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Abstract: The present work describes the monitoring system of the real-time strain response on
the curing process of epoxy resin from the initial point of curing to the end, and the change in
strain during temperature changes. A simple mould was designed to embed the strain gauge,
thermometer, and quartz standard sample into the epoxy resin, so that the strain and the temperature
were simultaneously measured and recorded. A cryogenic-grade epoxy resin was tested and the
Differential Scanning Calorimetry (DSC) was used to analyse the curing process. Based on the DSC
results, three curing processes were adopted to investigate their influence on strain response as well
as residual strain of the epoxy resin. Moreover, impact strength of the epoxy resin with various curing
temperatures were tested and the results indicate that the curing plays a crucial role on the mechanical
properties. The method will find cryogenic application of epoxy adhesives and epoxy resin based
composites to monitor the strain during the curing process as well as the cryogenic service.
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1. Introduction

The epoxy resins have been widely used as an adhesive, a matrix material of fiber-
reinforced plastics and an impregnating material for large-scale superconducting magnets
because of their good mechanical, electrical insulating, and easy-to-fabrication properties.
In general, the adhesives, the fiber-reinforced plastics and the impregnating material will
be used at cryogenic temperatures. The thermal and the mechanical performance of epoxy
resins will control the mechanical behaviour of the adhesive, the fiber-reinforced plastics,
and the reliability and stability of the superconducting magnets. The volumetric change
leads to potential inconvenience such as dimensional inaccuracy [1], residual stress de-
velopment, and surface finish imperfection in reinforced epoxy resins, and then leads to
degradation of the performance. The shrinkage of the resin determines the surface integrity
of the composite structure. Residual stresses can lead to warping, loss of mechanical prop-
erties, and premature debonding in adhesive joints [2], laminated composites structures [3],
and large 3-D printed parts [4]. Therefore, it is necessary to measure and track the resin
shrinkage during the curing process in order to minimize the surface failure and produce
the good surface quality [5]. The volumetric change of thermoset resin results from two
factors, i.e., curing shrinkage caused by the chemical cure reaction, and the thermal shrink-
age during cooling down to cryogenic temperature [6,7]. Chemical reaction affects the
volumetric cure shrinkage of thermoset resin which occurs during the chemical network
formation. It happens as the result of the change from Vander Waals links to covalent links
among the molecules [7-9].
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Since the residual stresses generated during both curing and temperature change lead
to the reduction of performance and the premature failure of components, it is of great
significance to carry out the quantitative measurement of the volumetric change during
curing process and cooling down to cryogenic temperature. Curing shrinkage occurs while
the resins change from the liquid phase to the rubbery state and finally to glass state, which
makes the shrinkage measurement difficult during the whole curing process.

The curing shrinkage can be measured with several methods, which mainly fall into
two categories, i.e., the direct methods and the indirect methods. For example, water or
mercury dilatometers are the most common instruments used to measure the shrinkage
based on the volume dilatometry. Pycnometers are another simple method to measure
the volumetric change in a dry state, and it allows only the glass state rather than the
development during the curing process. Video-imaging is another method to analyse
the volumetric shrinkage of the epoxy resin during the curing process. Non-volumetric
dilatometry methods, which can be categorized to the indirect methods, usually measure
the one-dimensional shrinkage and the volumetric shrinkage under various assumptions.
Several non-volumetric methods have been developed, such as the shadow Moire method,
the dynamic mechanical analysis (DMA), online monitoring using linear variable differ-
ential transformer (LVDT) transducers and optical sensors embedded in the epoxy resin,
the modified rheology method, and the gravimetric method.

The thermal expansion behavior in the cryogenic temperature range is one of the
most important thermophysical parameters for the design of and the development of
thermal components. This is because the mismatch of coefficients of thermal expansion
(CTEs) « between the epoxy resin and the combined materials will inevitably create the
thermal stress on the interfaces due to the temperature variation or the temperature gradi-
ent. Calculation of the thermal stress with the temperature variation or the temperature
gradient requires the accurate CTE or the thermal expansion data. The quantitative value
of the thermal stress relates to several materials properties including the CTE, Young’s
modulus, Poisson’s ratio, and the value of the temperature variation or the temperature
gradient. To measure the thermal expansion or the CTE at cryogenic temperatures, vari-
ous dilatometer approaches (such as capacitive dilatometers, interferometric dilatometers,
and inductive dilatometers), transformer techniques, strain gauge techniques, and optical
speckle photography techniques have been developed during the past decades [10-13].
All developed methods are generally divided into two categories, i.e., the absolute defor-
mation and the relative deformation (strain) methods. On the other hand, the resolution
of the deformation measurement has been significantly improved. Even the modified
dilatometers with high-resolution of 2 x 10~> nm was developed with a SQUID sensing
element [14]. To investigate the thermal expansion or the CTE at cryogenic temperatures,
most of these techniques require the complicated strain or the displacement sensing ele-
ments, as well as the complicated and controllable cryogenic system. This is because the
CTE of most materials become much smaller at cryogenic temperature and thus needs
more sensitive methods. At room temperature, the average CTE of typical metallic and
polymeric materials is in magnitude of 107> K~!, thus the measurement methods with a
sensitivity of Al/1~10~ and with the temperature interval of 10 K will give an inaccuracy of
1% or less. This sensitivity can be achieved easily by traditional dilatometers [15]. However,
the CTE of copper becomes small at cryogenic temperatures, for example, 107 K~! and
5 x 1077 K~ ! at 15 K and 5 K, respectively, and it requires sensing elements with high
sensitivity. On the other hand, a complicated special cryostat, which is generally cooled by
cryogenic liquids like liquid helium (4.2 K) or commercially available refrigerators, requires
the CTE down to low temperature than 77 K [16]. Moreover, the cryostat is designed and
assembled only by the researchers and there is no commercial apparatus. Therefore, a few
studies investigated the thermal expansion behavior with the liquid nitrogen but not liquid
hydrogen or lower.

Strain responses of curing stress have been studied by scientists by using carbon
fibers [17-20], glass fibers [21], and carbon nanotube yarn [22]. For example, Y. Huang et al.
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used Raman spectroscopy to study the residual stress in carbon fiber/epoxy resin compos-
ites and made it clear that this technology is an excellent scientific tool for determining
the residual stress in composites [23]. Omar Rodriguez-Uicab et al. have investigated the
curing effects and development of residual stresses during epoxy resin curing through the
electrical response of a single carbon nanotube yarn embedded in the epoxy polymer [22].
These landmark works boost the development of multifunctional smart materials inte-
grated into structural composites, and have made extraordinary contributions to the study
of resin curing kinetics.

The embedded strain gauge technique may require considerable effort in the initial
lay-out of the embedding frame but it utilises the simplicity and the accuracy of strain
gauge measurement method for static or dynamic conditions [24]. M.T. Hillery et al.
have embedded strain gauges at some points along the length of a lead rod, pulling the rod
through a suitably modelled epoxy die, and obtained a number of strain values in the axial,
radial and hoop direction [25]. E. Schnack et al. have applied embedded strain gauges
in the fiber/epoxy laminates to determine interlaminar stresses in carbon fiber/epoxy
composites [26]. M. Kanerva et al. have embedded electrical resistance strain gauges in the
hybrid material which were laminated using carbon-fiber-reinforced plastic (CFRP) and
tungsten to measure the thermal expansion (residual strain) of the laminates and concluded
that the embedded electrical resistance strain gauges can be used to determine the thermal
expansion of a hybrid laminate [27].

Although both the curing shrinkage during the curing process and the thermal shrink-
age during the cooling down to cryogenic temperatures have been extensively, separately
measured, the measurement of them with an identical method has rarely been achieved.
In the present work, a special structure was designed to embed the electrical strain gauges
into the epoxy resin, with which the curing shrinkage and the thermal shrinkage of a
cryogenic-grade epoxy resin were investigated. The cryogenic thermal expansion coeffi-
cient measured by embedded strain gauge were compared with the measurements using
surface-bonded strain gauges. The relationship between the impact performance of the
epoxy resin and the residual strain of curing was explored.

2. Materials and Methods
2.1. Cryogenic-Grade Epoxy Resin

The cryogenic-grade epoxy resin system consists of di-glycidyl ether bisphenol F
(DGEBF) and diethyltoluenediamine (DETDA) as curing agent. The weight ratio of the
DGEBF and DETDA is 100:24.

2.2. Cryogenic-Grade Strain Gauge

Strain gauge (Tokyo model CFLA-1-350-11, with a resistance of 350 (2) was used in the
work. The grating pitch of metal sensitive grid of the strain gauge is 1 mm, and the wide
applicable temperature of the strain gauge is reported to be 4 K to 353 K. The principle
of this work was Wheatstone bridge (shown in Figure 1), and the two-gauge method
was used.

Figure 1. Wheatstone bridge.
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When the bridge is balanced, the electric potentials of point B and point C are equal.
Ry can be calculated by:

RX:fXRz (1)

where the resistance value of Ry represents the strain gauge embedded in the epoxy; Ry
represents the strain output of quartz with a strain gauge bonded on the surface; R; and R3
are strain gauges with resistance of 350 Q).

2.3. Experimental Method

Differential Scanning Calorimetry (DSC, NETZSCH model DSC 404 F3, Erich NET-
ZS5CH GmbH & Co. Holding KG, Selb, Germany) was used in the present work in the
298-523 K temperature range, and the rate was 283 K/min. Samples are taken out from
oven every hour and were tested with DSC to track the cured percentage at each stage.
From the DSC curve of the resin curing reaction, the size of the exothermic peak and the
heat of the curing reaction can be obtained. Based on the DSC result, three curing processes,
i.e., 353 K/24 h + 403 K/12 h (labelled as Pro. I hereafter), 353 K/12 h + 403 K/12 h (labelled
as Pro. Il hereafter), and 343 K/24 h + 423 K/12 h (labelled as Pro. III hereafter) were used
in this work and then the influence of the curing process and the curing shrinkage was
investigated. The degree of reaction o can be calculated with exotherm by Formula (2):

_ AH — AHg

100% 2
AHlg x 100% 2)

where AH) is the total heat released when the resin is completely cured, and AHp, is residual
heat of reaction after resin curing.

The strain response during the curing process was measured using a strain gauge
meter, a temperature monitor, and an oven with the maximum heating temperature of
573 K, as shown in Figure 2a. The system enables simultaneous recording of the real-time
strain response and the temperature of the cryogenic-grade epoxy resin during the curing
process. According to Standard ISO 8130-6:1992 [28], the initial solid point in this work
was determined by manual methods based on evaluation of the rheological behavior of
the epoxy resin during curing, the pattern of the resin fiber drawing to be probed [29].
The timer is started after putting the fully mixed components into the oven. As time goes by,
the viscosity of the mixed glue becomes larger, and the wire drawing gradually begins [30].
The time when the glue fails to draw wire is taken and it is recorded as the initial solid point
of the epoxy resin [31]. Moreover, the residual strain during cooling down of the epoxy
resin from the elevated temperature to room temperature can be obtained. To investigate
the influence of boundary condition on the curing behavior, two kinds of moulds were
used in the experiments, i.e., the rigid boundary and the soft boundary. The rigid boundary
is obtained with a stainless steel mould with a diameter and length of 60 mm and 40 mm,
respectively, as shown in Figure 2b. Whereas the soft boundary is obtained with a silicone
mould with the same geometry, as shown in Figure 2c. The lids of moulds, whose diameter
is 100 mm, are made of copper. There are three parts attached to the lid, including one
copper container for a reference quartz (diameter of 7 mm and length of 37 mm), one copper
container for Pt-100 thermometer (diameter of 4 mm and length of 37 mm), and one free
strain gauge, which was inserted vertically into the epoxy resin. The same strain gauge was
bonded to the quartz for reference. The Pt-100 in the copper container was used to measure
the temperature inside the epoxy resin. The free strain gauge was used to monitor the
real-time strain response of the epoxy resin. Moreover, another Pt-100 thermometer was
installed into the chamber containing the mould to monitor the environmental temperature.
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Figure 2. (a) schematic diagram of the test setup, (b) the stainless steel mould, and (c) the silicone mould.

To investigate the thermal shrinkage during cooling down to cryogenic temperature
of the epoxy resin with the strain gauge, a device cooled by cryocoolers was designed,
as shown in Figure 3. The system consists of one cryogenic chamber, one vacuum chamber,
and two GM cryocoolers. The sample can be cooled down to around 15 K. The thermal
shrinkage of the epoxy resin was measured by a physical property measurement system
(PPMS, Quantum Design model PPMS-14, Quantum Design, Inc. (QD), San Diego, CA,
USA) with a surface bonded strain gauge on the epoxy resin, whereas the thermal shrinkage
was measured with an embedded strain gauge developed in this study.
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Figure 3. Cryogenic chamber to measure the thermal expansion coefficient of epoxy resin.

To investigate the influence of the curing process and the curing residual strain on
the mechanical properties of the epoxy resin, the Charpy impact test was conducted at
room and liquid nitrogen temperatures. According to ASTM A370 [32], the geometry of
specimens for Charpy impact testing is 10 mm x 10 mm x 55 mm. The sketch of notch
on the specimen is shown in Figure 4. The notch depth « is 0.2 mm, the notch root radius
p is 0.05 mm, and the notch angle 0 is 45 degree. Five specimens with a geometry of
10 mm x 10 mm x 55 mm for each condition were tested. The average and the standard
deviation were calculated. Moreover, the morphology of the fracture surface tested at room
and liquid nitrogen temperatures were investigated with a scanning electron microscope
(SEM, Hitachi Model 5-4800, Hitachi, Ltd., Marunouchi, Chiyoda-ku, Tokyo, Japan). Prior
to the observation, gold vaper deposition was carried out on the fracture surface.

Figure 4. The notch draft of the specimen.

3. Results and Discussion
3.1. DSC Curve and Strain Response of Epoxy Resin during Curing Process

The results of DSC measurement of the epoxy resin cured with different processes
are shown in Figure 5a—c. The degrees of curing for different processes are shown in
Figure 6a—c and the different final cured percentages are displayed in Table 1. Thus it can
be considered that the epoxy resin with different curing process will result in different
cured percentage. Moreover, it is observed that the initial solid points of the epoxy resin
are around 80% of the resin cured degree for all curing processes.
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comparison of three curing processes.

Table 1. Cured percentage and Residual strains of epoxy resin curing with different processes.

Curing Process Cured Percentage/% Residual Strain/ue
Pro. I: 353 K/24 h + 403 K/12 h 98.25 5945
Pro. II: 353 K/12 h + 403 K/12 h 92.44 17,169
Pro. II: 343 K/24 h + 423 K/12h 87.65 8183

The real-time strain responses of epoxy in the three curing processes are shown in
Figure 6a—d. All the results are obtained from five experiments. Apparent data is the
actual output of the real-time strain response of the strain gauge. Both the expansion
and shrinkage of the metal wire of the strain gauge and the strain change of the epoxy
simultaneously constitute the apparent data. Quartz has been applied as the temperature
compensation sample in this experiment. The strain response data after the subtraction of
the strain data of the compensation (i.e., temperature compensation) is the compensated
data shown in Figure 6a—c.

As shown in Figure 6a—c, points a/a’/a” to point b/b’/b” is the first stage of the
curing process, where temperature rises up from room temperature (around 300 K) to the
first curing temperature (343 K, or 353 K). During this stage, the epoxy system is very soft
with low viscosity. The strain gauge expands freely. The slope shows the thermal expansion
coefficient of the strain gauge. From points b/b’/b” to points c¢/c’/c”, the strain maintains
during this period as the temperature is unchanged. Micro curing occurs during this
period without global changes. Before points ¢/c’/c”, curing already proceeds, and cured
percentage increases. Micro cured molecules are floating in the soft resin which is not
cured yet. At points c¢/c’/c”, the global change is observed. The micro cured molecules
gather resulting in producing bigger molecules and this is the initial point of the epoxy
resin to become solid. From points c/c’/c” to point d/d’/d”, the global curing proceeds
during this period. The volume decreases, and the strain decreases. From points d/d’/d”
to points f/f’/”, the cured ratio line becomes almost flat which means the curing is coming
to end. Thermal expansion of the epoxy and the gauge occur due to the temperature
rise. Then the curing proceeds under the constant temperature and the shrinkage of the
epoxy occurs. Thus the strain decreases. The last procedure is from point f/f"/f” to point
g/g /g”. Temperature goes down during this period. Both the cooling shrinkage of the
metal wire of the strain gauge and the epoxy cooling shrinkage simultaneously cause the
strain decreases.
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Based on results shown in Figure 6d, the curing residual strains of the epoxy resin
with different curing processes can be obtained and shown in Table 1. These results confirm
that different curing processes result in different curing residual strain.

3.2. Strain Response of the Epoxy Resin Curing with Different Boundary Conditions

To investigate the influence of the boundary conditions on the strain response, two dif-
ferent moulds were prepared, i.e., a stainless steel mould and a silicon mould. The stainless
steel mould has a rigid boundary condition and the free shrinkage is allowable only in one
direction, whereas the silicon mould has a soft boundary condition which can allow the
free shrinkage in all directions. The strain responses of the epoxy resin with different curing
processes in the stainless steel mould and the silicon mould are shown in Figure 7a—c. It is
noticed that the real time strain response in the two moulds is not identical at each point of
time. In case of silicon container, the change in strain output is smaller than that in stainless
steel and the reason is the free shrinkage. However, the boundary condition does not affect
the final residual strain.
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Figure 7. Strain responses of epoxy resin cured in two moulds: (a) Strain comparison of Process I in two moulds; (b) Strain

comparison of Process II in two moulds; (c¢) Strain comparison of Process III in two moulds.
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3.3. Strain Response of Epoxy Resin during Cooling down Process

Thermal shrinkages of epoxy resin with embedded and surface bonded strain gauges
during cooling down process are shown in Figure 8. The results indicate that the real-time
strain response monitored by the embedding method mentioned during the cooling down
to cryogenic temperature is effective and reliable. While slight differences can be observed
from the embedded and bonded lines. The reason is that the surface gauge will be cooled or
warmed faster than the inside (embedded). Naturally, the inside will be cooled or warmed
slower than the surface.

0} —&— Embedded data of Pro | -
Loy —@— Bonded data of Pro | ‘
3 3 —&— Embedded data of Pro ||
= —w¥— Bonded data of Pro Il 'Q/
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Figure 8. Thermal shrinkages of epoxy resin during cooling down to cryogenic temperature with
three curing processes.

3.4. Mechanical Property and Fracture Morphologies of Epoxy Resin Curing with Different Process

To investigate the influence of curing process as well as residual strain on mechanical
property of epoxy resin, the Charpy impact test was conducted at both room and liquid
nitrogen temperatures. The impact strengths of epoxy resins with three curing processes is
shown in Table 2. These results indicate that epoxy resin with low residual strain resulting
from curing process result in higher impact strength than that with high residual strain at
both room and cryogenic temperature. In addition, the impact strength of the epoxy resin
at cryogenic temperature is lower than that at room temperature, which is consistent with
common studies.

Table 2. Impact strengths of epoxy resins with three curing processes.

. Impact Strength at RT Impact Strength at 77 K
Curing Process KJ/m? IJ/m?
Pro. 1 31.0£23 154+1.6
Pro. I 201+1.6 11.8 £ 1.1
Pro. III 197+ 24 115+ 18

The SEM images of epoxy resin cured with different processes and impact fractured
at both room and cryogenic temperatures are shown in Figure 9a—f. It can be seen that
surface with many facets and cracks for the epoxy resin with low residual strain resulting
from curing process, as shown in Figure 8. When comparing surface morphologies of the
epoxy resin fractured at room temperature with those fractured at cryogenic temperature,
it is observed that the former demonstrate more facets and cracks than the latter. This is
consistent with that of Charpy impact strength.
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Figure 9. SEM images of epoxy resin fractured at room and cryogenic temperatures, (a) cured with

Pro. I and fractured at room temperature, (b) cured with Pro. I and fractured at room temperature,
(c) cured with Pro. III and fractured at room temperature, (d) cured with Pro. I and fractured at
cryogenic temperature, (e) cured with Pro. II and fractured at cryogenic temperature, and (f) cured
with Pro. IIT and fractured at cryogenic temperature.

3.5. Discussion

Compared with previous research, this work focus on the morphological changes and
mechanical properties analysis of the epoxy resin during the curing process. G. A. George
et al. studied the cure of TGDDM/DDS epoxy resin by using a microcapillary cell and
silica fiber optics coupled to a remote FI-IR spectrometer operating in the near-IR. From a
comparison of the changes in the functional groups with time of cure, i.e., loss of epoxide,
loss of primary amine, and growth of hydroxyl, real-time plots of the extent of cure of
resin cure up to the gel point can be obtained [33]. DSC method was applied in this
work to monitor the curing percentage of epoxy during the entire curing process, so it
enabled a more complete curing degree curve. Sumit Gupta et al. proposed a noncontact,
noninvasive, imaging technique for monitoring epoxy curing. The change in dielectric
property (i.e., electrical permittivity) of epoxy specimens subjected to different curing times
was captured by electrical capacitance tomography [34]. While in this work, the embedded
strain gauge inside the epoxy resin can sense more real changes in the epoxy resin state,
including strain changes and temperature changes.The strain gauge can keep track of the
internal properties of the epoxy resin after the curing process complete.
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4. Conclusions

In the present work, embedded foil strain gauges have been successfully applied
for monitoring strain response of epoxy resin during both curing process from initial
solid point and cooling down to cryogenic process. The strain response test platform
using embedded strain gauges was first designed for monitoring the curing process of
epoxy resin. Moreover, the reliability of the real-time strain response of the embedded
strain gauge method is verified by comparison with results obtained with the surface
bonded strain gauge method. Based on the monitoring of strain response during curing
process, the residual strain was obtained for different curing processes and its influence on
mechanical property was investigated through the Charpy impact test and then verified
with photographic analysis.

Author Contributions: Conceptualization, H.D., H.L. and C.H.; methodology, H.D.; software, H.L.;
validation, H.D.; formal analysis, H.D., A.N.; investigation, ZW., YH., TW., YW., H.Z,; resources,
L.L.; data curation, H.D.; writing—original draft preparation, H.D.; writing—review and editing,
C.H., A.N,; project administration, C.H.; funding acquisition, C.H., L.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No.:
51877209).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work was supported by the National Natural Science Foundation of China
(Grant No.: 51877209) and the National Key Research and Development Program of China (Grant
Nos: 2017YFE0301405 and 2017YFE0301403).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

References

1. Attin, T,; Buchalla, W.; Kielbassa, A.M.; Helwig, E. Curing shrinkage and volumetric changes of resin-modified glass ionomer
restorative materials. Dent. Mater. 1995, 11, 359-362. [CrossRef]

2. Kinloch, A.].; Thrusabanjong, E.; Williams, J.G. Fracture at bimaterial interfaces: The role of residual stresses. . Mater. Sci. 1991,
26, 6260-6270. [CrossRef]

3.  Parndnen, T.; Alderliesten, R.C.; Rans, C.; Brander, T.; Saarela, O. Applicability of AZ31B-H24 magnesium in Fibre Metal
Laminates—An experimental impact research. Compos. Part A Appl. Sci. Manuf. 2012, 43, 1578-1586. [CrossRef]

4.  Talagani, M.R.; Dormohammadi, S.; Dutton, R.; Godines, C.; Baid, H.; Abdi, E; Kunc, V.; Compton, B.; Simunovic, S.; Duty, C,;
et al. Numerical simulation of big area additive manufacturing (3D printing) of a full size car. SAMPE ]. 2015, 51, 27-36.

5. Shah, D.U,; Schubel, P]. Evaluation of cure shrinkage measurement techniques for thermosetting resins. Polym. Test. 2010, 29,
629-639. [CrossRef]

6. Hill, R.R.; Muzumdar, S.V.; Lee, L.J. Analysis of volumetric changes of unsaturated polyester resins during curing. Polym. Eng.
Sci. 1995, 35, 852-859. [CrossRef]

7. Khoun, L.; Hubert, P. Cure shrinkage characterization of an epoxy resin system by two in situ measurement methods. Polym.
Compos. 2010, 31, 1603-1610. [CrossRef]

8. Holst, M.; Schinzlin, K.; Wenzel, M.; Xu, J.; Lellinger, D.; Alig, I. Time-resolved method for the measurement of volume changes
during polymerization. J. Polym. Sci. Part B Polym. Phys. 2005, 43, 2314-2325. [CrossRef]

9.  Yu, H.; Mhaisalkar, S.G.; Wong, E.H. Cure shrinkage measurement of nonconductive adhesives by means of a thermomechanical
analyzer. |. Electron. Mater. 2005, 34, 1177-1182. [CrossRef]

10. Ventura, G.; Perfetti, M. Thermal Properties of Solids at Room and Cryogenic Temperatures; Springer: Dordrecht, The Netherlands,
2014.

11. Kanagaraj, S.; Pattanayak, S. Measurement of the thermal expansion of metal and FRPs. Cryogenics 2003, 43, 399—-424. [CrossRef]

12.  Yang, C.G,; Xu, L.; Chen, N. Thermal expansion of polyurethane foam at low temperature. Energy Conv. Manag. 2007, 48, 481-485.

[CrossRef]


http://dx.doi.org/10.1016/0109-5641(95)80035-2
http://dx.doi.org/10.1007/BF02387802
http://dx.doi.org/10.1016/j.compositesa.2012.04.008
http://dx.doi.org/10.1016/j.polymertesting.2010.05.001
http://dx.doi.org/10.1002/pen.760351007
http://dx.doi.org/10.1002/pc.20949
http://dx.doi.org/10.1002/polb.20519
http://dx.doi.org/10.1007/s11664-005-0248-5
http://dx.doi.org/10.1016/S0011-2275(03)00096-1
http://dx.doi.org/10.1016/j.enconman.2006.06.016

Sensors 2021, 21,172 13 of 13

13.
14.
15.
16.
17.
18.
19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bing, P.; Hui-min, X.; Tao, H.; Asundi, A. Measurement of coefficient of thermal expansion of films using digital image correlation
method. Polym. Test. 2009, 28, 75-83. [CrossRef]

Ackerman, D.; Anderson, A. Dilatometry at low temperatures. Rev. Sci. Instrum. 1982, 53, 1657-1660. [CrossRef]

Barron, T.; White, G. Heat Capacity and Thermal Expansion at Low Temperatures; Springer: Boston, MA, USA, 1999.

Ekin, J.; Zimmerman, G. Experimental Techniques for Low-Temperature Measurements: Cryostat Design, Material Properties,
and Superconductor Critical-Current Testing. Phys. Today 2007, 60, 67.

Chung, D. Thermal analysis of carbon fiber polymer—matrix composites by electrical resistance measurement. Thermochim. Acta
2000, 364, 121-132. [CrossRef]

Wang, X.; Chung, D. Residual stress in carbon fiber embedded in epoxy, studied by simultaneous measurement of applied stress
and electrical resistance. Compos. Interfaces 1997, 5, 277-281. [CrossRef]

Chung, D. Fibrous Composite Interfaces Studied by Electrical Resistance Measurement. Adv. Eng. Mater. 2000, 2, 788-796.
[CrossRef]

Wang, X.; Chung, D. Piezoresistive Behavior of Carbon Fiber in Epoxy. Carbon 1997, 35, 1649-1651. [CrossRef]

Tzounis, L.; Liebscher, M.; Petinakis, E.; Paipetis, A.; Mader, E.; Stamm, M. CNT-grafted glass fibers as a smart tool for the epoxy
cure monitoring, UV-sensing and thermal energy harvesting in model composites. RSC Adv. 2016, 6, 55514-55525. [CrossRef]
Rodriguez-Uicab, O.; Abot, J.; Avilés, E. Electrical Resistance Sensing of Epoxy Curing Using an Embedded Carbon Nanotube
Yarn. Sensors 2020, 20, 3230. [CrossRef]

Huang, Y.; Young, R.J. Interfacial behaviour in high temperature cured carbon fibre/epoxy resin model composite. Compos 1995,
26, 541-550. [CrossRef]

Epelle, O.B. Measurement of strains in plain and perforated epoxy models by means of embedded strain gauges. Strain 1975, 11,
17-22. [CrossRef]

Hillery, M.T.; Griffin, S. An embedded-strain-gauge technique of stress analysis in rod drawing. ]. Mater. Process. Technol. 1994, 47,
1-12. [CrossRef]

Schnack, E.; Prinz, B.; Dimitrov, S. Interlaminar Stress Determination in Carbon Fibre Epoxy Composites with the Embedded
Strain Gauge Technique. Strain 2004, 40, 113-118. [CrossRef]

Kanerva, M.; Antunes, P,; Sarlin, E.; Orell, O.; Jokinen, J.; Wallin, M.; Brander, T.; Vuorinen, J. Direct measurement of residual
strains in CFRP-tungsten hybrids using embedded strain gauges. Mater. Des. 2017, 127, 352-363. [CrossRef]

ISO. ISO 8130-6:1992: Coating Powders, Part 6: Determination of Gel Time of Thermosetting Coating Powders at a Given Temperature;
ISO: Geneva, Switzerland, 1992.

Schweinsberg, D.P.; George, G. A chemiluminescence study of the properties and degradation of epoxy resins as coatings.
Corrosion Sci. 1986, 26, 331-340. [CrossRef]

Tung, C.Y.; Dynes, P. Relationship between viscoelastic properties and gelation in thermosetting systems. J. Appl. Polym. Sci. 1982,
27,569-574. [CrossRef]

ASTM. ASTM D 4217-02: Standard Test Method for Gel Time of Thermosetting Coating Powder; ASTM International: West Con-
shohocken, PA, USA, 2007.

ASTM. ASTM A370 Standard Test Methods and Definitions for Mechanical Testing of Steel Products; ASTM International: West
Conshohocken, PA, USA, 2020.

George, G.A,; Cole-Clarke, P; St John, N.; Friend, G. Real-time monitoring of the cure reaction of a TGDDM/DDS epoxy resin
using fiber optic FI-IR. J. Appl. Polym. Sci 1991, 42, 643-657. [CrossRef]

Gupta, S.; Fan, G.; Loh, K.J. Noninvasive Monitoring of Epoxy Curing. IEEE Sens. Lett. 2017, 1, 1-4. [CrossRef]


http://dx.doi.org/10.1016/j.polymertesting.2008.11.004
http://dx.doi.org/10.1063/1.1136879
http://dx.doi.org/10.1016/S0040-6031(00)00631-6
http://dx.doi.org/10.1163/156855498X00199
http://dx.doi.org/10.1002/1527-2648(200012)2:12&lt;788::AID-ADEM788&gt;3.0.CO;2-J
http://dx.doi.org/10.1016/S0008-6223(97)82792-3
http://dx.doi.org/10.1039/C6RA09800B
http://dx.doi.org/10.3390/s20113230
http://dx.doi.org/10.1016/0010-4361(95)92619-N
http://dx.doi.org/10.1111/j.1475-1305.1975.tb00125.x
http://dx.doi.org/10.1016/0924-0136(94)90081-7
http://dx.doi.org/10.1111/j.1475-1305.2004.00136.x
http://dx.doi.org/10.1016/j.matdes.2017.04.008
http://dx.doi.org/10.1016/0010-938X(86)90008-9
http://dx.doi.org/10.1002/app.1982.070270220
http://dx.doi.org/10.1002/app.1991.070420310
http://dx.doi.org/10.1109/LSENS.2017.2753581

	Introduction 
	Materials and Methods 
	Cryogenic-Grade Epoxy Resin 
	Cryogenic-Grade Strain Gauge 
	Experimental Method 

	Results and Discussion 
	DSC Curve and Strain Response of Epoxy Resin during Curing Process 
	Strain Response of the Epoxy Resin Curing with Different Boundary Conditions 
	Strain Response of Epoxy Resin during Cooling down Process 
	Mechanical Property and Fracture Morphologies of Epoxy Resin Curing with Different Process 
	Discussion 

	Conclusions 
	References

