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ABSTRACT

In this dissertation, we first used high-speed X-ray phase contrast imaging and infrared
thermal imaging techniques to study the formation processes of adiabatic shear bands in aluminum
7075-T6 and 6061-T6 alloys. A modified compression Kolsky bar setup was developed to apply
the dynamic loading. A flat hat-shaped specimen design was adopted for generating the shear
bands at the designated locations. Experimental results show that 7075-T6 exhibits less ductility
and a narrower shear band than 6061-T6. Maximum temperatures of 720 K and 770 K were locally
determined within the shear band zones for 7075-T6 and 6061-T6 respectively. This local high
temperature zone and the resulting thermal instability were found to relate to the shear band
formation in these aluminum alloys. Secondly, a high-speed laser phosphorescence thermal
imaging technique is developed and integrated with the compression Kolsky bar setup. The
temperature field measurement during dynamic loading are performed at 100 — 200 kHz frame rate
with a spatial resolution of 13 um/pixel. The dynamic compression of copper shows 312 K
temperature rise among the material surface. Experiments with thermocouple are also conducted
and the results verifies the laser measurement. In the dynamic shear of aluminums, the temperature
evolution during adiabatic shear band formation was observed and the results are compared with
infrared measurements. The shear band was found forming at approximately 400 K and 440 K for
7075-T6 and 6061-T6, respectively, while the maximum temperature is measured as 650 K for
7075-T6 and 800 K for 6061-T6. Although the maximum temperature agrees with the infrared
results, thermal softening is not considered as the main cause of the ASB formation due to the low

temperature when the shear band forms.
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1. INTRODUCTION

Adiabatic shear banding is a critical energy dissipation mechanism in materials under impact.
However, the fundamental mechanisms are still not well understood. Due to the limitations in
experimental methods, the dynamic deformation field and the associated temperature field have
not been investigated in real time at high spatial resolutions. In this chapter, the previous research
work on adiabatic shear band formation and high-speed temperature measurement techniques will
be reviewed. The basics of phosphor thermometry will be introduced. Finally, the current
challenges and limitations on the high-speed deformation and temperature field measurement will
be identified.

1.1 Adiabatic shear band

When subject to dynamic loading, many materials frequently exhibit localized shear
deformation. This intense shearing is localized in a narrow band of highly deformed material,
associated with local temperature rise resulting from plastic deformation accumulation over a short
time, which is called an adiabatic shear band (ASB). The adiabatic shearing is first introduced by
Zener and Hollomon [1], which indicates that the thermal softening dominates over the effect of
strain hardening. The mechanism that results in shear band formation is considered as a local
thermo-mechanical instability of the material. During plastic deformation, the plastic work is
mainly converted into heat over a very short time period, leading to temperature increase within
the material. If localized deformation at a high rate exists, thermal softening becomes locally
significant. Under dynamic deformation, the heat dissipation is not fast enough and thermal
softening will dominate over the effect of work hardening. Therefore, the deformation becomes
unstable and will grow within a narrow band forming the ASB [2].

Although an ASB is not a crack, it is closely related to the initiation of cracks and can
further result in catastrophic material failure during dynamic loading. Figure 1.1 shows an example
of an ASB in martensitic steel, which is observed by Dormeval and Stelly [3] in 1981. The
researchers conducted dynamic compression experiments on martensitic steel specimens with
different hardness. The strain rate was reported as 2700 /s. In the experiment, the loading was

controlled to stop just before the overall rupture of the material, offering the opportunity to
13



examine the adiabatic shear bands. In the particular specimen shown, the shear band can be seen
about 45° to the loading axis. The white color indicates martensite forms within the ASB, which
is called transformed band. A crack is propagating along the same track of the shear band from the

upper right corner, but has not cause the catastrophic failure of the entire specimen.

Figure 1.1. Adiabatic shear band and an associated crack during dynamic compression of a
martensitic steel. Reproduced from [3]

There are also applications where controlled shear bands are desired. Li et al. [4] performed
FEM study on the penetration behaviors of tungsten fiber / metallic glass (WF/MG) composite rod
into steel target, as shown in Figure 1.2. During the penetration, there is an edge layer forming in
the front of the projectile. The matrix of MG fails earlier than the WFs, causing the pre-deformation
of the surrounding WFs. As the projectile moves forward, the nose exhibits localized shear
deformation around it and some materials separate from the projectile after fracture, leading to the
formation of a new sharp nose. This self-sharpening process continues and repeats itself,

remarkably improving the penetration performance of the projectile.

14



Figure 1.2. Deformation and failure process of tungsten fiber/metallic glass composite rod and
steel target under the penetration. Reproduced from [4]

In the past decades, the formation of ASB has been found in many metals, including steel,
titanium alloys, aluminum and aluminum alloys. Numerous efforts have been undertaken to
determine the critical conditions under which ASB forms, as documented by reviews and books,
such as Timothy [5], Xu et al. [6] and Dodd and Bai [7]. However, most of the early studies are
based on the post-mortem experimental observations that are after the shear band formation. It is
until the use of high-speed imaging techniques with the dynamic loading setup that the ASB
formation is observed in real time. Marchand and Duffy [8] conducted dynamic torsional
experiments on a low alloy structural steel HY-100 using a torsional Kolsky bar setup. The
specimen geometry is shown in Figure 1.3. The advantage to study ASB formation with torsional
experiments is that the specimen is only under a pure shear stress state in a designated area. As
illustrated in Figure 1.4, the researchers showed three distinct stages of the plastic deformation of
the specimen. The grid patterns represent each stage are presented in Figure 1.5. Stage 1 is
homogenous deformation up to 23% of strain. All the grid lines can be seen deforming with
uniform slopes. Stage 2 is inhomogeneous deformation with curved lines presenting. Stage 3
represents the ASB. The lines are discontinuous in the middle, indicating the existence of highly
localized shear deformation. In this stage, the stress starts to drop rapidly. A set of infrared
detectors were also used in this study to capture the temperature rise. Results showed that within

the shear band, the maximum recorded temperature rise was 590 °C.
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Figure 1.3. The geometry of a steel specimen for use in a torsional Kolsky bar [8].
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Figure 1.4. A stress-strain curve showing the three stages of plastic deformation in Figure 1.5.
Reproduced from [8].
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Stage 1 Stage 2 Stage 3

Figure 1.5. Grid patterns on the specimen showing the deformation corresponding to the three
stages. Reproduced from [8].

Besides steel, ASB are also reported in aluminum and its alloys. The latter are widely used
as structural materials in aerospace industries due to their light weight and design flexibility.
Aluminum plates are also used in armor design as protective layers [9]. In these applications, the
materials are commonly subjected to impact loading. The involved shear banding behavior can be
a significant concern for structural integrity under dynamic loading conditions. Early experimental
approaches regarding ASB formation were mostly focused on analyzing the specimens after shear
band formation. Leech [10] confirmed the occurrence of ASBs in 7039 aluminum alloys during
plate impact experiments. Owolabi et al. [11] performed dynamic compression experiments using
a Kolsky bar apparatus on AA 6061 and compared the shear banding behavior with 6061/Al>03
composites. The probability of ASB formation was found to increase when alumina was added as
reinforcement. Li et al. [2] conducted impact experiments on aluminum alloy 7075 with a thick-
walled cylinder-external explosive collapse technique. The researchers examined the
microstructure of post-mortem specimens and identified the deformed and the transformed shear
bands.

The non-uniform plastic deformation under dynamic loading leads to localized temperature
increase, which further results in a coupled thermomechanical condition. The following heat
conduction equation (1.1) is used by Rosakis et al. [12] and Mason et al. [13], which expresses the

relationship between the heat generation and the temperature change:
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Po-&P LK E
pc,  pc, (1-2v)

aV’T -T =—

T, tr(£°) (1.1)

where o is the thermal diffusivity, T is the temperature field, p is the density, c, is the heat capacity,
o is the stress, &P is the plastic strain rate, « is the coefficient of thermal expansion, E is Young's

modulus, v is Poisson's ratio, £° is the elastic strain rate, To is the initial temperature and j is the
coefficient of plastic work converted to heat. The first term on the right stands for the heat from
plastic deformation while the second term represents the heat from elastic deformation. By
assuming adiabatic condition with only plastic deformation, Equation (1.1) can be simplified as
follows [12 — 15]:

pc,T
B :W (1.2)

The investigation of £ is largely based on the loading and temperature history, as well as the
material properties. Therefore the accurate measurement has been a challenge. Early research
usually assumed g as a constant of 0.85-1.0 [16], which means almost all the plastic work are
converted to heat. Later it was claimed that # may be dependent on strain [17] and most recent
work showed f is also dependent on strain rate [14]. Also different values of f are reported in the
previous works, ranging from 0.3 to 0.9 under dynamic loading. Since the plastic work to heat
coefficient serves as a bridge between the material deformation and the temperature. A better
understanding of g during adiabatic shear banding will certainly assist in the study of its
mechanism.

Due to the difference in thermal and mechanical properties, materials exhibit different
shear band behaviors. To better understand shear banding mechanism, it is crucial to know not
only the deformation, but also the temperature field within a propagating ASB. Hartley et al. [18]
performed temperature measurements when loading tubular steel specimens with torsional Kolsky
bar. They found a band width of 250 um with a temperature rise of approximately 450 °C for low
carbon steel. Duffy and Chi [19] and Marchand and Duffy [8] reported real time measurement of
strain using grid observation and temperature fields using an infrared camera. The alloy steels they

studied exhibited shear bands roughly 20 um in width. However, the spatial resolution for both
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temperature measurements were about the same as the width of the shear band, meaning the
temperature measured was actually an average temperature around the band tip. This average can
be regarded as a lower bound of the local temperature peak. By tracking the temperature field, they
were able to estimate an ASB propagation speed of ~500 m/s. Later, Zhou et al. [20] conducted
an in-depth study on impacting notched C300 steel and Ti-6Al-4V. Both high-speed photography
and temperature detection were used during the experiments. The maximum shear band speed of
steel was found to be 1200 m/s and was strongly dependent on the impact velocity. The maximum
temperature rise was approaching 1400 °C for C300 steel at an impact velocity of 43 m/s, while
only 450 °C for Ti-6Al-4V at an impact velocity of 64.5 m/s. Based on the experimental findings,
Mercier and Molinari [21] proposed an analytical model to describe the dynamic ASB propagation
in mode 1l. In contrast to the shear band formation studies on steel and titanium alloys, temperature
measurements on aluminum alloys are rarely reported. Hence, studies on the conditions under
which shear bands initiate and propagate as well as the evolution of temperature fields within the
shear bands are required for determining the structural integrity of aluminum alloys under dynamic
loading conditions.

Guduru et al. [22] also investigated the strain and temperature fields in a fully developed
ASB of C300 steel, but with the coherent gradient sensing technique and a self-developed high-
speed infrared camera. The results showed a non-uniform temperature distribution along the shear
band. Multiple high temperature areas were observed with the spacing in the range of 0.25 mm to
1 mm. The high-speed infrared camera technique provided a possibility for measuring the
temperature rise with higher spatial and temporal resolutions. More recently, Guo et al. [23]
reported shear banding experiments on commercial titanium using a compression Kolsky bar setup
with both high-speed camera and infrared camera. The group of researchers claimed the
temperature rise in the titanium occurs after ASB formation, which was considered to be the
consequence of ASB. The plastic work to heat coefficient  was found to be between 0.25 — 0.55
and was also strain rate dependent, which was below the traditionally used value of 0.8 — 1.0. This
result raised a new concern towards the relationship between the mechanical and thermal behaviors

of shear banding.
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1.2 High-speed temperature measurement techniques

During plastic deformation of ductile materials, the external work is converted as heat and
dissipated, leading to temperature rise within the materials. This temperature increase can be
intense if the material is loaded dynamically. Localized deformation associated with thermal-
mechanical instability will occur. With the increasing need in studying the material thermal
behaviors during dynamic loading, temperature measurement techniques that can be operated to
capture the high-speed events are of particular interest. There are a large variety of methods
reported in the literature in different applications, including both contact and noncontact methods.

Contact methods generally rely on the thermal conduction between the specimen material
and the measuring device at a contact location, either inside the material or at the surface level. A
good contact of the interface and a balanced thermal state are the keys to accurate temperature
measurement. One of the contact methods is using thermocouples. Due to the nature of the
dynamic loading, the temperature change occurs within very short period of time (10° — 10% ps).
The thermocouple is required to have a response time in a smaller scale than the dynamic event,
leading to challenges in high-speed temperature measurement. Since a thermocouple measure
correct temperature only when it reaches the thermal balance with the object, the dimension of the
thermocouple plays an important role. Table 1.1 shows typical response time of fine type-J
thermocouples calibrated in the moving air of 18.3 m/s [24]. It can be found that these
thermocouples with diameter less than 1 mm takes 4 — 3200 ms to respond to temperature.
Farahmand et al. [25] also reported a mean overall response time of 55 ms using the thermocouples
in the similar dimensions. Generally the response time of thermocouples are too large for the
application to the real-time temperature measurement during dynamic loading. It is also not
enough to reveal the temperature revolution during the shear band formation.

There are literature showing the high-speed temperature measurement with ultra-fine
thermocouples. Rittel [26] embedded thermocouples with 127 pm in wire diameter inside
polycarbonate, PMMA and polystyrene disk specimens, as shown in Figure 1.6. Then the
researcher performed dynamic compression experiments with a Kolsky bar. The recorded strain
gage signal and temperature response during dynamic loading are presented in Figure 1.7. Since
the thermocouple is placed inside the material within a small hole, it will take time for good contact

to set up after the deformation begins. Therefore a small delay in the temperature curve can be
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found at the beginning of the loading before the temperature is measured. Regardless of the delay,
the response time of the embedded thermocouple was reported in the order of 10 us. However,
thermocouples are limited to measure temperature at certain attached locations. If the exact
location of interest is unknown prior to an experiment or attaching/embedding the thermocouple

will result in changes in material properties, thermocouples may not be a good choice.

Table 1.1. The response time of type-J thermocouples reported by OMEGA [24].

Wire size (in.) Response time (ms)
0.001 4
0.005 80
0.015 800
0.032 3200

Type-T thermocouple

Acrylic
seal

Polymer Specimen

Figure 1.6. The polymer specimen with the embedded thermocouple used in [26].
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Figure 1.7. Temperature rise and strain gage signals for a polycarbonate. Reproduced from [26].

Noncontact temperature measurement methods are the techniques not based on thermal
conduction, e.g. infrared sensing, optical pyrometry and phosphor thermometry. Because of the
fast response and wide sensitive range, infrared techniques become widely adopted in dynamic
experiments, including both infrared detectors and high-speed infrared cameras [19 — 23]. Mason
et al. [13] used an 8-detector array to record the temperature response during dynamic compression
of 4340 steel, 2024 aluminum and Ti-6A1-4V titanium alloys. This infrared detector array was
formerly introduced by Zehnder and Rosakis [26, 27]. The experimental apparatus is presented in
Figure 1.8. The indium antimponide (InSb) infrared detectors used are sensitive to 1 — 5.5 um
wavelength of the radiation, which covers the emission wavelength of 1 — 2 um when the
temperature is between 100 — 1000 °C. The rise time of the system is primarily determined by the
frequency response of the detectors and the amplifier, which is able to reach microsecond scale.
This rise time is sufficient in response to the temperature rise during a dynamic experiment and is

also faster than most of the thermocouples available commercially. Technically this system can
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measure temperature increase as low as 20 °C. But the accurate recording can only be obtained
above 50 °C temperature increase, as claimed by the group of researchers, due to the large signal
to noise ratio when measuring low temperature difference, The eight measuring areas are designed
along the loading direction with each one in the size of 0.16 x 0.16 mm with 0.2 mm spacing
between each detector. The total length of temperature can be measured is 1.56 mm, which covers
the entire area of interest in this study. With magnification of one for the optical systems, the
measured area are the same in the dimension as the array of detectors. The maximum temperature
are documented as 120 — 150 °C for aluminum 2024 at 3000 /s strain rate and Ti-6A1-4V titanium
alloy at 1500 /s. Give the size of each detector, the measured result is the average temperature
over each square area [13]. Normally an infrared detector or an infrared camera need to be
calibrated with a black body before being applied to other different materials. In this paper, the
infrared detectors are directly calibrated with a heated specimen at controlled temperature while
infrared records are taken. This calibration procedure reduces the uncertainty caused by the
emissivity change of different material surfaces. Figure 1.9 shows the calibration results of 4340
steel with 600 and 120 grit surface finish. The measurement is observed fairly consistent and the
emissivity is not sensitive to the surface finishes of the same material. Therefore the experimental
error resulted from emissivity change due to the material deformation is negligible. Later Guduru
et al. [32] developed a high-speed infrared microscopic camera to image the propagating shear
bands. The camera features 64 HgCdTe IR detectors in an 8x8 array, with each of the signal
amplified and recorded simultaneously. The infrared images show discrete hot spots in a developed
shear band with temperature over 600 K. Among all of the researches mentioned above, the
reported frame rates are generally within 10! — 102 kHz with a spatial resolution in the order of 102
pm. Considering that some of the important impact related events, such as dynamic cracking and
shear banding, can be in the scale of 10° — 102 um, the aforementioned spatial resolution results in
the temperature being averaged over a certain area. Therefore the measured temperature is always

a lower bound of the real local temperature.
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Figure 1.8. A schematic representation of the high speed infrared detector array focused on a
specimen in a Kolsky bar [13].
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Figure 1.9. Calibration of infrared detectors with steel for different surface finishes. Reproduced
from [13].

Phosphor thermometry is another noncontact optical method for surface temperature
measurement. The method exploits luminescence emitted by phosphor material. Phosphors are
fine powders which may be stimulated to luminesce. This method will be discussed in details in
the Chapter 1.3.
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1.3 Phosphor thermometry

Phosphor thermometry is a non-intrusive, emissivity-independent, optical diagnostic tool for
measuring temperature fields on short times scales. With careful handling, the method offers both
high sensitivity and accuracy measurement [33]. It can be applied to solid surfaces if the materials
are coated with phosphors or fluid flow if phosphors are pre-mixed with the fluid. In the past forty
years, the improved camera technology has made two-dimensional temperature imaging more
feasible. On the other hand, the versatility of phosphor thermometry has tremendously motivated
the exploration of new thermographic phosphors as well as the development of different
temperature measuring techniques.

Thermographic phosphors are luminescent materials that emit light after absorbing energy
from electrons. The excitation source can vary from X-rays, ultraviolet (UV) light, visible light to
neutrons [34]. The differences in time-dependent luminescence behaviors and material
characteristics enable the phosphors to be used with different methods, which can be generally
categorized into time-resolved and time-integrated strategies. There are various methods under

each strategy, as shown in Figure 1.10 [33].

Phosphor Thermometry

Time-resolved Time-integrated
- Time domain || Single spectral band
(absolute intensity)
Decay time
Rise time - Two spectral bands

(intensity ratio)

— Frequency domain

Figure 1.10. Classification of different methods of phosphor thermometry [33].

One of the time-resolved methods under time domain is the lifetime decay method, in which

the phosphorescence decay is monitored following excitation. Figure 1.11 compares the
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representative decay characteristics of Europium-activated Lanthanum Oxysulfide (La20.S:Eu)
phosphor at different temperature [35]. The phosphorescence lifetime of La>O>S:Eu decreases with
increasing temperature because of a charge transfer state [36]. The transient phosphorescence
intensity after the excitation can be described by a single exponential function:

1(t) =1, (1.3)

where lo is the initial intensity at t = 0 and z is the life time of the phosphor. By calibrating the life
time with corresponding temperature prior to the experiments, it is possible to find the temperature

based on the measured intensity.
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Figure 1.11. Intensity decay of La,O>S:Eu phosphor [35].

Earlier, the life time decay method was studied with the use of photomultiplier tubes or
photodiodes [29 — 36], with most of the laser excitation systems operating at 10 Hz. With the
development of improved high-speed camera systems, two-dimensional temperature imaging for
temporally and spatially resolved detection of phosphorescence intensity became popular. In
previous studies, the lifetime method was used to measure 2-D temperature fields with multiple
CCD chips or single-chip CCD framing cameras [37 — 39] to capture different stages of the decay.

These techniques only featured limited number of images that were insufficient to achieve decent

27



accuracy in the temperature. The application of high-speed CMOS cameras overcame some of the
barriers and greatly improved the accuracy and sampling rate.

Recently, Ayers et al. [35] reported 100 kHz temperature measurement on a phosphor coated
aluminum specimen using laser phosphorescence. The specimen was coated with La,O>S:Eu
phosphor and placed inside an optically accessible furnace at controlled temperature. A burst-mode
Nd:YAG laser at 355 nm was used to excite the specimen at 100 kHz. To obtain sufficient data
points for the decay curve fit, the high-speed camera was operating at 1 MHz, capturing 10 images
after each excitation. The decay history is presented in Figure 1.12. As stated above, the
temperature filed measured from the lifetime decay method fully relies on the decay curve fit of
multiple images. It is preferred that the object is stationary during these images so that proper pixel
registration can be obtained during single decay. However, both displacement and deformation of
a material are present during dynamic loading, which will result in incorrect temperature
measurement. Therefore the lifetime decay method is not ideal to be used with dynamic testing of

solid materials.
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Figure 1.12. 100 kHz pixel intensity history of La>O2S:Eu phosphor at 260 °C [35].

Other than the time-resolved characteristics, the time-integrated phosphorescence intensity
of phosphors is also temperature-dependent. The absolute intensity method using single spectral
band requires the excitation source to be very consistent so that the emission intensity can be
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calibrated with the temperature. Therefore it is not accurate for diagnostic purposes and has been
rarely reported. The intensity ratio method is the only practical method when using laser
phosphorescence with time-integrated strategy. This technique is initially used by Cundy et al. [48]
in a heated nitrogen jet. Later, Abram et al. [49] performed high-speed measurement on gas-phase
temperature field with laser phosphorescence. Prior to the experiment, BaMgAlioO17:Eu?*
(BAM:Eu) phosphor particles were mixed with air streams and then excited with an 355 nm UV
laser. BAM:Eu exhibits a red shift in the emission spectrum with increasing temperature, as
illustrated in Figure 1.13. A two-color detection scheme can be designed so that the intensity in
the low wavelength channel (shown within the blue line) changes monotonically while the
intensity in the high wavelength channel (shown within the red line) is almost identical. And the
intensity ratio of the two channels corresponds to the temperature. A schematic of the experimental
setup is shown in Figure 1.14. Due to the required two-channel measurement, two cameras were
synchronized to capture intensity images simultaneously with a beam splitter. The group of
researchers reported temperature field measurement from room temperature to 500 K with a spatial
resolution of 35 um and a frame rate of 3 kHz. One of the advantages to use phosphor thermometry
is that the temporal and special resolution are mainly determined by the high-speed camera without
limited by the infrared characteristics or other means. Also, ratio method does not require decay
curve fitting so that every pair of images taken represents the temperature field at the
corresponding time. The object movement is no longer a concern, and the camera capability can
be fully utilized. Currently the high-speed camera is reported to provide 10' pm resolution scale
at 10° Hz frame rate as discussed, making this method a potential candidate to obtain temperature

filed evolution during dynamic loading of materials.
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Figure 1.13. Normalized BAM:Eu emission spectral. Reproduced from [49].
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Figure 1.14. The experimental setup used by Abram et al. [49].
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1.4 Objectives and research approach

Despite all the efforts in the previous chapters, the best spatial resolution of the
aforementioned deformation measurements was only in the order of tens of microns [2, 8, 10-12].
Most of the reported research on dynamic ASB formation is still based on post-mortem analysis.
Observation of ASB propagation in real time with higher resolution is still desired to pinpoint the
critical conditions. Considering that the width of ASB reported in the literature is mainly in the
order of 10° to 10? um and the shear band speed can reach several thousand meters per second, a
visualization method with both higher spatial resolution and higher frame rate is desired to better
observe the local shear band propagation and locate the propagating band tip. However, it is
challenging to further improve the spatial resolution. This is partially limited by the wave length
of visible light and the short working distance from the specimen when a high magnification lens
is used. An experimental technique has recently been introduced by Hudspeth et al. [50] where a
Kolsky bar setup is synchronized with high-speed synchrotron X-ray imaging at Argonne National
Laboratory. The technique incorporating X-ray Phase Contrast Imaging (X-ray PCIl) was
developed to capture the damage history during a dynamic experiment in real time. Parab et al.
[51] and Nie et al. [52] utilized this technique to observe the crack propagation in glass and
composite materials. The researchers showed the possibility for in situ observation of damage
development inside certain opaque materials under dynamic loading. A spatial resolution of 1.6
pm can be achieved by using a magnification of 20x with a sufficient objective distance depending
on the location of the scintillator. The temporal resolution can be at 200 ns or 5 million frames per
second. This method offers a new opportunity in observing the initiation and propagation of an
ASB in more details.

The temperature evolution during the ASB formation is also crucial as it is closely related
to the mechanism of ASB. Many measurement using infrared detectors and cameras are available,
but the frame rate and the spatial resolution are both limited to reveal the real temperature during
the dynamic event. Therefore, a temperature measurement technique with spatial resolution higher
than 10! pm scale and frame rate higher than 10° Hz is desired. With the development of the
phosphor thermometry in temperature measurement on solids, the recent technique of high-speed
temperature field measurement and the intensity ratio method provide new possibility in observing

the temperature evolution during dynamic loading. In this study, we start with the state-of-the-art
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technique of high-speed infrared camera. Then a high-speed laser phosphorescence thermal
imaging system is developed and integrated with a compression Kolsky bar apparatus. This
technique will be first applied to copper under dynamic compression to verify the temperature field
measurement capability. And then the temperature evolution during shear band formation in

aluminum will be investigated.
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2. INSITU OBSERVATION OF ADIABATIC SHEAR BAND
FORMATION

The formation of adiabatic shear band has been found in many materials. During dynamic
plastic deformation, the plastic work is mainly converted into heat over a very short time period,
leading to temperature increase within the material. The focus of this chapter is to examine the
effectiveness of using high-speed X-ray PCIl and high-speed infrared thermal imaging to
investigate ASB in metals. The results of deformation and temperature field measurement showing
the ASB formation in aluminum alloy 7075-T6 and 6061-T6 are presented. Part of the work in this
chapter is accepted and soon to be published by Experimental Mechanics, Springer Nature with

article name In situ Observation of Adiabatic Shear Band Formation in Aluminum Alloys [53].

2.1 Materials and Methods

2.1.1 Materials and specimens

The materials used in this experiment were selected to be well-studied commercially
available aluminum alloys 7075-T6 and 6061-T6. In order to image the shear band formation at a
pre-determined location, a hat-shaped specimen geometry was adopted. This hat-shaped specimen
method, introduced by Meyer et al. [54] and Hartmann et al. [55], has been widely used to study
the shear localization of various metals [48 — 51]. The advantage of using this geometry is that
shear bands can be generated in many ductile materials within the designated narrow region [60].
The versatility of the specimen geometry design enables precise control over the desired stress
state with a conventional compression Kolsky bar setup. The deformation in the specimens can
also be easily stopped at desired stages by having stoppers with proper thickness to collect the

specimen before fracture.

Most of the hat-shaped specimens in previous research were designed in a cylindrical shape
like a real “hat”. However, in this work, a flat hat-shaped specimen with thickness of 0.8 mm is
used to facilitate in situ high-speed X-ray visualization. The specimen geometry is shown in Figure
2.1 and the dimensions are presented in Table 2.1. The punch width w; is designed to be larger
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than the opening width w- to achieve a compression-shear stress state. This stress state prevents

the material from experiencing early failure so that the adiabatic shearing can be visualized.
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Figure 2.1. The geometry of hat-shaped specimen and the compression-shear region

Table 2.1 Dimensions of the hat-shaped specimen (mm)

W1 W» W3 hy h, hs r

7.62 7.42 19.05 7.62 1.02 15.24 0.25

The specimens were cut to dimensions from aluminum sheets with wire electrical discharge
machining (EDM) to minimize the damage on the edges of the specimens. Then multiple vertical
lines were carved within the compression-shear region of the specimens by a razor blade, providing
sufficient contrast to reveal the localized shear deformation in the material. Because of the nature
of the specimen dimension, plane stress condition is assumed so that the material is considered to

be uniformly deformed through the thickness and only the surface deformation is measured.

2.1.2 Kolsky bar

A Kolsky bar, or split-Hopkinson pressure bar (SHPB), has been commonly used when

investigating the material behaviors at 10°— 10 m/s loading speed [61]. For this study, a miniature
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compression Kolsky bar was used (Figure 2.2). The Kolsky bar was composed of a striker bar
(diameter = 12.7 mm, length = 76 mm) and an incident bar (diameter = 12.7 mm, length = 1372
mm), both manufactured from a high strength steel alloy. The transmission bar in the conventional
Kolsky bar apparatus was replaced with a load cell (Kistler 9212, Winterhur, Switzerland)
mounted on a heavy aluminum backstop due to space constraints in the APS X-ray hutch. A
specimen holder is designed to support the specimen in position and prevent buckling, as shown
in Figure 2.3.
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Figure 2.2. A schematic of the compression Kolsky bar setup

Figure 2.3. A photograph of the specimen section of the Kolsky bar setup
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The firing system consisted of a zero-pass solid-state relay and a fast-response solenoid
valve. This valve was located close to the inlet nozzle of the barrel assembly, allowing for the
minimal ramp-up pressure needed to ensure consistent delay timing from solenoid trigger to
striker-incident bar impact.

When the solenoid valve suddenly opens, the compressed air is released from the air tank
into the barrel, pushing the striker to impact the incident bar. A compressive stress pulse is
generated from the bar end and propagates along the incident bar towards the specimen. A certain
pulse shaper is needed for generating the desired shape of the stress pulse. The material and
dimension of the pulse shaper depend on the specimen properties and loading rate. In this work,
three layers of masking tape are used as the pulse shaper. The stress pulse will be captured by a
pair of strain gages attached to the bar as the incident pulse and then recorded by the oscilloscope.
When this pulse reaches the specimen-bar interface, part of the stress will be reflected back and
recorded as the reflected pulse. The rest of the stress pulse is transmitted through the specimen in
the form of dynamic loading.

Two semi-conductor strain gauges (Kyowa KSP-2-1K-E4, Chofu, Japan) were attached
diametrically to the surface of the incident bar and were connected in a half Wheatstone bridge
configuration. The strain gauge assembly was used to record both the incident and reflected pulses.
The load cell was used to record the force response of particles at the back end. Both the strain
gauge signal and load signal were synchronized and collected via an oscilloscope (Tektronix
DPO7104C, Beaverton, Oregon). The velocity at the bar end was calculated from the recorded

strain signals using Equation (2.1).

v(t)=Cs (i (t) -2, (1)) (2.1)

where Cg represents the elastic wave velocity in the bar. & and &r represent the incident and
reflected strain values respectively. The bar end displacement was then calculated using Equation
(2.2).

d(t)=[ v(r)dr (2.2)

From the recorded strain gauge signals and the corresponding high-speed X-ray images, the

loading velocity for the typical experiment was measured to be around 16 £ 2 m/s.
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2.1.3 High speed synchrotron X-ray phase contrast imaging

The dynamic experiments with X-ray phase contrast imaging (PCI) were performed at
beamline 32-ID-B of the Advance Photon Source (APS) at Argonne National Laboratory. The
compression Kolsky bar described in the previous section is integrated with the synchrotron X-ray
imaging setup, which was developed through collaboration between Purdue University and APS.
A schematic of the experimental setup is presented in Figure 2.4. This method was discussed in

more detail in [50].
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Figure 2.4. Dynamic compression setup with high-speed X-ray phase contrast imaging

The in-situ shear banding and crack propagation were recorded at 5 MHz frame rate with
a Shimadzu HPV-X2 high-speed camera. Appropriate time delays need to be calibrated prior to
the experiments to synchronize the camera with the start of the loading and passing of the X-rays
through the specimen to capture the dynamic shear band forming event. The material deformation

and shear banding are captured by a scintillator-camera system while the dynamic force history is

recorded by the piezoelectric load cell.
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2.1.4 Infrared thermal imaging

The temperature field measurements during the dynamic shearing event were performed
separately with the same compression Kolsky bar setup. The experimental conditions were
maintained the same so that the results can be directly related to the X-ray imaging experiments.
A Telops FastM3k (Telops, Quebec City, Canada) infrared thermal camera with 1x lens was used
to record the surface temperature distribution of the aluminum specimens at 64 kHz. The view
window of the thermal camera is 1.6x0.4 mm and the pixel size of the image is 30 um. A
photograph of the experimental setup is shown in Figure 2.5. The thermal camera was pre-
calibrated with a black body by the manufacturer before being used in this work. During the
experiments, the lens of the camera is adjusted to focus on the surface of the specimen.

The true temperature is calculated from the radiance temperature with Equation (2.3):

Tra
Tire = %“ (2.3)

where ¢ is the emissivity of the given material. Wen and Mudawar [62] performed an independent
study on the emissivity of various aluminum alloys with different surface quality, temperature
ranges and wavelength ranges. The results show that the emissivity of a certain aluminum alloy
does not change significantly in 3 — 5 um wavelength range and 600 — 800 K temperature range,
which are our application ranges. The aluminum specimens used in this work were initially mirror
polished, but due to exposure to air they quickly formed a visible oxide layer. During deformation,
the material surface can gradually become rough, which leads to the change of the emissivity
within 0.1 — 0.2. Figure 2.6 shows the relationship between true temperature calculated by
Equation (2.3) and emissivity, given the radiance temperature of 450 K and 480 K. When the
emissivity varies between 0.1 and 0.2, there will be approximately 10% error in the calculated true
temperature. Taking all the aforementioned factors into account, an averaged constant emissivity
of 0.15 is used for both aluminum alloys.
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Figure 2.6. The true temperature—emissivity relationships at radiance temperature of 450 K and
480 K.
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2.2 Experimental Results

2.2.1 Aluminum 7075-T6

The shear banding behaviors of the aluminum 7075-T6 under dynamic shear were studied
in five hat-shaped specimens under repeated experimental conditions. The force-displacement
relationship and the high-speed image sequence of a representative experiment are shown in Figure
2.7. An edge detection algorithm with polynomial curve fit is used to track the deformation of the
blade carved lines from image 2 to 6. The gradient of these computer-generated lines represents
the shear strain. When the hat-shaped specimen is compressed, the material in the desired shear
region is subject to shear. The carved lines bend during the deformation and the distortion is most
significant in the area where the maximum shear strain is located. By tracking the movement of
the lines and calculating the gradients of the fitted curves, the approximate strain can be obtained,
which is corresponding to the time sequence of the images. When the value of the maximum
derivative along a line exceed 1.0, we consider a shear band formed. The points when the high-

speed images were taken are marked on the force history plot.

In this particular experiment, the camera window is focus on the area that is shown in the
close-up view in Figure 2.1. One of the corner edges of the specimen is just outside the left side of
the camera imaging window of 0.64 mm by 0.4 mm. At t = 0 us, the specimen starts being loaded.
All of the razer-blade-carved parallel lines remain straight, showing no deformation in the material.
At t = 16.8 ps, shear deformation can be observed within the designated gage section. However,
by taking a close examination of the line gradients, we can find that the first line from the left has
larger gradient than the other lines. The maximum local shear strain along this line is measured as
1.4, which indicates that the dynamic shear deformation is propagating along the loading direction,
i.e., from left to right in the image. This shear deformation then becomes highly localized and
starts to form a shear band in the image taken at t = 17.4 ps. Att = 18 ps, the maximum shear
strains along the six lines range from 1.9 to 5.7. A crack initiation is also oberved, as marked by
the arrow. This crack propagates along the same direction as the ASB (t = 18.6 us), resulting in
the discontinuity of the left two vertical lines. In this experiment, the force approaches its
maximum at this point. But in some other experiments, the force was found to keep increasing

after the shear band is initiated. This can be caused by the specimen geometry.
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There are two shear regions on each specimen and which one fails first is random. At t =
19.2 ps, the crack causes the material to separate. The crack speed can be estimated from the
images as ~1100 m/s. The entire fracture of the specimen occurs when the crack propagates
through the gage section, which is not recorded in these images. During the entire recorded event,
no significant shear strain is found in the vertical direction, as the horizontal carved lines remain

straight in all six images.
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Figure 2.7. (a) The force-time graph and (b) the corresponding image sequence of a
representative dynamic shear experiment on aluminum 7075-T6. Lines are tracked and marked
to show the shear deformation.
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The temperature field measurements on aluminum 7075-T6 during the dynamic shear were
performed without X-ray PCIl. The high-speed infrared camera measured the specimen
temperature from the direction perpendicular to the specimen plane and the loading direction. The
experimental conditions were identical to the experiments as shown in Figure 2.7. The results on
the temperature field evolution on the shear band are shown in Figure 2.8. Due to the limitation in
the frame rate, only two to three images are captured during the loading phase. The loading begins
att =0 ps. At t =16 ps, a thin band of temperature increase can be observed initiating from both
edges of the specimen due to the shear deformation. The temperature is approximately 450 K along
the region. At t =31 s, the image shows a peak temperature of 720 K in the center of the gage
section. From Figure 2.7 we know that the shear band has already formed at this strain level.
Therefore, even though the number of thermal image frames is still limited, the images in Figures
2.7 and 2.8 indicate that the shear bands initiate from both edges, propagate towards each other,
and meet at the center, where the peak temperature is captured. At t =47 us, the high temperature
zone has split into two in the vertical direction, which indicates that the material has separated
across the shear band. The force history also shows the material has already failed at this time. The
residual heat requires time to dissipate into the material, which results in a gradually decreasing

temperature and a shrinking zone in the last two images, when the force has already reached zero.

The thermal experiments are repeated four times, whereas, as mentioned earlier, the X-ray
imaging experiments on aluminum 7075-T6 are repeated five times. The force-displacement
behaviors for the experiments are presented in Figure 2.9. Although the graph shows a scatter of
~20%, all the results show a similar trend. The shear bands initiate when the displacement is
approximately 0.2 mm, where the force has not reached the maximum. The observed failure modes
are consistent among all the experiments. For the temperature field measurements, the images are
not directly comparable with the X-ray images, since the time when recording starts varies from
each experiment and the images are captured at different time frame during the loading. However,

all the results indicate the same band width of ~100 um in which the temperature is over 600 K.
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Figure 2.8. A representative force-time relationship and the corresponding thermal image
sequences of aluminum 7075-T6. (a) The location of the camera window. (b) The force-time
graph. (c) The thermal image sequence showing the temperature field on the material surface.
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Figure 2.9. The force-displacement curves of aluminum 7075-T6.



2.2.2  Aluminum 6061-T6

Experiments under identical conditions were conducted on aluminum 6061-T6 to compare
the material properties with 7075-T6. The force-displacement relationship and the high-speed
image sequence of a representative experiment are presented in Figure 2.10. When loading starts,
the specimen first adjust itself for better contact with the bar end and the fixture. At t = 16.4 ps,
the material deforms uniformly and the maximum shear strains along all lines are measured as
approximately 0.9. Att=17.8 us, the shear deformation becomes localized along the left two lines,
showing the shear strain of 1.4. When loading continues, the shear band can be clearly seen
initiating from the left side referring to the razor-blade carved grooves (t =19.2 ps). Att=20.4 ps,
the shear band is horizontal in the lower area of the image, with the average maximum shear strain
of 3.2 along the band. A crack also initiates from the location indicated with an arrow. This crack
later propagates along the shear direction (t = 21.6 ps). The force reaches a small plateau at this
point, but has not reached the maximum of the entire loading history. Similar to the experiments
with 7075-T6, no significant shear deformation is found in vertical direction according to the

straight horizontal lines in all six images.
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Figure 2.10. (a) The force-time graph and (b) the corresponding image sequence of a
representative dynamic shear experiment on aluminum 6061-T6. Lines are tracked and marked
to show the shear deformation.

The infrared thermal imaging results of 6061-T6 are arranged in Figure 2.11. The
compression loading begins at t =0 pus. Att=16 us, there emerge two high temperature zones from
both edges of the specimen with almost the same temperature of around 600 K. These two peaks
propagate towards each other and become closer at t = 31 ps. This observation again reveals the
processes of shear band formation and propagation. The calculated temperature also reaches a
maximum of 770 K where the two tips meet. Then at t = 47 pus, the force reaches the maximum
and the material fails. The heat can be seen gradually dissipating to the adjacent regions in the last
4 images. The lower part of the specimen is pushed out of the window by the incident bar.

Note that only one representative experimental result of aluminum 6061-T6 from five
repeated experiments is presented here. The force-displacement curves are shown in Figure 2.12,
which show good repeatability among the results. The measured temperature fields were also
consistent across the repeated experiments. The highest calculated temperature is in the range of
600 K to 770 K and the band width is ~160 um in which the temperature is over 600 K.
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Figure 2.11. A representative force-time relationship and the corresponding thermal image
sequences of aluminum 6061-T6. (a) The location of the camera window. (b) The force-time
graph. (c) The thermal image sequence showing the temperature field on the material surface.
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Figure 2.12. The force-displacement curves of aluminum 6061-T6.
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2.3 Discussion

In order to estimate the thermal conduction near the localized shear zone, the temperature
in the shear band can be assumed uniform. Therefore heat diffusion is only considered in the
normal direction away from the shear band. The condition is then simplified as one-dimensional.
The simplified heat equation is given as

0T oT

aw = (2.4)

where T is the temperature and « is the thermal diffusivity of the material. For the aluminum 7075-
T6, the thermal diffusivity is reported to vary from 0.65 to 0.75 cm?/s when temperature is
changing from 300 K to 800 K [63]. Here a is chosen as 0.7 cm?/s. Similarly, « can be estimated
as 0.75 cm?/s for aluminum 6061-T6. To simulate the case where the shear band has been fully
developed, the boundary condition is taken as infinite long solid with no heat generation inside.
Considering the extreme case that the temperature is initially equal to the peak temperature found

in the infrared experimental results, the heat equation has the following solution:

T,-T. ¢ (x/d-u)®
T(Xt) =T, +2—=| exp| ———— |du 2.
(Xt =T, sz-l p{ " } (2.5)

where To is the peak temperature, Ts is room temperature and d is the half shear band width. Figures
2.13 and 2.14 show the heat distribution within 7075-T6. Although it is initially room temperature
outside the shear band, the heat conduction to the adjacent area is negligible given that the shear
band formation takes less than 100 us. Therefore the adiabatic condition applies. The result for
6061-T6 is very similar since the material properties and peak temperature are close to those for
7075-T6. The temperature dependence is discussed in [1] that the material will show lower stress
in adiabatic condition than in isothermal condition. Given temperature rise close to the material

melting temperature, the material is considered to undergo significant thermal softening.
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Figure 2.13. Temperature distribution in aluminum 7075-T6 at different time after the adiabatic
shear band formation. d is half of the shear band width.

800
e 1= 100 ps
— s =10 ps
.%\\\
600
<
l_
400
0.96 0.98 1 1.02 1.04

Figure 2.14. A detailed view of the temperature distribution in aluminum 7075-T6 at 10 ps and
100 ps after the adiabatic shear band formation. d is half of the shear band width.

Both 7075-T6 and 6061-T6 show shear banding behaviors and similar temperature
response. Based on the high-speed X-ray images, 7075 is found to be more brittle than 6061 under

dynamic shear. In 7075, the shear bands and cracks initiate shortly after localized shear
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deformation is present, while 6061 exhibit larger shear strain than 7075 when the shear band forms.
The shear banding behaviors are found before the force reaches the maximum. These findings are
in accordance with the thermal images, where 7075 has a peak temperature at t = 31 ps and 6061
still has two peaks propagating in the same time frame. By correlating the timing of X-ray and
thermal images for both aluminum alloys, the temperature can be shown to reach peak values after
the observation of shear bands, which is considered to be the result of the insufficient thermal
camera frame rate. Considering the nature that the events of maximum temperature and shear band
formation are very close to each other, a higher frame rate for temperature measurement is desired

to determine the exact time of the temperature rise.

Both aluminum alloys reach very high temperature during the dynamic loading with 720
K for 7075 and 770 K for 6061. As shown in Figure 2.6, the emissivity is taken as a constant of
0.15. Considering that the melting point for 7075-T6 is approximately 750 K and 850 K for 6061-
T6, the materials were locally close to melting status. The difference in melting points can also be
a reason that 7075 showed lower overall temperature response than 6061. The shear band width is
also an important quantity to study. However, both materials exhibit very narrow ASB. The precise
measurement is difficult due to the limit of the spatial resolution. Based on the presented X-ray
and thermal images, the shear band width can be safely estimated as 20-50 um for 7075-T6 and
30-70 um for 6061-T6 before cracks form. Since the formation of the shear band takes less than
100 ps, the thermal conduction length can be found to be 0.01 — 0.02 of the half shear band width
d, according to Figure 2.14. The thermal conduction length is in the order of 102 nm. This thermal
conduction length is so small that the material inside the shear band is considered to be in adiabatic
condition. The induced strain softening makes the material locally weaker than the adjacent area
that are unaffected by the temperature rise. Therefore the deformation is concentrated within this

localized region, forming the adiabatic shear band.
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2.4 Summary

Aluminum 7075-T6 and 6061-T6 were studied in this chapter under dynamic shear loading.
The flat hat-shaped specimen geometry was adopted with an impact speed of ~16 m/s. Both
materials presented the trend of uniform shear deformation, formation of shear bands, cracking
and then shear failure. 6061-T6 is more ductile and requires larger strain to form ASB. The
temperature fields were measured using a high-speed infrared thermal camera. 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 ASB. Both X-ray
and thermal imaging in this research give useful information in determining the shear band width
and tip location. The shear band width is estimated as 20-50 um for 7075-T6 and 30-70 um for
6061-T6. The cracks initiate after shear bands form and propagate in the same tracks as the shear

bands at approximately 1100 m/s.
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3. DYNAMIC TEMPERATURE EVOLUTION USING LASER
PHOSPHORESCENCE THERMAL IMAGING: LIFETIME METHOD

Considering the limit of spatial and temporal resolution of infrared techniques, high-speed
laser phosphorescence becomes widely used in measuring temperature field in both fluids and
solids. 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 MHz frame rate with current
technology. The temporal resolution is dependent on the high-speed camera, the laser pulse rate
and the luminescence properties of the phosphor. In this chapter, an experimental technique which
synchronizes laser phosphorescence with a compression Kolsky bar setup is developed for the
thermometry during dynamic loading of aluminum alloys. Europium-activated Lanthanum
Oxysulfide (La20.S:Eu) phosphor is used with lifetime method to investigate the temperature
evolution of aluminum alloy 7075-T6 under dynamic shearing. The results shows temperature
response with large error after the image processing, which is mainly caused by the specimen
motion during the dynamic loading. Finally, the capability and limit of this lifetime method is

discussed.

3.1 Experimental Methods

3.1.1 Specimen preparation

The material and specimen studied in the dynamic shearing experiments is flat hat-shaped
aluminum alloy 7075-T6, which is identical to the specimen information discussed in Chapter
2.1.1. Prior to the experiments, the specimens are coated with La;O.S:Eu phosphor powder
(Phosphor Technologies Ltd., Stevenage, UK) on the imaging surface. The phosphor is first evenly
mixed with HPC Binder (ZYP Coatings, Inc.) with a mass ratio of 1:5. An Iwata airbrush (Anest
Iwata-Medea, Inc, Portland, OR) is used to uniformly spray the mixture with compressed air onto
the specimen surfaces for 5 seconds. The specimens are then left to dry for 24 hours so that the

moisture is evaporated and only the phosphors are attached to the material surface securely.
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3.1.2 Phosphor thermography

Europium-activated Lanthanum Oxysulfide (La20.S:Eu) is chosen as the thermographic
phosphor material due to its high sensitivity when used with lifetime method to investigate the
temperature evolution of aluminum alloy 7075-T6 under dynamic shearing. The phosphor is
excited with the third harmonic of an custom-built Q-switched Nd:YAG burst-mode laser at 355
nm using 10 ns pulses. La,O>S:Eu is shown to give a strong temperature sensitivity at low
temperature of emission at 514 nm, 538 nm and 624 nm when transiting from the °D2, °D1 and °Do
states, respectively [64]. Figure 3.1 shows the emission intensity of La,O»S:Eu versus the
excitation spectra at different wavelengths. It is clear that the emission at 624 nm has the highest
intensity in the excitation range of 200 — 400 nm. The laser wavelength of 355 nm is near the
highest intensity possible. Therefore the 355 nm laser with 624 nm phosphorescence emission are
chosen in this study so that the signal strength can be maximized for emission collection. When
further taking an observation in the temperature domain, as shown in Figure 3.2, the 624 nm
emission wavelength of La>O.S:Eu is sensitive from 200 — 300 °C. Although this temperature
range does not cover the entire desired measuring range starting from room temperature, it should
still show high temperature peaks. The laser beam is adjusted through a 355 nm notch filter and a
UV fused silica diffuser prior to reaching the specimen so as to create a uniformly distributed beam
profile. The energy of the laser burst is measured and averaged over ten bursts to calculate the
average laser pulse energy delivered to the specimen. The average burst energy is then divided by
the number of pulses in the burst to determine an average pulse energy. For the experiments in this

chapter, the laser is operated at 20 kHz and the average pulse fluence is maintained below 7 pJ/cm?.
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Figure 3.1. Excitation spectra of the (a) 594 nm, (b) 616 nm, (c) 624 nm and (d) 704 nm
emission lines of La,0O,S:Eu [65].
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Figure 3.2. Fluorescence decay time vs temperature for La202S:Eu. Reproduced from [34]

54



3.1.3 Dynamic loading with laser phosphorescence thermal imaging

The dynamic loading of the material is realized by employing a compression Kolsky bar.
This experimental setup for the Kolsky bar part is identical to the setup introduced in Chapter 2.1.2.
The Kolsky bar in this chapter is developed to synchronize with the laser and the imaging system,
as shown in Figure 3.3. The system is built and aligned on an aluminum base as a station for the
ease of setting up. The incoming laser is reflected by the mirrors and through a diffuser prior to
exciting on the phosphor coated specimen. The emitted light is passed through a 10x lens and a
high speed IRO intensifier (LaVision GmbH, Géttingen, Germany) so that sufficient signal can be
collected by the camera. Finally, a Shimadzu HPV-X2 high-speed camera is used to capture the
phosphorescence images at 200 kHz with 4 ps exposure time. This frame rate is ten times higher
than the laser pulse frequency so that after each laser excitation, ten images will be taken to fit the
decay curve at corresponding temperature. A photograph of experimental setup is presented in
Figure 3.4.
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Figure 3.3. Kolsky bar setup with high-speed laser phosphorescence thermal imaging.
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Figure 3.4. A photograph showing the laser and imaging system setup with Kolsky bar.

3.1.4 Temperature calibration and image processing

A proper temperature calibration is necessary to process the measured temperature results.
As presented in Figure 3.5, an aluminum calibration specimen, after coated with La>,O2S:Eu, is
placed inside a temperature controlled oven. The oven is optical accessible with quartz window on
each side. The incoming laser is 90° to the camera central axis while the specimen surface is
approximately 45° to either of them. The camera frame rate and exposure time are kept the same
as the experimental values in order to simulate the real experimental condition. The specimen
temperature is monitored with a type K thermocouple as the intensity decay are measured at
different oven temperatures. The thermocouple is kept in contact with the specimen surface and

oven temperatures are allowed to stabilize before the images are taken.
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Figure 3.5. The setup for temperature calibration of lifetime method.

3.1.5 Image processing

The 256 images taken for each experiments are first divided into 25 groups with every ten
images after a laser pulse in each group. The first several frames displayed increased signal
intensity, resulting in a decreased time constant and higher temperature. Therefore the first set of
tem images are discarded in each experiments. The images are then normalized by the static images
to account for the spatial irregularities. An image registration code is used to register each pixel
through the ten images according to its relative location. Then each set of the pixel values are fitted
into one single exponential decay curve. By using Equation (1.2), the lifetime z of the phosphor at
the specific pixel location is calculated. Finally, the lifetime 7 at each pixel is related to the

corresponding temperature value with the calibration curve.
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3.2 Experimental Results

The temperature field measurement during shear banding is investigated in this chapter
using phosphorescence lifetime method with aluminum alloy 7075-T6. A representative
experimental record from oscilloscope is illustrated in Figure 3.6 and the corresponding force-time
and force-displacement history are presented in Figures 3.7 and 3.8, respectively. The specimen
was loaded at 16 m/s and the force response reaches 650 N at 25 ps. It can be observed from the
laser pulse that only one temperature measurement is made during the dynamic loading due to the

pulse rate of the laser.
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Figure 3.6. A typical experimental record showing strain gage, load cell and laser signals.
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Figure 3.7. A representative force-time relationship of aluminum 7075-T6.
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Figure 3.8. A representative force-displacement relationship of aluminum 7075-T6.

The results of temperature field measurement during shear banding is presented in Figure

3.9, where the image numbers are indicated in Figure 3.6. Figure 3.9(a) clarifies the location of
the image window, which is at the lower connection area of the specimen. During the loading, the
upper side shown in the images will be moving due to the impact and the lower side is supported

by the fixture to the right of the image. The image of Pulse 1 represents the initial temperature

60



field before the dynamic loading, a nearly constant temperature distribution is observed among the
surface, despite some pixels showing high temperature on the edge, which is believed to be the
error caused by boundary effect. The temperature field of Pulse 2 is integrated during the entire
dynamic loading. The specimen undergoes large deformation of 0.15 mm during the ten high-
speed image frames used for the integration, according to Figure 3.8. This deformation is
equivalent to 20 pixels during the ten frames, or 2 pixels/frame. The image registration is unable
to account for this change in the relative pixel position from frame to frame. Although temperature
increase is detected within the shear zone, incorrect pixel values are taken and the temperature
field shows high temperature distribution even in the adjacent areas far from the shear zone. At
Pulse 3, the material undergoes unloading and more areas show missing pixels. The absence of the
pixels in the image indicates either the saturation of pixel values or the failure in fitting the decay
curve to find the temperate, which is more likely to be the latter in this case. At Pulse 4, loading is
finished and the specimen has failed a larger area of pixel absence is present and the temperature
within the shear zone of interest is unreadable. Note that the temperature showing are in the range
of 150 — 280 °C, which is the sensitive range of the La202S:Eu phosphor. Temperature below this
range still shows the lower bound because the lifetime of the phosphors is no longer in the
proportional region as Figure 3.2 shows. Temperature above the sensitive range is shown as absent

pixels because the program is unable to find lifetime using curve fitting.
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Figure 3.9. A representative temperature field image sequences of aluminum 7075-T6. (a) The
location of the camera window. (b) The thermal image sequence showing the temperature field.
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3.3 Discussion

The results of the temperature field measurement during dynamic shear of aluminum 7075-
T6 show temperature increase but with a large error. When using lifetime method of
phosphorescence, multiple image frames are to be taken in order to find the lifetime of one
temperature point. For a temperature field measurement, each pixel is a temperature point. This
means the local temperature or the lifetime of a specific location represented by a pixel need to be
kept consistent during the set of image frames, which consists of 10 frames in this work. However,
a displacement of approximately 2 pixels/frame is measured in Figure 3.9(b) and the temperature
should be moving with the material. The pixels in the same position from the subsequent frame do
not represent the same location on the material surface, nor the same temperature. Furthermore,
the loading speed is increasing in the beginning and then reaches the maximum speed, leading to
a change in the pixel movement amount. The nonuniform deformation field on the material surface
also add up the uncertainty of pixel movement. Therefore having a proper registration of pixels
with specimen movement is very challenging.

Measuring temperature of a high-speed moving object using ratio method is rarely reported
in the literature. One representative technique is introduced by Allison et al. [37]. In order to
measure the temperature of a motor spinning at an angular speed of 650 Hz, a ring of phosphor is
applied to the rotor surface. As shown in Figure 3.10, the laser source is fixed at a certain location,
followed by the fluorescence collecting fiber. After the excitation, the phosphor will emit light
while moving into, through and out of the collecting region, which takes 10 — 30 pus. The measured
emission intensity will decay during this time period, but follows a different decay curve, as shown
in Figure 3.11. The curve of the rotating case is not only temperature-dependent but also angular
speed-dependent. However, by calibrating the efficiency factor and correcting the experimental
result with the calibrated curve, a decay curve which is only temperature-dependent can be

achieved. The temperature of this rotating object can then be determined.

63



Emission Region

Fluorescence
Collecting Fiber

Figure 3.10. The rotation of the rotor causes the fluorescing spot to move with respect to the
fluorescence collection fiber's input aperture. Reproduced from [37].
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Figure 3.11. Qualitative oscilloscope signals of the fluorescence intensity from a stationary
phosphor target and from the rotating target. Reproduced from [37].

The aforementioned technique solves the pixel motion issue by introducing a time-
dependent efficiency factor to correct the decay curve. However, limitations are still present when
applying this technique to our experiments. First of all, in the literature the measurement can be
regarded as only one pixel, meaning that no phosphor is excited outside this pixel. In our case, the
measurement is a temperature field consists of an array of pixels. Although the material of a certain
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temperature is moving out of a certain pixel area, the adjacent material will move into and fulfill
this pixel subsequently, with a possibly different temperature, which makes the correction not
consistent as the adjacent phosphor has also been excited and emits light. Second, the rotating
speed in the literature is a known constant. But the deformation speed in our case is time-dependent
and also not uniform on the material surface. Finally, the temperature in this study keeps changing
during every set of ten image frames, leading to additional challenges in curve fitting. With all
being listed, the aforementioned technique is still deficient in providing an acceptable solution to
the object movement issue associated with the lifetime method used in this work.

The limitation in the sensitive range of the phosphor is another issue. In Chapter 2.2, the
maximum temperature during ASB formation in aluminum alloys are reported as 700 — 800 K.
The thermal quenching region of La>O2S:Eu phosphor only covers 400 — 600 K range at 624 nm
wavelength, according to Figure 3.2, meaning that the sensitive range is not wide enough for this
application. Also, the camera frame rate is limited to 200 kHz due to the length of exposure needed.
Then the laser pulse rate has to be reduced to 20 kHz so that ten images can be taken for each
temperature measurement. This is a sacrifice of the capability of the high-speed camera. All in all,
although lifetime method is more accurate in the temperature measurement, this method is not an
ideal candidate for measuring the surface temperature field evolution during dynamic loading of

solid materials.

3.4 Summary

The temperature field measurement of aluminum 7075-T6 during dynamic shearing is
performed with laser phosphorescence. La20.S:Eu phosphor material with lifetime method is used
in this study. A 355 nm laser is used as the excitation source with a pulse rate of 20 kHz. The
results show large error in the measured temperature, which is primarily caused by two reasons.
One is the deformation of the specimen which results in the error in pixel registration to find the
intensity decay curve. The other reason is the inadequate sensitive range of the phosphor material
which provides only part of the temperature reading with regard to the real temperature field
evolution. Further, lifetime method requires that the temperature can only be measured at a reduced

rate of the frame rate of the high-speed camera, which greatly limit the improvement of the
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temperature recording speed with the existing equipment. Therefore lifetime method is not suitable
for measuring the surface temperature field evolution during dynamic loading of solid materials.
A method that is not time-resolved and can accommodate the temperature increase from room

temperature to 800 K is highly desired.
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4. DYNAMIC TEMPERATURE EVOLUTION USING LASER
PHOSPHORESCENCE THERMAL IMAGING: INTENSITY RATIO
METHOD

Considering the limit of spatial and temporal resolution of infrared techniques, high-speed
laser phosphorescence becomes widely used in measuring temperature field in both fluids and
solids. An experimental technique which synchronizes laser phosphorescence with a compression
Kolsky bar setup is developed for the thermometry during dynamic loading of metallic materials.
In the previous chapter, high-speed temperature field measurement using lifetime method was
studied but the results showed that the method was not ideal for use with dynamic loading of solid
materials. In this chapter, another method — intensity ratio method of laser phosphorescence is
studied. The temperature results of a C101 copper material under dynamic compression and
aluminum alloy 7075-T6 and 6061-T6 under dynamic shearing are shown and discussed. Along
with the experimental results, a temperature correction method is also proposed to correct the

delayed measurement caused by the thermal conduction within the phosphor coating.

4.1 Materials and Methods

4.1.1 Materials and specimens

This chapter (Chapter 4) includes dynamic compression of copper and dynamic shear of
aluminum alloys. For the compressive experiments, the material chosen is the commercially
available C101 copper (United States Brass & Copper, Downers Grove, lllinois). Some of the
material properties of C101 are summarized in Table 4.1. The material is cut into 2.5 x 6.35 % 6.35
mm blocks as specimens using an IsoMet™ 1000 precision sectioning saw (Buehler, Lake BIuff,
Illinois). The loading direction is along the 6.35 mm dimension. For the shearing experiments, the

specimens are the same as introduced in Chapter 2.1.1.
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Table 4.1 Material properties of C101 copper

Density 8940 kg/m?®
Melting point 1356 K
Thermal conductivity 391.1 W/m-K
Surface hardness Rockwell F75

Prior to the experiments, the specimens are coated with BaMgAl10017:Eu?* (BAM:Eu)
phosphor powder (Phosphor Technologies Ltd., Stevenage, UK) on the imaging surface. The
phosphor is first evenly mixed with HPC Binder (ZYP Coatings, Inc.) with a mass ratio of 1:5. An
Iwata airbrush (Anest lwata-Medea, Inc, Portland, OR) is used with compressed air to uniformly
spray the mixture onto the specimen surfaces for 5 seconds. The specimens are then left to dry for
24 hours so that the water-based solvent is evaporated and only the phosphors are attached to the
material surface securely. Figure 4.1 shows the cross-sectional area of one of the aluminum 7075-
T6 specimens. The phosphor coating layer can be observed evenly attached to the material surface.
The thickness of the coating is measured as approximately 7 um for all aluminum specimens and
5 um for all copper specimens. This coating thickness is consistent among all the specimens

examined with the scanning electron microscope (SEM).
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Figure 4.1. A microscopic image showing the phosphor coating layer.
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4.1.2 Phosphor thermography

The phosphor chosen for this study is BaMgAlO17:Eu** (BAM:Eu) due to its wide
temperature sensitivity range and relatively short lifetime of 1 us at room temperature [66]. Upon
excitation from a UV light source, BAM:Eu displays a broad phosphorescence peak, centered
around 450 nm. The low-wavelength side of the spectrum blueshifts with increasing temperature,
creating an opportunity for spectral ratio-based thermography. In this work, two filters are chosen
at 400 + 25 nm and 450 + 5 nm and placed in a custom image doubler, attached to a high-speed
CMOS camera. Figure 4.2 illustrates the image doubler layout, designed to divide the camera chip
into two identical images of the same scale. As the phosphor temperature increases, the ratio of
intensities imaged through the 400 nm filter to the intensities imaged through the 450 nm filter
also increases. Given a known spectral response to temperature, the ratio can be correlated to

temperature.

Filter 2

Camera \

Filter 1

Lens Li ght\

Figure 4.2. A schematic and a photograph showing the image doubler

The phosphor is excited using 10 ns pulses from the third harmonic of an in-house built Q-
switched Nd:YAG burst-mode laser. The laser beam is directed through a top-hat UV fused silica

ground glass diffuser prior to reaching the specimen in order to create an even beam profile. To
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calculate the average laser pulse energy delivered to the specimen, the laser burst energy is
measured over ten bursts and the readings are averaged. The average burst energy is then divided
by the number of pulses in the burst to determine an average pulse energy. For the experiments in

this study, the laser fluence is kept constant at ~ 93 pJ/cm?.

4.1.3 Synchronization of the Kolsky bar and the laser phosphorescence thermal imaging

The dynamic loading of the materials is realized by employing a compression Kolsky bar.
This experimental setup is the same as the Kolsky bar in Chapter 2.1.2. The Kolsky bar in this
chapter is developed to synchronize with the laser and the imaging system, as shown in Figure 4.3.
The system is built and aligned on an aluminum base as a station for the ease of setting up. A
photograph of experimental setup is shown in Figure 4.4.
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Figure 4.3. Dynamic compression setup with high-speed laser phosphorescence thermal imaging.
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Figure 4.4. A photograph of compression Kolsky bar setup for laser phosphorescence thermal
imaging.

The successful operation of the entire system is based on a carefully designed timing
sequence of laser on/off window, Kolsky bar firing, loading event and camera triggering. The

detailed the timing sequence is shown in Figure 4.5 and will be described as follows:

At to, a firing signal is sent from the control box to the FIRE solenoid valve to release the
compressed air. This signal is also sent to the laser controller after a certain delay t;-to to trigger
the laser. The laser pulses start at t1 and will take t-t1 to reach the designated energy. The t>-t1 here
is found to be approximately 3 ms. Meanwhile, the striker moves and impacts the incident bar. At
t3, the strain gages record the incident pulse. This strain gage signal, together with the laser pulses,
are both sent to the camera. The camera is triggered only when receiving the first laser pulse after
the strain gage signal, which is at ts. To obtain a decent image intensity, the camera frame need to
be synchronized precisely with each laser pulse with a delay time ts-ts. This is realized by having
a set delay time in the camera control software between the input trigger signal and the camera
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triggering. Since the camera is operating at 200 kHz and can only record 256 images. The recording
length ts-ts = 1.28 ms, which is long enough to cover the loading of the specimen from te to t7. At
last, the laser burst will stop when it reaches 10 ms, which indicates that to-t1 = 10 ms. Therefore,
as long as this 10 ms laser burst covers the specimen event, the experiment is well synchronized.
However, the movement of the sticker is inevitably different from time to time, causing an
uncertainty between tz and to, which further has an effect on the location of loading event regarding
to the laser burst. Although the delay ti-to can be chosen by finding the statistical value of ts, there
still exists extreme cases that the ts is so large that it causes ts > to, meaning no images will be

taken (ts-to is in the scale of 100 £ 7 ms).

Kolsky Bar .
Fire Strain Loading Loading
Gage Start Stop
Laser ............A_L —
Laser Laser Laser
Start Warmup Stop
Camera - —
Camera 15t Frame Camera
Standby Stop
Time”

to ST t3 ty ts tg ty tg ty

Figure 4.5. The timing sequence of the Kolsky bar experiment with laser phosphorescence.

* Timeline is not to scale.

4.1.4 Temperature calibration

A temperature calibration is carried out by first placing one of the aluminum specimens
from the loading experiments inside an optically accessible Mellen MV box furnace. The specimen

temperature is then monitored with a type K thermocouple as spectral ratio measurements are made
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at different oven temperatures. The thermocouple is kept in contact with the specimen surface and
oven temperatures are allowed to stabilize before the ratio measurements are conducted. The ratio
measurements are normalized by a room temperature measurement case to account for spatial
variations in the measured ratio that may be caused by irregularities in the phosphor coating
thickness, the laser beam profile, or differential collection efficiency between the two legs of the
image doubler. For the calibration and dynamic loading experiments, the camera exposure is begun
100 ns after the start of the laser pulse. A linear curve fit is applied to the oven data to create a
calibration curve. The normalized calibration curve, collected at a fluence of 93 pJ/cm?, is given
in Figure 4.6 with error bars representing the average standard deviation on either side of the mean.
The average standard deviation in ratio measurements at room temperature is 3%, but increases to

as much as 6.7% at higher temperatures.
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Figure 4.6. Calibration curve acquired at 93 pJ/cm? with a 4 ps camera exposure.

In order to further ensure that changes in local laser fluence would have no effect on the
measurement, calibration data was also taken at average pulse fluence levels of 42 and 76 pJ/cm?.
Figure 4.7 shows that fluctuations in laser fluence have no appreciable effect on the measured

ratios at these fluence levels. The curve fit from Figure 4.6 is reprinted here for comparison.

The experiments were conducted using both 2 and 4 ps camera exposures. In order to
ensure that the exposure time did not affect the temperature correlation curve, calibration data are

collected using a 2 ps exposure. Figure 4.8 provides both the 2 and 4 us data, collected with a laser
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fluence of 93 pl/cm?, as functions of temperature. Again, the curve printed here is fit to only the 4
Js data. The maximum deviation from the 4 ps calibration curve in the 2 us data is 4.9%, but the

curve lies within one standard deviation of the mean for all data points.
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Figure 4.7. Ratio measurements at different average pulse fluence levels.
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Figure 4.8. Ratio measurements using different camera exposures and constant pulse fluence.
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4.1.5 Image processing

Image processing begins with obtaining the image registration matrix, which is performed
by using an image registration code to overlay the two halves of the images. The image used for
registration purpose is taken with the identical experimental setup but without laser or any filter.
An intensity threshold of 50% of the maximum intensity in an image is set in order to eliminate
pixels with a low signal-to-noise ratio. A Gaussian smoothing operation with a standard deviation
of seven pixels is applied to the images to further eliminate the effects of camera noise. The ratio
of the two images is then taken to render a ratio image. Phosphorescence images of the static
specimen are captured without any loading applied before each experiment. The ratio images that
are captured during dynamic loading are then normalized by the static ratio images to account for
the spatial irregularities, discussed in the description of the calibration procedure. Finally, using

the calibration curve, each pixel’s ratio is converted to a temperature.

Figure 4.9. A representative image used for image registration.
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4.2 Dynamic Compression of Copper

4.2.1 Experimental results

The temperature response of copper under dynamic compression was studied with five
specimens. A typical experimental record from the oscilloscope is presented in Figure 4.10. The
pulse signals showing in magenta represents the timing of each camera frame. In this experiment,
the high-speed camera is operating at 100 kHz and starts to send frame signals when the laser
starts. When receiving the trigger signal from the strain gages, the camera records the first frame.
The recording stops automatically when 256 images are taken. With this camera frame
information, the loading history can be directly correlate to the temperature images frame-to-

frame.

Experimental Records
0.05

0.04 - N

Voltage (V)

-0.03 - Camera Frames H
—Strain Gage
—Loadcell(1mV=50Ibf)
-0.04 | | | | I
-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45

Time (ms)

Figure 4.10. A typical experimental record showing strain gage, load cell and camera frame
signals.

Figure 4.11 shows the images captured directly from the camera. With the image doubler,

the field of view is divided in the middle, showing the specimen in a mirrored view. The brighter
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side on the left is the light path with 450 nm filter and the dimmer side on the right corresponding
to the light path with 400 nm filter. The curved edge of the specimen is due to the shadow of the
fixture on the load cell side. The temperature fields after image processing are shown in Figure
4.12. Att =0, loading begins and the incident bar starts to move towards right. The material surface
temperature is the same as room temperature 300 K. At t = 40 us, the material is deforming
dynamically at 1000 /s strain rate. A slight overall temperature increase among the surface can be
measured. Note that the high temperature zone close to the left edge of the specimen is due to the
error of boundary effect during the image processing and should be discarded. Referring to Figure
4.13, the loading stops at t = 120 ps. The specimen is observed to undergo plastic deformation
from the images. A drum shape can be seen on the top and bottom edges due to the material’s
Poisson’s ratio. The surface temperature continues increasing. There are some phosphor debris
falling off from the material surface due to large deformation, resulting in the absence of some
pixel values in the temperature field. At t = 200 ps, loading has stopped after the first stress pulse.
Phosphor coating can be observed to crack in the center of the material, causing corresponding
discontinuity in the temperature field. During the first loading pulse, the temperature was found to
increase by less than 5 K. But the temperature continues increasing after the loading stops, which
indicating a delay between the measurement and the real temperature of the material surface.

By taking an area average within the boxed area showing in Figure 4.12, the complete
temperature history is plotted in Figure 4.14. The loading lasts only for 0.12 ms but the temperature
rise can be seen delayed until 0.5 ms, with the peak temperature measured at 312 K. This delay is
most likely resulted from the heat conduction from the phosphor-specimen interface to the

phosphor surface. Considering that the time scale of these dynamic experiments are 10° — 10 ps,

the heat transfer is not fast enough to reach a steady state.

D t=0ps @) t= 40 us (3 t=120 ps @) t= 200 ps

Figure 4.11. A representative sequence of raw images captured from the high-speed camera.
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Figure 4.12. A representative image sequence of the temperature field of copper during dynamic
compression.
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Figure 4.13. A representative force — time relationship of copper during dynamic compression.
The time is in accordance with the high-speed images.
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Figure 4.14. The average temperature history inside the boxed area shown in Figure 4.12
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4.2.2 Discussion

The copper material shows a uniform surface temperature increase during the dynamic
compression. Although the temperature reaches 312 K after the loading, the temperature measured
is unsynchronized with the loading history. To further verify the aforementioned temperature
results, additional dynamic compression experiments with identical loading condition with a
thermocouple attached to the material surface are performed. Before the experiment, a small hole
of 20.3x0.5 mm is drilled in the same location as the boxed area shown in Figure 4.12. Then a fast
response type-T thermocouple (Omega Engineering Inc., Norwalk, Connecticut) is inserted into
the hole to measure the temperature close to the material surface so that a secure contact between
the thermocouple and the material can be ensured. The diameter of the thermocouple wire used in
this chapter is 0.076 mm and the temperature of the thermocouple reference junction is 296 K.

The temperature history of the thermocouple is presented in Figure 4.15. The temperature
starts to increase shortly after the loading starts when a tight contact is established between the
thermocouple and the specimen. The maximum temperature is measured as 317 K at 0.12 ms,
which is very similar to the temperature peak of 312 K shown in Figure 4.14. The timing of the
temperature rise is also in good agreement with the timing of the force history displayed in Figure
4.13. The thermocouple experiments were repeated four times and all results are consistent.
Therefore the temperature measurement using the laser phosphorescence is valid despite the

temporal delay.
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Figure 4.15. Temperature — time history of the thermocouple attached to the copper during a
dynamic compression experiment.

4.3 Dynamic Shear of Aluminum Alloys

4.3.1 Experimental results

The temperature field evolution during shear banding is studied in this chapter using laser
phosphorescence with aluminum alloy 7075-T6 and 6061-T6, respectively. The raw images of
7075-T6 taken from the high-speed camera are presented in Figure 4.16 and the thermal images
after processing are shown with the corresponding force history in Figure 4.17. When the loading
starts at t = 0, there is no temperature rise in the first 15 ps. Then there is a local hot spot forming
close to the left edge. Simultaneously, the area near the right edge also shows slight temperature
rise. There are some absent pixels in the images shown due to the local saturation of the pixel
values, which is further caused by the fluctuation of the laser intensity. At t = 35 ps, the temperature
reaches its peak of 313K at the location indicated by the square box. A shear band has formed and
propagates towards the right edge along the gage section. Meanwhile the force reaches the
maximum as well. At t = 40 s, the high temperature zone is connected into a line. At t = 45 ps,
some phosphor in the shear zone fall off from the specimen surface due to the large shear
deformation (Figure 4.16). It is in accordance with the thermal image that the high temperature
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zone can be seed separated with material fracture already happen. It can be found there is clearly
a temporal delay in the temperature response, as there is no temperature increase until the t = 15
ps. The abnormally low temperature can also be resulted from this delay, which is possibly caused

by the heat conduction from the phosphor-specimen interface to the phosphor surface.
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Figure 4.16. A representative sequence of raw images showing material deformation and
phosphorescence of 7075-T6
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Figure 4.17. A representative force-time relationship and the corresponding thermal image
sequences of aluminum 7075-T6. (a) The location of the camera window. (b) The force-time
graph. (c) The thermal image sequence showing the temperature field evolution.

The temperature field evolution of 6061-T6 is similar to 7075-T6. Figure 4.18 shows the
raw images of phosphorescence and the processed thermal images are shown with the
corresponding force history in Figure 4.19. The shear loading starts at t = 0. But temperature
response is delayed for three frames after the loading starts, which is at t = 15 ps. Att = 20 ps, hot
spots can be observed forming near both left and right edges. The temperature at these two

locations continues to increase (t = 25 — 35 ps) and the one on the right reaches the maximum of
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321 Katt=45pus. The hot spot is enlarging and heat is dissipating to the adjacent areas. According
to Figure 4.18, a crack can be observed having propagated along the gage section at t = 45 us and
the material is separated after this moment. The force is also at its maximum of 590 N. The material
fracture leads to the breakage of the phosphor coating. Therefore the temperature within the shear

zone is not measurable afterwards. Same as the 7075 results, the thermal response of 6061 also

@t= 30 us @t= 35 pus ®t=40 us t=45 us

exhibits a delay of ~15 ps.

Figure 4.18. A representative sequence of raw images showing material deformation and
phosphorescence of 6061-T6
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Figure 4.19. A representative force-time relationship and the corresponding thermal image
sequences of aluminum 6061-T6. (a) The location of the camera window. (b) The force-time
graph. (c) The thermal image sequence showing the temperature field evolution.

4.3.2 Discussion

The results of the temperature evolution during shear band formation in aluminum 7075-
T6 and 6061-T6 show very similar trend of a the results in Chapter 2.2. However, the temperature

measured is much lower in this group of experiments, which is not likely to be the real temperature
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in the specimen. Unlike the results of copper compression in which the phosphors stay on the
material after the first loading pulse, the aluminum specimens fail during the first pulse. Due to
the fracture and absence of the phosphor coating within the shear banding area, there is not
sufficient time for the temperature to reach the specimen surface temperature. Knowing that
transient thermal conduction is the major cause to this issue, it is beneficial to have temperature
correction for these cases, which can be achieved by having a transient heat transfer study.
Considering a one-dimentional condition that the heat is transferring from the interface
between the specimen and the phosphor through the thickness of the phosphor coating to the
outside surface. The entire transient thermal conduction in the aforementioned experiments can be
divided into three stages, as illustrated in Figure 4.20. In the first stage, the temperature starts to
rise in the specimen but the heat has not yet transferred to the outside surface of the phosphor, so
there is no temperature change on the phosphor surface. The duration of this stage equals to the
delay time discussed in the previous chapter, which can be obtained by comparing the start points
of the force — time curve and the temperature image, then taking the time difference between them.
The delay time t is found as 15 ps for aluminum shear experiments and 20 ps for copper
compression. In the second stage, the temperature continues to increase in the back of the phosphor
and starts to show up on the outside surface as well. However, the increase rate outside the
phosphor is relatively slow due to the nature of the thermal conduction. Stage 2 ends when the
temperature in the specimen reaches the maximum, where the third stage follows. While no more
heat is generating in the specimen material, the outside temperature continues to increase until it
reaches a steady state, in which the temperature is the same as inside. Apparently, stage 2 is where

the temperature correction is focused on.
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Stage 1 Stage 2 Stage 3

Figure 4.20. The three stages of transient thermal conduction with an increasing To.

The simplified equation for 1-D heat transfer is given as
o°T oT
a— = 4.1
ox> ot “.1)
where T is the temperature and o is the thermal diffusivity of the material. For the
BaMgAl10017:Eu?* phosphor powder, there is no existing information on the thermal diffusivity
or conductivity. Since the material mainly consists of Al>Os, the diffusivity is estimated to be the
same as Al,Os, which is calculated as 4.3x107 m?/s [67]. To simulate the stage 2 of the
aforementioned transient thermal conduction, the boundary condition is taken as semi-infinite long
solid with elevated temperature inside the phosphor coating. The heat equation has the following

solution:

2
— — - o -u
T=T,+(T, 1{1 ;kwe w] (4.2)

where To is the temperature inside the phosphor coating, Ts is the room temperature and T is the
temperature at given location x and time t. If x is the thickness of the phosphor coating and t is the

delay time in the previous paragraph, then T becomes the temperature on the outside surface of the
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phosphor coating, which is known from the thermal images. Then this solution can be used to
solve for the unknown To, given the known thermal conduction length x and time t:
T-T,

2 X 2
_ Jat p7u
1 \/— IOZ te ™" du

T, =T, +

(4.3)

The thermal conduction length in this case is the thickness of the phosphor coating layer. The
scanning electron microscopic (SEM) image (Figure 4.21) shows the cross-sectional area of the

specimen with a uniformly coated phosphor layer, which is measured as 7 um in thickness.

Phosphor Coating

Specimen Material
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Figure 4.21. A scanning electron microscopic image showing the phosphor coating on an
aluminum specimen

Based on Equation (4.3), the corrected temperature for the specimen at designated locations
can be calculated. Figure 4.22 compares the original measured temperature and the corrected
temperature for 7075-T6, with (a) showing the average temperature history within the boxed area
from Figure 4.17(c) and (b) showing the corrected temperature on the aluminum surface. The small
region consists of 16 pixels and represents one of the hot spots on the surface. After the correction,
the delay issue is eliminated and the temperature reaches its peak at approximately the same time
as the force is the maximum, as presented in Figure 4.17(b). This indicates that the temperature
increase is resulted from the material deformation. When the material fails, heat dissipation
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dominates and no more heat is generated. The maximum temperature is found at around 650 K.
Similarly, the temperature curves for 6061-T6 before and after correction are plotted in Figure
4.23 with area of interest specified in Figure 4.19(c). This temperature history is also in good
accordance with the force-time graph shown in Figure 4.19(b) with its peak at approximately 800
K.

Note that this temperature correction method can also be applied to the copper compression
results by taking the corresponding room temperature, delay time and phosphor thickness into
Equation (4.3). However, according to Figures 4.13 and 4.14, the loading is finished at 0.15 ms
while the surface temperature increases by less than 2 K. Considering that the measuring error

from the system is in the same order, the error will be significantly magnified and bring large
uncertainty to the final results.
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Figure 4.22. The average temperature — time history of aluminum 7075-T6 in the boxed area
shown in Figure 4.17 (a) before the temperature correction. (b) after the temperature correction.
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Figure 4.23. The average temperature — time history of aluminum 6061-T6 in the boxed area
shown in Figure 4.19 (a) before the temperature correction. (b) after the temperature correction.

Both aluminum 7075 and 6061 show very high temperature during the dynamic shear band
formation. The maximum surface temperature of 650 K for 7075 and 800 K for 6061 is close to
the melting points of the corresponding aluminums, which are 750 K and 850 K, respectively.
These temperature results are also in good agreement with the infrared results and with improved
spatial and temporal resolution. For both aluminums, the ASB formation starts before the force
reaches its maximum value, according to Figures 2.7 and 2.10. Solely from the previous infrared
images, high temperature is only observed after the shear band forms due to the limited number of
images taken. With the laser thermometry, the temperature field evolution during the loading can
be better revealed. The temperature increases with the load, and maintains increasing after the
formation of ASB until the fracture of the material. By comparing the X-ray PCI images with
Figures 4.22(b) and 4.23(b), it can be found the ASB forms at the temperature of approximately
400 K for 7075-T6 and 440 K for 6061-T6. Traditionally the ASB formation is generally accepted
as a result of thermal softening, which means the high temperature is the cause of ASB formation.
But there are also research findings showing opposite thermal behaviors that the development of
the ASB further induces the rise of the temperature [23]. In this study, the temperature is shown to
increase before the ASB forms. Therefore the rise of the temperature is not completely a
consequence of the ASB formation, but rather a result throughout the entire plastic deformation.

Since the temperature when the ASB forms is much lower than the maximum temperature, it is
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reasonable that the thermal softening is not the dominant reason for the formation of the ASB. As
mentioned in [68], the voids and defects in the material can play an important role in these

experiments.

4.4  Summary

In this study, the high-speed laser phosphorescence thermal imaging technique is developed
and integrated with the compression Kolsky bar setup. The temperature field measurement during
dynamic loading of materials are performed at 100 — 200 kHz frame rate with a spatial resolution
of 13 pum/pixel. In the dynamic compression of copper at a strain rate of 1000 /s, the material
shows an overall temperature increase on the surface during the deformation. The maximum
temperature is found at 312 K. The thermocouple results confirm the measurement of the laser
phosphorescence. The results also reveal the thermal conduction issue caused by the phosphor
coating, which leads to a delay in the temperature response. In the dynamic shear banding of
aluminum alloys, multiple local high temperature spots are observed in both 7075-T6 and 6061-
T6. A temperature correction method is proposed to estimate the real temperature on the specimen
surface under the phosphor coating. After the correction, the results are in good agreement with
the infrared measurements discussed in Chapter 2 despite of the experimental error. However, the
temporal and spatial resolution are both improved so that more detailed information on the ASB
formation is revealed. The ASB formation is found after the temperature starts to increase, but still
at a relatively low temperature of 400 K and 440 K for 7075-T6 and 6061-T6, respectively.
Therefore thermal softening is not considered as the main cause of the ASB formation due to this
fact. Finally, the maximum temperature is measured as 650 K for 7075-T6 and 800 K for 6061-
T6.
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5. FUTURE WORKS

The current work on the laser phosphorescence is successful in measuring the temperature
field evolution during dynamic compression of copper and the ASB formation in aluminum alloys
at 100 — 200 kHz frame rate by using the intensity ratio method. However, the measured
temperature behaviors exhibit temporal delay, which is mainly due to the thermal conduction
through the phosphor coating material. Although a temperature correction is proposed to estimate
the real temperature behind the phosphor, it inevitably increases the uncertainty of the results. If
the phosphor coating can be reduced to 10* — 10° nm scale without sacrificing the emission
intensity, the overall temperature response will be remarkably improved. Currently the BAM:Eu
phosphor used are commercial available products with mean diameter at 2.4 um [69]. Figure 5.1
shows the shapes and sizes of the phosphor particles used in this work, which in consistency with
the reported values. Apparently, it is not realistic to have a sub-micron scale uniform coating layer
of the phosphor with this product, as the particle size effect will become significant when thickness

is further reduced below 7 pum.
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Figure 5.1. A microscopic image showing the size distribution of BAM:Eu phosphor particles.
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Recently, Sharma et al. [70] developed a nano-sized BAM: Eu?* phosphor with particle size
at 15 — 40 nm using Sol-Gel method. The synthesis process is demonstrated in Figure 5.2. In a
typical synthesis process, the metal nitrates (Ba?*:0.09 M, APF":1.0 M, Mg?":0.1 M) are first
dissolved in distilled water. Europium doping concentration is controlled as 5% of the Ba®" ion
concentration. Citric acid with equal weight of all metal precursors are then added for chelation
with a proper amount of ethylene glycol for gel formation. The solution needs to be continuously
stirred and heated at 100 °C while it is clear solution. After the vaporization of the excess water,
the mixture was heated at 300 °C for 1.5 hours, leaving phosphor gels in white color. The fine-
sized powders are collected by grinding the gel. Finally, the phosphor powders are annealed at
temperatures from 400 — 1200 °C for 4 hours in reducing atmosphere. The TEM image of this
BAM:Eu phosphor shows the particle shape is uniform and the size is approximately 10 — 40 nm
(Figure 5.3).

Ba2+ Citric acid Q
Alz+ — A, B
o4 Distilled
Mg ®o_ 0
water Q
Eu N S
Precursor Dissolution Chelation
Ethylene
glycol
Grinding Heating
< -
BAM:Eu powder Gel Gelation

Figure 5.2. Synthesis process of nano-sized BAM:Eu phosphor.
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Figure 5.3. A TEM image and morphology of the BAM:Eu annealed at 1200 °C [70].

With the nano-sized phosphor powder, it is possible to obtain a thinner coating layer. The
heat conduction through this phosphor layer can then be calculated with Equation (4.1) under the
same 1-D simplification and boundary conditions illustrated in Figure 4.20. If the temperature at
the interface of the phosphor and the specimen Ty is given, the temperature to be measured on the
outside surface of the phosphor T can be calculated using Equation (4.2). A temperature-time graph
is presented in Figure 5.4 to compare the effect of the coating thickness d, assuming To = 700 K at
t=0and room temperature Ts = 300 K. Note that the curve of d =7 um is the experimental condition
discussed in Chapter 4. It is clear that reducing thickness will significantly reduce the delay caused
by heat conduction. A detailed view of the temperature-time curves are presented in Figure 5.5.
With a coating thickness of 200 nm, the temperature difference between the phosphor surface and
the specimen surface at t = 0.005 ms is 20 K, which is equal to 5% of the temperature rise from Ts
to To. If repeating the aluminum shear banding experiment in Chapter 4.3, then this temporal delay
will be equivalent to only one frame at 200 kHz frame rate. If further reducing the coating thickness
to 20 nm, the temperature rise will be even faster and the difference can be observed negligible
even at t = 0.001 ms, meaning that performing temperature measurement at 1 MHz or higher is

theoretically feasible.
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Figure 5.4. Temperature rise vs time at outside surface of the phosphor with different coating
thickness, given To = 700 K at t = 0 and room temperature Ts = 300 K.
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Figure 5.5. A detailed view of the Temperature rise vs time at outside surface of the phosphor
with different coating thickness, given To = 700 K at t = 0 and room temperature Ts = 300 K.

After overcoming the temporal delay of the temperature measurement, there are still other
issues to be addressed to improve the temperature recording speed. The current high-speed
imaging technology is capable to realize MHz or higher frame rate measurement, which should
not be a limitation to this high-speed laser phosphorescence technique in the near future. However,
the laser energy will need to be significantly increased if operating at high pulse rate, because the
exposure of each frame has to be reduced. With a shorter time between frames, the lifetime of the
phosphor material will play an increasingly important role in the emission profile as the phosphor
can be excited before the previous phosphorescence mostly decays. Therefore a systematic
calibration on the relationship of phosphorescence intensity and the higher laser fluence is
necessary. It is also beneficial to explore the other potential phosphor materials that features both

shorter lifetime and proper sensitive range of temperature.
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6. CONCLUSION

In this dissertation, the deformation and temperature field evolution of dynamic shear band
formation in aluminum alloys and the temperature field of copper under dynamic compression
were investigated. A Kolsky bar setup was synchronized with X-ray PCI in Argonne National
Laboratory to observe the ASB formation of aluminum 7075-T6 and 6061-T6 in real time. A high-
speed camera with 20x lens was used to capture images during dynamic loading at 5 MHz. A flat
hat-shaped specimen geometry was adopted with an impact speed of ~16 m/s. Both materials
exhibited the trend of uniform shear deformation, formation of shear bands, cracking and then
shear failure. 6061-T6 was found to be more ductile and formed ASB at larger strain. The
temperature fields were measured using a high-speed infrared thermal camera at 64 kHz. The
maximum temperature 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 ASB. The shear band width is estimated as 20 — 50 pum for
7075-T6 and 30 — 70 um for 6061-T6. The cracks initiate after shear bands form and propagate in
the same tracks as the shear bands at approximately 1100 m/s.

To further break the barrier of high-speed temperature field measurement, a high-speed laser
phosphorescence thermal imaging technique was developed and integrated with the compression
Kolsky bar setup. The temperature field measurement during dynamic loading of materials were
performed at 100 — 200 kHz frame rate with a spatial resolution of 13 pm/pixel. BaMgAl10017:Eu?*
thermographic phosphor material was chosen due to its wide sensitive range and unique emission
spectral suitable for the intensity ratio method. In the dynamic compression of copper at a strain
rate of 1000 /s, the material showed an overall temperature increase on the surface during the
deformation. The maximum temperature was found at 312 K. The thermocouple results confirmed
the maximum temperature measured by the phosphor thermometry. The results also raised the
thermal conduction issue caused by the phosphor coating, which led to a delay in the temperature
response. In the dynamic shear banding of aluminum alloys, multiple local high temperature spots
were observed in both 7075-T6 and 6061-T6. A temperature correction method was then proposed
to estimate the real temperature on the specimen surface under the phosphor coating. After the

correction, the maximum temperature was found as 650 K for 7075 and 800 K for 6061, which
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agreed with the infrared measurements discussed in Chapter 2 despite of the experimental error.
Furthermore, the temporal and spatial resolution were both improved so that more detailed
information on the ASB formation was revealed. The ASB formation was found shortly after the
temperature started to increase, at 400 K and 440 K for 7075 and 6061, respectively. The low
temperature indicated that thermal softening was not the major cause of the ASB formation due to
this fact. The voids and defects in the materials could assist the shear localization and the ASB

formation.
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