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Featured Application: Non-destructive evaluation of polymer curing using ultrasonics.

Abstract: Polymers are increasingly being used in higher demanding applications due to their ability
to tailor the properties of structures while allowing for a weight and cost reduction. Solvents play
an important role in the manufacture of polymeric structures since they allow for a reduction in
the polymer’s viscosity or assist with the dispersion of fillers into the polymer matrix. However,
the incorrect removal of the solvent affects both the physical and chemical properties of polymeric
materials. The presence of residual solvent can also negatively affect the curing kinetics and the final
quality of polymers. Destructive testing is mainly performed to characterize the properties of these
materials. However, this type of testing involves using lab-type equipment that cannot be taken
in-field to perform in situ testing and requires a specific sample preparation. Here, a method is pre-
sented to non-destructively evaluate the curing process and final viscoelastic properties of polymeric
materials using ultrasonics. In this study, changes in longitudinal sound speed were detected during
the curing of an aerospace epoxy adhesive as a result of variations in polymer chemistry. To simulate
the presence of residual solvent, samples containing different weight percentages of isopropyl alcohol
were manufactured and tested using ultrasonics. Thermogravimetric analysis was used to show
changes in the decomposition of the adhesive due to the presence of IPA within the polymer structure.
Adding 2, 4, and 6 wt.% of IPA decreased the adhesive’s lap shear strength by 40, 58, and 71%,
respectively. Ultrasonics were used to show how the solvent influenced the curing process and the
final sound speed of the adhesive. Young’s modulus and Poisson’s ratio were determined using
both the longitudinal and shear sound speeds of the adhesive. Using ultrasonics has the potential to
non-invasively characterize the quality of polymers in both an in-field and manufacturing settings,
ensuring their reliability during use in demanding applications.

Keywords: acoustics; ultrasonics; composites; adhesive bonding; non-destructive testing; TGA; lap
shear; polymers; cure kinetics; modeling; residual solvent; elastic moduli; FTIR

1. Introduction

The manufacturing conditions of polymeric materials are critical since they determine
the resulting polymer structure, and as an outcome, its final properties and performance
characteristics [1-4]. Therefore, it is important to monitor polymers during the fabrication
process to enhance our understanding of their relationship to the final quality of the
manufactured parts. Ensuring polymers have the required characteristics will help improve
their reliability when used in primary structures in fields such as aerospace, automotive,
biomedical, electrochemical, etc.

When manufacturing polymers, solvents play an important role since they allow for a
reduction in the polymer’s viscosity during a coating process or assist with the dispersion
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of fillers into the polymer matrix [5-7]. This inevitably raises the concern of improperly
removing the solvent from the polymer before obtaining its final structure. It has been
shown that the incorrect removal of the solvent affects both the physical and chemical
properties of polymers [8-11]. For example, J. Trinidad et al. showed that the presence
of solvent in sodium dodecyl sulfate decorated graphene hybrid electrically conductive
adhesives significantly decreased their lap shear strength due to the presence of voids
and bubble formation [12]. N. Othman et al. experienced a decrease in tensile strength
and hardness of 17 and 9%, respectively, when adding 16 wt.% of acetone in an epoxy
resin [6]. Their study also showed that having this amount of acetone caused a decline
in the epoxy’s adhesion strength from 13 MPa to 4.9 MPa, which signifies a reduction of
~62%. In addition, K. Qiu et al. demonstrated that residual solvent content in an epoxy
resin affected its curing mechanics and decreased its crosslinking density. This lowered
the glass transition temperature (Tg) of the resin by ~8.5 °C when they added 5 wt.% of
cellular nanocrystals as a filler due to a decrease in the homogeneity of the material [13].
Since having residual solvent can negatively affect the properties of a polymeric material, it
is important to have a precise evaluation method to determine if the solvent is present in
the final structure.

Destructive testing, which involves using lab-type instrumentation that requires a spe-
cific sample preparation and geometry, is mainly performed to characterize the mechanical
properties of materials [14-21]. It has also been used to characterize the curing kinetics
of polymeric materials. Tests include dynamic mechanical analysis (DMA), differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA), tensile testing, lap shear
testing, etc. However, this type of equipment cannot be taken in-field to perform in situ
testing. Therefore, it has become essential to develop a non-destructive in situ method to
evaluate the degree of reaction and the viscoelastic properties of polymers during curing
and after they have been manufactured [22,23].

Acoustics, consisting of the propagation of sound waves, have been used as a non-
destructive evaluation method for different types of materials such as metals [24-26],
ceramics [27,28], and polymers [22,29], due to their accuracy and sensitivity. Ultrasonics,
which involve the use of acoustic waves at high frequencies (20 kHz-100 MHz), can be used
to detect small changes in adiabatic moduli with high precision. Therefore, ultrasonics can
be implemented to evaluate phase transitions during curing and the physical properties
of materials [22,30]. For example, the ultrasonic pulse-echo method can be implemented
to measure the sound speed of a material with a short pulse of ultrasound generated
by a transducer, from which elastic constants of the material can be determined [30].
F. Lionetto et al. used ultrasonics to monitor the cure state of thermosetting resins and
showed how ultrasonic wave propagation was more sensitive to variations in moduli dur-
ing the vitrification stage of the curing process compared to DSC [31]. This method has also
been used to non-destructively evaluate the curing mechanics of epoxy resins at different
temperatures [22,31,32]. However, a deeper understanding of the use of ultrasonics as a
non-destructive method is needed to effectively understand the curing mechanics of resins
and adhesives under different parameters that can affect the quality of the final product.

As an example, in the aerospace industry, epoxy and film adhesives are used to substi-
tute mechanical fasteners for joining carbon fiber composites. This methodology has been
proposed as a result of an adhesive bond’s potential for increased strength, weight reduc-
tion, and improved stress distribution [33-35]. On the other hand, the Federal Aviation
Administration (FAA) is concerned about the performance of adhesive bonds after aging
during their life cycle [36]. In addition, failures associated with weak bonds, bondline
voids, and contamination remain critical issues in today’s adhesion community [37]. Manu-
facturing parameters, such as temperature and pressure, are difficult to precisely control
and unwanted fluctuations can have an impact on the curing process and final product [38].
In addition, the usage of a mold release or other chemicals throughout the manufacturing
process can lead to potential contamination and reduction in performance [39,40]. As men-
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tioned, the presence of residual solvent on an epoxy adhesive can considerably decrease its
adhesive strength [6].

The focus of this paper is to detect changes in sound speed in an aerospace epoxy
adhesive during the curing process as a result of residual solvent concentration. In this
study, varying amounts of isopropyl alcohol (IPA) were added into the adhesive to simulate
trapped solvent. Since the addition of IPA affects the crosslinking density and mobility of
the adhesive, TGA was performed to analyze the decomposition of each of the sample types
and to confirm the presence of different weight percentages of IPA in the adhesive samples.
Fourier transform infrared (FTIR) spectroscopy was performed to investigate the affects
in the chemical structure of the samples as a function of solvent concentration. Lap shear
testing was used to evaluate the effects of IPA on the mechanical and adhesion properties
of the adhesive under a shear load. We hypothesize that the sending and receiving of
ultrasonic waves has the ability to detect the presence of this solvent and to determine
how it influences the curing process of the adhesive. This curing process was modeled
to better understand how variations in trapped solvent affect the curing mechanics of the
material. Comprehending these effects can improve future techniques designed to use
ultrasonics as an in situ, non-destructive quality control method during the manufacturing
process. In addition, measuring the sound speed of fully cured samples that have been
properly manufactured can serve as an in-field quality control method during the lifetime
of polymeric materials.

2. Materials and Methods

In this study, a two-part epoxy adhesive (EC 2615 B/ A, 3M) was selected and used as
a representative material. This adhesive is a two-part DEGBA-based resin with an amine
hardener. A 2:1 resin-(part B)-to-hardener-(part A) ratio was used as recommended by the
manufacturer. To simulate the effect of the trapped solvent, adhesive samples with 2, 4,
and 6 weight percentages (wt.%) of isopropyl alcohol (IPA) were manufactured. IPA was
selected since it is a commonly used solvent for manufacturing polymeric materials and
structures [41-44]. The curing and testing took place in a monitored laboratory environment
at room temperature (~23 & 2 °C) and ~44 4= 2.5% relative humidity.

2.1. Thermal Analysis (TGA)

Thermal analysis was performed using a Q600 SDT (TA Instruments, New Castle, DE,
USA) on fully cured adhesive samples containing 0, 2, 4, and 6 wt.% IPA. The tests were
run from room temperature (~23 °C) to 450 °C at a heating rate of 5 °C/min. Argon gas
was used as a purge gas. The weight of the samples ranged between 9 and 9.5 ug.

2.2. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was performed on a Nicolet iS50 spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) from 3600 to 400 cm~! with a resolution of 0.482 cm™1. A
DTGS KBr detector and OMNIC software were utilized. Sixteen scans were used and the
spectra were graphed on absorbance mode. The lens was cleaned using ethanol and a
background scan was completed before testing each sample. In addition to the samples
analyzed by TGA, FTIR spectroscopy was also performed on the IPA used to simulate the
residual solvent.

2.3. Single Lap Shear

Lap shear testing was performed on carbon fiber composite samples bonded using
adhesive manufactured with 0, 2, 4, and 6 wt.% IPA. The ASTM D5868-01 [45] standard
was followed for the manufacture and testing of the lap shear samples. Four specimens per
sample type were manufactured and tested. An autoclave (American Autoclave Co., Jasper,
TX, USA) was used to cure the prepreg layup at a temperature of 177 °C and a pressure
of 30 psi for 1 hour. A polyester peel ply was placed on both sides of the prepreg layups
in order to prepare the surface for bonding. The lap shear specimens were cut to a size of
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25.4 mm by 177.8 mm with a bonded area of 25.4 mm by 25.4 mm. A tensile tester from
MTS (Criterion Model 43) was used to test the samples with a loading rate of 13 mm/min.

2.4. Ultrasonics: Cure Process

Ultrasonics were utilized to non-destructively measure the sound speed of the adhe-
sive during its curing process. To perform this testing during the adhesive’s curing process,
the adhesive was first mixed and then placed in a PLA 3D printed mold. The mold had
dimensions of 20 mm in height, 22 mm in width, and 12.5 mm in thickness. The mold’s
wall thickness was 1.5 mm, except for the locations where the transducers were placed,
which had a thickness of 0.5 mm. A function generator (AFG31052; Tektronix, Beaverton,
OR, USA) was utilized to generate a sine burst of 500 kHz at 10 volts peak-to-peak. This
frequency was selected after observation over a range of frequencies as it produced the
highest output signal for this particular adhesive material. A Tukey window with a cosine
fraction, r, of 0.4 was used to taper the input function consisting of five cycles [46]. The
burst was transmitted and detected by transducers placed on each side of the sample.
Transducers (V133-RM and V154-RM, Olympus, Center Valley, PA, USA) of 2.25 MHz were
used for evaluating the longitudinal and shear sound speeds, respectively. An ultrasonic
couplant (Echo Ultrasonics, Bellingham, WA, USA) was used to ensure proper contact
between the sample and the transducers. The resulting waveforms were recorded every
two minutes using an oscilloscope (MDO32; Tektronix, Beaverton, OR, USA). Figure 1a
shows a diagram of the ultrasonics setup, where the sample is depicted in blue and the
transducers, in green. The output waveforms were then used along with the excitation
waveform to calculate the sound travel time across the sample utilizing the cross-correlation
method [30]. It is important to mention that the delays introduced to this travel time by the
transducers and the PLA mold, where the adhesive was placed, were accounted for prior
to using Equation (1) to calculate the sound speed in the material:

c=1 M

where d is the thickness of the sample and £ is the sound travel time. The law of propagation
of uncertainty was used to obtain the error associated with the velocity calculations [47].
This method accounts for the uncertainty associated with the resolution of the oscilloscope
to plot the output waveforms (9 ns), which were used to obtain the sound travel time, and
the uncertainty associated with the digital micrometer which was used to evaluate the
thickness of the sample (0.01 mm).

Function Generator Oscilloscope

e : Trigger

Sample

L
Transducer Transducer

(a) (b)
Figure 1. (a) Diagram of the ultrasonics instrumentation and sample setup; (b) picture of an adhesive
sample while being tested during curing.

2.5. Cure Process Modeling

The Hill equation was used to model the curing process for each of the samples. This
was used to help to better understand how variations in trapped solvent affected the curing
mechanics of the adhesive and to allow for future predictions of material quality. The
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degree of conversion, x(t), ranges from 0 to 1 and can be expressed using the Hill equation
as shown in Equation (2) [48]:

a=1——+ )

where f is the curing time in seconds, 6 is the shape parameter constant, and 7 is the
time constant defined as T = 6/k, where k is the rate constant. The time constant 7 is an
important parameter of the distribution since it represents when the degree of conversion
o = 0.5. A generalized reduced gradient (GRG) algorithm was used to minimize the sum of
the errors squared between the experimental and modeled data by fitting different 6 and
k parameters.

2.6. Ultrasonics: Elastic Properties

The elastic properties of an isotropic material can be obtained using ultrasonics if its
density, longitudinal speed, and shear speed are known [22,49]. The density of a baseline
sample (2:1 resin-to-hardener ratio) was obtained using a pycnometer from Micromeritics
(AccuPyc 11 1340). Using the ultrasonics setup previously mentioned in this section along
with the cross-correlation method, a frequency sweep similar to the one performed by C.
Pantea et al. [30] was used to accurately determine the longitudinal and shear sound travel
times in the adhesive sample. For the longitudinal travel time, a frequency sweep from 0.9
to 2.3 MHz with a 0.1 MHz step was used, while for the shear travel time, a range from 0.5
to 1 MHz was used with the same step size. Different frequency ranges were used to obtain
the longitudinal and shear travel times since a minimum amount of signal was required to
perform an accurate measurement, but the magnitude of the output signal varied for each
frequency and wave type. For homogenous isotropic materials, Equations (3) and (4) can
be used to determine Young’'s modulus and Poisson’s ratio, respectively [50]:

3c? — 4c?
E=p?—=—= 3
(20 o
2 2
cr — 2¢g
V= 5 4
2¢% — 2¢2 @

where p is the density of the material, ¢; is the longitudinal speed in, ¢, is the shear speed,
E is the Young’s modulus, and v is the Poisson’s ratio.

To compare it with destructive testing, the Young’s modulus of the adhesive was also
determined using tensile testing. Three tensile testing dogbone samples were manufactured
and tested following ASTM D638-03 [51]. The MTS tensile tester previously mentioned was
used to test the dogbone samples at a loading rate of 5 mm/min. The size of sample type I
in the standard was adapted to reduce the amount of material volume used per sample. The
dimensions were reduced to have a total length of 87 mm while the thickness was 4.68 mm.
The width at the center of the sample and at the grips was 6.84 and 10 mm, respectively.
The samples were manufactured by casting the adhesive into a PLA 3D printed mold.

3. Results
3.1. Thermal Analysis

TGA was performed on the adhesive samples to analyze their thermal decomposition
to demonstrate differences in their chemical composition due to the presence of IPA in the
studied samples. It can be observed in Figure 2a how the samples containing IPA started
decomposing earlier than the baseline sample (0% IPA) at ~100 °C, which is most likely due
to the solvent causing a decrease in their crosslinking density and an increase in their chain
mobility. Similar behavior was observed by N. Othman et al. with 16 wt.% of acetone in
an epoxy resin [6]. Figure 2b, which is an augmented version of what is located inside the
dashed rectangle in Figure 2a, demonstrates how this behavior was more accentuated with
increasing IPA content. All the samples experienced a sharp decrease in weight percentages
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with a similar onset temperature (~320 °C). The adhesive samples containing 0, 2, 4, and
6 wt.% of IPA experienced a weight loss of around 2.3, 3.8, 4.8, and 6.2%, respectively.

100 — 100-
80-
- —~ 95-
£ 604 sl
= =
) ©
@ 404 o
2 | —— 0wt %IPA = 90— 0wt % IPA
20772Wt.% IPA — 2 wt. % IPA
—— 4 wt. % IPA 4wt % IPA |
" -6 wt. % IPA o 6 wt. % IPA \
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350
Temperature (°C) Temperature (°C)

(a) (b)

Figure 2. TGA of adhesive samples containing 0, 2, 4, and 6 wt.% of IPA (a) from 0 to 450 °C; (b) from
50 to 350 °C located inside the dashed rectangle of Figure 2a.

3.2. Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra for the analyzed samples are shown in Figure 3. The region between
400 and 1600 cm ! contains the fingerprint region for these materials and special attention
was given to the area between 900 and 1000 cm ~! since one of the characteristic peaks of IPA
is located at 950 cm ! [52]. As observed in the spectra of the adhesive samples containing
IPA, a peak is present at that wavenumber, indicating the presence of this solvent within the
adhesive’s structure. On the other hand, this peak is not visible in the adhesive sample that
contained no IPA. Having solvent within the structure of the adhesive may have altered
the crosslinking process and caused a reduction in the molecular weight of some of the
polymer chains [53].
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Figure 3. FTIR spectra for IPA and for cured adhesive samples containing 0, 2, 4, 6 wt.% IPA.
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3.3. Single Lap Shear

The resultant peak lap shear stresses for each of the specimens are recorded in Table 1.
The average lap shear stress for the samples without IPA content was 21.18 MPa, which
is consistent with what has been previously observed [54]. The samples containing IPA
experienced a considerable reduction in strength. The average lap shear stresses for the
samples containing 2, 4, and 6 wt.% were 12.62 (—40.42%), 8.92 (—57.88%), and 6.07 MPa
(—=71.35%), respectively. These results show that even the presence of a small quantity
of trapped solvent in the two-part epoxy adhesive considerably influenced its adhesion
properties to the point where catastrophic failure could occur.

Table 1. Maximum lap shear stress of adhesive samples containing 0, 2, 4, and 6 wt.% IPA.

Peak Lap Shear Stress (MPa)

Sample Type/Sample

2 3 4 Std. Dev. (MPa) Avg. Stress (MPa)
0 wt.% IPA 2137 17.63  25.55 - 3.46 21.18
2 wt.% IPA 13.02 1529 11.21 1096 2.00 12.62 (—40.42%)
4 wt.% IPA 8.81 6.96 10.73  8.18 1.68 8.92 (—57.88%)
6 wt.% IPA 6.65 6.91 516 556 0.84 6.07 (—71.34%)

The load—displacement curves of the specimens #1 in Table 1 for each sample type are
shown in Figure 4a. The presence of IPA not only lowered the maximum load, but it also
decreased the displacement required for failure to occur. This displacement ranged from
3.26 mm for the sample without IPA content down to 0.88 mm for the sample containing
6 wt.% IPA. As seen in Figure 4b, all the sample types experienced the same failure mecha-
nism where the samples failed at the adhesive-substrate interface. No visual differences on
the failure surfaces between each sample type were observed, which accentuates the need
for a non-destructive evaluation method for this type of material.

Table 2. Rate constant k and shape parameter 6 of the Hill equation model for each sample type.

Sample k(x107%) 0 Sum of Error Squared
0 wt.% IPA 4.63 1.37 0.0352
2 wt.% IPA 3.48 1.46 0.0262
4 wt.% IPA 2.66 1.48 0.0224
6 wt.% IPA 2.34 1.35 0.0244
14
—— 0 wt. % IPA
121——2 wt. % IPA 3-
10_—4wt. % IPA : ’
—— 6 wt. % IPA ;
2 s v % P wt.%IPA 4.wt. %IPA
3 , Jr——
g o
-
44
24
0 T

00 05 10 15 20 25 30 35
Displacement (mm)

(a) (b)

Figure 4. (a) Load—displacement curves of the specimens #1 in Table 2 for each sample type; (b) failure
surfaces for the specimens represented in the load—displacement curves in Figure 4a.
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3.4. Monitoring the Sound Travel Speed during the Curing Process Using Ultrasonics

The longitudinal sound speed was first evaluated in three adhesive baseline samples
during their curing process. The samples were fabricated and tested simultaneously to
determine the repeatability of the analysis technique. It can be observed in Figure 5 that the
sound speed of the three samples behaved very similarly, where a sharp increase in sound
speed occurs during the first four hours of curing, followed by a convergence until the
sample is fully cured. After four days of curing, the final sound speeds for the first, second,
and third baseline samples were 2319 (+£47) m/s, 2317 (£46) m/s, and 2320 (£47) m/s,
respectively. The difference between the samples with the highest and lowest sound speeds
was ~0.13%.

3
oL o sl
7 I 2.3+
— i 7’—;’"_———_—_\7
2.2- -
® % ; 7
E E 21-
k-] o 4
@ @
@ Q@ 20-
o &
'§ 'g 1.9-_
3 Sound speeds when fully cured: 3 1.8-
Sample 1: 2319 m/s - ——— Sample 1
3 Sample 2: 2317 m/s A Sample 2
1.6~ —— Sample 3: 2320 m/s 1.6~ Sample 3
4] v i J r T T T i d 1 ‘ T v 1 . i v 1
0 5 10 15 20 25 30 0 2 4 6 8 10
Cure Time (hrs) Cure Time (hrs)
(@) (b)

Figure 5. Sound speed with respect to cure time of three adhesive baseline samples during (a) the
first 30 curing hours; (b) the first 10 curing hours located in the dashed rectangle in Figure 5a.

After adding 2, 4, and 6 wt.% of IPA to the adhesive samples to simulate a trapped
solvent, their sound speed was also evaluated during the curing process. Figure 6 shows
how, unlike as previously seen with the baseline samples, the curing process differs for each
sample. The sound speed of the sample with no IPA content started converging at a lower
cure time, while adding IPA delayed the convergence process. To give some perspective,
the curve onset of the sample with 0 wt.% IPA occurred at 1.89 curing hours, while the
onset for the samples with 2, 4, and 6 wt.% IPA occurred at 2.77, 3.34, and 3.99 curing
hours, respectively. This shows a difference of approximately 2.1 h between the baseline
sample without IPA and the sample containing 6 wt.% IPA. In addition, the sound speeds
after four curing days for the samples with 0, 2, 4, and 6 wt.% of IPA were 2322 (£47),
2369 (£49), 2354 (£48), and 2351 (£48) m/s, respectively. This shows how IPA content not
only affected the curing mechanics of the adhesive, but also its final sound speed.

_x103 x10°
24- [ | 24,
231 o 2.3
:g 22- g 221
“.6’ 21+ ; 2145
o 2.0- @ 20-
g 1.9; IJ' Sound speeds when fully cured: g 1.9- (/.
S 18] Owt % IPA: 2322 m/s|| § 18- [/, —— 0 wt. % IPA
A 17-] ——2wt. % IPA: 2369 mis|| & 45 [/ / 2wt %IPA
i 5;|‘| —— 4 wt. % IPA: 2354 m/s i@ / — 4 wt. % IPA
1'5. ‘ 6 wt. % IPA: 2351 m/s 1'5 3 6 wt. % IPA
“o 10 20 30 40 50 0 2 4 6 8 10
Cure Time (hrs) Cure Time (hrs)
(@ (b)

Figure 6. Sound speed with respect to cure time of adhesive samples containing 0, 2, 4, and 6 wt.% of
IPA during (a) the first 30 curing hours; (b) the first 10 curing hours located in the dashed rectangle
in Figure 6a.
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3.5. Cure Modeling Using the Hill Equation

To numerically understand how trapped solvent affected the cure kinetics of the
adhesive, the Hill equation was used to model the curing process for each of the samples.
First, to better visualize the curing process, the curves shown in Figure 6a were normalized
and plotted in Figure 7a. This graph represents the degree of conversion « of the adhesive,
which ranged from zero (at the beginning of curing) to one (when the adhesive was
fully cured). As previously seen in Figure 6b, it is also clear in Figure 7a how increasing
IPA content delayed the converging process. Figure 7b compares the experimental and
theoretical curves of the baseline adhesive sample containing no IPA. The Hill model gives
a good estimate of the curing kinetics of the adhesive.

1.0 ——— 1.0
B c)
g 0.8 _S 0.8
2 o
o 0.6 1 Q 0.6
c c
3 S
w 0.4 - w= 0.4
g —— 0 wt. % IPA g
[}] - 0, o .
:'; 0.2 2 wt. o/o IPA 5 0.0, 0 wt. % IPA:
S — 4wt %IPA} & 7| Experimental

—— 6 wt. % IPA —— The Hill Model
00 T T T T 00 T T T T
0 10 20 30 40 50 0 10 20 30 40 50
Cure Time (hrs) Cure Time (hrs)
(a) (b)

Figure 7. Degree of conversion with respect to cure time of (a) adhesive samples containing 0, 2, 4,
and 6 wt.% of IPA; (b) experimental model using the Hill equation of the 0 wt.% IPA sample.

The values for the rate constant k and the shape parameter 6 obtained for each sample
type after fitting the experimental data to the Hill equation using a GRG algorithm are
summarized in Table 2. As expected, the rate constant decreased with increasing IPA
content, although the decreasing rate decayed with increasing solvent content. On the other
hand, the shape parameter for all the samples ranged between 1.35 to 1.48 and no particular
trend was observed. The sum of errors (between the experimental and theoretical values)
squared was small, meaning that the modeling resembled the experimental results.

3.6. Young's Modulus Using Ultrasonics vs. Tensile Testing

The density of the adhesive baseline sample was found to be 1.113 g/cm?. This ex-
perimental value is slightly under the theoretical density of 1.133 g/cm? obtained using
the mass fractions of the resin and hardener components and their corresponding den-
sities. This could have been caused by the presence of porosity introduced during the
mixing process.

Figure 8 shows the longitudinal and shear time delays after performing the cross-
correlation between the excitation and output signals versus the inverse of the frequency.
Similarly to the method used by C. Pantea et al. [30], a total of five peaks of the cross-
correlation were used: one corresponding to the overlap between the excitation; two to
the left side of the overlap; and two to the right side of the overlap. After plotting and
extrapolating the linear fits to a frequency of infinity, the intercept of each of the cycles
where the inverse of the frequency equaled zero provided the sound travel time in the



Appl. Sci. 2023,13, 3883

10 of 14

Time Delay (ps)

sample. After taking into account the transducers and mold delay, the longitudinal travel
time ranged from 4.881 to 4.951 ps, which resulted in a sound speed of 2271 + 18 m/s. For
the shear travel time, the time delay ranged from 11.240 to 11.293 us, which resulted in a
sound speed of 983 £ 21 m/s. Using these longitudinal and shear sound speeds in the adhe-
sive, the Young’s modulus and Poisson’s ratio were calculated using Equations (3) and (4),
respectively. The Young’s modulus was determined to be 2.963 £ 0.133 GPa, while the
Poisson’s ratio was calculated to be 0.385 & 0.005.
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Figure 8. (a) Longitudinal time delay between the excitation and output signal vs. 1/frequency;
(b) shear time delay between the excitation and output signal vs. 1/frequency.

The average Young’s modulus obtained using tensile testing was 2.906 & 0.073 GPa.
This represents a difference of 1.92% with respect to the value determined using ultrasonics.
This demonstrates the capability of ultrasonics as a non-destructive evaluation tool for
measuring the elastic properties of an epoxy adhesive.

4. Discussion

The presence of residual solvent in polymeric materials can considerably affect its
curing process and chemical structure, thus altering its mechanical properties as well.
In samples designed to observe this phenomenon, TGA confirmed that the presence of
varying weight percentages of IPA in the adhesive affected its decomposition. Figure 2
shows how a higher wt.% of IPA caused higher weight loss from 100-320 °C, which is
due to the IPA likely influencing the curing process of the adhesive [6,53]. This affected its
chemical structure by possibly increasing the presence of lower molecular weight chains,
which underwent thermal degradation earlier. FTIR also verified the presence of IPA within
the structure of the adhesive which may have affected the crosslinking process during
curing. Similar behavior was observed by M. Loos et al. when they investigated the effect
of acetone on the properties of an epoxy resin [53].

Lap shear testing showed that the presence of trapped solvent in an adhesive can
heavily decrease its adhesion properties. This is consistent with the results reported by C.
Yi et al., in which they showed how the addition of 14 vol. % of xylene solvent into an epoxy
adhesive decreased its adhesion strength by 35% [55]. They also reported that the samples
with this same amount of solvent experienced a decrease of 60% in their tensile strength
compared to the pristine resin samples. Figure 4b demonstrates that adhesive failure was
obtained but no major visual changes in the failure surfaces occurred for the different
sample types. This emphasizes the need for a non-destructive evaluation method, since
performing destructive testing to obtain the properties of adhesives is time-consuming and
costly. Ultrasonics can help in performing in situ testing during the manufacturing process,



Appl. Sci. 2023,13, 3883

11 0f 14

and, as shown in Section 3.6, in obtaining the elastic properties of polymers if their density
is known.

It was demonstrated that ultrasonics can be used to monitor the curing process of an
epoxy adhesive by evaluating changes in sound speed due to variations in its chemical
structure. The first test shown in Figure 5 of three different baseline adhesive samples
shows that the ultrasonics setup could repeatedly be used to monitor the kinetics of
polymer curing. This helped determine that the fluctuations in the curing behavior of the
samples containing residual solvent (Figure 6) were due to the IPA preventing an ideal
curing rate of the adhesive. Previous work has shown that the tensile strength of this
adhesive with respect to cure time starts converging between curing hours 8 and 10 [56,57],
meaning that the sound speed is more sensitive than tensile strength to the gelation process
and early crosslinking between the polymer chains of the curing adhesive. Repeated
laboratory testing reflected that both the mixing technique and the adhesive’s temperature
could influence its curing process. In addition, evaluating the sound speed in fully cured
adhesives that are manufactured properly can serve as an in-field quality control method
during the lifetime of those materials. The evaluation of the elastic properties of the epoxy
adhesive using ultrasonics was corroborated with tensile testing values, validating this
non-destructive evaluation method.

Modeling the curing process using the Hill equation helped in achieving a better
numerical comprehension of how the curing rate of the adhesive was affected by the
trapped solvent. This model can predict how improper manufacturing influences the
properties of materials by correlating the rate constant k and shape parameter 0 to the
strength of the polymer. A decreasing trend was observed for the rate constant although
no variation was found for the shape parameter. Further analysis will be performed to
correlate k and 0 to the types of chemical reactions occurring during the curing process
and how those influence the final mechanical properties of the polymer, which, to the
authors’ knowledge, is a work that has yet to be performed. If a specific curing mechanism
is associated with the final structure of the polymer, in situ analysis during the curing
process could also determine if a part is safe or unsafe to use before waiting for the whole
manufacturing process to be completed.

5. Conclusions

Solvents are commonly used during the manufacture of polymeric materials, which
raises concerns about their proper removal. The influence of residual solvent on the curing
process of an epoxy adhesive was studied. It was observed that the presence of IPA in
the adhesive can have a significant impact on its physical and chemical properties. FTIR
confirmed the presence of IPA within the polymer structure, while TGA showed that the
solvent caused an increased and faster decomposition at lower temperatures. Catastrophic
consequences can occur due to the considerable decrease in the adhesion properties of
the epoxy, as revealed by the lap shear test. This suggests the need for the development
of a non-destructive method for evaluating the curing process and viscoelastic properties
of polymers. Ultrasonics have shown promising results for becoming a tool for polymer
quality evaluation in both manufacturing and in-field settings.
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