Office de la Propriete Canadian CA 2736734 A1 2010/03/25

Intellectuelle Intellectual Property
du Canada Office (21) 2 736 734
g,lnngL%?rri‘fg:na " mfgtfy”%ya‘r’]‘; " 12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
13) A1
(86) Date de depot PCT/PCT Filing Date: 2008/09/17 (51) CLInt./Int.Cl. GOTN 25/72(2006.01)

(87) Date publication PCT/PCT Publication Date: 2010/03/25 | (71) Demandeur/Applicant:
(85) Entree phase nationale/National Entry: 2011/03/10 NIPPON STEEL CORPORATION, JP

o ST . (72) Inventeurs/Inventors:
(86) N° demande PCT/PCT Application No.: US 2008/076598 NAKAGAWA. JUNICHI JP:

(87) N° publication PCT/PCT Publication No.: 2010/033113 ITO. TADAYUKI JP:
NISHIYAMA, TETSUO, JP;
DOKI, MASAHIRO, JP;
SAITO, KOZO, US:
GHARAIBEH, BELAL, US;
CHUAH, KENG HOO, US;

(74) Agent: GOUDREAU GAGE DUBUC

(54) Titre : PROCEDE DE DETECTION D'UN DEFAUT DANS UN MATERIAU ET SYSTEME POUR LE PROCEDE
(54) Title: METHOD FOR DETECTING DEFECT IN MATERIAL AND SYSTEM FOR THE METHOD

3
Inputting part l 301
Image processing part l 302
Outputting part 305
: 2
‘uﬂ

100 | , \
Sy -

FIG. 1A

(57) Abrégée/Abstract:
A defect on the surface or in the surface layer of a moving material can be detected by using a method comprising steps of. heating
the surface of the material, obtaining thermal image data of the surface of the material using an infrared thermography camera
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(57) Abrege(suite)/Abstract(continued):

while the surface of the material Is being heated up at the heating step or being cooled down after heating, and detecting the defect
by calculating Laplacian with respect to temperature of the surface represented by the thermal image data. VWWhen the thermal
Image data Is obtained while the material Is being heated up, a heating device and the camera Is arranged so that thermal energy
emitted from the heating device Is reflected by the material to come into the camera.
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FIG.1A

(57) Abstract: A defect on the surface or i the surface layer of a moving material can be detected by using a method comprising

steps of: heating the surface of the material, obtaining the:

'mal 1image data of the surface of the material using an mfrared thermog-

raphy camera while the surface of the material 1s being heated up at the heating step or being cooled down after heating, and de-
tecting the detect by calculating Laplacian with respect to temperature of the surtace represented by the thermal image data. When
the thermal image data 1s obtained while the material 1s being heated up, a heating device and the camera 1s arranged so that ther-
mal energy emitted from the heating device 1s retlected by the material to come into the camera.
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METHOD FOR DETECTING DEFECT IN MATERIAL AND
SYSTEM FOR THE METHOD

Field of the Invention

100017

The present invention relates to a method for detecting a defect in a material and a

system for the method suitable for detecting a defect on the surface and/or in the surface layer

of the material.

Description of the Related Axrt
[0002]

In the case of steel sheet material, the steel sheet may have many types of defects such

as a dent by the roll, a dross flaw formed by embedding a dross from hot dip galvanizing in

the galvanized layer, blowholes scattered inside the steel sheet which are formed when argon
gas 1s trapped 1n the cast metal durmg the casting process, or a surface defect caused by non-

uniformity in the thickness of the galvanized layer,

100031

Among these defects on a steel sheet, a defect of a difference in color from the other

normal portions has been detected by operator’s visual check.

[0004]
As shown in JP 2004-219177A, defect detecting technology is known, which can detect

a defect of a steel sheet based on sheet surface image data taken by CCD camera.

10005

However, the production line speed has to be reduced when an operator does a visual
check and also the accuracy of the visual check by the operator depends on the person.

Recently, detection of defects of which size is too small to be visnally detected has been

required as hagh level of quality control has been demanded.
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[0006]

Furthermore, the CCD camera method of visually checking the surface of a steel sheet
does not have a high ability for detecting a defect located in the surface layer (not on the

surtace) since such a defect 1s often difficult to be visually recognized from outside.

Brief Summary of the Invention

(0007)

The present invention has been conceived based on consideration of the above problem.

An object of the present invention is therefore to provide a method and system for detecting a

defect both on the surface and in the surface layer of a material, such as a steel sheet, with

high accuracy even if the material 1s moving or being transported.

[0008]

In the present invention, a defect of a material can be detected using a method for
detecting a defect both on the surface and in the surface layer of a material including the
steps ol heating the surface of the material, obtaining thermal image data of the surface of
the material using an infrared thermography camera while the material is being heated up at
the heating step or being cooled down after heating, and detecting the defect by calculating
Laplacian with respect {0 the temperature of the surface represented by the thermal image
data. The method can be performed by the following system. A system for detecting a defect
both on the surface and in the surface layer of a material includes: a heating device for
heating the surface of the material, an infra-red thermography camera for obtaining thermal
image data of the surface of the material while the material is being heated up at the heating
step or being cooled down after heating, and a detecting device for detecting the defect by
calculating Laplacian with respect to the temperature of the surface represented by the

thermal image data.

[0009]

According to the present invention, the detection of a defect is carried out by: heating
the surface of the material, obtaining thermal image data of the surface of the material using
an inirared thermography camera while the material is being heated up at the heating step or

being cooled down after being heated up, and detecting the defect by calculating Laplacian
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with respect to the temperature of the surface represented by the thermal image data. This
makes 1t possible to detect the defect both on the surface and in the surface layer of the

material with high accuracy even if the material is moving or being transported.

Briet Description of the Drawings

[0010]
FIG. 1A shows a rough configuration of the system for detecting a defect of a steel

sheet in one embodiment of the present invention, where the detection is made while the

material to be inspected 1s cooled down after being heated up. FIG. 1C shows a rough
configuration of the system for detecting a defect of a steel sheet in another embodiment of
the present mvention, where the detection 1s made while the material to be inspected is being
heated up. FIGS. 2A, 2B and 2C are schematic diagrams to illustrate an example of the

image data processing performed in the image processing part of the detecting device. FIGS.

3A, 3B, 3C and 3D show a type of defect to be detected in the present invention. FIG. 4 is an

explanatory diagram for explaining a nondestructive inspection using an infrared

thermography camera. FIG. 5 1s an explanatory diagram explaining the relationship between
pixels for calculating Laplacian. FIGS. 6A / 6B are a graph showing temperature

charactenistics curves representing surface temperature based on thermal image data mn a
cooling-down / being-heated-up process obtained by an infrared thermography camera. FIGS.
7A / 7B are a graph showing Laplacian corresponding to temperature characteristics curves
of FIGS. 6A / 6B. FIG. 8 i1s a graph showing temperature distribution curves in the surface
layer. FIG. 9 1s a graph showing an effect by Gaussian filtering with respect to thermal
image data, FIG, 10 shows a hardware configuration of a computer system functioning as a
detecting device. FIGS. 11A, 11B and 11C are an example of an image showing detecting a
defect in the cooling down process, wherein the defect is a foreign material or a void located
in the surface layer of the steel sheet. FIGS, 12A, 12B and 12C arc an example of an image

showing detecting a defect in the cooling down process, wherein the defect is a minute raised

convex portion located on the surface of the steel sheet. FIGS. 13A, 13B and 13C are an
example of an 1mage showing detecting a defect in the cooling down process, wherein the
defect 1s a minute sharp dent located on the surface of the steel sheet. FIGS. 14A, 14B and

14C are an example of an 1image showing detecling a defect in the cooling down process,

wherein the defect is a foreign material attached on the surface of the steel sheet. FIGS. 15A,
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15B and 15C are an example of an image showing detecting a defect in the cooling down
process, wherein the defect is a foreign material in the surface layer of a resin fuel tank for an
automobile. FIGS. 16A, 16B and 16C are an example of an image showing detecting a
defect in the heating process, wherein the defect is a minute raised convex portion located on
the surface of the steel sheet. FIGS. 17A, 17B and 17C are an example of an image showing
detecting a defect in the heating process, wherein the defect is a minute sharp dent located on
the surface of the steel sheet. FIGS. 18A, 18B and 18C are an example of an image showing
detecting a defect in the heating process, wherein the defect is a foreign material attached on
the surface of the steel sheet. FIGS. 19A, 19B and 19C are an example of an image showing
detecting a defect in the heating process, wherein the defect is a foreign material in the

surface layer ol a resin fuel tank for an automobile.

Detailed Description of the Invention
[00117

The present invention is more specifically set forth in the case of a steel sheet material
in the following description with reference to the appended figures, As shown in FIG. 1A
and FIG. 1C, the defect detecting system of the present invention has a heating device 1, an
mirared thermography camera 2 and a detecting device 3, which detects a defect on the
surface and/or in the surface layer (referred to as simply defect 101) of a steel sheet 100 (e.g.,

several mm 1n thickness).

|0012]

A defect 101, the object to be detected in the invention, is described below with
reference fo FIGS. 3A — 31D, There are many types of defects on the surface/in the surface
layer of the steel sheet 100 and the shape of the defect can be, for example, as sort of

scattered-sand, willow-leal or spot.

[0013]
A defect 101a i FIG. 3A 1s a defect caused by embedding some foreign material in the

surface layer ol the sieel sheet 100, that 1s, e.g., a dross flaw formed by embedding a dross
from hot dip galvamizing into the galvanized layer, or caused by formation of a void, that is,

e.g., blowholes scattered inside the steel sheet which are formed when argon gas is trapped in
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the cast metal during the casting process and the gas trapped portion is rolled out during the
rolling process. In this type of defect, thermal conductivity of the defect (foreign
material/void) 101a is lower than that of a steel sheet per se. Consequently, the surface of
steel sheet at the position of the defect 101a (the surface adjacent to the defect) can be more

rapidly heated up or cooled down compared with the normal surface portion of the steel sheet.

[0014]

A defect 101b n FIG, 3B is a minute raised convex portion formed on the surface of the
steel sheet 100. A locally much thicker galvanized layer is one example of this defect. In
this type of defect, the raised convex portion 101b has a larger surface area, which makes the
raised convex portion 101b be more rapidly heated up or cooled down compared with other
normal surface portions of the steel sheet. [Sub 0014 bottom] Also because of the shape of
the defect, the amount of heat radiation from the area of the raised convex portion 101b is

larger than that from the same size area of other normal surface portions of the steel sheet.

[0015]
A delect 101c 1 FIG. 3C 1s a minute sharp dent formed on the surface of the steel sheet

100. Thas defect 15 often formed by pressing some foreign material attached on the surface of

a 101l against the steel sheet. Because of the shape of the defect, the amount of heat radiation
from the area of the sharp dent 101¢ is larger than that from the same size area of other
normal surface portions of the steel sheet. This makes the area of the minute sharp dent 101¢
be more rapidly heated up or cocled down compared with other normal surface portions of

the steel sheet.

|0016]

A detect 101d m FIG. 3D 1s a foreign material such as dust attached on the surface of
the steel sheet. In this type of defect, the radiation rate of the foreign material is higher than
that of the steel sheet. Consequently, the amount of heat radiation from the defect 101d is
larger than that from the same size area of other normal surface portions of the steel sheet.
This makes the area of the foreign material 101d be more rapidly heated up or cooled down

compared with other normal surface portions of the steel sheet.
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[0017]

The present invention has been made based on the fact inventors found that when
Laplacian A ,, T was obtained with respect to the temperature of the surface represented by
the thermal image data taken using an infra-red thermography camera, absolute value of the
Laplacian A , T becomes larger at the position of the defect 101 compared with other normal
surface portion of the steel sheet and also the type of the defect can be determined based on

whether the value of Laplacian A , T 1s positive or negative.

[0018]
FIG. 1A shows a rough configuration of the system for detecting a defect of a steel

sheet of one embodiment of the present invention. FIG. 1C shows a rough configuration of
the system for detecting a defect of a steel sheet of another embodiment of the present
mveniion. In FIG. 1A and FIG. 1C, a heating device 1 heats up the surface of the steel sheet
100 on an inspection line. It 1s preferable that the temperature of the steel sheet is less than
100°C (more preterably about 60°C) m order to set the temperature of the steel sheet 100
higher than room temperature and avoid any effect on the quality of the steel sheet, A steel
sheet on an 1nspection line 1s transported in the arrow direction at a predetermined line speed

ranging from 0 to about 300 mpm.

10019]

FIG. 1A and FIG. 1B 1illustrate a system suitable for detecting defects while a steel sheet
1s bemng cooled down. In FIG. 1A, an infrared thermography camera 2 is located downstream
from a heating device 1. The steel sheet is heated upstream by the heating device 1 and the
surface area of the steel sheet 1s thermographed downstream at an inspection area S to obtain
two-dimensional thermal image data of the inspection area S. Thermal image means an
image representing a distribution of the amount of heat radiation radiated from the surface of
the steel sheet 100 of an object to be imspected, in other words, an image represeniing a
surface temperature distiibution. The infrared thermography camera 2 has an image pick-up
portion with an mfrared sensor and a signal processing part, which can provide thermal image

data by converfing iemperature mformation of each pixel into color information.
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10020]

In the process of obtamning thermal image data of the inspection area S using the
infrared thermography camera 2, it is necessary to avoid thermal energy emitted by the
heating device 1 from coming into the infrared thermography camera 2 directly or by being
retlected by the surface of the steel sheet 100. For this reason, the heating device 1 and the
thermography camera 2 are placed so as to have sufficient distance between them. In the
case where it 1s difficult to have sufficient distance therebetween because of limited space, it

1$ an alternative way to have a heat shielding member 4 therebetween as shown in FIG. 1A3

to avold thermal energy emitted by the heating device 1 from coming into the infrared
thermography camera 2 by being reflected by the surface of the steel sheet 100. Needless to
say, the heat shielding member 4 is arranged so as not to block the field of view of the
thermography camera 2. It is preferable to have such an arrangement in order to avoid
thermal energy emitted by the heating device 1 from coming into the infrared thermography
camera 2 even 1 the heating device 1 is to be turned off after heating the steel sheet 100,
smnce some thermal energy from the remaining heat of the turned off heating device could
come into the camera, A camera 2 1in FIG. 1A, FIG.1AZ2 and a camera 2 in FIG. 1B are
different in setup direction (optical axis direction of the optical system of the camera) and
location relative to the steel sheet surface. A variety of directions and locations of the camera

and heating device 1 can be used in the invention.

|0021]

In the case where delect detecting 1s made while a steel sheet is heated up (described
later), also a vanety of directions and locations can be used, as long as the heating device 1
and the thermography camera 2 are arranged so that the thermal energy emitted by the
heating device 1 can come into the camera after being reflected by the surface of the steel

sheet.

100227

In an mfrared thermography camera 2, frame rate and integration time are set so as to fit
the production line speed. In a commercially available infrared thermography camera, the
integration time 1s in the order of 0.01lms. This means there is only .025 mm of slippage

when the steel sheet runs at 150 mpm, which leads to only 10 % or less with respect to a pixel
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having a size of 0.25 mm or more. In other words, the quality of the image 1s almost not

degraded.

[0023]

A detecting device 3 with a personal computer calculates Laplacian A 4, T based on a
surface temperature represented by the thermal image data obtained by the infrared
thermography camera fo detect a defect 101 and determine the type of the defect, As
described before, absolute value of Laplacian A 4, T at the position of the defect 101 is larger
than that at the position 102 of a normal surface portion of the steel sheet and the type of the
defect can be determined based on whether the value of Laplacian A , T is positive or
negative, Therefore, 1T there 1s a defect in the inspection areca S, the absolute value of
Laplacian A ., T of the detfect position shows a larger value compared with that of a normal
surface portion of the stee!l sheet, and the type of the defect is determined by whether the

value 18 positive or negative.

[0024]

The detecting device 3 mcludes an mputting part 301 into which thermal image data

obiained by the inirared thermography camera 2 is input.

100257

An 1mmage processing part 302 in the detecting device 3 is for processing the thermal
image data input nfo the inputting part 301 in accordance with a predetermined image data
processing procedure. FIGS. 2A, 2B and 2C are schematic diagrams to 1llustrate an example
ol the image data processing performed in the image processing part 302 of the detecting
device 3. FIG. 2A shows thermal image data input info the mnputting part 301. FIG. 2B
shows Laplacian-processed thermal immage data where the temperature is converied into
Laplacian value. FIG. 2C shows a bimarized image of the thermal image data of Laplacian
value. Laplacian processing 1s performed in order to reduce a disturbance in the thermal
umage data (FIG. 2A) provided by temperature irregularity, and also to detect the heat balance
taking place at the surface and surface layer of the steel sheet 100 as described later. A

surface layer 1s defined as a part very close to the surface of the maternal and experientially
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about one fourth of the thickness region from the surface can be regarded as the surface layer

in the case of a 1-2 mm thick steel sheet.

[0026]

Simce the absolute value of Laplacian A ,; T at the position of the defect 101 is detected
larger 1n the inspection area S, it can be said that Laplacian processing can provide the image
where the detect 101 1s extracted (see the black colored portion in FIG. 2C). Also the type of

the defect 101 can be determined based on whether the value of Laplacian A 4, T is positive

Or negative.

[0027]
An outputting part 303 1 the detecting device 3 1s for outputting the thermal image data

processed by the image processing part 302 to display on a monitor screen (not shown).

(0028]

The method of the invention for detecting a defect on the surface and/or in the surface

layer of a steel sheet 1s described in detail below.

[0029]

An mfrared thermography camera can be used to detect an inside defect 402 (e.g.,
captured foreign material or formation of void} located inside the object-to-be-inspected 401
as shown m FIG, 4, As thermal conductivity of the object-to-be-inspected 401 and that of the
defect 402 are generally different, the amount of heat radiation from the surface at the
position of the object-to-be-inspected 401 1s different from that of the defect 402,
Consequently, the defect 402 inside the object-to-be-inspected 401 can be detected by

measuring a distribution of the heat radiation amount with time over the surface of the object

402,

0030]
It the thermal conductivity of the object 401 and that of the defect 402 are greatly

different from each other, it 1s possible to detect the defect 402 with high accuracy. If the
object 401 and the defect 402 have the same or almost the same thermal conductivity, for
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example, 1n the case of FIG. 3B and FIG. 3C where there 1s no difference between the object
and the defect, this method cannot be used.

(0031]

This method detects an abnormality of temperature in the defect position based on the

heat radiation amount distribution. The distribution is, however, affected by the heat diffusion
1n two dimensions (x-y directions) of the surtace of the object. Therefore the heat radiation
amount at the defect position 1s attenuated, which lowers the accuracy of detecting the defect

position,

[0032]

In the delect detecting method of the present imvention, Laplacian processing 1s
performed m addition to the use of distribution of heat radiation amount of the object (steel
sheet 100). As described before, the absolute value of Laplacian A 4, T at the position of the
defect 101 1s detected larger than that at the position 102 of a normal surface portion of the
steel sheet. This invention is based on the 1dea that if there 1s a defect 101 in an inspection
arca S, the absoluie value ol Laplacian A , T at the position of the defect 101 should be

recogmized larger than that of other normal surface portions.

100337

A Laplacian A ., T with respect to a pixel is represented by an expression (1) below.
As shown in FIG. 5, the nght-hand side of the expression (1) can be calculated using a
surface temperature T (x, y) of the pixel based on thermal image data obtained by the infrared
thermography camera and the temperatures of each the of pixels located respectively above,
below, right side of and left side of the pixel; 1.e., T(x +1, y), T(x, y +1), T(x -1, y), T(x, y -1),
where h 1s the size of the pixel. In the above, Laplacian is calculated with respect to each
single pixel. Laplacian can also be calculaied with respect to each block consisting of a

plurality of pixels (e.g., 2-pixel by 2-pixel).

[0034]

1
4h°

Ay T= ——{TxH, y) +T(x- L, y) + T, y + 1)+ T(x, y - 1) - 4T(x, )} - (1)
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[0035]

As a heat migration phenomenon inside the steel sheet 100 meets a nonsteady-state
three-dimensional heat conduction equation, Laplacian A ., T can be described as the
following expression (2), wherem “0.” 1s a thermal diffusivity of the material. The right side
of the expression (2) represents a heat migration balance in the z direction (steel sheet
thickness direction) which governs heat migration in the surface layer of the steel sheet 100.
That 1s, the first term of the right side of expression (2) represents a variation of heat storage

m the surface layer of the steel sheet and the second term represents a variation of heat

storage due to heat migration 1n the z direction.

[0036]
A o T = (1/a) -(8T/8t) - 6°T/8z" + - - - (2)

[0037]

A case, where temperature characteristics curves T and T, are obtained as shown in
FIG. 6A based on thermal mmage data of the inspection area taken by the infrared
thermography camera during cooling down process, is described below. A pixel size by the

infrared thermography camera 1s set at 0.4 mm which is about two times the size of defect

101.

[0038]

The temperature characteristics curves T represents temperature characteristics of a
normal portion 102 m FIG. 1A and Laplacian A , T with the T; being shown in FIG, 7A as
charactenstics ine L;. The characteristics line L; (Laplacian A ,, T) indicates the value is
almost zero with some deviation by noise. This zero value of Laplacian A ,, T means that the
value of the first term of the right side of the expression (2) representing a variation of heat
storage m the surface layer of the steel sheet (negative value due to the process of bemg
cocled down) 15 almost equal to the value of the second term of the right side of the
expression (2) representing a variation of heat storage due to heat migration in the z direction

(negative value due to the process of being cooled down). In other words, the heat migralion

1s being made very smooth.
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10039]

The temperature characteristics curve T, represents temperature characteristics of a
position of defect type shown in FIG. 3A and Laplacian A ,, T with the T> being shown in
FIG. 7A as charactenstics line L,. In the case of the defect type shown in FIG. 3A, a value of
the charactenstics ine L, (Laplacian A , T ) is positive. This positive value of Laplacian A 4,
T means that the value of the second term of the right side of the expression (2) representing
a variation of heat storage due to heat migration in the z direction (negative value due to the
process of being cooled down) i1s smaller than the value of the first term of the right side of
the expression (2) representing a variation of heat storage in the surface layer (negative value
due to the process of being cooled down). In other words, the cooling down process keeps

going while a heat release from the surface of the steel sheet is keeping larger than a heat fed

from a deeper place of the steel sheet. This means that a cooling down rate in the defect

position 15 greater than that of the area surrounding the defect as indicated in FIG. 8 where
the temperatare distribution curve tp in the surface layer of the defect portion has a convex
curve which has a larger gradient compared with the temperature distribution curve t; in the

surface layer of a normal portion. The defect type shown in FIG. 3B has a sumilar result to

that of the defect type of FIG. 3A.

[0040]

Laplacian A ,, T with respect to temperature characteristics curves in a position of
defect type shown in FIG. 3C or FIG. 3D 1s shown in FIG, 7A as characteristics line L;. The
temperature characteristics curve representing temperature characteristics of a position of the
defect type shown m FIG. 3C or FIG. 3D (not shown in FIG. 6A) 1s almost the same as the
temperature charactenstics curves T; representing temperature characteristics of a normal
porfion in FIG. 6A. In the case of the defect type shown in FIG. 3C or FIG. 3D, a value of
the characteristics line L3 (Laplacian A , T ) becomes negative. This negative value of
Laplacian A ,, T means that the value of the first term of the right side of the expression (2)
representing a varlation of heat storage 1n the surface layer (negative value due to the process
of being cooled down} 1s smaller than the value of the second term representing a vartation of
heat storage due to heat migration in the z direction (negative value due to the process of

being cooled down), which results 1n the temperature distribution curve t3 in the surface layer
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shown in FIG. 8. The reason for this is because an amount of heat radiation at the defect

position 1s greater than that of the area surrounding the defect, which makes a temperature by

an inirared thermography camera show a higher value than actual temperature.

[0041]
FIG. 1C and FIG. 1D 1s a system suitable for detecting defects while a steel sheet is
bemng heated up. In FIG. 1C, an infrared thermography camera 2 takes an image of an

inspection area S where the surface 1s being heated up by a heating device 1 to obtain two-

dimensional thermal image data of the inspection area S.

[0042]
As described before, in the case where defect detecting 1s made while a steel sheet is
heated up (described later), also a vanety of directions and locations can be used, as long as

the heating device 1 and the thermography camera 2 are arranged so that the thermal energy

emitted by the heating device 1 can come into the camera after being reflected by the surface

ol the steel sheet.

0043 ]

A case, where temperature characteristics curves Ty, Ty and T3 are obtained as shown in
FIG. 6B based on thermal mmage data of the inspection area taken by the infrared
thermography camera during the heating up process, is described below. In FIG. 6B, the
temperature rnses steeply and some of the temperature characteristics curves reaches
temperature beyond the preferable temperature range of the steel sheet 100 (less than 100°C).
However, this 18 just because thermal energy radiated from the heating device 1 comes into

the camera after being rellected by the surface of the steel sheet as shown mn FIG, 1D,

10044

The temperature characteristics curves T, represents temperature characteristics of a

normal portion 102 in FIG, 1C and Laplacian A ,, T with the T, being shown in FIG, 7B as
characteristics line L;. The characteristics line L, (Laplacian A , T ) indicates the value is
almost zero with some hunting by white noise. This zero value of Laplacian A ,, T means

that the value of the first term of the right side of the expression (2) representing a variation
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of heat storage in the surface layer of the steel sheet (positive value due to the process of
being heated up) 1s almost equal to the value of the second term of the right side of the
expression (2) representing a variation of heat storage due to heat migration in the z direction
(positive value due to the process of being heated up). In other words, the heat migration is

being made very smooth.

[0045]

The temperature characteristics curve T, represents temperature characteristics of a
position of the defect type shown 1 FIG. 3A or FIG. 3B and Laplacian A , T with the T;
being shown n FIG. 7B as characteristics hine ;. In the case of the defect type shown in
FIG. 3A or FIG. 3B, a value of the characteristics line L, (Laplacian A , T) is negative since
the value of the second term of the right side of the expression (2) representing an amount of

heat migration 1n the z direction (positive value due to the process of being heated up)

becomes larger.

[0046]

The temperature charactenistics curve T3 represents temperature characteristics of a

position of the defect type shown in FIG, 3C or FIG. 3D and Laplacian A 4, T with the T;

being shown m FIG. 7B as characteristics line I3, In the case of the defect type shown in
FIG. 3C or FIG. 3D, a value of the characteristics line Ls (Laplacian A , T) is positive since
the value of the second term of the right side of the expression (2) representing an amount of

heat migration 1 the z direction (positive value due to the process of being heated up)

becomes smaller.

[0047]

When the thermal image data obtained by the infrared thermography camera 2 includes
a noise, Gaussian filtering can be applied to eliminate the noise. FIG. 9 shows characteristics
Iine L. as a result of Laplacian processing applied to thermal image data including noise,
where Laplacian value greatly hunts because of noise. Another characteristics line L’ is a
result of Laplacian processing applied to the thermal image data after having a Gaussian

filtening process where the hunting is reduced unlike in the line L. As to noise elimination
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filtering, not only (Gaussian filtering but any filtering method for smoothing can be used. As

to Gaussian filtering, details are described, for example, in JP2004-219177A.

|00438]

The following expression (3) represents a thermal energy radiated from a steel sheet

surface to be measured by an infrared thermography camera while the steel sheet is in the

“«C >

process of cooling down after being heated up, wherein “g” is a radiation rate of the surface

b B

of the steel sheet, “e,” 18 an apparent radiation rate set by the user with an infrared
thermography camera, T 1s a temperature of the surface of the steel sheet, “T.” 1is a
temperature of a sensor element of the infrared thermography camera, “T,,” is a surface
temperature of the stecl sheet represented by the infrared thermography camera (surface
temperature represented by thermal image data obtained by the infrared thermography

camera ) and “c’ 18 a Stefan-Boltzmann constant.

10049]
e 'O (T4“_Tc4):8n1' S (T1H4HTC4) o (3)

[0050]

The following expression (4) represents thermal energy radiated from a steel sheet
surface to be measured by an infrared thermography camera while the steel sheet is in the

process of bemng heated up, where T, represents a temperature of the heating element surface

of the heating device 1.

[0051]
(1-g) 6 (T, -TH+e o (T"-THh=tn- o (T -TH " - - - (4)

|0052]

Comparing the expression {3) with the expression (4), a thermal energy of the first term
of the left side 1s added mn the expression (4). This term represents an amount of thermal
energy which comes into the sensor of the infrared thermography camera 2 after being

emifted {rom the heating element of the heating device 1 and reflected by the surface {an

mspection area S) of the steel sheet 100 (see arrow E in FIG. 1D). T, , a temperature of the



CA 02736734 2011-03-10
WO 2010/033113 PCT/US2008/076598
16

heating element surface of the heating device 1, is five times or more T of the surface

temperature of the steel sheet 100. Therefore, in the heating up process, the second term of

the left side, which is a dominant factor during the cooling down process, i1s much larger than

the first term of the left side in expression (4). This makes it possible to detect a change in

the amount of radiation from the surface of the steel sheet 100 with good sensitivity.

(0053]
As described above, in the method for detecting a defect while the steel sheet is being

heated up, a change 1n the amount of radiation from the surface of the steel sheet 100 can be

detected with good sensitivity. Therefore, a defect such as the one shown in FIG. 3B, FIG.
3C or FIG. 3D, parficularly the type of FIG. 3C or FIG. 3D, can be detected with good
sensitivity. The defect type of FIG, 3A may not be casily detected because the change in the
amount of radiation in this type is not so great. That is, the amount of thermal energy of the
second term of the left side is expected to be a main change, and the value change of the

second term 15 smaller than the value of the first terma.

[0054]

As described above, the absolute value of the Laplacian A 4, T, obfained from the
surface temperature data based on the thermal image data by the infrared thermography
camera, becomes larger at the position of the defect 101 compared with other normal surface
portions of the steel sheet. This finding can be used for detecting the defect 101 on the

surface or 1 the surface layer of a steel sheet with high accuracy and without reducing

production line speed.

100355]
Because of the heat diffusion etfect, the area of which temperature is affected by the

defect 101 is expanded. This makes 1t possible to set a pixel size larger compared with an

optical detect detecting device using a CCD camera.

[0056]

F1G. 10 shows a hardware configuration of a computer system functioning as a

detecting device 3. The hardware configuration includes CPU 51, input device 52, display
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device 53, storage device 34 and communication device 55, each of them is connected to
each other throngh bus 56. The storage device 54 mcludes ROM, RAM, and HD where the
computer program for controlling an operation of the detecting device 3 is stored. When
CPU 51 executes the program, function and processing by the detecting device 3 can be

realized. The detecting device 3 can be constituted by a single unit or a plurality of units.

[0057]
Examples when detecting defects 1s made while a steel sheet is being cooled down are
shown as follows.

FI1G. 11 shows an example where defect detection was made with respect to a steel
sheet sample (test piece) having a defect shown as FIG. 3A, 1.e., a foreign material or a void
located in the surface layer of the steel sheet. Thermal image data of the steel sheet sample
was taken by an mirared thermography camera in the cooling down process, i.e., 10 seconds
after the steel sheet sample was heated to about 80°C. The number of pixels of the mnfrared
thermography camera is 256 x 256, the size of the pixel 1s 0.8 mm, and the distance between
the camera and the steel sheet sample was 60 cm. Optical axis direction of the infrared

thermography camera 1s perpendicular fo the steel sheet sample surface.

[0058]

FIG. 11A 1s thermal image data taken by the infrared thermography camera, FIG. 11B
1§ a Laplacian processed image of the thermal image data, and ¥IG, 11C is a binarized image
of the Laplacian processed mmage data. FIGS. 11A, 11B and 11C are schematic diagrams

made from an actually obtained image (zoom-up mmage). FIG. 11C shows the image where

defects 1101 (a foreign material or a void) are extracted to be clearly viewed.

[0059]

F1G. 12 shows an example where defect detection was made with respect to a steel
sheet sample {test piece) having a defect shown as FIG, 3B, 1.e., a minute raised convex
portion formed on the surface of the steel sheet. Thermal image data of the steel sheet sample
was faken by an mfrared thermography camera in the cooling down process, i.e., 10 seconds
alter the steel sheet sample was heated to about 60°C, The number of pixels of the infrared

thermography camera 1s 256 x 256, the size of the pixel is 1.2 mm, and the distance between
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the camera and the steel sheet sample was 90 cm. Optical axis direction of the infrared

thermography camera 1s perpendicular to the steel sheet sample surface.

|0060]
FIG. 12A 15 thermal image data taken by the infrared thermography camera, FIG. 12B

15 a Laplacian processed 1mage ol the thermal image data, and FIG. 12C is a binarized image

of the Laplacian processed image data. FIGS. 12A, 12B and 12C are schematic diagrams

made from an actually obtained mmage (zoom-up 1image). FIG. 12C shows the image where

defects 1201 (a minuic raised convex portion) are extracted to be clearly viewed.

[006]]

FIGr, 13 shows an example where defect detection was made with respect to a steel
sheet sample (test piece) having a defect shown as FIG. 3C, i.e., a minute sharp dent formed
on the surface of the steel sheet. Thermal image data of the steel sheet sample was taken by
an mnfrared thermography camera 1n the cooling down process, 1.e., 10 seconds after the steel
sheet sample was heated to about 80°C. The nmumber of pixels of the infrared thermography
camera 1s 256 x 256, the size of the pixel 1s 0.1 mm, and the distance between the camera
and the steel sheet sample was 10 cm. Optical axis direction of the infrared thermography

camera is perpendicular to the steel sheet sample surface.

[0062]
FIG. 13A 1s thermal image data taken by the infrared thermography camera, FIG, 13B

1s a Laplacian processed image of the thermal image data, and FIG, 13C is a binarized image
of the Laplacian processed image data. FIGS. 13A, 13B and 13C are schematic diagrams
made from an actoally obtained image (zoom-up image). FIG. 13C shows the image where
detects 1301 (a minute sharp dent) are extracted to be clearly viewed. A line pattern 1302
viewed 1n FIGS. 13A, 13B and 13C 1s a marking line written on the sample in advance to
indicate a portion having the defects after finding the defect by doing a visual check, but not

any kind of erroneous detection.
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[0063]

FIG. 14 shows an example where defect detection was made with respect to a steel

sheet sample (test piece) having a defect shown as FIG. 3D, i.e., a foreign material such as
dust attached on the surface of the steel sheet. Thermal image data of the steel sheet sample
was taken by an infrared thermography camera in the cooling down process, i.e., 10 seconds
atter the steel sheet sample was heated fo about 60°C.

The number of pixels of the mfrared thermography camera 1s 256 x 256, the size of the pixel
15 .8 mm, and the distance between the camera and the steel sheet sample was 60 cm.
Optical axis direction of the infrared thermography camera is perpendicular to the steel sheet

sample surtace.

[0064]
FIG. 14A 1s thermal image data taken by the infrared thermography camera, FIG. 14B

1s a Laplacian processed image of the thermal image data, and FIG. 14C is a binarized image
of the Laplacian processed image data. FIGS. 14A, 14B and 14C are schematic diagrams
made from an actually obtained image (zoom-up 1mage). FIG. 14C shows the image where
defects 1401 (a foreign material attached) are extracted to be clearly viewed. A line pattern
1402 viewed in FIGS. 14A, 14B and 14C is a marking line written on the sample in advance
to indicate a portion having the defects after finding the defect by doing a visual check, but

not any kind of erroneous detection.

|0065]
This invention can be apphed to other type of materials. FIG. 15 shows an example

where defect detection was made with respect to a sample of a resm fuel tank for an

automobile having a foreign material in the surface layer of the tank shell in place of a steel
sheet. Thermal image data of the fuel tank sample was taken by an infrared thermography
camera 1n the cooling down process, 1.e., 10 seconds after the fuel tank sample was heated to
about 60°C. The number of pixels of the infrared thermography camera is 256 x 256, the size
of the pixel 1s 0.8 mm, and the distance between the camera and the steel sheet sample was 60
cm. Optical axis direction of the infrared thermography camera is perpendicular to the steel

sheet sample surface.,
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[0066]

FIG. 15A 1s thermal image data taken by the mirared thermography camera, FIG. 15B
1s a Laplacian processed image of the thermal image data, and FIG, 15C is a binarized image
of the Laplacian processed image data, FIGS. 15A, 13B and 15C are schematic diagrams
made from an actually obtained mmage (zoom-up image). FIG. 15C shows the image where
defects 1501 (a foreign material in the surface layer) are extracted to be clearly viewed. A
ring pattern 1502 viewed m FIGS. 15A and 15B 1s a marking line written on the sample in

advance to indicate a portion having the delects after finding the defect by doing a visual

check, but not any kind of erroneous detection.

(0067

Examples when detecting defects 1s made while a steel sheet 1s being heated up are

shown as follows.

FIG. 16 shows an example where defect detection was made with respect to a steel

sheet sample (test piece) having a defect shown as FIG. 3B, i.¢., a minute raised convex
portion formed on the surface of the steel sheet. Thermal image data of the steel sheet sample
was taken by an infrared thermography camera while the steel sheet sample was being heated
up to about 60°C. The number of pixels of the infrared thermography camera is 256 x 256,
the size of the pixel 1s 0.8 mm, and the distance between the camera and the steel shect
sample was 60 cm. The angle between the heating direction by the heating device and the

steel sheet surface 1s 60°, and the angle between the optical axis direction of the camera and

the steel sheet surface is 90°,

| 0068]
FIG. 16A 1s thermal image data taken by the infrared thermography camera, FIG, 16B

1s a Laplacian processed image of the thermal image data, and FIG. 16C is a binarized image
of the Laplacian processed image data. FIGS. 16A, 16B and 16C are schemaftic diagrams
made from an actually obtained 1mage (zoom-up 1mage). FIG, 16C shows the image where

defects 1601 (a minute raised convex portion) are extracted to be clearly viewed.
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[0069]

FIG. 17 shows an example where defect detection was made with respect to a steel
sheet sample (test piece) having a defect shown as FIG. 3C, i.e., a minute sharp dent formed
on the surface of the steel sheet. Thermal image data of the steel sheet sample was taken by

an infrared thermography camera while the steel sheet sample was being heated up to about

40°C. The number of pixels of the infrared thermography camera 1s 256 x 256, the size of

the pixel 1s 0.8 mm, and the distance between the camera and the steel sheet sample was 60
cm. The angle between the heating direction by the heating device and the steel sheet surface

1s 60° and the angle between the optical axis direction of the camera and the steel sheet

surface 1s 90°,

[007(]

FIG. 17A 1s thermal image data taken by the infrared thermography camera, FIG. 17B
1s a Laplacian processed mimage of the thermal image data, and FIG. 17C is a binarized image
of the Laplacian processed image data. FIGS. 17A, 17B and 17C are schematic diagrams
made from an actvally obtained 1mage (zoom-up image). FIG. 17C shows the image where

defects 1701 (a minute sharp dent} are extracted to be clearly viewed.

|0071]

FIG, 18 shows an example where defect detection was made with respect to a steel
sheef sample (test piece) having a defect shown as FIG. 3D, i.e.,, a foreign material attached
to the surface of the steel sheet. Thermal image data of the steel sheet sample was taken by
an mirared thermography camera while the steel sheet sample was being heated up to about
90°C. The number of pixels of the infrared thermography camera 1s 256 x 256, the size of the
pixel 158 0.8 mm, and the distance between the camera and the steel sheet sample was 60 cm.
The angle between the heating direction by the heating device and the sieel sheet surface is

0(}°, and the angle between the optical axis direction of the camera and the steel sheet surface

15 90°,

10072 ]
FIG. 18A 1s thermal image data taken by the infrared thermography camera, FIG. 18B

15 a Laplacian processed image of the thermal image data, and FIG. 18C is a binarized image
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of the Laplacian processed mmage data. FIGS. 18A, 18B and 18C are schematic diagrams
made from an actually obtained image (zoom-up image). FIG, 18C shows the image where
defects 1801 (a foreign material attached) are extracted to be clearly viewed. A line pattern
1802 viewed 1n FIGS. [8A, 18B and 18C is a marking ling writicn on the sample in advance
to indicate a portion having the defects after finding the defect by doing a visual check, but

not any kind of erroneous detection.

[0073]

This invention can be applied to other types of material. FIG. 19 shows an example

where defect detechon was made with respect to a sample of a resin fuel tank for an
automobile having a foreign material in the surface layer of the tank shell in place of the steel
sheet. Thermal image data of the fuel tank sample was taken by an infrared thermography
camera while the fuel tank sample was being heated up to about 70°C. The number of pixels
of the infrared thermography camera 1s 256 x 256, the size of the pixel is (.8 mm, and the
distance between the camera and the steel sheet sample was 60 ¢cm. The angle between the
heating direction by the heating device and the steel sheet surface is 60°, and the angle

between the optical axis direction of the camera and the steel sheet surface is 90°.

0074 ]

FIG, 19A 1s thermal 1mage data taken by the infrared thermography camera, FIG. 19B
1s a Laplacian processed image of the thermal image data, and FIG. 19C is a binarized image
of the Laplacian processed image data. FIGS. 19A, 19B and 19C are schematic diagrams
made from an actually obtained image (zoom-up image). FIG. 19C shows the image where
detects 1901 (a foreign matenai 1in the surface layer) are extracted to be clearly viewed. A

ring pattern 1902 viewed in FIGS. 19A and 19B is a marking line written on the sample in

advance to mdicate a portion having the defects after finding the defect by doing a visual

check, but not any kind of erroneous detection.

[0075]

The present invention 1s based on finding a singular point of heat transfer phenomenon
on the surface or in the surface layer of the material. Heat transfer phenomenon can take

place in any material and any shape of defect on the surface or in the surface layer can be
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detected by a thermography camera, which makes 1t possible to apply the invention to any

matferial in addition to a steel sheet and resin matenial.

[0076]

Although, in the examples represented by FIGS. 11, 12, 13, 14 and 15, the defect
detection was made while the steel sheet or the fuel tank was stayed in the same place, as
previously described, the defect detection can be made on a moving steel sheet or transported
fuel tank. For example, in a commercially available infrared thermography camera, the
integration fime 1s m the order of 0.0Ims. This means there 1s only 0.025 mm of slippage
when the steel sheet runs at 150 mpm, which leads to only 10 % or less with respect to a pixel
having a size of 0.25 mm or more. In other words, the quality of the image is almost not

degraded.
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What is claimed is:

. A method for detecting a defect both on the surface and in the surface layer of a material
comprising the steps of:

making a temperature of the surface of the material be changed with time,

obtaming thermal 1mage data of the surface of the material using an infrared
thermography camera while the surface of the material is changing in temperature, and

detecting the defect by calculating Laplacian with respect to the temperature of the

surface represented by the thermal image data.

2. A method for detecting a defect both on the surface and in the surface layer of a material
comprising the steps of:

heating the surface of the matenal,

obtamning thermal 1mage data of the surface of the material using an infrared
thermography camera while the surface of the material is being cooled down after the heating
step, and

detecting the defect by calculating Laplacian with respect to the temperature of the

surface represented by the thermal 1mage data.

3. A method for detecting a defect both on the surface and in the surface layer of a material
comprising the steps of:

heating the surface of the materal,

obtamming thermal 1mage data of the surface of the material using an infrared
thermography camera while the surface of the material is being heated up at the heating step,
and

detecting the defect by calculating Laplacian with respect to the temperature of the

surface represented by the thermal mmage daia.

4. The method according to claim 1, 2 or 3, wherein the detecting step further includes
calculation of the absolute value of the calculated Laplacian to determine whether there is a

defect.



CA 02736734 2011-03-10
WO 2010/033113 PCT/US2008/076598
25

5. The method according to claim 1, 2 or 3, wherein the detecting step further includes

calculation of value of the calculated Laplacian to determine whether the value is positive or

negative fo determine a type of defect.

6. A system for detecting a defect both on the surface and in the surface layer of a material
comprising:

a temperature changing device for changing a temperature of the surface of the material,

an mntrared thermography camera for obtaming thermal image data of the surface of the
material while the surface of the material 1s changing in temperature, and

a detecting device for detecting the defect by calculating Laplacian with respect to the

temperature of the surface represented by the thermal image data.

7. A system for detecting a defect both on the surface and in the surface layer of a material
COMPIISINE:

a heating device for heating the surface of the material,

an mirared thermography camera for obtaining thermal image data of the surface of the
material while the surface ot the material 1s being cooled down, and

a detecting device for detecting the defect by calculating Laplacian with respect to the

temperature of the surface represented by the thermal image data.

8. A system for detecting a defect both on the surface and in the surface layer of a material
comprising:

a heating device for heating the surface of the material,

an infrared thermography camera for obfaining thermal image data of the surface of the
material while the surface of the material is being heated up, and

a detecting device for detecting the defect by calculating Laplacian with respect to the

temperature of the surface represented by the thermal image data,

9. The system according to claim 7, wherein the heating device and the infrared
thermography camera are arranged so that thermal energy emitted from the heating device 1s

prevented from coming into the infrared thermography camera,
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10. The system according to claim 7, wherein a heat shielding member is placed between the

heating device and the mirared thermography camera so that thermal energy emitted from the

heating device 1s prevented from coming into the infrared thermography camera.

11. The system according to claim 8, wherein the heating device and the infrared
thermography camera are arranged so that thermal energy emitted from the heating device is

retlected by the surface of the material fo come nto the infrared thermography camera.
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