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Abstract

In this study, measurement of thermophysical properties of materials at high temperatures was performed. This experiment 

employed a heater device to heat the material to a high temperature. The images of the specimen surface due to thermal 

load at various temperatures were recorded using charge-coupled device (CCD) cameras. Afterwards, the full-field thermal 

deformation of the specimen was determined using the digital image correlation (DIC) method. The capability and accuracy 

of the proposed technique are verified by two experiments: (1) thermal deformation and strain measurement of a stainless 

steel specimen that was heated to 590 oC and (2) thermal expansion and thermal contraction measurements of specimen in 

the process of heating and cooling. This research focused on two goals: first, obtaining the temperature dependence of the 

coefficient of thermal expansion, which can be used as data input for finite element simulation; and second, investigating the 

capability of the DIC method in measuring full-field thermal deformation and strain. The results of the measured coefficient of 

thermal expansion were close to the values available in the handbook. The measurement results were in good agreement with 

finite element method simulation results. The results reveal that DIC is an effective and accurate technique for measuring full-

field high-temperature thermal strain in engineering fields such as aerospace engineering.

Key words:  Thermal strain measurement, Digital image correlation (DIC), Coefficient of thermal expansion (CTE), Thermal 

contraction, Infrared radiation heating device 

1. Introduction

Developments in propulsion systems, flight control systems, 

aerodynamics, and structural design have allowed flight 

vehicles to work at supersonic or hypersonic speeds. However, 

issues still exist with some materials due to aerodynamic 

heating and shock wave interactions on the surface of the 

materials. During hypersonic speeds, aero-thermal heating 

raises temperatures, which in turn affects the elastic properties 

such as decreasing Young’s modulus and ultimately reducing 

a material’s capability to handle aerodynamic loads [1]. 

Additional concerns involve a decrease in allowable stress 

and the time-dependent phenomenon. Thermal stresses 

then become important factors due to thermal expansion or 

thermal contraction, and they induce deformation changes 

in buckling loads, and flutter behavior. The increased heating 

load complicates proper material selection and airframe 

structure design. Therefore, understanding high-temperature 

behaviors and characteristics of various materials is needed 

to address these problems.

The high-temperature characteristics of materials have been 

investigated experimentally by many researchers. Farinelli et 
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al. [2] investigated the feasibility of active compensation for 

thermal deformations of composite structure. The warping 

thermal deformation constraint was used for optimization of 

composite panels [3]. Weiland and Lupton [4] measured the 

mechanical properties of pure iridium at high temperature 

using a video extensometer, electronic speckle pattern 

interferometry [5], and digital image correlation (DIC) 

method [6-13], or infrared image correlation [14]. Compared 

to the other methods, DIC offers many advantages: a simple 

experimental set-up, full-field measurement, large strains or 

significant rigid body movement, insensitivity to vibration, 

arbitrary specimen size, and easy specimen preparation.

In recent years, many studies have been carried out on 

high temperature deformation, measuring the thermo-

mechanical response of material systems. Researchers have 

used the DIC technique for measurement of coefficients of 

thermal expansion (CTE). For instance, Lyons et al. evaluated 

the capability of the two-dimensional (2-D) DIC method to 

measure full-field and in-plane surface deformations at 

temperatures up to 600 oC [7]. The method of displacement 

measurement by DIC was used on metal specimens at 

elevated temperature [15]. The 2-D DIC method was used to 

determine the CTE of thin metallic films [11]. Chen et al. [6] 

measured the displacement and strain of aluminum at 800 
oC using three-dimensional (3-D) DIC method. Grant et al. 

presented a method that suppressed black body radiation 

through the use of filters and blue illumination [12]. Yang et 

al. developed a simple high temperature resistant speckle 

manufacturing technology for micro DIC in order to study 

the real time deformation of thermal barrier coatings near 

interface regions and surfaces during a thermal shock of 1100 

°C [16]. To investigate the thermal interaction of structures, 

Jin et al. measured the thermal deformation of double 

ring structures using the 3-D DIC technique; the stress 

distribution of the double ring was obtained using a 2-D 

stress-strain relation [10, 17]. A study of the thermal buckling 

behavior of a circular aluminum plate using the 3-D DIC 

technique showed the thermal interaction of the aluminum 

plate and the outer titanium ring and the buckling behavior 

of the plate [9]. Jin et al. [8] studied the thermal buckling of a 

laminated composite plate up to 120 oC. Hwang et al. [18, 19] 

measured strain of polymer materials by the DIC method. In 

addition, the study of thermal contraction of materials has 

also been carried out numerous times. A novel technique was 

developed to measure the thermal contraction properties of 

materials between -3 oC and -266 oC using extensometers 

[20]. Isgrò et al. measured the thermal contraction of 

materials by dilatometry [21]. Nakahara et al. [22] studied 

the thermal strain and thermal contraction of materials 

at low temperature using an electronic speckle pattern 

interferometer. Mehrara et al. described the development of 

an experimental technique for measuring the contraction of 

steel during solidification, and the analysis of the contraction 

behavior of low-alloy steels during and after solidification 

using a laser sensor and data acquisition software to analyze 

the real-time measurement [23]. However, studies of the 

thermal behavior of material during the process of heating 

and cooling using DIC are rare.

In this research, the 3-D DIC method was used to investigate 

the full-field high-temperature thermal strain of square 

stainless steel specimens subjected to temperature loads 

and also to the thermal deformation of stainless steel during 

the process of heating and cooling. A square stainless steel 

specimen was placed vertically on the specimen holder in 

front of the infrared heater without any constraints. When the 

specimen was heated, it could expand freely as the temperature 

rose. To evaluate the thermal deformation of this specimen, 

we proposed an experimental setup of a high-temperature 

DIC method. In this experiment, the stainless steel was heated 

from temperatures of 50 oC to 590 oC by an infrared radiation 

heater. The temperature of the heater and the trigger signal for 

the DIC measurement system were controlled by a computer 

using the LABVIEWTM software. The thermal deformation 

fields were then obtained from the DIC measurement system 

using ARAMIS® software. The CTE was finally determined from 

the strain and temperature curve. The finite element method 

(FEM) was also used to calculate the thermal deformation and 

strain. In addition, a process of heating and cooling material 

was carried out to examine the recoverable characteristics of 

the material through thermal expansion and contraction. To 

verify the proposed measurement technique, the literature 

values were compared with experimental results on thermal 

expansion and contraction.

2. Materials and methods

2.1 Measurement method 

The purpose of this research was to measure the thermal 

deformation and strain of stainless steel specimens to study 

what happens in the specimen during a cyclic heating 

process. Among many methods, we selected the DIC method 

to measure the deformation and strain of the specimen at 

high temperature. 

The DIC-based ARAMIS® software calculates the 

correlation coefficient using the reference subset to find 

the best-matched subset in a deformed image. Then, the 

location changes of the reference subset in a deformed 

image are pixel-level displacements. The ARAMIS® software 
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uses the sum of squared differences (SSD) correlation 

criterion and high-order interpolation function to achieve 

high measurement accuracy.

The sensitivity of a DIC measurement is the smallest 

displacement that causes a statistically significant change 

in the image of the strain sensor pattern. The sensitivity is 

affected by the test set up and the sensitivity analysis for a 

measurement needs to be determined for each experiment. 

However, sensitivity can be approximated prior to testing. 

Typically, in-plane measurement has a sub-pixel accuracy 

of around 0.01 pixels [24]. The DIC based ARAMIS® software 

has a strain measuring range from 0.05% to 100% and the 

strain accuracy is up to 0.01% [25].

2.2 Test specimen preparation

For a successful DIC test, the surface of the specimen was 

treated to make a speckle pattern. During a high temperature 

DIC test, the coating must fulfill the following requirements 

[6]:

1)  The coating must maintain its color during the heating 

process.

2)  The color of the coating related to the contrast of captured 

images may impact the image quality adversely. 

3)  The coating must adhere to the specimen’s surface 

firmly and deform simultaneously with the specimen 

without cracking or peeling off.

To make a proper speckle pattern, black and white paint 

(Rust-Oleum®, High Heat Spray) was selected and sprayed 

onto the surface to make a high contrast random dot. Fig. 1 

shows how the speckle pattern works well. 

Figure 1(a) is the surface of 0.8 mm thick stainless steel 

without a speckle pattern after it was heated to 600 oC. The 

surface burned off as seen in the figure. Fig. 1(b) is the initial 

surface after the speckle pattern was formed on it. Fig. 1(c) is 

the surface with a speckle pattern after it was heated to 600 
oC. In contrast, the coated surface remained as seen in the 

figure. This means that the speckle pattern with Rust-Oleum® 

black and white paint has great potential for use in high-

temperature measurements.

2.3 Experimental setup

Figure 2 shows the schematic of the experimental setup 

used to measure high-temperature thermal deformation of 

the stainless steel specimen. The experimental setup in this 

experiment included an infrared radiation heater, a DIC 

system and a LABVIEW program. 

LABVIEWTM (Ver. 2010) software was used to control the 

infrared radiation heater. The infrared radiation heater is 

capable of quickly and efficiently reaching temperatures of 

up to 700 oC. The DIC system consisted of ARAMIS® software 

(version 6.0.3), a controller box, and two CCD cameras. The 

cameras were controlled by a trigger signal from a computer 

using the LABVIEWTM software. The two CCD cameras with 

50 mm optical lenses were used to capture images of the 

specimen’s surface during the heating and cooling process. 

The image resolution of these cameras was 2048×2048 

pixels. 

To determine the deformation of the structure accurately, 

the cameras should be calibrated using a calibration panel 

with an un-coded reference [28]. During the calibration, the 

distance of the cameras and the orientation of the cameras 

to each other are determined. After the calibration, the 

measurement area was 75×75 mm2 (spatial resolution of 36.6 

µm/pix = 75 mm divided by 2048 pixels) with a calibration 

deviation of 0.023 pixels (0.84 µm). Based on the sub-pixel 

displacement algorithm [29], the theoretical errors in the 

DIC method were less than ±0.02 pixels (±0.73 µm) for the 

in-plane displacement and ±0.04 pixels (±1.46 µm) for the 

out-of-plane displacement. However, due to the speckle 

pattern, rigid body motion, heat haze, and noise during the 

image acquisition, the error could increase. The sensitivity 

with 3-D digital image correlation is 1/30,000 the field of 

view [30]. Thus, corresponding to the set measurement area 

of 75×75 mm2 in this experiment, the sensitivity was 2.5 µm 

for in-plane measurement.
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Fig. 1. Performance of the speckle pattern on stainless steel heated up to 600 C: (a) pristine surface 

without a speckle pattern coating, (b) initial coated surface, and (c) coated surface after heating to 600 

ºC 

 

 

Fig. 2. Schematic of high-temperature deformation measurement 

 

Fig. 1.  Performance of the speckle pattern on stainless steel heated  
to 600 oC: (a) pristine surface without a speckle pattern coating, 
(b) initial coated surface, and (c) coated surface after heating to 
600 oC
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Fig. 2. Schematic of high-temperature deformation measurement 

 

Fig. 2.  Schematic of high-temperature deformation measurement
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Figure 3 shows the in situ picture of the proposed optical 

imaging system with white illumination lighting sources 

and the infrared radiation heater. The two CCD cameras 

with fixed lenses were set in front of the test specimen. This 

system is capable of capturing images at temperatures of 600 
oC and these images can be processed by ARAMIS® software 

based on the DIC method to calculate deformation fields.

2.4 Procedure

The procedure for thermal deformation measurement of 

stainless steel specimen was as follows. First, the specimen 

was coated with random black and white speckles. Two 

thermocouples were welded on the front and back sides of 

the specimen with a welding machine (Model 700 strain gage 

welding/soldering unit) to determine the temperature of the 

captured image surface. The specimen was laid upright on 

the supporter on the baffle plate, its front side facing the 

radiation heater. The cameras faced the back side of the 

specimen, where the speckle pattern was visible. A white 

light source was used to illuminate the specimen surface 

during the experiment. Next, the specimen was heated with 

a temperature profile and deformed images were captured 

when the desired temperatures were reached.

In this experiment, the reference image was recorded at 

50 oC. Then, the heating procedure was separated into two 

stages. The specimen was heated to 500 °C with a temperature 

increment of 50 °C for the first stage and continuously 

heated to 590 °C with a temperature increment of 10 °C 

for the second stage, with the total heating time taking 

approximately 780 seconds. During the image acquisition 

time, the image was recorded when the desired temperature 

was reached. Subsequently, 17 images were recorded to be 

analyzed by the ARAMIS® software which directly compared 

each deformed image with the reference image. Note that a 

heating rate of 80 oC/min was used.

3. Results and discussion

3.1 Temperatures of the specimen

The specimen was heated from the side that faced the 

heater (front side). With this setup, a temperature difference 

between the two sides of the specimen is inevitable, and 

this factor needs to be considered since it is important 

in determining the thermal strain of material. In order to 

measure the temperature difference, two thermocouples 

were attached to two surfaces of a specimen. Fig. 4 shows the 

temperature difference between the front side (facing the 

heater) and the back side (facing the cameras). According to 

the experimental results, there was a significant difference in 

temperature between the two sides. Its maximum value of 

difference was 60 oC at 650 oC of the front side temperature.

Clearly, a temperature difference led to a displacement 

difference between the two surfaces. A simulation using 

ABAQUSTM software was carried out in order to see the 

displacement distribution of the two sides when the 

temperature changed from 650 oC on the front side to 590 
oC on the back side linearly. Fig. 5 shows the x-direction 

displacement field of the specimen. According to the 

simulation results, there was a significant difference in 

the x-direction displacements of the corresponding front 

and back side points. An approximate difference of 6.5% in 
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Fig. 3. In situ picture of the experimental setup. The heating from the front side of the specimen is 

shown on the right side. The image on the left side shows the experimental arrangement 

 

 

Fig. 4. Measured temperature of the back and front sides of the stainless steel specimen, unit: C 

Fig. 3.  In situ picture of the experimental setup. The image on the left 
side shows the experimental setup. The heating from the front 
side of the specimen is shown on the right side. 
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Fig. 3. In situ picture of the experimental setup. The heating from the front side of the specimen is 

shown on the right side. The image on the left side shows the experimental arrangement 

 

 

Fig. 4. Measured temperature of the back and front sides of the stainless steel specimen, unit: C Fig. 4.  Measured temperature of the back and front sides of the stain-
less steel specimen, unit: ºC
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Fig. 5. x-direction displacement field from coupled thermal-displacement analysis using ABAQUSTM 

software 

 

 

Fig. 6. Captured speckle images and gray level histogram of the specimen surface using an optical 

imaging system at temperatures of (a) 50 ºC, (b) 550 ºC, and (c) 590 ºC 

 

Fig. 5.  x-direction displacement field from coupled thermal-displace-
ment analysis using ABAQUSTM software
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the x-direction displacement was calculated between the 

front and back sides. Since we took images of the back side 

surface, the back side temperature of the material was used 

to determine the thermal deformation and thermal strain of 

the specimen.

3.2  Thermal deformation of stainless steel at high 
temperature

Figure 6 shows the images of the specimen’s surface at 50 
oC, 550 oC, and 590 oC. The image captured at 50 oC was used 

as the reference image. A region of interest (34.5 mm×30.5 

mm) was chosen to observe the displacement and strain 

fields. The gray level distribution of each image was plotted 

to see the distribution of the grayscale value in each image 

with an increase in temperature. As shown in Fig. 6, as the 

temperature increased, the glow emitting from the specimen 

also increased. This indicated a gradual shift of the grayscale 

towards higher grayscale value.

In this study, we used the 3-D DIC method instead of the 

standard the 2-D DIC method for these reasons: (a) In the 

3-D DIC method, rigid body motions are calculated from the 

original pixel registration and thus can be subtracted. (b) In the 

2-D DIC method, the specimen must be located parallel to the 

camera sensor and undergo in-plane displacement without 

any out-of-plane displacement. (c) Due to the calibration 

requirements of a stereo rig, lens distortions are also corrected 

for better accuracy in the 3-D DIC method.

The recorded images were then analyzed using the 

DIC algorithm in the correlation software, which directly 

compared each deformed image with the reference image. 

The proper facet size is also important in order to obtain 

accurate displacement results. In this experiment, the facet 

size was selected as 15×15 pixels with a facet step of 13 pixels 

(corresponding to a two-pixel overlapping area). The speckle 

pattern size was 4×4 pixels. When the facet size was smaller 

than the above values, the accuracy of the measurement 

improved, although the computation required more time.

Afterwards, the displacement and the average in-plane 

strains within the region of interest were estimated. The 

measured x-direction and y-direction displacement fields 

at 550 oC are shown in Figs. 7(a) and (b), in which any rigid 

body translation or rigid body rotation of the specimen were 

eliminated in the measured displacements using the function 

“transformation, movement correlation” in the ARAMIS® 

software as described in the User’s Manual [28]. An equally 

spaced contour of displacement demonstrates a homogeneous 

thermal expansion in the x and y directions. Fig. 7(c) shows the 

measured magnitude of the displacement field.

By defining two arbitrary sections in the region of interest 

(ROI), the distance between two sections was calculated at 

each temperature increment, and the strain was obtained 

from Eq. (1). 
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Afterwards, the displacement and the average in-plane strains within the region of interest 

were estimated. The measured x-direction and y-direction displacement fields at 550 ºC are shown in 

Figs. 7(a) and (b), in which any rigid body translation and rigid body rotation of the sample were 

estimated in the measured displacements using the function “transformation, movement correlation” 

in the ARAMIS® software as described in the User’s Manual [28]. An equally spaced contour of 

displacement demonstrates a homogeneous thermal expansion in the x and y directions. Fig. 7(c) 

shows the measured magnitude of displacement field. 

By defining two arbitrary sections in the region of interest (ROI), the distance between two 

sections was calculated at each temperature increment, and the strain was obtained from Eq. (1).  
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where l0 is the initial length between two sections and l is the specific length between two sections at 

each desired temperature. 

From the definition Eq. (1), the measured average total strains (the same as the thermal strain 

in this case) along the x and y directions at 550 C were calculated and they were nearly identical: εxx 

= 0.00873, εyy = 0.00858. However, the average total strain along the x and y directions at 550 ºC from 

the FEM simulation were same: εxx = 0.0093, εyy = 0.0093. There are approximate 8% difference 

between the measured and simulated strains at 550 ºC. Figs. 7 (d), (e) and (f) show the FEM results of 

thermal deformation at 550 ºC in ABAQUSTM software. 

In a similar manner, the x-directional displacement field, the y-directional displacement field, 

and the magnitude of displacement fields of the stainless steel specimen at a temperature of 590 C are 

shown in Figs. 8(a), (b), and (c). Based on the measured deformation fields, the average thermal 

strains in the x and y directions were calculated as εxx=0.00945 and εyy=0.00936. The FEM results of 

strain at 590 ºC were calculated as εxx=0.01 and εyy=0.01. There are approximate 5% difference 

(1)

where l0 is the initial length between two sections and l is 

the specific length between two sections at each desired 

temperature.

From the definition of Eq. (1), the measured average total 

strains (the same as the thermal strain in this case) along 

the x and y directions at 550 oC were calculated and they 

were nearly identical: εxx=0.00873, εyy=0.00858. However, the 

average total strain along the x and y directions at 550 oC 

from the FEM simulation were same: εxx=0.0093, εyy=0.0093. 

There is approximately an 8% difference between the 

measured and simulated strains at 550 oC. Figs. 7 (d), (e), and 

(f) show the FEM results of thermal deformation at 550 oC in 

ABAQUSTM software.

In a similar manner, the x-directional displacement field, 

the y-directional displacement field, and the magnitude 

of displacement fields of the stainless steel specimen at a 

temperature of 590 oC are shown in Figs. 8(a), (b), and (c). 

Based on the measured deformation fields, the average 

thermal strains in the x and y directions were calculated 

as εxx=0.00945 and εxx=0.00936. The FEM results of strain 

at 590 oC were calculated as εxx=0.01 and εyy=0.01. There 

is approximately a 5% difference between measured and 

simulated strains at 590 oC. The FEM results of displacement 

fields are in good agreement with the measurement results. 

Figure 9 shows the linear fit of the measured strain. From 

Fig. 9, it is clear that the thermal expansion increased almost 

linearly with an increase in temperature. The maximum 

strain exceeded 0.00934 at 590 oC. In order to determine the 

linear (average) CTE, the data was fitted by a straight line. 

The slope of the fitted line was 17.65 ppm/oC, as shown in  
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Fig. 6.  Captured speckle images and gray level histogram of the spec-
imen surface using an optical imaging system at temperatures 
of (a) 50 oC, (b) 550 oC, and (c) 590 oC
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Fig. 9. In comparison with the existing data (i.e., 17-18 

ppm/oC) [28], we proved that the value of CTE was in good 

agreement with available handbook values.  

In fact, the CTE of the material changes with temperature, 

which can be described by instantaneous CTE. To determine 

the instantaneous CTEs of the stainless steel over the 

temperature range of 50 oC-590 oC, the strain data is fitted 

with a polynomial function [29], as shown in Fig. 10. The 

resulting polynomial is expressed as ε (T) = 3.1×10-9(T – 50)2 

+ 1.55×10-5(T – 50) + 0.000021, from which the CTE values as 

a function of temperature can be deduced analytically by the 

derivative of the strain equation with the temperature [29, 

30]. The definition of instantaneous CTE is

12 
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where α is the desired CTE. In this case, a linear function of temperature was calculated, since the 

strain is fitted by the second order polynomial.  

 

<Fig. 10. The quadratic fitting approach of measured strain data> 

 

Table 1 shows the instantaneous CTE of stainless steel at various temperatures. In order to 

verify the accuracy of the proposed high-temperature thermal deformation measuring system, the 

measured CTE values at various temperatures in the case of the stainless steel specimen were 

compared with the available handbook data. The comparisons are shown in Fig. 11, from which we 

can see good agreement in the comparison of CTEs, confirming the accuracy of the proposed high-

temperature thermal deformation measuring system method. 

 

<Table 1. Instantaneous CTE of stainless steel (SS304) at various temperatures taken from [28, 31, 

32]> 

 

<Fig. 11. The temperature dependence of the coefficient of thermal expansion of the stainless steel 

(SS304)> 

 

The calculated strain field was obtained from measured displacement field. For strain 

computation, linear Cauchy Strain Tensor theory is used. As shown in Eq. (3), where u is the 

(2)

where α is the instantaneous CTE. In this case, a linear 

function of temperature was calculated, since the strain is 

fitted by the second order polynomial. 

Table 1 shows the instantaneous CTE of stainless steel at 

various temperatures. In order to verify the accuracy of the 

proposed high-temperature thermal deformation measuring 

system, the measured CTE values at various temperatures 

in the case of the stainless steel specimen were compared 

with the available handbook data. The comparisons are 
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Fig. 7. Comparison between measured and simulated thermal deformation results of stainless steel 

(304) at a temperature of 550 ºC. (a) measured x-displacement field, (b) measured y-displacement 

field, (c) measured magnitude of the displacement field, (d) FEM x-displacement field, (e) FEM y-

displacement field, and (f) FEM magnitude of the displacement field, unit: mm 

 

 

 

 

Fig. 7.  Comparison between measured and simulated thermal defor-
mation results of stainless steel (304) at a temperature of 550 
oC. (a) measured x-displacement field, (b) measured y-displace-
ment field, (c) measured magnitude of the displacement field, 
(d) FEM x-displacement field, (e) FEM y-displacement field, and 
(f ) FEM magnitude of the displacement field, unit: mm
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Fig. 8. Comparison between measured and simulated thermal deformation results of stainless steel 

(304) at a temperature of 590 ºC. (a) measured x-displacement field, (b) measured y-displacement 

field, (c) measured magnitude of the displacement field, (d) FEM x-displacement field, (e) FEM y-

displacement field, and (f) FEM magnitude of the displacement field, unit: mm 

 

 

 

 

 

Fig. 8.  Comparison between measured and simulated thermal defor-
mation results of stainless steel (304) at a temperature of 590 
oC. (a) measured x-displacement field, (b) measured y-displace-
ment field, (c) measured magnitude of the displacement field, 
(d) FEM x-displacement field, (e) FEM y-displacement field, and 
(f ) FEM magnitude of the displacement field, unit: mm(f ) FEM 
magnitude of the displacement field, unit: mm
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Fig. 9. Obtained strain fitted as a linear function in temperatures ranging from 50 ºC to 590 ºC 

 

 

Fig. 10. The quadratic fitting approach of measured strain data  
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Fig. 9.  Obtained strain fitted as a linear function in temperatures 
ranging from 50 oC to 590 oC
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Fig. 10. The quadratic fitting approach of measured strain data  
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Fig. 14. Behavior of a stainless steel specimen during heating-up and cooling-down 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Instantaneous CTE of stainless steel (SS304) at various temperatures taken from [28, 31] 

Temperature 100C 200C 300C 400C 500C 550C 600C 

CTE (ppm/C) 16.0 16.5 17.0 17.5 18.0 18.4 18.57 
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shown in Fig. 11, from which we can see good agreement 

in the comparison of CTEs, confirming the accuracy of the 

proposed high-temperature thermal deformation measuring 

system method.

The calculated strain field was obtained from the measured 

displacement field. For strain computation, linear Cauchy 

Strain Tensor theory is used. As shown in Eq. (3), where u is 

the displacement vector, x is coordinate and the two indices 

i and j can vary across the two dimensional coordinates x, y.
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Figure 12 shows the measured and simulated strains at 590 ºC. When calculating strain, the region of 

interest was used to obtain the strain fields. The strain distribution in the region fluctuated from 0 to 

0.015. The strain did not change greatly with the size and position variation of the facet used. There is 

a good agreement between the measured and simulated strain results. 

<Fig. 12. The strain at temperature of 590 ºC: (a) measured strain in the x-direction and (b) measured 

strain in the y-direction, (c) simulated strain in the x-direction, (d) simulated strain in the y-direction, 

strain unit: %> 

 

In our study, the measured average strain value in the y direction was similar to that in the x 

direction. The strain distribution was homogeneous due to the isotropic material. The non-uniform 

strain map may be due to the system error of noise during the observation process, the gradient of the 

temperature, the heat haze during the heating process and the mechanical shift in this set-up.  

 

3.3 Thermal contraction (expansion) characteristics 

In order to investigate the contractive and expansive capabilities, the material was tested while 

heating-up and cooling-down. The stainless steel specimen was heated from room temperature to 500 

C at a rate of 60 C/min. Then, the heater was switched off and the thermal contraction of the 

material was measured during slow cooling in natural room cooling conditions from 500 C to 50 C 

(rate of approximately 15 C/min). After undertaking image correlation processing using ARAMIS® 

software, we could identify the location of an arbitrary section in the obtained displacement field. We 
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Figure 12 shows the measured and simulated strains 

at 590 oC. When calculating strain, the ROI was used to 

obtain the strain fields. The strain distribution in the region 

fluctuated from 0 to 0.015. The strain did not change greatly 

with the size and position variation of the facet used. There 

is a good agreement between the measured and simulated 

strain results.

In our study, the measured average strain value in the y 

direction was similar to that in the x direction. The strain 

distribution was homogeneous due to the isotropy of 

material. The non-uniform strain map may be due to a 

system error or noise during the observation process, the 

heat haze during the heating process and the mechanical 

shift in the set-up. 

3.3 Thermal contraction (expansion) characteristics

In order to investigate the contractive and expansive 

behaviours, the material was tested while heating-up and 

cooling-down. The stainless steel specimen was heated from 

room temperature to 500 oC at a rate of 60 oC/min. Then, the 

heater was switched off and the thermal contraction of the 

material was measured during slow cooling in natural room 

cooling conditions from 500 oC to 50 oC (rate of approximately 

15 oC/min). After undertaking image correlation processing 

using ARAMIS® software, we could identify the location 

of an arbitrary section in the obtained displacement field. 

We defined two sections. The initial distance between the 

two sections in the reference image was 21 mm. Then, the 

distance between the two sections could also be measured 

at each specific temperature (deformed images). Finally, the 

length change in the distance between two sections at each 

temperature could be calculated by subtracting the initial 

distance. Fig. 13 shows the average change of length (∆d) 

of two sections in the stainless steel specimen during the 

heating-up and cooling-down process.

Figure 14 shows the comparison of length changes in 

heating and cooling at various temperatures. According to 

the results, this material tended to recover its initial size at 

a temperature of 50 oC. The largest difference was just under 

0.65% between heating and cooling processes at 100 oC. This 

may have been due to a slower elastic recovery of material 

or the non-uniform distribution of temperature across the 
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Fig. 11. The temperature dependence of the coefficient of thermal expansion of the stainless steel 

(SS304) 
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Fig. 12. The strain at temperature of 590 ºC: (a) measured strain in the x-direction and (b) measured 

strain in the y-direction, (c) simulated strain in the x-direction, (d) simulated strain in the y-direction, 

strain unit: % 
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Fig. 13. Average change in length (d) of two applied specimen sections during heating and cooling, Fig. 13.  Average length change (∆d) of the specimen during heating 
and cooling, unit: mm
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entire stainless steel specimen, even though we strove to 

create a perfect experimental environment. 

4. Conclusions

In this study, high-temperature thermal deformation of a 

stainless steel specimen was investigated using a combination 

of the DIC technique and infrared radiation heating system. 

The specimen was heated to 590 oC at heating rate of 80 oC/

min. The finite element simulation was used to be compared 

with the experimental results. Based on the obtained results, 

the main observations are summarized as follows:

a)  The results showed that the back side temperature of 

the material needed to be used to determine strain. 

The linear (average) CTE of the stainless steel was 

approximately 17.65 ppm/oC and the temperature 

dependence of CTEs were in good agreement with 

values available in the literature. These values can be 

used as input data for numerical simulation.

b)  The full-field thermal deformation and strain were 

obtained at temperature of 590 oC. The distribution of 

thermal deformation and strain were homogeneous 

due to the isotropy of the material. The measured 

values were in good agreement with finite element 

method simulation values. In addition, for the heating 

and cooling experiment, the material was also heated to 

500 oC and then cooled to room temperature. Thermal 

expansion and thermal contraction of the material had 

similar values when compared. 

c)  This study’s experimental results reveal that the DIC 

technique is an effective and accurate technique 

for measuring full-field high-temperature thermal 

deformation, which can be applied for engineering 

structures in various fields such as aeronautical or 

nuclear engineering.
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