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The application of reed-vibration mechanical spectroscopy for liquids
to detect chemical reactions of an acrylic structural adhesive*
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There remain a number of unsolved problems about chemical reactions, and it is significant to explore new detection
methods because they always offer some unique information about reactions from new points of view. For the first time,
the solidification course of a modified two-component acrylic structural adhesive is measured by using reed-vibration
mechanical spectroscopy for liquids (RMS-L) in this work, and results show that there are four sequential processes of
mechanical spectra with time. The in-depth analyses indicate that RMS-L can detect in real-time the generation and
disappearance of active free radicals, as well as the chemical cross-link processes in the adhesive. This kind of real-time
detection will undoubtedly facilitate the study of the chemical reaction dynamics controlled by free radicals.
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1. Introduction

From macro to micro scales, knowledge of chemical re-
actions is continuously getting more and more distinct, and
various detection methods have been introduced. However,
there remain a number of unsolved problems about the reac-
tions at present.!2 Obviously, it is significant to explore new
detection methods because they always offer some unique in-
formation about chemical reactions from new points of view.

Recently, a new method called reed-vibration mechan-
ical spectroscopy for liquids (RMS-L) was invented.!3-!1l
This method overcomes the shortcoming that traditional
low-frequency mechanical spectroscopy cannot measure
liquids,®-'81 and it is sensitive to measure Young’s modu-
lus and energy dissipation of liquids.*~'!l In this article, the
RMS-L was used for the first time to detect the chemical reac-
tions of a modified two-component acrylic structural adhesive,
a typical liquid state system of chemical reactions, and the goal
is to explore the detection feasibility of this method.

2. Experiment

The schematic diagram of RMS-L is shown in Fig. 1, and
the measurement principle and steps are given below. 311}

1) Choose a proper substrate that is also used as the vi-
bration reed for the RMS-L, and its surface should be treated
specially, so that it can be infiltrated by the liquids to be mea-
sured.

2) Measure the internal friction (Qg 1) and resonance fre-

quency (fs) of the substrate reed versus temperature (7') and
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time (7). Then, Young’s modulus (¥;) of the reed versus 7 and
t can be calculated by using the following formula:
pshswis o

Y= O.O788Tfs , 1)
where p; is the density of the substrate, I} = h3w/12, w, hs,
and /g are the width, thickness and length of the substrate reed,
respectively, and 0.0788 is a constant related to the standing
vibration with two nodes of the reed."!

3) Deposit a liquid sample on the surface of substrate and
measure the internal friction (Q; ') and resonance frequency
(fc) versus T and ¢ of the combined system. Then, the com-
plex Young’s modulus (Y =Y’ +1iY") of the deposited sample
versus T and ¢ can be calculated from the following formulae:

/ Iy k ! Paha Dy
' :YIKW) (”w:s)—zl} @
yr — 2HK)Y byt 2Yb Y + Yobos
2KY, I bq
x(Q ' —oy)+r'or, 3)

where Y’ and Y” are the real and imaginary part of the com-
plex Young’s modulus, respectively. Y’ is usually called
Young’s modulus, and Y” is related to the energy dissipation
of the sample;'®'8 py and hg are the density and thickness
of the sample; k = lg/ls, with I4 being the length of sam-
ples by = [(hs —yo0)® +y3]w/3; ha = [(hs +ha —y0)> — (hs —
¥0)3Iw/3; yo = [1 + haY’/(hsYs))hs/2 that can be calculated
self-consistently according to Eq. (2).
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Fig. 1. (a) A schematic plot of detecting chemical reactions by RMS-
L, where the reed is fixed at the two nodes of standing vibrations by
NiCr clamping filaments with diameter of 0.1 mm, and the electrodes
are used to excite and detect the reed vibrations; (b) a side elevation; (c)
a planform of the reed and deposited sample.

Recently, Ying et al.l'”! gave a general formula to cal-
culate Y" and Y” from f. and Q' when the sample had an

arbitrary area and was located at an arbitrary position on the
substrate. This is undoubtedly useful to improve the RMS-L
method. The results also show that equations (2) and (3) still
hold when the sample is at the centre of the substrate for two
node vibration measurements. The measurement setup in the
present paper is just for this case, so we do the calculations
still by using Eqgs. (1)-(3).

The RMS-L device used in this article is homemade, and
T is measured by a Cu-constantan thermocouple. The sub-
strate used as the reed is made of monocrystalline silicon,
whose size is Iy X w X hg = 40 x 4 x 0.4 mm?>.

For the silicon substrate, f; = 2032 Hz and Q; ' = 8.25 x
10~* at 283 K, 1 atm, and 60% RH, and they scarcely change
with 7. At the moment that the sample is deposited onto the
substrate, f; (t = 0) of the combined system is about 1997 Hz.

Modified two-component acrylic structural adhesive (AB
adhesive) is fabricated by Fushun Geliahao Chemistry Co.
Ltd., and its typical formula is shown in Table 1.

The mixture samples of components A and B detected in
this paper are prepared in the following way. Take compo-
nents A and B each of about 100 mg, and put them together
on a glass slice, and stir them for about 10 s. Then, take the
mixture of about 20 mg and put it on the substrate according
to the manner as shown in Fig. 1, which takes about 1 min.

Direct observations using a microscope show that there
are no cracks in the sample and no gaps between the sample
and substrate during the whole measurement.

The sample chamber (Fig. 1(a)) is held in a thermostat, so
that the sample could be kept in an environment with constant
temperature, pressure, and humidity, which are 283 K with a
fluctuation of about £1 K, 1 atm, and 60% RH in this paper,
respectively.

Table 1. Ingredients of modified two-component acrylic structural adhesive.

Component Name Mass fraction/% Effect
Methyl methacrylate 50-70 Monomer
Methacrylic acid 5-20 Monomer, speed up solidification
Hydroquinone 0.01-0.1 Stabilizer
A Antioxidant 0.01-10 Antioxidant
Ethylene glycol 0.5-5 Solvent, antifreeze
ABS resin 15-30 Plastic, reinforcer
Isopropyl benzene hydroperoxide 1-5 Initiator
Methyl methacrylate 50-70 Monomer
Methacrylic acid 5-20 Monomer, speed up solidification
Hydroquinone 0.01-0.1 Stabilizer
B Butadiene acrylonitrile rubber 15-30 Toughener
Amine accelerator 0.5-3 Accelerator
Substituent thiourea 0.5-5 Accelerator
Vanadium accelerator 0.01-2 Accelerator
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3. Results and discussion

Figure 2 shows the variations of the measured resonance
frequency (f¢), internal friction (Q 1) and temperature (7') of
the combined system of the combination AB and silicon sub-
strate by RMS-L with time () at 283 K, 1 atm, and 60% RH.
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Fig. 2. Resonance frequency (/. ), internal friction (Q; 1), and tempera-
ture (T) of the combined system of the combination AB and the silicon
substrate measured by RMS-L versus time at 283 K, 1 atm, and 60%
RH.

The specific steps to calculate ¥’ and Y” from f. and Q!
are as follows. 1) With the data of f;, ps, L, hs, and w, ¥
is calculated from Eq. (1); 2) hq is smaller and changes more
or less with position. Here, the method to determine /4 is by
assuming that ¥’ = 0 when 7 = 0, the effective value of hq is
calculated from Eq. (2) with the data of f. (r =0), fs, Ps, Pd,
h, k, and w, and hq is assumed to be a constant throughout the
measurement process; 3) with the data of f., Q_ !, fi, 05!, Ys,
Ps» Pd» hs, ha, k (~0.1) and w, Y’ and Y” are calculated at each
moment from Egs. (2) and (3). The tiny measurement errors
of k value have almost no effect on the normalized results of
Y’ and Y” described below. [*!

From Fig. 2(c), it follows that the temperature of the com-
bined system changes only 0.6 K in the whole measurement
process, so it is speculated that the variations of f. and Q'
with ¢ mainly stem from those of chemistry and structures.

The variations of calculated real (Y'/Y,,) and imaginary
part (Y'/Y;) of reduced complex Young’s modulus, as well
as internal friction (Q~! = Y”/Y’) of the combination AB at
283 K, 1 atm, and 60% RH with time are shown in Fig. 3.
Here, Yr; denotes the maximum of Y’. According to the more

pronounced variations of Y with ¢, the solidification of com-
bination AB can be divided into four sequential processes.

1) IAB process for t < t{\B (=2.1 min), where Y’ increases
rapidly and its increasing rate becomes small with ¢, while Y
decreases slowly.

2) 11*B process for '8 < ¢ < 2B (=4.4 min), where Y’
increases continuously with ¢, but Y” decreases rapidly.

3) II*B process for t?B <t < I?B (=9.9 min), where Y’
keeps increasing with ¢, but Y increases rapidly.

4) IVAB process for ¢ > t{'B, where Y’ first increases and
then tends to be a steady value with 7, meanwhile Y” increases
only a little.

5) During the transition from IITAB to TVAB process
around #4'B, there is a step-like increase of Y.

6) When t — 0, Q! of combination AB is as high as
about 4, which manifests the characteristic of viscoelastics.[8!
At about 100 min, the Q_1 value is about 0.1, and it shows the
characteristic of anelastics.®!

The chemical reaction mechanism of AB adhesive is well
known, and specifically, the initiators (oxidant) first react with
the accelerators (reductant) to form active free radicals, which
induce ethylenic linkages of methyl methacrylate to fracture
and create new free radicals. The new radicals not only chain-
react with methyl methacrylate, but also copolymerize with
ABS resin and butadiene acrylonitrile rubber.

It is clear that the key ingredient of the above chemical re-
action is the active free radicals, and it could be expected that
the strong polarization field of the free radicals will enhance
their correlations with the surrounding molecules. In other
words, their random motions are limited by the field, so the
energy dissipation turns lower, which results in the decrease
of Y” of the sample.'>~18] Moreover, the more the active free
radicals, the lower the value of Y” is. Based on this, we can
find the correspondence between the above measured mechan-
ical spectra and the solidification of AB adhesive as follows.

1) T*B process of the mechanical spectra corresponds to
that the initiators first react with accelerators to form a cer-
tain number of active free radicals, and they lead to the slow
decrease of Y with ¢.

2) IT*B process corresponds to that the free radicals in-
duce ethylenic linkages of methyl methacrylate to fracture and
create a large number of new free radicals, and they lead to the
rapid decrease of Y with ¢.

3) "B process corresponds to that the new free radi-
cals not only chain-react with methyl methacrylate, but also
copolymerize with ABS resin and butadiene acrylonitrile rub-
ber, and their number decreases rapidly, which leads to the
rapid increase of Y with .

4) IVAB process corresponds to that there are almost no
free radicals, and Y” is nearly kept unchanged with z.

5) The free radicals of IAB, [IAB, and IIAB processes
can not only chain-react with methyl methacrylate but also
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copolymerize with ABS resin and butadiene acrylonitrile rub-
ber, which inevitably leads to the increase in Y’ with ¢.

6) The transition from III*B process to IVAB process
around I?B corresponds to the chain-reaction of methyl
methacrylate, copolymerization of ABS resin, and butadiene
acrylonitrile rubber, which necessarily leads to the step-like
increase of Y.

The above correspondence indicates that RMS-L can de-
tect in real-time the generation and disappearance of active
free radicals, as well as the chemical cross-link processes, and
this kind of real-time detection will undoubtedly be of benefit
to the study of chemical reaction dynamics of controlled free
radicals.
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Fig. 3. Variations of (a) reduced real part ( Y'/Y;,) and (b) imaginary
part (Y”/Y}}) of complex Young’s modulus, as well as (c) internal fric-
tion (Q~! = Y"/Y’) of combination AB measured by RMS-L with ¢ at
283 K, 1 atm, and 60% RH, where Yy, is the maximum of Y'.

It should be noted that in the experimental results in
Fig. 3, there exist some discrepancies with the low frequency
mechanical spectra of the blends of polyester and triglycidyl-
isocyanurate,?”! as well as epoxy resins and amine.>!l The
main chemical reaction process of AB adhesive is the poly-
merization of small molecules, methyl methacrylate. Be-
cause one molecule usually contributes one free radical, the
number of generated radicals is huge during the polymeriza-
tion of methyl methacrylate. As ASB resin and butadiene
acrylonitrile rubber in AB adhesive are all macromolecules,
the number of the free radicals related to their polymer-

ization is very small. Due to the chemical reactions in

the blends of polyester/triglycidyl-isocyanurate ! and epoxy-
resins/amine/?! are also polymerization processes between
macromolecules, the number of free radicals is very small, and
gelation processes occur in these two mixtures. Therefore, the
huge difference in radical number and the presence or absence
of the gelation may be the microscopic origins of the different
mechanical spectra.

4. Conclusions

In this paper, the solidification course of modified two-
component acrylic structural adhesive is measured by using
the RMS-L for the first time. The results show that there are
four sequential processes of mechanical spectra during the so-
lidification. The in-depth analyses indicate that RMS-L can
detect in real time the generation and disappearance of active
free radicals, as wells as the chemical cross-link process in the
adhesive. This kind of real-time detection will undoubtedly
be valuable to the study of the chemical reaction dynamics of
controlled free radicals.
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