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[57] ABSTRACT 

A method and apparatus for measuring thermally induced 
warpage in test elements such as printed wiring boards and 
printed wiring assemblies, including a heating chamber 
having a transparent window and support structure for 
supporting a printing wiring board in an observation orien
tation and position parallel to the transparent window. A 
glass grating placed adjacent the window and a light source 
shines through the window onto the printed wiring board 
under test. A camera is positioned for capturing images of 
shadow moire fringes formed over time as the oven heats up 
the printed wiring board or printed wiring assembly to 
simulate actual process conditions. A computer is used for 
controlling operation of the apparatus and for evaluating the 
captured images of the moire fringes in relation to the 
temperature as a function of time. 

15 Claims, 3 Drawing Sheets 
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METHOD AND APPARATUS FOR 
MEASURING THERMAL WARPAGE 

TECHNICAL FIELD 

This invention generally relates to a method and apparatus 
for measuring warpage in a test element and more particu
larly relates to a method and apparatus for on-line measure
ment of thermally induced warpage using a shadow moire 

5 

2 
quickly enough and accurately enough to adequately simu
late the actual process conditions existing along the con
veyor. Thirdly, even if one can adequately replicate the 
process conditions of the conveyor within a stationary work 
station, the task of accurately measuring the warpage in a 
given board remains a daunting one. 

Accordingly, it can be seen that a need yet remains for a 
method and apparatus for measuring thermal warpage in test 
devices, elements, or specimens (especially in printed wiring technique. 

BACKGROUND OF THE INVENTION 

10 boards) which accurately simulates actual process tempera
ture conditions and which attains accuracy in measuring the 
thermal warpage. It is to the provision of such a method and 
apparatus that the present invention is primarily directed. It is known to simulate processing conditions and to 

perform measurements under the simulated processing con
ditions to determine how a particular material will react 15 

under actual processing conditions. For example, U.S. Pat. 
No. 4,426, 160 of Couderc discloses a method and apparatus 
for optically measuring the deformation of a material (e.g., 
pitch) under heat to determine the wetting power of the 
material. Also, U.S. Pat. No. 3,292,418 of Oehme et al. 20 

discloses a method and apparatus that simulates the condi
tions (i.e., high temperatures) encountered in drying equip
ment employed with printing presses to obtain indications of 
blistering characteristics prior to printing. U.S. Pat. No. 
4,989,991 of Pecot et al. discloses a method and apparatus 25 

for calibrating the emissivity characteristics of a semicon
ductor wafer by sensing the actual temperature of a semi
conductor wafer with a thermal sensor and, at the same time, 
measuring the temperature of the wafer by optical pyrometry 
under processing conditions that ideally would be the same 30 

for all wafers to be processed in a processing chamber. 
It is also known in the art to use optical techniques to 

determine the design or shape of an object. Kyle et al., U.S. 
Pat. No. 3,614,237, disclose a method and apparatus for 
measuring the contour of a surface by illuminating the 35 

surface through a periodically repetitive image structure, 
thereby casting a shadow of the structure onto the surface. 
The surface and the shadow cast thereon are viewed visually 
by an observer or are photographed through the structure as 
moire fringes. The contour of the surface is then determined 

40 

from the moire fringes. 

Crabb et al., U.S. Pat. No. 4,650,333, disclose a system 
for detecting printed circuit wiring defects and for measur
ing the height of circuit features. Non-uniformity and varia- 45 
tions of the substrate surface due to bending or warpage can 
be accounted for when measuring the height of the circuit 
features. The substrate and circuit features are illuminated 
by an energy source and a scanner receives energy reflected 
from the substrate and the circuit features and generates a 50 
signal which varies in accordance with the intensity of the 
reflected energy. An analyzer receives the signal generated 

SUMMARY OF THE INVENTION 

Briefly described, in a preferred form the present inven-
tion comprises a method for measuring thermally induced 
warpage in a device, element, or specimen. The method 
preferably is employed using a heating chamber for housing 
and heating the specimen, an illumination source, a grating, 
and a camera. The method includes the steps of placing the 
specimen in the heating chamber and illuminating the speci
men with light from the illumination source directed through 
the grating and onto the specimen, thereby forming shadow 
moire fringes on the specimen. The method also includes the 
steps of capturing a first image of the shadow moire fringes 
with the camera and heating the specimen in the heating 
chamber to cause the temperature of the specimen to follow 
a desired temperature profile over an interval of time. 
Subsequent images of shadow moire fringes are captured 
with the camera over the interval of time while also record
ing the temperature of the specimen over the same time 
interval. The warpage of the specimen is then determined as 
a function of temperature by evaluating the first image of the 
shadow moire fringes, the subsequent images of the shadow 
moire fringes captured over the interval of time, and the 
temperature of the specimen over the interval of time. 

In another preferred form, the invention comprises an 
apparatus for measuring thermally induced warpage in a 
device, element, or specimen, especially in printed wiring 
boards and printed wiring assemblies, including a heating 
chamber having a transparent window formed therein and 
means for selectively controlling the temperature of the 
heating chamber. The apparatus also includes means for 
supporting the specimen in an observation orientation and 
observation position within the heating chamber and a 
grating is supported in parallel relationship to the observa-
tion orientation and is maintained a selected distance from 
the observation position within the heating chamber. The 
apparatus further includes a light source for illuminating the 
specimen through the grating such that shadow moire 
fringes are formed on the specimen. A camera is positioned 

by the scanner and derives therefrom a measurement repre
sentative of the height of the circuit features relative to the 
substrate. 55 for capturing images of the shadow moire fringes. Means are 

provided for monitoring the temperature of the specimen 
over time. Also, evaluation means are provided for deter
mining the warpage of the specimen by evaluating the 

In attempting to determine the thermal warpage devel
oped in printed wiring boards during assembly/manufactur
ing operations, some difficulties arise. Firstly, making direct 
measurements of the warpage in the printed wiring board 
during such operations is problematical inasmuch as the 60 

board typically is moved along a conveyor through one or 
more oven zones to facilitate soldering, with the oven 
enclosures restricting access to the board. Thus, making a 
direct measurement of the warpage in printed wiring boards 
in process may be impractical. Secondly, in attempting to 65 

simulate actual process conditions using a test station, it can 
be difficult to change the temperature in the test station 

captured images of the shadow moire fringes in relation to 
the temperature of the specimen as monitored over time. 

The method and apparatus according to the invention 
accurately simulates actual process temperature conditions 
and attains accuracy in measuring the thermal warpage. It 
also is simple in its construction and operation. Furthermore, 
it provides a low cost means of evaluating thermally induced 
warpage in the surface of any test element, such as printed 
wiring boards (and printed wiring board assemblies). 
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Accordingly, it is a primary object of the present invention 
to provide a method and apparatus for on-line measurement 
of thermally induced warpage which is durable in construc
tion, simple in operation, and economical in manufacture. 

4 
chamber 11. The elongate support rod 23 extends from 
externally of oven 11 to internally thereof. A first end 
indicated generally at 24 of elongate support rod 23 is 
positioned within the interior region 16 of the oven 11 and 

It is another object of the present invention to provide a 5 

method and apparatus for measuring thermally induced 
warpage which accurately simulates actual process tempera
ture conditions. 

supports a support bracket 26, which in turn supports the 
printed wiring board or printed wiring assembly 27. A 
second end, generally indicated at 28, of the elongate 
support rod 23 is positioned externally of the oven 11 and is 
connected to a right angle support bracket 29. The right 

It is another object of the present invention to provide a 
method and apparatus for measuring thermal warpage which 10 

attains good accuracy in measuring the thermal warpage. 

angle support bracket 29 is in turn supported by an upright 
stanchion 31 securely mounted to a motorized linear trans
lator 32. The linear translator 32 is provided for translating 

These and other objects, features, and advantages of the 
present invention will become apparent upon reading the 
following specification in conjunction with the accompany
ing drawing figures. 

BRIEF DESCRIPTION OF THE DRAWING 
FIGURES 

FIG. 1 is a schematic diagram of an apparatus fix mea
suring thermal warpage in test specimens, such as printed 
wiring boards and printed wiring assemblies, according to a 
preferred form of the invention. 

FIG. 2 is a schematic diagram of an apparatus for mea
suring thermal warpage according to a second preferred 
form of the invention. 

FIG. 3 is a schematic diagram of an apparatus for mea
suring thermal warpage according to a third preferred form 
of the invention. 

DETAILED DESCRIPTION 

The present invention is directed to a method and appa
ratus for measuring thermally induced warpage in the sur
face of any desired test device, element, or specimen. For 
purposes of illustration, description of the invention is 
presented in a preferred form in connection with printed 
wiring boards or printed wiring assemblies. 

Referring now in detail to the drawing figures, wherein 
like reference numerals depict like parts throughout the 
several views, FIG. 1 shows an apparatus 10 for measuring 
thermal warpage in a printed wiring board or printed wiring 
assembly, according to a first preferred form of the inven
tion. Apparatus 10 includes an oven or heating chamber 11 
having a first constant-or fixed-output heating element 12 
and a variable output heating element 13. The oven 11 also 
includes a door 14 for providing access to the interior region 

the elongate support rod 23 back and forth in the direction 
of direction arrows 33. Through the translator 32, precise 
control of position of the printed wiring board or primed 

15 wiring assembly relative to the grating 18 can be effected. A 
translator controller 34 (X-Y controller) having an RS232 
interface is electronically connected to the translator 32 by 
electrical cabling 36 for effecting control of the translator. 
The translator controller 34 also is electronically coupled to 

20 a control computer 37 via electrical cabling 38. The trans
lator controller 34 is also electrically connected to a position 
encoder 39 having a readout or display for displaying the 
position of the translator via electrical cabling 41 and 

25 
electrical cabling 42. 

The control computer 37 communicates with the tempera
ture controller 19 for effecting control of the temperature 
controller 19 via electrical cabling 43, a converter and 
RS232 interface 44 and electrical cabling 46. The control 

30 
computer 37 receives video signal information from a mul
tiplexer 47 via electrical cabling 48. The multiplexer 47 
receives video signals from a camera or other image cap
turing means 49 via electrical cabling 51. Preferably, the 
camera 49 comprises a charged coupled device ("CCD") 

35 
type video camera. Preferably, the CCD camera 49 also 
outputs a signal to a video monitor 52 for viewing by the test 
operator. A white light source, schematically indicated at 53, 
is directed toward and illuminates the printed wiring board 
or printed wiring assembly 27 through the grating 18 for 

40 creating shadow moire fringe patterns. Preferably, the light 
source 53 is a collimated white light source. Thermocouples 
(unshown) are used to monitor the temperature of the printed 
wiring board or printed wiring assembly 27 within the oven 
11 and are electrically connected with X-Y recorder 54 by 

45 unshown electrical cabling for recording the actual tempera
ture of the printed wiring board over time. 

FIG. 2 shows a second embodiment, similar to that shown 

16 of the oven 11. The door 14 also includes a light 
transparent window 17. A grating 18 is positioned behind 50 
and parallel to, and in close proximity to, window 17. A 
controllable temperature controller 19 controls the operation 
and output of the heating elements 12 and 13 to control the 
temperature within the oven. In a prototype apparatus actu
ally constructed and operated, the temperature controller 19 55 
is a unit made by Honeywell Corporation (Model No. 
DC3003-0-10A-l-00-0lll). Preferably, the oven is capable 

in FIG. 1, with some notable differences. For example, in 
FIG. 2 the oven is rotated 90 degrees so that the door 14 
faces upwardly in the direction of direction arrow 56. This 
arrangement places the printed wiring board or printed 
wiring assembly 27, which is secured in a holder 57, in a 
horizontal orientation, rather than a vertical orientation. FIG. 
2 also shows that the oven is securely mounted to a large 
support framework 58, which also supports the camera 49 
and light source 53, thereby maintaining accurate position-
ing of the camera 49 relative to the oven, and ultimately 
relative to the printed wiring board 27. The support frame 58 
includes a floor (beam) section 61, an upright stanchion or 

of being operated at between, at least, operating tempera
tures of 25° C. and 300° C. 

A support assembly indicated at 21 is provided for sup
porting a printed wiring board or printed wiring assembly in 
an observation position indicated generally at 22 within the 
oven. The supporting assembly 21 includes an elongate 
support rod 23 which is made of a material having a low 
coefficient of thermal expansion, such as Invar®, for main
taining the printed wiring board in an essentially stationary 
position despite temperature changes within the heating 

60 post 62 rigidly secured thereto, and a strut 63 extending 
between the floor section 61 and the upright post 62 at an 
angle for stiffening the post 62 against deflection. 

Additionally, FIG. 2 shows the use of a positioning 
mechanism indicated generally at 66 for adjusting the posi-

65 tion and orientation of the printed wiring board or printed 
wiring assembly 27. In this regard, the holder 57 for the 
printed wiring board or printed wiring assembly 27 is 
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supported by an upright post 67 secured to a bracket 68, 
which in turn is secured to an elongate mounting rod 69. 
Both the upright post 67 and the elongate mounting rod 69 
are made from material having a low coefficient of thermal 
expansion, as described previously. The positioning mecha- 5 

nism 66 includes means for effecting linear translation in the 
direction of direction arrows 71, rotation in the direction of 
direction arrows 72, and inclination (relative to horizontal 
orientation) of the printed wiring board or printed wiring 
assembly 27. Preferably, the positioning mechanism 66 10 

includes equipment designated as MR80 Linear Stage, TG 
Inclination Stage and TR Rotation Stage, respectively, all 
manufactured by Newport/Klinger of Irvine, Calif. 

Preferably, as shown in FIG. 2, the apparatus also includes 
a video cassette recorder 73 for recording images of the 15 

shadow moire fringes that result. 

6 
temperature at which the image is obtained. The warpage of 
the printed wiring board or printed wiring assembly 27 is 
calculated according to the following: 

W=NP/(tan A+tan B) 

where W is the out-of-plane deformation of the board; 
A is the incident angle of light; 

B is camera viewing angle; 

N is the fringe order; and 

P is the pitch of the grating. 
This method and apparatus provides excellent resolution 

and accuracy. It also allows warpage due to thermal distor
tion to be measured in real time. This technique accurately 
simulates actual process temperature conditions and is 
simple in its construction and operation. Also, it provides a 
low cost means of evaluating thermally induced warpage. FIG. 3 shows another embodiment wherein the support 

frame 58 is in another form and comprises upright posts, 
such as upright posts 76, 77, and 78 and a floor section 79. 
FIG. 3 also shows a preferred means for supporting a printed 
wiring board (or assembly) 27 in an observation orientation 
and observation position within the heating chamber 11. The 
means for supporting preferably includes the previously 
described positioning mechanism 66, an Invar® mounting 
rod 81, a first support platform 82, and a second support 
platform 83. Second support platform 83 supports an inter
changeable grating 84 within the oven 11 (rather than being 
placed in the oven door). Also, first support platform 82 
supports a specimen (e.g., a printed wiring assembly or 

30 printed wiring board). One advantage to this arrangement is 
that the distance from the specimen to the grating can be 
tightly controlled. 

While the invention has been disclosed in preferred 
forms, it will be apparent to those skilled in the art that many 

20 modifications, additions, and deletions may be made therein. 
For example, while a video camera is disclosed specifically, 
a still camera could be employed. Such modifications, 
additions, and deletions fall within the spirit and scope of the 
invention as set forth in the appended claims. 

25 What is claimed is: 

OPERATION 35 

In use, the oven 11 is heated to a preset elevated tem
perature. The oven door 14 is opened and a printed wiring 
board or printed wiring assembly 27 to be tested preferably 
after having been stored at room temperature is quickly 40 

placed inside. The heating elements 12, 13, which in the 
prototype actually constructed and used are ceramic heaters, 
are used to accelerate the heating of the oven to follow a 
selected temperature profile. In this regard, the variable
output heating element 13, which is connected to a variable 45 

transformer, is utilized to help simulate the environment 
considered, such as for wave soldering or infrared reflow 
processing. A multi-channel X-Y recorder 54 is used to 
record the time dependent temperature of the thermocouples 
that are placed at different locations on the printed wiring 50 
board or printed wiring assembly. Temperature profile 
curves are obtained from these thermocouple readouts. 
While the time dependent temperatures are being recorded, 
the camera 49 is used to capture the images of the dynamic 
shadow moire fringes. The shadow moire fringes change as 55 
the board 27 is warping due to the rise in temperature in the 
board. A frame grabber is used to capture the images at 
different intervals of time and the images are digitized and 
stored in the control computer. Preferably, the frame grabber 
captures a first image of the shadow moire fringes essen- 60 

tially immediately after placement of the printed wiring 
board or printed wiring assembly 27 in the heating chamber 
11. At the end of the evaluation, the data is converted to 
obtain two and three-dimensional representations of the 
warpage of the printed wiring board or printed wiring 65 
assembly 27. An absolute or relative warpage can be deter
mined based on the number of fringes at the time and 

1. A method for measuring thermally induced warpage in 
specimens using a heating chamber for housing and heating 
a specimen, an illumination source, a grating, and a camera, 
the method comprising the steps of: 

placing and supporting the specimen in the heating cham
ber; 

illuminating the specimen with light from the illumination 
source directed through the grating onto the specimen, 
thereby forming shadow moire fringes on the speci
men; 

capturing a first image of the shadow moire fringes with 
the camera; 

heating the specimen in the heating chamber to cause the 
temperature of the specimen to follow a desired tem
perature profile over a period of time; 

capturing subsequent images of shadow moire fringes 
with the camera over the period of time while also 
recording the temperature of the specimen over the 
period of time; and 

determining the warpage of the specimen as a function of 
temperature by evaluating the first image of shadow 
moire fringes, the subsequent images of the shadow 
moire fringes captured over the period of time, and the 
temperature of the specimen recorded over the period 
of time. 

2. A method as claimed in claim 1 wherein the step of 
placing and supporting the specimen comprises maintaining 
the specimen in a stationary observation position. 

3. A method as claimed in claim 1 wherein the step of 
determining the warpage is carried out according to the 
following: W=NP/(tan A+tan B), where W is the out-of
plane warpage, N is the fringe order, P is the grating pitch, 
A is the angle of light incidence, and B is the camera angle. 

4. A method as claimed in claim 1 wherein, prior to the 
step of placing and supporting the specimen in the heating 
chamber, the heating chamber is preheated to an elevated 
temperature. 

5. A method as claimed in claim 4 wherein the specimen 
is held at room temperature prior to placement in the heating 
chamber and wherein the step of capturing a first image of 
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the shadow moire fringes is carried out essentially immedi
ately after placement of the specimen in the heating cham
ber. 

6. A method as claimed in claim 1 wherein the specimen 

8 
shadow moire fringes in relation to the temperature of 
the specimen as monitored over time. 

in which thermally induced warpage is measured is a printed 5 

wiring board or printed wiring assembly. 

8. An apparatus as claimed in claim 7 wherein said means 
for supporting a specimen is effective for maintaining the 
specimen in an essentially stationary position despite tem
perature changes within said heating chamber. 

7. An apparatus for measuring thermally induced warpage 
in specimens comprising: 

a heating chamber having a transparent window formed 
therein; 

means for selectively controlling the temperature within 
said heating chamber; 

means for supporting a specimen in an observation ori
entation, and an observation position within said heat
ing chamber; 

a grating supported in parallel relationship to said obser
vation orientation, said grating being a selected dis
tance from said observation position within said heat
ing chamber; 

a light source for illuminating the specimen through said 
grating such that shadow moire fringes arc formed on 
the specimen; 

a camera positioned for capturing images of the shadow 
moire fringes; 

means for monitoring the temperature of the specimen 
over time; and 

evaluation means for determining the warpage of the 
specimen by evaluating the captured images of the 

9. An apparatus as claimed in claim 8 wherein said means 
for supporting a specimen comprises a support member 
made of a material having low thermal expansion properties. 

10 
10. As apparatus as claimed in claim 7 further comprising 

means for adjusting the distance from said observation 
position to said grating. 

11. An apparatus as claimed in claim 7 wherein said light 

15 source is positioned externally of said heating chamber. 
12. An apparatus as claimed in claim 7 wherein said 

means for supporting a specimen supports the specimen in 
a vertical orientation. 

13. An apparatus as claimed in claim 7 wherein said 
20 means for supporting a specimen supports the specimen in 

a horizontal orientation. 
14. An apparatus as claimed in claim 7 wherein said 

means for selectively controlling the temperature within said 
heating chamber comprises a fixed-output heating element 

25 and a variable-output heating element. 
15. An apparatus as claimed in claim 7 wherein the 

specimen in which thermally induced warpage is measured 
is a printed wiring board or printed wiring assembly. 

* * * * * 
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(57) ABSTRACT 

A method and apparatus for measuring thermally induced 
warpage in test elements such as printed wiring boards and 
printed wiring assemblies, including a heating chamber hav
ing a transparent window and support structure for support
ing a printing wiring board in an observation orientation and 
position parallel to the transparent window. A glass grating 
placed adjacent the window and a light source shines 
through the window onto the printed wiring board under test. 
A camera is positioned for capturing images of shadow 
moire fringes formed over time as the oven heats up the 
printed wiring board or printed wiring assembly to simulate 
actual process conditions. A computer is used for controlling 
operation of the apparatus and for evaluating the captured 
images of the moire fringes in relation to the temperature as 
a function of time. 
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EXPARTE 
REEXAMINATION CERTIFICATE 

ISSUED UNDER 35 U.S.C. 307 

THE PATENT IS HEREBY AMENDED AS 
INDICATED BELOW. 

Matter enclosed in heavy brackets [ ] appeared in the 
patent, but has been deleted and is no longer a part of the 10 
patent; matter printed in italics indicates additions made 
to the patent. 

AS A RESULT OF REEXAMINATION, IT HAS BEEN 
DETERMINED THAT: 

Claim 9 is cancelled. 

Claims 1, 2, 6, 7 and 8 are determined to be patentable as 
amended. 

Claims 3-5 and 10-15, dependent on an amended claim, 
are determined to be patentable. 

15 

20 

New claims 16-24 are added and determined to be patent- 25 
able. 

1. A method for measuring thermally induced warpage in 
specimens using a heating chamber for housing and heating 
a specimen, the specimen defining a surface, an illumination 30 
source, a grating, and a video camera, the method compris
ing the steps of: 

placing and supporting the specimen in the heating cham
ber; 

2 
6. A method as claimed in claim 1 wherein the specimen 

in which thermally induced warpage is measured is a printed 
wiring board or printed wiring board assembly. 

7. An apparatus for measuring thermally induced warpage 
in specimens comprising: 

a heating chamber having a transparent window formed 
therein; 

means for selectively controlling the temperature of a sur
face of a specimen within said heating chamber; 

means for supporting [a] the specimen in an observation 
orientation, and an observation position within said 
heating chamber; 

a grating supported in parallel relationship to said obser-
vation orientation, said grating being a selected dis
tance from said observation position within said heat
ing chamber, the grating being spaced apart from the 
specimen such that a continuous gap is disposed 
between the grating and the specimen; 

a light source for illuminating the specimen through said 
grating such that the shadow moire fringes are formed 
on the specimen; 

a camera positioned for capturing images of the shadow 
moire fringes; 

means for monitoring the temperature of the specimen 
coupled to said means for selectively controlling the 
temperature of the specimen within the heating cham
ber to achieve specific specimen temperatures over 
time, said means for monitoring positioned external 
and proximate the surface of the specimen; and 

evaluation means for determining the warpage of the 
specimen by evaluating the captured images of the 
shadow moire fringes in relation to the temperature of 
the specimen as monitored over time. 

8. An apparatus as claimed in claim 7 wherein said means 
for supporting a specimen is effective for maintaining the 
specimen in an essentially stationary position despite tem
perature changes within said heating chamber, said means 

illuminating the specimen with light from the illumination 35 

source directed through the grating onto the specimen, 
thereby forming shadow moire fringes on the 
specimen, the grating being spaced apart from the 
specimen such that a continuous gap is defined between 
the specimen and the grating; 40 for supporting being formed with a material having a low 

coefficient of thermal expansion such that said material does 
not substantially expand when exposed to heat as the specific 
specimen temperatures are reached thereby enabling the 
specimen to substantially maintain the essentially stationary 

capturing a first image of the shadow moire fringes with 
the camera; 

heating the specimen in the heating chamber to cause the 
temperature of the surface of the specimen to follow a 
desired temperature profile over a period of time; 

45 position. 

receiving a temperature of the surface of the specimen 
from a temperature sensor placed external and proxi
mate the surface of the specimen and adjusting heat 
within the chamber so that the surface temperature of 50 
the specimen follows the desired temperature profile; 

16. The method of claim 1 the evaluation means compris
ing a frame grabber to capture images of the surface of the 
specimen as the surface of the specimen follows the desired 
temperature profile, the evaluation means being configured 
to provide multi-dimensional warpage data representative of 
the surface of the specimen being warped. 

capturing subsequent images of shadow moire fringes 
with the video camera over the period of time while 
also recording the temperature of the specimen over the 
period of time; and 

determining the warpage of the specimen as a function of 
temperature by evaluating the first image of shadow 
moire fringes, the subsequent images of the shadow 
moire fringes captured over the period of time, and the 
temperature of the specimen recorded over the period 
of time. 

17. The method of claim 1 further comprising providing a 
linear translator coupled to the specimen for translating the 
specimen within the heating chamber, the linear translator 

55 configured to control positioning of the specimen within the 
heating chamber in response to control signals provided by a 
controller. 

18. The method of claim 17, further comprising a position 
encoder coupled to the linear translator, the position 

60 encoder configured to display the position of the specimen 
within the heating chamber. 

2. A method as claimed in claim 1 wherein the step of 
placing and supporting the specimen comprises maintaining 
the specimen in a stationary observation position with a sup
port rod made from a material having a low coefficient of 65 

thermal expansion such that the material does not substan
tially expand in response to being heated. 

19. The method of claim 1 further comprising providing a 
plurality of temperature sensors external and proximate the 
specimen to obtain a plurality of temperature readings at 
different locations on the surface of the specimen, the sen
sors being coupled to a data recorder configured to record 
time dependent temperatures sensed by the sensors. 
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20. The apparatus of claim 7 further comprising a tem
perature sensor proximate and external the specimen as the 
means for monitoring the temperature of the specimen 
within the heating chamber. 

21. The apparatus of claim 7, the means for supporting 
the specimen comprising a holder defining a holding 
surface, said holding surface supporting at least a portion of 
the specimen. 

22. The apparatus of claim 7 further comprising a trans
lator controller configured to control the position of the 
specimen within the heating chamber, the controller coupled 
to a positioning mechanism configured to at least one of 

4 
alter the lateral position of the specimen, the incline position 
of the specimen, or rotational position of the specimen. 

23. The apparatus of claim 22 further comprising a posi
tion encoder coupled to the linear translator and the 
controller, the position encoded configured to display posi
tion information of the specimen within the heating chamber. 

24. The apparatus of claim 7 further comprising a multi
channel data recorder configured to record time-dependent 
temperature data provided by the means for monitoring the 

10 temperature of the specimen. 

* * * * * 


