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Abstract. At present, there are many methods to identify the temperature and phase of a material using invasive techniques.
However, most current methods require physical contact or implicit methods utilizing light reflectance of the specimen.
This work presents a nondestructive inspection method using ultrasonic wave technology that circumvents these
disadvantages to identify phase change regions and infer the temperature state of a material. In the present study an
experiment is performed to monitor the time of flight within a wax as it undergoes melting and the subsequent cooling.
Results presented in this work show a clear relationship between a material’s speed of sound and its temperature. The
phase change transition of the material is clear from the time of flight results, and in the case of the investigated material,
this change in the material state occurs over a range of temperatures. The range of temperatures over which the wax material
melts is readily identified by speed of sound represented as a function of material temperature. The melt temperature,
obtained acoustically, is validated using Differential Scanning Calorimetry (DSC), which uses shifts in heat flow rates to
identify phase transition temperature ranges. The investigated ultrasonic NDE method has direct applications in many
industries, including oil and gas, food and beverage, and polymer composites, in addition to many implications for future
capabilities of nondestructive inspection of multi-phase materials.

INTRODUCTION

At present, many methods of phase identification and temperature measurement are known. Current methods,
however, often require physical contact or visual line-of-sight, such as traditional thermocouples or infrared
thermography. Through an experiment of monitoring wax as it is heated and cooled, two methods, speed of sound
monitoring and gain tracking have been developed to infer the phase and internal temperature of a material non-
invasively in real-time using ultrasonic nondestructive evaluation technology.

The ability to monitor phase and temperature in real-time has applications in many industries, including food and
beverage, oil and gas, and polymer composites for quality control and system control. For example, real-time, internal,
non-invasive temperature monitoring could be used to image and monitor the temperature of oil and gas pipelines.
Feedback controls could then potentially be employed to ensure the pipeline contents are kept at ideal conditions. This
technology could easily be incorporated into similar monitoring applications with foods such as the processing of
chocolate [1, 2].

Ultrasonic technology for the purpose of temperature profile mapping is an application that has been explored for
many years. Many reconstruction techniques [3-11] have been developed and improved for this purpose. Common
uses are in power plant boilers [5] and solid materials [7]. Ultrasonic temperature measurement techniques have even
been demonstrated on beef for quality control assessment [12]. However, relatively few temperature imaging studies



have been conducted on materials during their transition phase, and most studies address materials subjected to a
quasi-static heat distribution. This work’s main contribution is in the area of materials changing temperature and phase.

EcoSoya Pillar Blend Wax was selected as the test material because of its low melting temperature, safe
characteristics, and likeness to other amorphous and semi-crystalline materials of interest. The purpose for this specific
material is that it changes its material state over a range of temperatures with a calorimetry profile similar to that of
many commercially available thermoplastics. Conversely, many other materials, such as water, transition at a discrete
value. For example, water transitions phases at precisely 0 °C. This property of the materials of interest transitioning
over temperature ranges presents a unique challenge for detecting phase changes in the material; namely, how one
defines a phase transition and how to detect it.

In this paper, after an overview of basic ultrasonic theory, an overview of the material selection and
characterization process and experimental setup will be presented. Then, data collection procedures will be introduced
and explained. Following this, phase change identification methods and temperature inference experimental results
will be discussed.

ULTRASONIC THEORY:

An ultrasonic A-scan, the result of a single acoustic pulse into a material and the captured acoustic waveform,
contains valuable information regarding physical the state of a material. Figure 1 shows the pattern exhibited in the
ultrasonic A-scans collected during a material heating and cooling process in the present study. As a general rule, a
direct correlation can be seen between the number of distinct signals in an A-scan and the number of distinct phases
across the face of a transducer. For example, Fig. 1(a) shows one signal appearing at 55 ps during the portion of the
test that the material system analyzed is fully solid. When the transducer face is covered by a distinct solid/liquid
boundary as in Fig. 1(b), two distinct signals are observed. The first signal, at 55 ps, will be referred to as the “solid
signal” and the second, at 70 ps, as the “liquid signal”. The time separation between the solid and liquid signals is due
to discrepancies between longitudinal bulk velocities of the ultrasonic signal in the solid and liquid material. As liquid
material begins to cover the transducer face the “liquid signal” begins to grow in amplitude. The relative amplitudes
of the signal reflect the proportion of solid or liquid wax in the acoustic path of the pulser/receiver pair. Figure 1(c)
shows an A-scan when the transducer face is completely covered by the liquid signal. Because there is no solid wax
in the acoustic path of the transducers, the solid signal has disappeared on the A-scan. During the testing it was
observed that the “liquid signal” moves left and right on the time axis as a function of the temperature state of the
liquid, and will be further discussed in later sections of this work.
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FIGURE 1. The circles represent the face of the transducer and the material phase(s) it is covered by, where S is solid and L is
liquid. (a) A-scan with solid material covering transducer face. (b) A-scan with both solid and liquid material covering
transducer. (c) A-scan with liquid material covering transducer.

Speed of Sound

One of the most commonly-calculated parameters of an ultrasonic signal is speed of sound. Time of flight, the
amount of time a sound wave takes to travel between the transmitting and receiving ultrasonic probes, is used to
calculate speed of sound as

c=— (1)



where / is distance between transmitting and receiving transducers, ¢,/ is time of flight, and c is bulk velocity speed of
sound.

Time of flight is often calculated from the point an A-scan exceeds some user-defined threshold saturation percent
as depicted in Fig. 2 where the time of flight is defined relative to a 20% threshold of the captured signal. Speed of
sound curves can be constructed when time of flights and distances between probes are known for several A-scans.
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FIGURE 2. A typical A-scan with time of flight marked by dot a line

It is well-established that speed of sound is a temperature-dependent property. For example, Fujii and Zhang [6]
demonstrated this behavior with water, Jia and Skliar [7] investigated an agar-gel material system, and Brown et al.
[13] studied polymer melts in a single-screw extruder. Thus, the speed of sound of a material has been used as a
temperature measurement technique. In this way, ultrasound can serve as a noninvasive internal temperature
measurement technique when invasive methods are prohibited or undesirable as a result of harsh environmental
conditions such as high temperatures or pressures or limited access to the material.

Electrical Gain

Electrical gain amplification is the increase of the power or amplitude of an electrical signal from one point to
another. For ultrasound, gain is a property one can take advantage of in order to improve results for post-processing
procedures and techniques. With an optimal gain parameter, the properties of which are discussed in the “Data
Collection & Gain Automation” section, an ultrasonic A-scan can be recorded with high data resolution. Consequently,
post-processing mathematical analysis results will be improved. Electrical gain can be calculated in decibels using

Gain(dB) =20 loglo(V””’p”t)dB @)
input
where Vigpu: 1s the voltage received and Voupu is the amplified voltage.
In addition to enhanced data resolution, the gain necessary to achieve an optimal data resolution reflects the

attenuation of the ultrasonic signal. Attenuation is related to energy dissipation, absorption, and ultrasonic scattering
in the tested material and can be modeled by

4 =Ae " G)

where a(f) is a frequency-dependent attenuation coefficient, z is the distance traveled, and Ay is the initial amplitude
of the wave [14].

Furthermore, electrical gain amplifies noise, the random fluctuation in an electrical signal [15]. Attenuation and
scattering of an ultrasonic signal in a material are related to the micro-structure of the material. In this way, the
attenuation of a signal in different phases of the material may be different. Because the gain and amplitude of a signal

are related to the attenuation, phase can additionally be inferred from the gain necessary to correct a signal to some
user-defined peak intensity threshold.




EXPERIMENTAL SETUP & PROCEDURE:

Material Selection & Properties:

To answer the question of how to define a phase change in wax, the authors used Differential Scanning Calorimetry
(DSC). DSC is an in-laboratory technique conducted on a small sample that measures heat flow of a material sample
as a function of material temperature. Figure 3 shows the results of a DSC test results from a TA Instruments Q20
Differential Scanning Calorimeter conducted on a 5.312 mg sample of EcoSoya Pillar Blend Wax with a heat rate of
2 °C/min. The mass of the sample was obtained using the sub-microgram resolution balance of a TA Instruments Q50
thermogravimetric analyzer. As Fig. 3 shows, the EcoSoya Wax used in this work experiences full melt occurring at
49 °C as it is heated and a full solidification at 48 °C as it cools. These numbers were identified by finding the
maximum and minimum heat flow values and the corresponding temperatures in MATLAB. It is important to note
that due to the nature of the material changing phases over a range of temperature values, the aforementioned
temperatures are the complete melt and solidification. Additionally, heat rate of DSC testing can have an effect on the
measured complete phase change temperatures [16]. Thus, phase changes occur in EcoSoya wax within a several
degree range on both sides of these temperatures. The DSC results show that the EcoSoya Wax exhibits characteristics
similar to that of thermoplastic polymers [17], which have a melt transition over a range of temperatures. The curve
in Fig. 3 during the heating portion looks very similar to that of a thermoplastic without the inflection point observed
below the melt temperature indicating the glass transition temperature.
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FIGURE 3 Differential Scanning Calorimetry (DSC) test results with full melt and full solidification temperatures marked.
Experimental Setup:

The experimental procedure used in this study, depicted in Fig. 4, involved the containment of EcoSoya Wax in
an open top acrylic box, with a wall thickness of 0.63 ¢cm and inner dimensions of 20 cm x 8.5 cm x 10 cm. Using the
custom mounts shown in Fig. 4(b), four Olympus Videoscan, 0.5 MHz, 2.54 cm diameter flat face ultrasonic
transducers were attached to the side of the acrylic box and acoustically coupled using Sonotech II Gel, a
commercially-available acoustic gel. Transducers on one side of the box were set to transmit an ultrasonic pulse to be
received by transducers on the opposing side of the box. It has been shown in a related study [18] that for the purposes
of this work the direction of through transmission makes no difference in results.

In this setup, the ultrasonic probes were operating in through transmission mode. Ultrasonic pulses were generated
using a US Ultratek EUT3160M8 Pulser/Receiver. A 6.5 cm x 2.5 cm x 2.5 cm aluminum block containing a Watlow
FIREROD Cartridge Heater was placed inside the box such that the wax would melt from one side of the box to the
other, as in Figure 4(b). Watlow K-type thermocouple probes were inserted vertically into the wax to provide,
invasively, real-time temperature data.
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FIGURE 4. (a) Diagram of experimental apparatus with dimensions. (b) Constructed apparatus with transducers attached.
Experimental Procedure:

In order to melt the wax, the heating element was kept at a constant temperature between 175 °C and 250 °C,
depending on desired melt rate. The wax melted quickly over a period of 2 hours at 210 °C, progressing with a distinct
melt front boundary between liquid and solid wax, as in Figure 4(b). The heating element was kept at the set
temperature until the entirety of the wax was liquid and temperature was uniform throughout the wax. The heating
element was then turned off and the wax was allowed to cool to room temperature by way of convection. Because the

top of the box was open and the acrylic walls serve as an insulator, the wax was cooled in a horizontally uniform
pattern from the top down.

Data Collection & Gain Automation

In order to collect ultrasonic data, a custom LabVIEW virtual instrument to automate the data collection process
was created by the authors. In addition to data collection, the LabVIEW program automatically adjusts the electrical
gain amplification such that the maximum signal intensity of a collected raw A-scan is equal to some user-defined
threshold. The effect of electrical gain on a signal is illustrated in Fig. 5.
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FIGURE 5. A-scans with various gain levels. Dashed lines indicate peak signal intensity value set in LabVIEW. (a) A-scan with
a gain too low. (b) A-scan with a gain too high. (c) A-scan with proper gain.

Automated gain amplification adjustment provides several advantages from a data collection standpoint. Primarily,
it ensures the highest data resolution for use in post-processing techniques. If the gain is too low, the signal will have
a poor signal-to-noise ratio (SNR), as in Fig. 5(a). If the gain is too high, the signal will contain clipping, as in Fig.
5(b), which results in an inability to properly perform mathematical post-processing. If the gain of a signal is set
properly, the signal will have high data resolution without clipping or over-saturation.

Additionally, the custom program allows the user full control of most parameters offered by the pulser/receiver
manufacturer as well as the automation of an experimental process that can be up to 14 hours in length, depending on
heating rate and experimental configuration. The LabVIEW program presents to the operator an approximate value of
the speed of sound in order to monitor the material being tested in real-time. Efforts are presently underway to
incorporate more real-time analysis into the program for simulation of use in industrial applications, but that is beyond
the scope of this present research. All raw ultrasonic data as well as test parameters and gain tracking data are stored



and saved by LabVIEW for post-processing in MATLAB. Temperature data collected using thermocouples is logged
using a Graphtec GL820 Data Acquisition Device with the associated Graphtec software. All data collection is
controlled, saved, and processed using a standard laptop computer.

RESULTS & DISCUSSION

This section discusses the ultrasound and temperature data collected during the heating and cooling process of

EcoSoya wax. The post-processing techniques used to identify phase changes and infer internal temperature of the
wax will also be presented.

Data Processing

All data collected using the LabVIEW program detailed above is processed using a custom MATLAB script.
Collected raw data is first de-noised using a discrete wavelet transform. Then wavelet decomposition, coefficient

thresholding, and wavelet reconstruction are performed. This de-noising technique provides clearer data for additional
post-processing techniques.

Material Temperature—Thermocouples

Figure 6 presents internal wax temperature measured by thermocouples as a function of experimental time. As this
figure shows, the temperature of the wax increases at the beginning of the test as the heater stabilizes at its set
temperature and the wax melts. The temperature then slowly rises due to the transient flow of the liquid wax. As more
thermal energy is applied to the system from the heater, the wax completely melts. At approximately 110 min the
temperature begins to decrease, indicating the time at which the heater was turned off. Moreover, phase change regions
can be identified using this chart. A clear inflection point can be identified at approximately 150 min into the test. This
inflection point is due to changing heat capacities of the wax and indicates the occurrence of a phase change from
liquid to solid. The lesser slope after this inflection point demonstrates the slower cooling rate of the wax while in
solid state—a physical manifestation of a lower heat capacity when compared to liquid wax.
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FIGURE 6. Wax temperature as measured by thermocouples on Channel 1, closest to the heat source. Red square drawn at
approximately 150 minutes highlights the occurrence of a liquid to solid phase change. Region (i) is heating phase, (ii) is constant
heat, (iii) is cooling.

Ultrasonic Phase Change Identification

The two phase change identification methods presented in this study, speed of sound monitoring and gain tracking,
were investigated through the testing of EcoSoya wax. The times and temperatures of phase changes identified using

these independent techniques are shown to be in agreement with each other as well as with the independent DSC
analysis shown in Fig. 3.



Speed of Sound Monitoring

Calculating speed of sound for each A-scan recorded throughout the heating and cooling of EcoSoya wax using
Eq. 1, a speed of sound curve with respect to experimental time was constructed, as shown in Fig. 7(a). Important
phase data can be determined visually using Fig. 7. For channel 1, shown in Figure 7(b), the wax can be shown to be
in a solid state between 0-55 min because of its high speed of sound, and is marked as region (i) in Fig. 7(b). After
this time there is a drastic drop in the speed of sound to about 1000 m/s, indicating a phase change from solid to liquid
has occurred. Because the material is then at a steady temperature in region (ii) while in a liquid state, the speed of
sound is constant and remains at this level until the heater is turned off at 110 min. Following this, the wax begins to
cool in region (iii) as the speed of sound slowly increases until the experiment is over. An inflection point can be seen
at 150 min, indicating a phase change from liquid to solid. Whereas the solid to liquid transitions occurred at different
times, 56 min and 67 min for Channels 1 and 2, respectively, as shown in Fig. 7(a), the liquid to solid transitions occur
simultaneously at approximately 150 min. The difference in times of phase transition is due to the melt direction and
due to the fact that the probes are 5 cm apart, shown in Fig. 4(b). Because the box is cooled through convection on the
top surface of the acrylic box, the temperature state on any horizontal plane is essentially constant, thus the liquid to
solid transitions occur at the same time throughout the box on a given horizontal plane. In this way, speed of sound
monitoring can be used to identify the material state and detect phase changes in EcoSoya wax.
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FIGURE 7. (a) Wax speed of sound shown as a function of experiment time for both channels. (b) Ch. 1 speed of sound with
heating, constant temperature, and cooling regions labeled i, ii, and iii, respectively. Phase changes solid to liquid and liquid to
solid occur at events A and B, respectively.

An ultrasonic B-scan with respect to experimental time is also quite informative in the identification of the various
material states. Figure 8 shows the combined A-scans collected in the experiment on the vertical axis as a function of
the experimental time in the horizontal axis. The time of flight can be estimated using Fig. 8, as the peak of the signal
is shown as the initial black line appearing. Thus in region (i) the gate time is 60 microseconds, whereas in region (ii)
the gate time is 75 microseconds. Furthermore, the B-scan provides information on how the liquid signal grows as the
material is changing phases. Similar to that of the speed of sound plots, an inflection point is observed at 110 minutes
corresponding to the moment in time that the heater is turned off. A second inflection point, though less obvious,
occurs at 150 minutes, corresponding to the moment in time that the wax goes from a liquid to a solid._An additional
advantage of the B-scan is the ability to see the liquid signal grow in intensity, as shown in region (iv). The physical
reason for this signal growth is the liquid wax moving to cover the face of the transducer. This provides valuable
information on the rate of melt. As can be seen in Fig. 8, the liquid signal appears around 40 minutes and grows until
55 minutes, the estimated time of solid to liquid phase transition.
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FIGURE 8. Ultrasonic B-scan with respect to time. The liquid signal can be seen growing in region iv. Regions i, ii, and iii from
Fig. 7 can also be seen.

Electrical Gain Tracking
In addition to material speed of sound monitoring being used as a method for phase change identification, electrical

gain tracking can be used to identify phase changes from solid to liquid. The gain values required to maintain the
signal at a specific signal intensity threshold as discussed in Fig. 5, are shown in Fig. 9.
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FIGURE 9. Gain as a function of experiment time. The phase change is located at 56 minutes into the test, as marked by the
local maximum in red.

This local maximum occurs at the solid to liquid phase change because, as Fig. 1 illustrates, when two distinct
phases are across the face of a transducer, two distinct signals emerge. As the solid signal diminishes, the gain must
increase to keep the signal at the peak signal intensity set in LabVIEW. Because of this, gain tracking is a simple way
to identify a solid to liquid phase change. Additionally, gain tracking is a simple method to allow a computer to identify
a phase change because it occurs at a local maximum, an easily-identifiable point.

Temperature Measurement

The speed of sound can successfully be used to determine the internal material temperature of EcoSoya wax.
Through the use of thermocouple probes, temperature can be directly correlated to that of the speed of sound as shown
in Fig. 10. Figure 10(a) should be interpreted by following the curves left to right along the top as the wax is heated
and right to left along the bottom as the wax cools. Figure 10(b) shows the cooling portion of the test for EcoSoya
wax channel 1 data. The significance of Fig. 10 (b) is that this function is monotonic over this temperature region as
it cools. Although Fig. 10(a) appears to show that speed of sound is not a one-to-one mapping of temperature, this
duality is due to the distinct melt front progressing throughout the box as the wax is heated.



Furthermore, a phase change from liquid to solid can be seen in Fig. 10(b) at an inflection point at approximately
54 °C. This identified phase change temperature is within the region identified by DSC analysis, confirming the
viability of ultrasound for the purpose of phase change detection.
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FIGURE 10. (a) Speed of sound shown as a function of temperature throughout the entire experiment. (b) Speed of sound
shown as a function of temperature as the wax cools. The phase change from liquid to solid is marked at approximately 54 °C.

CONCLUSIONS & FUTURE RESEARCH

In this work, it has been demonstrated that through the speed of sound monitoring and electrical gain tracking,
both solid to liquid and liquid to solid phase changes can be identified. In addition, speed of sound can be used for the
purpose of measuring the temperature of a material.

These methods have applications in the industries of oil and gas, polymer composites, and food and beverage.
With the use of this technique in an application such as a pipeline or screw extruder, internal material temperature can
be measured noninvasively in real-time for the purposes of quality control and system control.

Future work is focused on applying this temperature measurement technique to imaging phase, melt front, and
temperature distributions in wax and other materials. Efforts are being put into characterizing many materials in order
to create a library of materials with the eventual goal of material identification by use of ultrasound. Additionally,
real-time analysis and temperature distribution reconstruction in two and three dimensions are being pursued.
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