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Major Goals:  During high-rate deformation, due to material heterogeneity and stress-wave interactions, the 
deformation distribution inside a material may be very localized, leading to localized temperature rise and localized 
damage that lead to eventual failure of the material. In order to understand such microstructure and loading-rate 
dependent damage evolution inside materials, it is desired to experimentally measure the microstructure evolution 
and the associated temperature field evolution during high-rate deformation. In this study, we aim to capture the 
rapid evolution of damage and temperature fields ahead of a dynamically propagating crack or shear-band tip in 
real-time. The loading rates are varied over a wide range using a Kolsky bar and a light gas gun impacting the 
specimen at various velocities. Since microstructural evolutions are not visible from the surfaces of most materials, 
a high-speed, high-resolution X-ray visualization method (synchrotron X-ray high-speed phase contrast imaging at 
up to 5 million frames per second) is employed to capture the microstructure and dynamic damage evolution ahead 
of the crack or shear-band tip inside opaque materials. The observation window of the synchrotron X-ray is limited 
to about 1.5 by 2 mm, the crack/shear band tip area is selected to ensure that severe deformation and damage 
processes are visualized. There are no commercially available high-speed thermal cameras that are capable to 
capture the rapid temperature changes in a dynamically deforming material, we developed a new two-dimensional 
topographical temperature measurement method using laser-induced phosphorescence particles, either embedded 
inside composite and polymer material specimens or coated on the surfaces of metallic specimens, to provide 
continuous temperature measurements at frame rates in the order of a million frames per second. This frame rate 
is an order of magnitude higher than any thermal camera in the market, to capture the rapidly changing full-field 
temperature field evolution. The specimen materials started with metals (two aluminum alloys) and have been 
expanded to two polymers (Sylgard and epoxy), which allow the examination of the effects of specimen thermal-
mechanical behavior in stress-concentrated areas in the specimens. The results from these experiments provide an 
improved fundamental understanding on the conditions that lead to dynamic crack or shear-band propagation and 
the associated energy dissipation mechanisms as functions of loading rates, as well as the innovative dynamic 
experimental methods.

Accomplishments:  To characterize localized microstructure evolution with associated localized temperature rise 
that lead to eventual failure of the material, we utilized a high-speed X-ray imaging system to focus the observation 
window on a pre-designed deformation location (shear band) that enabled us to visualize the dynamic deformation 
localization in real time. We used a commercial high-speed infrared camera to capture the rapid surface 
temperature distribution evolution in aluminum samples. To further increase the frame rate of the thermo imaging, 
we also developed a high-speed laser phosphorescence method. More recently, we have combined high-speed X-
ray phase contract imaging (PCI), high-speed X-ray diffraction, and high-speed thermal imaging in one impact 
experiment to set the stage for future research aiming to reveal the inter connections among the material 
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deformation, microstructure evolution, and temperature variation in the material under impact loading.



The main experimental setup used in this research is a Kolsky bar setup integrated with high-speed synchrotron X-
ray imaging and thermal imaging. A shear-localization sample geometry is designed, with the X-ray imaging and 
thermal imaging focused on shear localization area. A Kolsky bar set up is used to apply controlled impact load on 
the “top-hat” shear sample that promotes shear localization. To “see” through the opaque sample, the lighting 
source in high-speed imaging is replaced by the synchrotron X-ray source available at Beamline 32 ID-B of the 
Advanced Photon Source (APS) at Argonne National Laboratory. The X-ray source enables high-speed X-ray 
phase contract imaging, which was developed at 32 ID-B. 



In this study, we examined aluminum 7075-T6 and 6061-T6 hat-shaped specimens under dynamic shear loading 
provided by a Kolsky bar at an impact speed of ~16 m/s. The experiments on aluminum samples revealed that both 
materials displayed the trend of uniform shear deformation, formation of shear bands, cracking and then shear 
failure. 6061-T6 has a more ductile behavior under the dynamic shear loading and requires larger strain to form an 
adiabatic shear band.



A commercially available Telops high-speed infrared thermal camera was used to capture the rapid temperature 
field evolution associated with the shear banding . A series of high-speed thermal images recorded the full-field 
dynamic temperature evolution process at the top speed of any infrared high-speed thermal cameras available in 
the market today (70,000 frames per second with still a recognizable thermal field). The sample material was 
Aluminum 6061-T6. Such series of thermal images were taken from repeated experiments in samples made of both 
6061-T6 and 7075-T6.



By assuming the emissivity to be 0.15, the maximum temperature during the loading was found to be 720 K for 
7075-T6 and 770 K for 6061-T6. This heat accumulation and the corresponding thermal instability during dynamic 
loading were found to be closely related to the formation of the adiabatic shear bands. Both X-ray and thermal 
imaging obtained in this set of experiments provides insightful information in determining the shear band width and 
tip location. From the images, the shear band width is estimated to be 20-50 μm for 7075-T6 and 30-70 μm for 
6061-T6. Cracks initiate after the formation of shear bands. These cracks propagate in the same tracks as the 
shear bands at the velocity of approximately 1100 m/s. This was the first time when high-speed thermal images 
provided such detailed information on the dynamic deformation localization in a material subjected to impact 
loading. When these results were published, the journal Experimental Mechanics selected this article as the cover 
story of the issue. 



Even though the results of the temperature field measurement were well received, the limitations of spatial and 
temporal resolution of infrared techniques, especially the 70,000 frames-per-second upper limit in imaging rate, 
prevented the capture of rapidly evolving temperature field with sufficient resolution. To overcome the frame-rate 
limit such that we can take thermal images at hundreds of thousands of images per second, we invested significant 
amount of effort developing a high-speed laser phosphorescence method. Using this method, the spatial resolution 
is no longer limited by the infrared wavelength, but solely depends on the high-speed optical camera, which can 
easily reach kHz or even MHz frame rate with current technology. We encountered a series of unexpected 
technical challenges in this endeavor, which is still under research and development. 



There are two primary types of phosphors that can be excited by laser and serve as distributed sensors to 
determine the local and full-field rapid temperature variation histories. One type is where the local temperature is 
related to the decay time of light immitted by the phosphors. However, from our trial experiments, we observed that 
over the decaying time, the sample under dynamic loading may have physically moved, leading to poor spatial 
resolution of the temperature measurements. In the second type of phosphors, the manifestation of local 
temperature is in the ratio of emitting light intensities over different wave lengths of the spectrum, making the 
measurement instant and significantly improve the spatial resolution. Figure 4 in the attachment illustrates the 
working principle of the second type of thermal phosphors where the ratio of emitting light intensities over different 
wave lengths, as indicated by the black dashed-lined boxes, of the spectrum reveals the local temperature. The 
signal strength remained consistent over the high-frequency range, but varied significantly in the low-frequency 
window as local temperature varied. The ratio of the signal strengths over the two frequency ranges, after 
calibration, gives the local temperature of the phosphor.



We applied this ratio method to measure the rapid temperature rise in Sylgard sample under impact. Unexpectedly, 
the Sylgard did not demonstrate a sufficiently high temperature rise to be clearly recognizable in the phosphor light 
detection. All the temperature measured over 40 experiments was around room temperature. These temperature 
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measurements by the thermal phosphors were sampled at 1 MHz frame rate, which is an order of magnitude higher 
than the highest frame rate offered by any commercial high-speed thermal camera available in the market.  



To calibrate the temperature field, we used the same infrared high-speed camera to measure the dynamic 
temperature field on the Sylgard samples. The camera frame rate may not be high enough to capture the rise 
phase of the temperature on the sample. However, once the temperature is raised by stress-wave loading, the 
decay time through diffusion is much longer. The thermal camera will be able to capture the temperature field 
before it decays down. To increase the temperature in the sample, we used a gas-gun to impact the Sylgard 
samples at velocities an order of magnitude higher (~160 m/s). The results also showed that there were only a few 
degrees' temperature rise in the Sylgard. We are now employing a second calibration method, but the time frame 
will be beyond this program, to further confirm the magnitude of the temperature rise. 



In the meanwhile, we have combined high-speed X-ray phase contract imaging (PCI), high-speed X-ray diffraction, 
and high-speed thermal imaging in one impact experiment to set the stage for future research aiming to reveal the 
inter connections among the material deformation, microstructure evolution, and temperature variation in the 
material under impact loading. We will be able to obtain the measurements in deformation, microstructure 
evolution, and temperature field evolution simultaneously, which is an unprecedented capability.
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Accomplishments 
  
 
 
What were the major goals and objectives of the project?  
 
During high-rate deformation, due to material heterogeneity and stress-wave interactions, the 
deformation distribution inside a material may be very localized, leading to localized 
temperature rise and localized damage that lead to eventual failure of the material. In order to 
understand such microstructure and loading-rate dependent damage evolution inside materials, it 
is desired to experimentally measure the microstructure evolution and the associated temperature 
field evolution during high-rate deformation. In this study, we aim to capture the rapid evolution 
of damage and temperature fields ahead of a dynamically propagating crack or shear-band tip in 
real-time. The loading rates are varied over a wide range using a Kolsky bar and a light gas gun 
impacting the specimen at various velocities. Since microstructural evolutions are not visible 
from the surfaces of most materials, a high-speed, high-resolution X-ray visualization method 
(synchrotron X-ray high-speed phase contrast imaging at up to 5 million frames per second) is 
employed to capture the microstructure and dynamic damage evolution ahead of the crack or 
shear-band tip inside opaque materials. The observation window of the synchrotron X-ray is 
limited to about 1.5 by 2 mm, the crack/shear band tip area is selected to ensure that severe 
deformation and damage processes are visualized. There are no commercially available high-
speed thermal cameras that are capable to capture the rapid temperature changes in a 
dynamically deforming material, we developed a new two-dimensional topographical 
temperature measurement method using laser-induced phosphorescence particles, either 
embedded inside composite and polymer material specimens or coated on the surfaces of 
metallic specimens, to provide continuous temperature measurements at frame rates in the order 
of a million frames per second. This frame rate is an order of magnitude higher than any thermal 
camera in the market, to capture the rapidly changing full-field temperature field evolution. The 
specimen materials started with metals (two aluminum alloys) and have been expanded to two 
polymers (Sylgard and epoxy), which allow the examination of the effects of specimen thermal-
mechanical behavior in stress-concentrated areas in the specimens. The results from these 
experiments provide an improved fundamental understanding on the conditions that lead to 
dynamic crack or shear-band propagation and the associated energy dissipation mechanisms as 
functions of loading rates, as well as the innovative dynamic experimental methods.  
 
 
What was accomplished towards achieving these goals? 
 
To characterize localized microstructure evolution with associated localized temperature rise that 
lead to eventual failure of the material, we utilized a high-speed X-ray imaging system to focus 
the observation window on a pre-designed deformation location (shear band) that enabled us to 
visualize the dynamic deformation localization in real time. We used a commercial high-speed 
infrared camera to capture the rapid surface temperature distribution evolution in aluminum 
samples. To further increase the frame rate of the thermo imaging, we also developed a high-
speed laser phosphorescence method. More recently, we have combined high-speed X-ray phase 
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contract imaging (PCI), high-speed X-ray diffraction, and high-speed thermal imaging in one 
impact experiment to set the stage for future research aiming to reveal the inter connections 
among the material deformation, microstructure evolution, and temperature variation in the 
material under impact loading. 
 
The main experimental setup used in this research project is schematically shown in Fig. 1. On 
the left side, a shear-localization sample geometry is present. The blue window is where X-ray 
imaging and thermal imaging are focused on. A Kolsky bar set up (on the right) is used to apply 
controlled impact load on the “top-hat” sample that promotes shear localization. To “see” 
through the opaque sample, the lighting source in high-speed imaging is replaced by the 
synchrotron X-ray source available at Beamline 32 ID-B of the Advanced Photon Source (APS) 
at Argonne National Laboratory. The X-ray source enables high-speed X-ray phase contract 
imaging, which was developed at 32 ID-B.  
 

   
 
Figure 1: Shear localization sample geometry and Kolsky bar set up with X-ray imaging. 
 
 
Figure 2 shows a time-series of images that record the shear localization process within the 
intended shear zone in an aluminum sample, which review the dynamic shear band formation 
process. In this study, we examined aluminum 7075-T6 and 6061-T6 hat-shaped specimens 
under dynamic shear loading provided by a Kolsky bar at an impact speed of ~16 m/s. Our 
research group has used this experimental setup and the X-ray source to visualize the dynamic 
deformation and damage evolution inside many opaque materials in recent years.  
 
The experiments on aluminum samples revealed that both materials displayed the trend of 
uniform shear deformation, formation of shear bands, cracking and then shear failure. 6061-T6 
has a more ductile behavior under the dynamic shear loading and requires larger strain to form an 
adiabatic shear band. 
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Figure 2: Deformation field evolution within the localized zone in the shear-localization sample. 
 
A commercially available Telops high-speed infrared thermal camera was used to capture the 
rapid temperature field evolution associated with the shear banding showing in Fig. 2. Figure 3 
shows a series of high-speed thermal images that record the full-field dynamic temperature 
evolution process at the top speed of any infrared high-speed thermal cameras available in the 
market today (70,000 frames per second with still a recognizable thermal field). The sample 
material was Aluminum 6061-T6. Such series of thermal images were taken from repeated 
experiments in samples made of both 6061-T6 and 7075-T6. 
 
By assuming the emissivity to be 0.15, the maximum temperature during the loading was found 
to be 720 K for 7075-T6 and 770 K for 6061-T6. This heat accumulation and the corresponding 
thermal instability during dynamic loading were found to be closely related to the formation of 
the adiabatic shear bands. Both X-ray and thermal imaging obtained in this set of experiments 
provides insightful information in determining the shear band width and tip location. From the 
images, the shear band width is estimated to be 20-50 μm for 7075-T6 and 30-70 μm for 6061-
T6. Cracks initiate after the formation of shear bands. These cracks propagate in the same tracks 
as the shear bands at the velocity of approximately 1100 m/s. This was the first time when high-
speed thermal images provided such detailed information on the dynamic deformation 
localization in a material subjected to impact loading. When these results were published, the 
journal Experimental Mechanics selected this article as the cover story of the issue.  
 



5 
 

 
 
Figure 3: High-speed images of the evolution of full-field temperature distribution over the 
sample. (a) Region of imaging on the sample (localized shear deformation zone); (b) Thermal 
imaging time indicated on the time history of load on the sample; and (c) Recorded dynamic 
temperature field evolution that shows a peak temperature of about 770K. 
 
 
 
Even though the results of the temperature field measurement were well received, the limitations 
of spatial and temporal resolution of infrared techniques, especially the 70,000 frames-per-
second upper limit in imaging rate, prevented the capture of rapidly evolving temperature field 
with sufficient resolution. To overcome the frame-rate limit such that we can take thermal 
images at hundreds of thousands of images per second, we invested significant amount of effort 
developing a high-speed laser phosphorescence method. Using this method, the spatial resolution 
is no longer limited by the infrared wavelength, but solely depends on the high-speed optical 
camera, which can easily reach kHz or even MHz frame rate with current technology. We 
encountered a series of unexpected technical challenges in this endeavor, which is still under 
research and development.  
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There are two primary types of phosphors that can be excited by laser and serve as distributed 
sensors to determine the local and full-field rapid temperature variation histories. One type is 
where the local temperature is related to the decay time of light immitted by the phosphors. 
However, from our trial experiments, we observed that over the decaying time, the sample under 
dynamic loading may have physically moved, leading to poor spatial resolution of the 
temperature measurements. In the second type of phosphors, the manifestation of local 
temperature is in the ratio of emitting light intensities over different wave lengths of the 
spectrum, making the measurement instant and significantly improve the spatial resolution. 
Figure 4 illustrates the working principle of the second type of thermal phosphors where the ratio 
of emitting light intensities over different wave lengths, as indicated by the black dashed-lined 
boxes, of the spectrum reveals the local temperature. The signal strength remained consistent 
over the high-frequency range, but varied significantly in the low-frequency window as local 
temperature varied. The ratio of the signal strengths over the two frequency ranges, after 
calibration, gives the local temperature of the phosphor. 
 
 

 
Figure 4: Local temperature revealed by the signal strength ratio over two frequency regions (in 
black dashed boxes) in the spectrum of the light immitted by the thermal phosphor. 
 
 
We initially explored the second type of phosphors by bonding them on the surface of the 
aluminum samples, but realized that the adhesive was not sufficiently strong to prevent the 
phosphors from jumping off the surface when stress waves pass. We then embedded them inside 
a Sylgard polymer, which is a common binder material in explosives (PBX), and subjected the 
phosphor-embedded samples (with and without a notch) to a compression Kolsky bar loading. 

Wavelength [nm] 

Moore, 2021 
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One side of the sample is exposed to laser illumination to measure the rapid temperature field 
evolution. The other side is painted with random patterns for strain field evolution measurements 
using digital imaging correlation (DIC).  In this way the temperature field and strain field in the 
sample may be correlated in real time under impact loading. Figure 5 is a schematic of the 
experimental setup where one side of the sample reveals the temperature field evolution, whereas 
the other side shows the corresponding dynamic strain field evolution through digital imaging 
correlation (DIC). The dynamic load is supplied by a compression Kolsky bar. The sample has 
an axial slit at the edge of a circular hole to provide stress concentration to generate localized 
high temperatures, which is shown in Figure 6. 
 

 
 
Figure 5: A schematic illustration of the experimental setup for dynamic temperature and strain 
fields measurements loaded by a compression Kolsky bar. 
 
 

   
 
Figure 6: Sylgard specimen geometry for temperature and strain field measurements. 
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Unexpectedly, the Sylgard did not demonstrate a sufficiently high temperature rise to be clearly 
recognizable in the phosphor light detection. As shown in Figure 7, all the temperature measured 
over 40 experiments was around room temperature. These temperature measurements by the 
thermal phosphors were sampled at 1 MHz frame rate, which is an order of magnitude higher 
than the highest frame rate offered by any commercial high-speed thermal camera available in 
the market.   
 

 
 
Figure 7: Temperature histories measured on the Sylgard samples have been incorrectly around 
room temperature, which is a problem identified for further examination.  
 
 
Although the frame rate has exceeded the current state-of-the-art by an order of magnitude, the 
temperature measured was very low. Figure 8 shows the axial strain near the crack tip measured 
by DIC on the other side of the specimen. The strain field clearly shows highly concentrated 
regions that should, conceptually, lead to significant temperature rise. 
 
 

0 50 100 150 200 250 300

Time [ s]

0

10

20

30

40

50

60

70

80

90

100

Av
er

ag
e 

Te
m

pe
ra

tu
re

 [°
C

]

Corrected 1MHz Bar Tests

Test 26
Test 28
Test 31
Test 33
Test 41



9 
 

 
 
Figure 8: Axial strain field evolution during Kolsky bar test #39, which shows stress 
concentration near the opening crack tip in the Sylgard specimen. 



10 
 

To calibrate the temperature field, we used the same infrared high-speed camera for the work 
presented in Figure 3 to measure the dynamic temperature field on the Sylgard samples. The 
camera frame rate may not be high enough to capture the rise phase of the temperature on the 
sample. However, once the temperature is raised by stress-wave loading, the decay time through 
diffusion is much longer. The thermal camera will be able to capture the temperature field before 
it decays down. To increase the temperature in the sample, we used a gas-gun to impact the 
Sylgard samples at velocities an order of magnitude higher (~160 m/s). Figure 9 shows the 
temperature varying histories at two tracing points on the sample which was stricken at 169 m/s.  
 
 

 
 
Figure 9: Temperature histories at two points in a Sylgard specimen during a gas gun impact at 
169 m/s, which shows only a few degrees temperature rise even impact at much higher speed 
than in Kolsky bar. (Courtesy of Chase Wernex supported by ARL AAMP EM program) 
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The results in Fig. 9 show that, even impacted by a projectile at a striking velocity an order of 
magnitude higher than in Kolsky bar experiments, the temperature rise in the Sylgard specimen 
was only a few degrees above room temperature. This is in the same order of magnitude as the 
results shown in Fig. 7. We now have two different methods (thermal phosphors and infrared 
camera) that measured minimum temperature rise in Sylgard specimens under impact loading. 
Although this is unexpected, this may be the try behavior of Sylgard. We are now employing the 
second calibration method, but the time frame will be beyond this program.  
 
 

 
 
Figure 10: A Kolsky tension bar setup at 32 ID-B XSD, APS, Argonne National Lab with 
simultaneous high-speed X-ray PCI, XRD, and thermal imaging. 
 
In the meanwhile, as shown in Figure 10, we have combined high-speed X-ray phase contract 
imaging (PCI), high-speed X-ray diffraction, and high-speed thermal imaging in one impact 
experiment to set the stage for future research aiming to reveal the inter connections among the 
material deformation, microstructure evolution, and temperature variation in the material under 
impact loading. We will be able to obtain the measurements in deformation, microstructure 
evolution, and temperature field evolution simultaneously, which is an unprecedented capability. 
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What opportunities for training and professional development did the project 
provide? 
 
The program provided graduate students opportunities to learn and develop different 
experimental methods, as well as collaboration between two research groups (Chen group and 
Meyer group) at Purdue University, as well as with a group outside Purdue: Professor Amy 
Clarke’s group at Colorado School of Mines.  
 
 
 
How were the results disseminated to communities of interest? 
 
3 Journal Articles (see at the end of the document for a list).  
 
 
 
 
What do you plan to do during the next reporting period to accomplish the goals and 
objectives? 
 
This program has ended. However, the research challenges continue. Based on the research 
supported by this program, we have developed more novel experimental methods that set the 
stage for further research. Proposals will be submitted to ARO. 
 
Honors: What honors or awards were received under this project in this reporting 
period?  
 
Nothing to report 
 

Technology Transfer 

Nothing to report 

Participants  
1. Type: Most senior project role  

Faculty  
2. Prefix (optional)  
3. First Name: Weinong 
4. Last Name: Chen 
5. Middle Name (optional): Wayne 
6. Suffix 



13 
 

7. Nearest person month worked (a person month equals approximately 160 hours of effort, 
regardless of funding source): 1 

8. National Academy Member? (Y/N) 
9. Country if participant is a foreign collaborator: None. 

Also, Terrence R. Meyer 

   

Students 
“Number of undergraduate and graduate STEM participants”: 2 (graduate students) 

“Number of participants that received a STEM degree”: 0   
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“In situ Observation of Adiabatic Shear Band Formation in Aluminum Alloys,” Experimental 
Mechanics, 60 (2020) 153–163. (Cover Article) 
 
Zhai, X., Gao, J., Nie, Y., Guo, Z., Kedir, N., Claus, B., Sun, T., Fezzaa, K., Xiao, X. and Chen, 
W. W., “Real-time Visualization of Dynamic Fractures in Porcine Bones and the Loading-rate 
Effect on Their Fracture Toughness,” Journal of Mechanics and Physics of Solids, 131 (2019): 
358–371. 
 
Zhai, X., Nauman, E.A., Moryl, D., Lycke, R. and Chen, W.W., “Mechanical Anisotropy and 
Strain-rate Sensitivity of Human Front Skull Bone,” Journal of the Mechanical Behavior of 
Biomedical Materials, 103 (2020): 103597.  
 
 




