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ABSTRACT 

Accurate knowledge of the thermal expansion behavior of thin structures is crucial to improving 
the performance of many modern thermomechanical systems.  A completely contact free, image-
based, highly adaptable technique for measuring displacement, strain, and the coefficient of 
thermal expansion of thin specimens from room temperature to approximately 1100 oC is 
presented and discussed.  Fullfield digital image correlation is employed to extract the thermal 
expansion information as it is relatively simple, inexpensive, and provides many analysis points 
so statistics can be applied to fully and carefully examine the sample’s deformation as a function 
of temperature.  Thermal expansion results from a well-characterized Rene N5 superalloy are 
used to validate the experimental and data processing methodologies.  The coefficient of thermal 
expansion for a 150 m thick NiCoCrAlY bond coat layer found in contemporary thermal barrier 
coatings is presented and discussed as well.  For the superalloy, the coefficient of thermal 
expansion increased monotonically from approximately 12 ppm/oC at room temperature to nearly 
16 ppm/oC at 1050 oC.  The NiCoCrAlY bond coat also exhibited monotonically increasing 
thermal expansion behavior but to a considerably greater extent, ranging from about 12.5 ppm/oC
at room temperature to nearly 18 ppm/oC at 1050 oC.   

INTRODUCTION 

As mechanical devices move toward higher operating temperatures and smaller size scales, a 
secure understanding of the coefficient of thermal expansion (CTE) for each component of the 
apparatus is essential.  Thermal barrier coatings (TBCs) for example, commonly used in modern 
gas turbines and jet engines, are dynamic, multi-layered structures consisting of a superalloy 
substrate, an intermetallic bond coat, a thermally grown oxide (TGO), and a ceramic top coat.  
These novel systems represent a classical application in which knowledge of the thermal 
expansion performance of each layer, and thus the CTE mismatch between the layers, is vital to 
quantifying the degradation and ultimate failure modes of the coating [1].  Recent TBC models [1-
3], along with many other commercial engineering software applications, rely on the user to input 
reliable temperature-dependent thermal expansion information given most frequently by the true 
coefficient of linear (unidirectional) thermal expansion, as defined in Equation 1. 
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For clarity, it should be noted that the CTE identified by Equation 1 is a material property because 
it describes expansion at every temperature in the analysis range; the reference temperatures, 
i.e. the start and end points of the experiment, do not need to be known.  Another metric of CTE, 
the instantaneous (secant) coefficient of thermal expansion, can be used to describe variations in 
length associated with discrete, specific changes in temperature and is also sometimes used in 
science and engineering applications [4, 5].  Nevertheless, the instantaneous coefficient of 
thermal expansion is not a material property and all CTE values presented in this paper will 
pertain to the true coefficient of linear thermal expansion. 

In practice, thermal expansion measurements are most commonly completed using a 
mechanical, rod-based dilatometer.  These machines [4, 5] typically quantify CTE by determining 
the combined expansion of both the sample and a long push rod, and all displacements are 
registered outside of the heated zone.  This technique is fairly simple, reliable, and possesses 
high temperature capability (generally > 1000 oC) but it is not, however, sufficient for materials 
which are extremely fragile and consequently incapable of actuating the comparatively heavy rod 
needed to measure CTE.  Actual TBC bond coat layers, normally formed by a plasma spray or 
aluminizing procedure to the order of 50 - 100 m thick [1], are therefore clearly not a candidate 
for standard mechanical dilatometery.  Thus, as a result of the desire to assess the thermal 
expansion of a bond coat specimen that is most representative of what would be found in an 
actual TBC system, a noncontact method is required. 

Optical experiments provide an attractive alternative to standard push rod dilatometery when it is 
necessary to evaluate the thermal expansion behavior of a completely free standing thin material 
[4, 5].  Dilatometers of this type can use a twin telescope comparator with a deflecting prism to 
gauge the change in distance between fiducial markers placed on the material of interest [6].  
Another option involves simply measuring the position of the edges of a specimen using a laser-
based system [7] or with regular incoherent light [8, 9].  Nonetheless, these techniques frequently 
necessitate that one dimension of the sample be considerably long, on the order of many 
millimeters usually, to acquire adequate resolution.  Moreover, creating and applying sufficient 
fiducial markers on such a long yet thin (100 m or less) free standing specimen constitutes a 
major challenge in and of itself.  Laser-based interferometric dilatometers [10-12], which function 
on the principle of following the motion of interference fringes from two or more laser beams, are 
another viable choice when obtaining high temperature, high resolution thermal expansion data is 
desired.  The setbacks associated with these systems include high costs due to the use of lasers, 
lenses, filters, detectors, pyrometers, and vacuum chambers, which in turn leads to considerable 
overall complexity.  Furthermore, interferometric dilatometers require an initially reflective sample 
that must remain reflective throughout the test. 

Digital image correlation (DIC), first applied to an experimental mechanics problem at the 
University of South Carolina [13], is another valuable optical technique which can extract 
displacement and strain fields that can possibly be nonlinear with relative ease from images taken 
during deformation in a contact free, direct manner.  This is in stark contrast to each of the 
aforementioned references, which are only capable of overall, effective strain measurements on 
specimens that are assumed to be uniform in composition and thermal expansion behavior.  DIC 
relies on the maximization of a cross correlation coefficient Cxy, determined by examining pixel 
intensity array subsets on two or more corresponding digital images (Equation 2).  When done 
correctly, this maximization essentially “follows” selected regions centered at (xi,yi) on the sample 
surface and accordingly outputs the material description of motion for the given deformation. 
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From this material description of motion, other mechanical variables such as displacement, strain, 
and CTE can be computed without major difficulties [14].  A significant amount of work devoted to 



improving the efficiency and accuracy of the algorithms used for correlation is available [15-18] 
and the development of smarter, faster correlation routines continues to this day.  As a result of 
this technical progress, numerous applications of DIC in both science and engineering continue to 
be discovered due to both the ease of capturing and the wealth of useful information that can be 
extracted simply from a set of digital images. 

Considerably less research, however, is available regarding DIC setups for elevated temperature 
measurements.  One investigation [19] utilizes fullfield DIC to quantify changes in the structure of 
different ceramic materials, using loss-of-correlation-time for given temperatures up to 500 oC as 
the metric, while others [20] illustrate the development of a mechanical and thermal expansion 
testing setup for experiments up to 650 oC.  More recently, discrete (not fullfield) applications of 
DIC include systems designed to be easily adaptable to commercial tensile testing machines with 
reported temperature capability to 1200 oC [21] and 1600 oC [22].  A paper detailing the use of 
DIC to follow discrete markers located at the cold end of a quartz dilatometer up to 950 oC [23] is 
also available in the literature.  In these reports, some noncontacting thermal strain data is 
presented [20-22] to approximately 650 oC, 1050 oC, and 1250 oC respectively, yet no attempts 
are made to calculate the corresponding temperature-dependent thermal expansion coefficient.  
Further, here, as with all of the previously mentioned dilatometery references, essentially no 
studies are accessible that account for the added complications of attaining thermal expansion 
values for very thin plasma sprayed or aluminized layers, which are more representative of the 
geometries, microstructures, and behavior of bond coats found in modern TBCs.  

Thus, this paper seeks to outline a robust, uncomplicated, direct procedure that can be used to 
determine the thermal displacement, thermal strain, and CTE for entirely free standing materials 
with thicknesses on the order of 100 m or less using a fullfield DIC scheme to temperatures of 
nearly 1100 oC, a combination for which significant discussion and data is currently unavailable in 
the literature.

MATERIALS AND PROCESSING 

This section discusses the preparation of a Rene N5 superalloy and a 150 m thick NiCoCrAlY 
bond coat alloy for thermal expansion testing.  For the Rene N5 specimen, received from GE in 
the form of a 25.4 mm diameter uncoated button, wire EDM machining is applied to make a 
sample with a length, width, and thickness of approximately 25 mm x 5 mm x 5 mm, respectively.  
The NiCoCrAlY bond coat, processed by powder pressing at Pratt and Whitney in the shape of a 
bulk block, is created using the wire EDM and mechanical polishing to yield a specimen with a 
length of nearly 15 mm, a width of close to 5 mm, and a thickness of 150 m.  A final step before 
testing involves using a piece of 20 m diamond paper to produce a subtle scratch pattern on the 
surfaces of each sample; this provides more than enough speckle contrast for subsequent image 
correlation analysis. 

EXPERIMENTAL SETUP AND PROCEDURE 

The major components of the image-based thermal expansion testing setup, illustrated in Figure 
1, include: a small furnace with an optical viewport, a temperature controller, a high intensity 
metal halide light source, a three axis stage, a high resolution 6.6 Megapixel digital camera with 
variable long-working-distance optics, and a custom built computer for image capturing and 
analysis. 



Figure 1.  The image-based thermal expansion setup. 

The modern equipment used in the construction of this test system enables significant 
improvement of the attainable peak temperature with respect to previous attempts of a similar 
nature [20] due to the ability of the high intensity white light illumination to overpower the infrared 
(IR) radiation emanating from the heating coils of the furnace.  This, in addition to the camera’s 
on-chip low IR sensitivity, allows for sufficient contrast to be captured on specimens heated to 
temperatures of nearly 1100 oC.  Moreover, the high 3000 x 2208 resolution of the color digital 
camera allows very precise images with a bit depth of 24 to be captured; this too simply could not 
be obtained with the technology available just a few years in the past.   

Currently, the limiting factor in defining the peak operating temperature of the setup is attributed 
to the maximum power of 750 Watts that the furnace can draw when the temperature controller is 
effectively eliminated from the circuit.  Adjustment of the position of the insulation located under 
the window (Figure 1) to create a smaller effective viewing area will limit heat loss through the 
viewport and accordingly increase the peak operating temperature, yet the exposed area must 
still be kept large enough such that the image signal is not blocked and can reach the camera 
sufficiently.  After some experimentation, setting the exposed viewport area to 20 mm x 30 mm 
proved to be a good compromise permitting testing up to roughly 1100 oC while still allowing for 
images from samples 25 mm in length to fully register on the camera’s CCD chip. 

Two aspects of the test system that are difficult to see in Figure 1 include a temperature probe 
located at the vertical centerline of the furnace and coplanar with the specimen, all inside the 
heated zone, as well as a small tube that directs laboratory air over the top surface of the furnace 
window to encourage satisfactory mixing of the heated gases in the optical path.  Without this 
provision, significant, seemingly random distortions occur and any resulting images must be 
discarded.

Thus, by using the experimental components discussed above, both strain and temperature can 
be quantified in a completely noncontact manner.  No wires need to be attached to the sample for 
things such as Ohmic heating and thermocouple temperature measurement.  This is favorable 
because application of these electric lines can be extremely cumbersome on fragile sub 100 m
thin materials; these wires can also introduce significant rigid body translation during heating and 
cooling, which can cause the sample to move off the optical axis and possibly out of the field of 
view of the camera.   Unnecessary large motions of the specimen and subsequent adjustments of 
the position of the optics to follow the sample lowers both the accuracy and resolution of the DIC 



results.  Creep complications due to mechanical gripping of the specimen, together with variable 
surface emissivity calibration issues associated with temperature measurement by pyrometry, are 
also avoided. 

The procedure for conducting the DIC-based thermal expansion test is not difficult.  First, a newly 
prepared and polished specimen is loaded into the furnace and heated once to 1000 oC and then 
slowly cooled back to room temperature to eliminate any thermal-related instabilities that may 
exist on the sample’s surface.  Furthermore, for the alloys tested in this study, this one simple 
step forms an exceptionally stable oxide on the imaging surface and provides more than enough 
speckle contrast for the image correlation routine; no further surface decoration is necessary.  
Once this initial thermal cycle is completed, the focus, lighting, and field of view are adjusted to 
the levels shown in Figure 2 and a room temperature image is captured.   

Figure 2.  Room temperature image of the Rene N5 sample. 

In order to not waste hard disk space, captured images are cropped before saving; the 
dimensions of the image in Figure 2 are 3000 x 720, which corresponds to a file size of 6.3 MB.  
Here, the current optical zoom settings yield a coverage ratio of approximately 100 pixels/mm; 
this resolution requires an effective working distance, i.e. the distance between the sample 
surface and the first lens in the optics, of nearly 150 mm.  After the room temperature image is 
recorded, the temperature is increased, usually by increments of 50 oC, and the sample is soaked 
at the new setting for 15 minutes or until the variation in the reading is +/- 1 oC or less.  This 
ensures that thermal equilibrium is reached and the temperature value is accurate.  Once these 
conditions are met, another image is captured.  This procedure is repeated until the desired peak 
temperature is reached, normally around 1050 oC to 1100 oC.  The final step involves post 
processing the captured images with an automatic, user-friendly MatlabTM program developed at 
Johns Hopkins University to calculate displacement, strain, and CTE of the specimen, all as a 
function of temperature. 

Close attention must be paid to a number of important imaging parameters in order for this type of 
experiment to work properly.  Setting the illumination intensity to its maximum value and using a 
low camera exposure time (20 milliseconds) makes certain that the IR radiation can be 
overpowered throughout the selected temperature range.  In addition to this, although global 
changes in image brightness generally do not degrade the correlation results, local changes in 
intensity and loss of focus must be avoided during the test.  Finally, on-camera frame averaging 
is employed to reduce the slight amount of noise associated with CCD sensors.  Typically, each 
image is averaged over 50 frames (exposures); in total, performing this task and then saving the 
image to the computer’s hard disk takes about 5 seconds. 

DIGITAL IMAGE CORRELATION ANALYSIS 

The computational methods applied for this paper are derived from an automated, user-interface-
orientated suite of software written in MatlabTM at the Johns Hopkins University.  The first release 
of this popular tool is available online [24] and a recent paper [25] illustrates an application of the 
code to tension testing of extremely small, translucent samples.  For room temperature testing, 



this version continues to be used at JHU on a daily basis.  A newer edition, designed specifically 
for addressing the challenges associated with processing images taken in a furnace during 
heating, is in the final stages of development and will also be compiled and released soon.  This 
software, named HighCorr for High temperature digital image Correlation, provides added 
performance and functionality specifically for direct thermal expansion measurements and is 
implemented to produce all of the following results discussed herein. 

The main functions of HighCorr include automatically creating a list of filenames to be loaded for 
the analysis as well as automatically generating a rectangular sampling gird at a resolution 
determined by the user.  Once this is finished, the correlation routine begins to process each of 
the specified image sets and provides the user with information regarding the current progress 
along with the estimated time to completion for the entire image batch.  Upon conclusion of the 
image correlation step, which is commonly the most time consuming part of the analysis, the 
program prompts the user to make a selection from a number of post processing options and 
automatically generates and saves the desired data and figures. 

The correlation engine itself is a proprietary, high precision group of functions that can be 
acquired by purchasing a current version of MatlabTM with the Image Processing Toolbox 
installed.  Currently, a correlation subset size of 60 x 60 pixels is used and between 1,000 and 
1,500 points are applied to compute the thermal displacement, strain, and CTE of the sample.  
These settings allow the raw correlation results to possess good resolution without requiring an 
immense amount of time to complete the job.  For a modern AMD-based dual core desktop 
computer, analysis times on the order of 60 to 90 seconds per image are typical.  The raw output 
of the program, i.e. the material coordinates of each correlation point for a given image, are the 
arrays X and Y.  The number of columns in X and Y is equivalent to the number of images that 
HighCorr processed while the number of rows in X and Y gives the number of points used for the 
analysis.  Equations 3 and 4 exemplify how the x- and y-components of displacement, u and v, 
are efficiently calculated by subtracting the initial point position arrays X0 and Y0 from X and Y.
As for each processing step, HighCorr automatically saves the u and v data files in the .txt format 
so other applications besides MatlabTM can open and analyze these intermediate results files at a 
later date with ease. 
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Figure 3 illustrates the x-component of the displacement field which corresponds to heating a 
Rene N5 superalloy specimen from room temperature to 1050 oC.  This plot shows that the right 
side of the sample (pixel locations near 3,000) remained mostly fixed with respect to the camera’s 
reference frame while the left side of the specimen expanded to the left due to the temperature 
increase.  The linearity of the surface in Figure 3 verifies that the sample being testing is indeed 
homogenous in composition and further confirms that there are no major temperature gradients 
across its length.  When a least squares routine is used to fit a plane to these points, which 
effectively averages over the y-component of the data, the resulting slope yields the x-component 
of thermal strain associated with increasing the temperature over the range of 25 oC to 1050 oC.
If this same procedure is repeated for each of the intermediate images captured between the start 
and end temperatures of the test, the thermal strain of the specimen can be quantified as a 
function of temperature.  An example of this for a Rene N5 thermal expansion test utilizing 23 
images is provided in Figure 4. 
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Figure 3.  Correlated displacement field  
at 1050 oC for Rene N5.

Figure 4.  Raw and fitted thermal strain results for 
Rene N5. 

In order to determine the rate of change of thermal strain with respect to temperature, and 
therefore the CTE for the test, a low order least squares polynomial fit (generally of order four) is 
applied to the raw strain data, as shown in Figure 4.  Once this is accomplished, the derivative of 
the fit can then be calculated analytically as specified by Equation 5, yielding the temperature-
dependent true coefficient of linear thermal expansion.  This final step does an excellent job of 
reducing the undesired effects that any residual, very small amounts of noise have and allows for 
smooth CTE vs. temperature curves to be created. 
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Thus, the experimental and image analysis procedures employed in this work are designed to be 
straightforward, effective, and robust.  The availability of a graphical user interface (GUI) where 
multiple options can be selected during the pre processing, correlation, and post processing 
steps, along with the ability to analyze color or grayscale images of multiple formats and samples 
of many sizes, makes HighCorr an outstanding tool for high temperature contact free thermal 
expansion experiments.  The fast, high precision correlation routine allows for reliable results to 
be generated from sample surfaces with low contrast; further, large image files with many 
analysis points do not take long to correlate and usually produce displacement and strain values 
of very good resolution.  Finally, the popular nature of the MatlabTM programming environment 
makes the HighCorr software easily adjustable to all sorts of other high temperature physical and 
mechanical property measurements. 

RESULTS AND DISCUSSION 

The results from four image-based thermal expansion tests conducted on Rene N5 are illustrated 
in Figure 5, as well as the values gathered by other researchers [26, 27] using a standard push 
rod dilatometer.  The superb agreement between the DIC-based and standard dilatometer figures 
proves that this technique can effectively capture small changes in CTE, even at very high 
temperatures, in a noncontacting manner.  Figure 6 shows the thermal expansion behavior for a 
150 m thick NiCoCrAlY bond coat.  This outcome is also found to be in strong accord with CTE 
information obtained from push rod dilatometer testing of a bulk NiCoCrAlY alloy of similar 
composition [27]. 
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Figure 5.  Measured and reference CTE results for 
Rene N5. 

Figure 6.  Measured CTE results for a 150 m thick 
NiCoCrAlY bond coat. 

As a result of bond coat alloys being assumed to be relatively stress free at elevated 
temperatures, due to both the deposition (formation) temperature as well as the notion that stress 
relaxation occurs during the high temperature exposures found in service, the values from the 
tests provided in Figures 5 and 6 suggest that the bond coat desires to contract considerably 
more than the superalloy substrate upon cooling.  This subsequently causes a state of substantial 
tensile stress to develop in the bond coat.  Although NiCoCrAlY bond coat systems are used in 
current commercial TBC applications, little to no modeling is available.  With the data presented 
above, the magnitude of the mismatch stress, along with its affect on the ultimate failure of the 
coating, can now begin to be better quantified and understood. 

CONCLUDING REMARKS 

This paper presents a completely noncontact, robust, easy to use technique for measuring 
displacement, strain, and the coefficient of thermal expansion of thin specimens at elevated 
temperatures.  The most significant aspects of this study involve the construction and 
development of a modern experimental setup and novel image correlation tool that allow for 
precise, temperature-dependent evaluation of CTE to nearly 1100 oC.  High costs and 
complexities are not associated with these abilities, however, as the setup is undemanding to 
operate and can be built in its entirety for about $8,000.  The flexible nature of the optics and 
HighCorr software enable the examination of numerous other types of samples that can be 
unconventional in both shape and size.  Direct measurements on Rene N5 and a NiCoCrAlY 
bond coat elucidate a considerable thermal expansion mismatch that needs to be addressed in 
more detail in the future.  Potential improvements to the current setup include higher quality 
telecentric optics and a vacuum environment, both of which would increase costs substantially 
but also allow for the accurate testing of extremely thin specimens where oxide formation is more 
important and undesirable.  Nonetheless, the overall effectiveness of the existing experimental 
and image processing procedure are sufficient for the current alloys and geometries that require 
assessment; many more high temperature thermal expansion tests are planned for the near 
future.
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