can

be calculated to provide a three dimensional identification of the defect location. For
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example, knowing thermal contrast and the time of the thermal profile where a defect was
noted, the equation discussed above can be utilized to determine the defect depth. Thus,
the time when a thermal contrast occurs after heating can indicate the depth of the defect
detected. As an alternative, the above equation relating time to thermal reflection signal
could be utilized to determine the depth of the defect.

The foregoing description of the various embodiments and examples has been
presented for the purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise form disclosed. Many alternatives,
modifications and variations will be apparent to those skilled in the art of the above
teaching. For example, the systems and methods of the present invention may be applied
to a variety of coatings in a multitude of applications outside of the automobile coating
method. Accordingly, while some of the alternative embodiments of various elements,
systems and methods for inspecting single and multi-layered coatings have been
discussed specifically, other embodiments will be apparent or relatively easily developed
by those of ordinary skill in the art. Accordingly, the inventive aspects are intended to
embrace all alternatives, modifications and variations that have been discussed herein,

and others that fall within the spirit and broad scope of the claims.

34



10

15

WO 2006/054962 PCT/US2004/037622

WHAT WE CLAIM IS:

1. A system for detecting defects in coatings comprising:

a) a temperature manipulation apparatus configured to change the
temperature of a surface of a manufacturing part;

b) an infrared sensor configured to measure the temperature of said surface
over time, wherein said infrared sensor is configured to provide a first temperature
profile of said surface at a first time and second temperature profile of said surface at a
second time, each of said profiles containing a plurality of temperature data for a plurality
of individual localized areas of said surface ; and

c) a processor configured to receive the first and second temperature profiles,
to compare each of said profiles to a signature temperature profile, and to calculate a
parameter representing the change in temperature over time for each localized area of
each profile by comparing the temperature of each localized area with the temperatures of
surrounding localized areas, wherein said processor is further configured to identify
subsurface imperfections in said surface by comparing each of said temperature change

parameters for each localized area to threshold levels.

2. The system of claim 1, wherein said system further comprises an application

apparatus configured to apply a coating to said surface.

3. The system of claim 1, wherein said system further comprises multiple coating

stations configured to apply a coating to said surface.

4, The system of claim 1, wherein said surface comprises a coating.

5. The system of claim 1, wherein said system further comprises a plurality of

coating stations having associated sensors.
6. The system of claim 1, wherein said processor is further configured to compare

radiation emitted by said surface to a thermal signature and an acceptable preexisting

model profile.
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7. The system of claim 1, wherein said processor is further configured to generate

signals for transmission to an application apparatus to correct a detected defect.

8. The system of claim 1, wherein said processor is configured to vary the size of

said surrounding areas for .

9. A method for detecting defects in coatings comprising the steps of:
a) measuring a thermal profile of a surface to create a thermal signature;
b) applying a first coating to said surface;
c) taking a ﬁrét measurement of radiation emitted from said surface and said

first coating as the temperature thereof is changing over time;

d) comparing said emitted radiation to said thermal signature;
e) applying a second coating to said first coating;
f) taking a second measurement of emitted radiation from said surface and

said first and second coatings as the temperature thereof is changing over time;

2) comparing said first measurement to said second measurement;

h) calculating a thermal change for a plurality of pixel locations of at least one of
said measurements by comparing the ‘Eémperature for each pixel location to that of
surrounding pixels; and

i) using the comparison and the calculation to identify a surface or subsurface

defect.

10.  The method for detecting defects in coatings as in claim 9, further comprising the
steps of:

a) configuring an expected change of temperature;

b) manipulating the temperature of said surface and coatings;

c) measuring the change of temperature in said surface and coatings; and

d) comparing said measured change of temperature in said surface and

coatings to said expected change of temperature.
11. The method for detecting defects in coatings as in claim 9, further comprising the

step of comparing said first measurement of radiation emitted from said surface and said

first coating to a first acceptable preexisting model profile.
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12. The method for detecting defects in coatings as in claim 9, further comprising the
step of comparing said second measurement of emitted radiation to a second acceptable

preexisting model profile.

13. The method for detecting defects in coatings as in claim 9, further comprising the

step of identifying the depth of said defect based upon said calculations.

14.  The method for detecting defects in coatings as in claim 9, further comprising the

step of correcting an identified defect.

15. A method for detecting defects in coatings comprising the steps of:

a) applying a plurality of coatings to a surface;

b) assigning a thermal effusivity value to each of said coatings;

c) configuring an expected change of temperature for said surface coatings;
d) manipulating the temperature of said surface and coatings;

e) calculating the change of terhperature relative to time in said manipulated

surface and coatings for a plurality of pixel locations by comparing the temperature of
each location in a single thermal profile dataset to that of surrounding pixel locations;

f) comparing said calculated change of temperature for said pixel locations in
said manipulated surface and coatings to said expected change of temperature; and

2) using the comparisons to identify a defect.

16.  The method for detecting defects in coatings as in claim 15, further comprising the

steps of:
a) measuring a thermal profile of said surface to create a thermal signature;
b) taking a first measurement of radiation emitted from said surface and a

first of said coatings;

c) comparing said emitted radiation to said thermal signature;

d) taking a second measurement of emitted radiation from said surface and a
second of said coatings; and

e) comparing said first measurement to said second measurement.

37



10

15

20

WO 2006/054962 PCT/US2004/037622

17.  The method for detecting defects in coatings as in claim 15, further comprising the
step of identifying the depth and planar location of said defect based upon said

calculation..

18.  The method for detecting defects in coatings as in claim 15, further comprising the

step of correcting said defect.

19.  The method for detecting defects in coatings as in claim 15, further comprising the
step of implementing a change in the operation of an application apparatus to address one

or more defects detected.

20. A method for detecting defects in coatings comprising the steps of:
a) measuring a thermal profile of a surface to create a thermal signature;
b) applying a first coating to said surface;
c) changing the temperature of said surface and said first coating;
d) taking a first measurement of amount of radiation emitted from said

surface and said coating as their temperature changes over time;

e) comparing said radiation emitted to said thermal signature;

f) applying a second coating to said first coating;

g) changing the temperature of said surface and said first and second coating;
h) taking a second measurement of amount of radiation emitted from said

surface and said first and second coatings as their temperature changes over time;
1) measuring change in temperature over time of said surface and said first

and second coatings;

i) configuring an expected change of temperature over time;
k) comparing said first measurement to said second measurement;
D comparing said measured change in temperature over time of said surface

and said first and second coatings to said expected change of temperature over time;

m) calculating a change in temperature parameter for each of a plurality of
localized areas in said first or second measurements by comparing the data for each
localized area with that of surrounding areas; and

n) using the change in temperature parameter to identify the depth of a defect.
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21.  The method for detecting defects in coatings as in claim 20, further comprising the
step of comparing said first measurement of radiation emitted from said surface and said

first coating to a first acceptable preexisting model profile.

22.  The method for detecting defects in coatings as in claim 20, further comprising the
step of comparing said second measurement of radiation emitted from said surface and

said first and second coatings to a second acceptable preexisting model profile.

23.  The method for detecting defects in coatings as in claim 20, further comprising the
step of comparing each change in temperature parameter for each localized area to a

threshold level.

24.  The method for detecting defects in coatings as in claim 20, further comprising the

step of varying the number of the surrounding areas utilized in the calculation.
25.  The method for detecting defects in coatings as in claim 20, further comprising the
step of implementing a change in the operation of an application apparatus to address one

or more defects detected.

26. A method for detecting defects in coatings comprising the steps of:

a) applying a first coating to a surface;
b) modifying the temperature of the surface and coating;
c) measuring a temperature parameter of said surface and said first coating

for a plurality localized areas of said surface to create a thermal profile;
and
d) for each localized area in said thermal profile, comparing said temperature
parameter of said surface and said first coating to the temperature parameters for
surrounding localized areas to determine a temperature change parémeter;
¢) identifying a defect based upon said temperature change parameters of said

localized areas.
27.  The method for detecting defects in coatings as in claim 26, further comprising the

steps of:

a) measuring a thermal profile of said surface to create a thermal signature;
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b) taking a first measurement of amount of radiation emitted from said
surface and said first coating;

c) comparing said radiation emitted to said thermal signature;

d) creating a temperature differentiation between said surface, said first
coating and a second coating;

e) applying a second coating to said first coating;

) taking a second measurement of amount of emitted radiation from said
surface and said first and second coatings; and

2) comparing said first measurement to said second measurement.

28.  The method for detecting defects in coatings as in claim 26, further comprising the
step of identifying the three-dimensional location of said defects based upon said

comparison..

29.  The method for detecting defects in coatings as in claim 26, further comprising the

step of correcting a defect identified.
30.  The method for detecting defects in coatings as in claim 26, further comprising the

step of changing, in real time, the operation of an application apparatus upon

identification of a defect.
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