NDT&E International 164 (2026) 103807

FI. SEVIER

Contents lists available at ScienceDirect
NDT and E International

. . . %
journal homepage: www.elsevier.com/locate/ndteint 4

NDTsE

international

Monitoring the viscoelastic evolution of vinyl ester resins for SMC via
non-contact resonant ultrasound spectroscopy

Lola Farinas *™ !

@ DeustoTech, Faculty of Engineering, University of Deusto, Bilbao, Spain
Y Ikerbasque, Basque Foundation for Science, Bilbao, Spain

, Beatriz Achiaga “®, Marta Camacho-Iglesias 4 Rafael Garcia-Etxabe ¢

¢ Mechanics, Design and Industrial Engineering Department, Faculty of Engineering, University of Deusto, Bilbao, Spain

4 GAIKER, Technology Centre, Basque Research and Technology Alliance, Zamudio, Spain

ARTICLE INFO ABSTRACT

Keywords:

Air-Coupled Ultrasound (ACU)

Non-Contact Resonant Ultrasound Spectroscopy
(NC-RUS)

Sheet Moulding Compound (SMC)

Resin maturation

Viscoelasticity

Polymer monitoring

Monitoring the pre-cure maturation of thermosetting resins, particularly in Sheet Moulding Compound (SMC)
manufacturing, is critical for ensuring processability and final part quality. This stage involves complex visco-
elastic changes driven by ionic thickening, a process often classified using industrial know-how rather than
robust quantitative methods. However, current standard characterization methods remain destructive or contact-
based, hindering their use for continuous, in-situ monitoring. This study presents a contactless methodology
based on Non-Contact Resonant Ultrasound Spectroscopy (NC-RUS), implemented via Air-Coupled Ultrasound
(ACU) to monitor the maturation of vinyl ester (VE) resin over a 30-day period. We compared a neat resin control
against a formulation thickened with 3 wt% magnesium oxide (MgO). Ultrasonic parameters, estimated from
thickness resonance spectra, show that, for the thickened samples, both longitudinal velocity and attenuation
increase significantly with time, in contrast to the control samples confirming the ultrasonic sensitivity to the
ionic thickening of the VE. Furthermore, the trends in longitudinal modulus and attenuation were validated
against a standard curve of apparent viscosity obtained via Brookfield viscometry. This points to a correlation
with the phenomenological stages of SMC maturation. These findings show the potential of ACU as a powerful

contactless tool for the in-situ monitoring of resin pre-cure state in composite manufacturing.

1. Introduction

Vinyl ester resins are a critical class of thermosetting polymers
widely used in the manufacture of high-performance composite mate-
rials due to their excellent mechanical properties, corrosion resistance,
and thermal stability, as well as their lower cost compared to other
popular thermosets, such as epoxies [1,2]. A significant industrial
application for these resins is in Sheet Moulding Compound (SMC), a
composite prepreg used extensively in the automotive, aerospace,
electrical, and construction sectors to manufacture complex, light-
weight, and durable parts and enclosures. The SMC manufacturing
process involves a crucial, yet challenging, maturation or thickening
stage prior to curing, wherein the initial low-viscosity resin paste is
transformed into a handleable sheet suitable for compression moulding
[3].

The controlled evolution of viscosity during this maturation phase is

paramount for ensuring final part quality, process efficiency and cost
savings [4]. This step is highly sensitive to extrinsic factors, including
batch-to-batch variations in raw materials, ambient temperature, and
humidity, making its precise control a persistent challenge in industrial
settings [5].

Despite its importance, the in-situ chemorheological monitoring of
SMC maturation is hindered by the limitations of conventional methods,
which fail to capture the transient, physical nature of the process. The
thickening is governed by the formation of ionic networks, not perma-
nent covalent chain extension, a distinction that invalidates some
standard analytical correlations. For instance, correlating bulk rheology
with molecular weight via Gel Permeation Chromatography (GPC) is
fundamentally flawed, as the sample dissolution required for analysis
destroys the ionic associations [6,7]. Similarly, while FTIR spectroscopy
can confirm the initial acid-base reaction, it is insensitive to the for-
mation of the physical ionic clusters that dominate the viscoelastic
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response [8]. This analytical gap highlights the critical need for a
technique capable of tracking the evolution of the material's physical
state. While offline rheological analysis provides direct measurement of
viscosity, it is inherently destructive, requires sample extraction, and
cannot offer the continuous, in-situ data required for modern process
analytical technology and Industry 4.0 paradigms [9,10].

Therefore, a critical need is established for a non-destructive, non-
invasive technique capable of monitoring the evolution of the resin state
throughout the maturation period. Ultrasonic waves have long been
used as a non-destructive tool for characterizing polymer dynamics, as
wave propagation parameters are intrinsically linked to the complex
mechanical moduli of the medium [11-14]. The foundational work of
Rokhlin et al. [15] demonstrated that both velocity and attenuation are
highly sensitive to the kinetics of network formation in epoxy resins,
enabling a real-time tracking of the transition from the viscous liquid to
the solid state. Building on this, Challis and co-authors made significant
contributions to the quantitative characterization of viscoelastic poly-
mer networks: Freemantle and Challis [16] measured simultaneously
both shear and compression wave parameters in curing adhesives, while
Challis et al. [17] established ultrasound as a reliable method for
following network formation in epoxy systems, validating it against
dielectric and nuclear magnetic resonance data. These approaches have
been extended and applied across a wide range of thermosetting systems
and frequency regimes, confirming the ongoing relevance of ultrasonic
monitoring for polymer characterization [18-22]. According to the
comprehensive review by Lakes [23], resonance-based methods and
wave propagation techniques bridge the gap between molecular-scale
interactions and bulk rheological behavior across a broad frequency
range, a principle underpinning the present study.

Ideally, viscoelastic changes would be monitored through the exci-
tation of shear waves, which directly couple to shear modulus (G) and
viscosity [24]. However, G is close to zero in liquid and semi-solid
media, making shear wave excitation often unfeasible in the early
stages of resin maturation [25,26]. Furthermore, the high attenuation
characteristics of evolving polymers frequently require complex guided
wave setups or contact-based transducers to achieve sufficient
signal-to-noise ratios, as demonstrated by Simonetti and Cawley [27] for
highly attenuative viscoelastic materials. To overcome this limitation,
non-contact ultrasonic methods have been explored for monitoring the
curing of thin epoxy adhesives and polyester resins: Dixon et al. [28]
demonstrated the non-contact measurement of shear and compression
moduli in curing epoxy adhesives, while Lionetto et al. [29] applied
air-coupled ultrasound to cure monitoring of polyester resins. For the
particular case of the resin maturation stage, where unlike curing, no
permanent chemical bonds are formed but rather a reversible ionic
physical network, this work proposes the use of Non-Contact Resonant
Ultrasound Spectroscopy (NC-RUS) via Air-Coupled Ultrasound (ACU)
technology to monitor longitudinal wave parameters as indicators of its
viscoelastic evolution. Based on previous works studying the evolution
of shear and longitudinal parameters during curing [29,30], we hy-
pothesize that the formation of the ionic network, while predominantly
a shear phenomenon, induces measurable changes in both longitudinal
attenuation and velocity that can serve as a proxy for resin state
determination.

In this context, the specific objectives of this study are threefold: (i)
to contactlessly monitor the long-term evolution of longitudinal ultra-
sonic velocity and attenuation in vinyl ester resins prior to curing; (ii) to
evaluate the method by verifying the stability comparing a thickened
formulation against a neat control group, ensuring that observed
changes are exclusively driven by the thickening mechanisms; and (iii)
to validate these ultrasonic parameters by relating them with the
maturation stages estimated based on standard Brookfield viscometry.
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2. Theoretical background
2.1. Viscoelasticity in pre-curing resins

One of the main steps in the manufacture of SMC prepregs based on
vinyl ester formulations is the evolution of the system's viscosity from a
liquid state to a semisolid non-tacky sheet. This key step is the thick-
ening, which is achieved not through premature radical polymerization,
but via a controlled acid-base reaction between residual carboxylic acid
groups on the polymer backbone and a metallic oxide, most commonly
magnesium oxide (MgO). This reaction does not form permanent co-
valent bonds but rather establishes a physical network based on coor-
dinate ionic complexes. As these ionic domains grow and associate, they
restrict the long-range mobility of the polymer chains. Macroscopically,
this manifests as a dramatic increase in viscosity and the transition from
a Newtonian fluid to a viscoelastic semi-solid [31,32].

2.2. Ultrasonic wave propagation in viscoelastic media

The ultrasonic wave propagation through a viscoelastic medium is
governed by the longitudinal modulus (M), which accounts for the
material resistance to deformation under a longitudinal wave. M is
related to the bulk modulus (K) and shear modulus (G) by Ref. [25]:

M:K-i-%G (€D)]

In the context of resin maturation, the thickening process is driven by
the increase in the resistance to flow (viscosity) and the formation of a
preliminary physical network which predominantly affects the G.
Although for a liquid and semi-solid resin it is expected that K is typi-
cally orders of magnitude larger than G, implying that the longitudinal
velocity (v) is dominated mainly by compressibility, the evolution of
the resin from a liquid to a gel or semi-solid involves a drastic change in
G too.

Consequently, while the real part of the longitudinal modulus is
directly related to stiffness and density evolution (M = p- v§), the
imaginary part is linked to energy dissipation. Hence, the ultrasonic
attenuation (a) can be also linked with energy losses as a consequence of
relaxation mechanisms of the polymer chains as they become restricted
by ionic crosslinking. Thus, by monitoring both v; and a, we can
establish an indirect correlation with the rheological thickening usually
measured by resistance to flow or viscosity.

3. Materials and methods
3.1. Resin formulation

The material studied was Derakane™ 760 from INEOS (London, UK),
an epoxy vinyl ester (VE) resin widely employed in the SMC and related
composite industry for high-performance applications. Two distinct
formulations were prepared for comparison in order to isolate the
thickening effect:

e VE-Ref: the control formulation, consisting of neat VE resin with
1.5 wt % of PEROXAN PO from PERGAN (Frankfurt, Germany) as
peroxide initiator, the primary catalyst.

e VE-MgO: the thickened formulation, prepared by mixing the VE resin
with 3.0 wt % LUVATOL MK-35 from LEHVOSS (Hamburg, Ger-
many) and 1.5 wt % of PEROXAN PO.

The initiator was included in both formulations, although not ex-
pected to induce thermal cross-linking at the experimental temperature
(23 + 2 °Q), its presence accounts for any passive contributions to the
material's initial viscoelastic properties. The formulations and the resin
samples were pre-conditioned and stored in a temperature-controlled
laboratory for the duration of the study. Accordingly, all experimental
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measurements (both Brookfield rotational viscometry and non-contact
ultrasonic testing) were also performed at this temperature range in
the lab to eliminate any temperature-induced rheological artifacts.

3.2. Sample containment

Due to the liquid state of the resin, a specific sample holder was
required. The needed criteria that were (i) chemically inert, (ii) equip-
ped with a lid to prevent volatile monomer loss, and (iii) be ultrasoni-
cally transparent at the working frequencies used or alternatively, have
a response that can be easily decoupled from the frequency window of
relevance for the samples under study. To satisfy these requirements, a
commercial cylindrical aluminum holder (68 mm diameter) with a
removable lid and a thin base (0.3 mm) was used for all experiments.
The holder's diameter was selected to exceed that of the transducers'
beam width to simplify alignment and prevent edge diffraction effects
(Fig. 1).

3.3. Air-Coupled Ultrasonic (ACU) setup and data processing

The physical evolution of the resin in the pre-cure stages was
monitored using a non-contact, through transmission ultrasonic tech-
nique based on the excitation and sensing of thickness resonances (Non-
Contact Resonant Ultrasound Spectroscopy, NC-RUS). The governing
principle is that when a plane wave is normally incident on a sample,
constructive interference occurs at specific frequencies (f;;) where the
sample thickness (d) is a multiple (n) of half the wavelength of the ul-
trasonic propagation velocity within the material (v;). This condition
give rise to a series of resonance peaks in the transmission spectrum,
described by (2) [33]:

fa=nag (n=1,23,..) @

By identifying these resonant frequencies in the experimentally
measured spectrum, ultrasonic parameters can be directly estimated
assuming an analytical expression for the transmission coefficient (y)
such as in (3) and an attenuation coefficient («) that varies with the
frequency following a power law (4):
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where Z, and Z; are the acoustic impedance of the medium (air) and the
sample.

The experimental setup consisted of a through-transmission config-
uration with ultrasonic transducers aligned for normal incidence
(Fig. 1a). A pair of high-sensitivity, wideband air-coupled piezoelectric
transducers (US-BioMat lab, CSIC, Spain) with a working frequency
range of 135 - 350 kHz were used. The sample, held within the
aluminum containment (see section 3.2), was placed in a holder be-
tween the transducers. During each ultrasonic acquisition, the lid was
temporarily released (less than 1 min in total including placing the
container in the holder, releasing the lid, and performing the average
signal capture) (see Fig. 1b). The transmitter was excited by a spike
pulse from a commercial pulser/receiver (DPR300, JSR, PA, USA), and
the received signal was amplified with a gain set between 60 and 70 dB
during sample monitoring. A digital oscilloscope (MSO44B, Tektronix,
WA, USA), synchronized with the pulser, digitized the received signals
at a sampling rate of 2.5 MS/s, averaging 32 consecutive acquisitions to
enhance signal-to-noise ratio (SNR).

The acquired time-domain data were processed offline using Matlab
(Mathworks, MA, USA) and Python (v. 3.9.13). Waveforms were con-
verted to the frequency domain via Fast Fourier Transform (FFT). The
transmission coefficient spectrum was then calculated by subtracting the
blank calibration reference. Finally, ultrasonic parameters such as lon-
gitudinal velocity, attenuation, resonant frequency, or sample thickness
were determined from the thickness resonance patterns measured in the
spectra using equation (2). A more detailed description of the experi-
mental procedure and analysis can be found in previous works [34-36].

To systematically evaluate the maturation process, two distinct sets
of resin samples were monitored over an extended period: a neat control
formulation (VE-Ref) and the chemically thickened resin (VE-MgO).
Three independent replicates of the VE-Ref formulation were measured
at strategic verification intervals (Days 0, 1, 3, 8 and 16) to confirm
baseline stability, while the six independent replicates of the VE-MgO
formulation were monitored daily for up to 30 days to capture thick-
ening kinetics. All experimental results are presented as mean values
accompanied by their respecting standard deviations. Statistical fitting
and regression analyses were performed as specified in the respective
results figures.

3.4. Brookfield viscometry

Standard rheological behavior of the VE-MgO, specifically its
apparent viscosity, was obtained using a Brookfield viscometer (DVE
EHB TJO mounted onto a D220 Helipath stand) designed to slowly lower
or raise the system, so that its rotating T-bar spindle describes a helical

Fig. 1. Experimental ultrasonic setup: a) Schematic diagram of the whole ACU system; b) Picture showing the air-coupled transducers aligned for normal incidence

through the sample and the containment.
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path through the test sample. T-bar spindles (Helipath Spindle Set,
Brookfield AMETEK, Massachusetts, USA) of different sizes were used to
ensure stability of the measurement percentage across the different
measurements.

Brookfield viscosity measurements were performed over the same
30-day maturation period at regular time intervals, with measurements
taken on days 1, 2, 3, 4, 7, 9, 11, 14, 16, 18, 21, 23, 25, 28, 30. All
viscosity tests were carried out at 23 + 2 °C. The spindle size and the
rotational speed were selected according to the consistency of the
sample to maintain the torque reading within the recommended oper-
ating range. However, during the initial unreacted phase (days 0-1), the
viscosity was too low to reach this target even under maximum speed
conditions. As the thickening progressed, the settings were dynamically
adjusted to maintain the spring torque as close to 50% as possible. The
measurement conditions were reported in terms of spindle geometry,
rotation speed, and temperature (see Table 1).

3.5. Other measurements

A Nabhita Blue Series 5133 precision balance (FugelabGB10, Navarra,
Spain) was employed in the formulation stage of every sample as well as
tracking their weight change along the period studied.

4. Results
4.1. Viscosity and resin maturation stages

The rheological behavior of the VE-MgO formulation, measured via
Brookfield viscometry over a 30-day period, is presented in Fig. 2. The
viscosity curve serves as the reference standard for defining the matu-
ration progress.

Five distinct phenomenological stages were identified based on the
slope changes and absolute viscosity values, consistent with industrial
SMC classifications [6,31,37]. Usually, this classification attends to
qualitative indicators which are mostly based on hands-on experience as
can be seen on the description on Table 2. However, correlations are
expected with slope changes in the viscosity-time curve of the resin.

4.2. Physical changes during maturation

Fig. 3 summarizes the physical evolution of both the control (VE-Ref)
and thickened (VE-MgO) samples. Regarding weight stability (Fig. 3a),
both formulations exhibited a monotonic linear weight loss over the 30-
day period, which was systematically monitored using a high-precision
laboratory balance. The slow evaporation of volatile components, pri-
marily monomeric styrene, was indirectly inferred from this continuous

Table 1
Experimental parameters and corresponding dynamic viscosity evolution of the
VE-MgO formulation during the maturation process.

Elapsed Time Viscosity Spring Rotational Speed Spindle
(days) (cP) Torque (%) (rpm) -)
0 3840 24 100 s91
1 5600 35 100

2 10450 39.2 60

3 18690 58.4 50

4 25170 47.2 60 $92
7 93120 58.2 50 s93
9 143200 53.7 30

11 202000 50.5 20

14 232800 58.2 20

16 336700 50.5 12

18 424800 53.1 10

21 431200 53.9 10

23 439200 54.9 10

25 461600 57.7 10

28 460800 57.6 10

30 480800 60.1 10
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Fig. 2. Evolution of viscosity for the VE-MgO formulation (logarithmic axis)
over a 30-day period as measured by Brookfield viscometry. The curve high-
lights the distinct maturation stages: the initial liquid state (including induc-
tion), the rapid thickening phase, maturation, the industrial use window, and
final expiration.

mass reduction rather than being directly chemical quantified. After 30
days, the total weight loss was slightly higher for the control samples
(~5.5%) compared to the thickened samples (~4.0%).

Regarding dimensional changes (Fig. 3b), the sample thickness
estimated from ultrasonic thickness resonances showed distinct behav-
iors. The VE-Ref control maintained a constant thickness within the
measurement uncertainty. In contrast, the VE-MgO samples displayed a
noisy but measurable slight reduction in thickness over time, consistent
with the volumetric compaction associated with the maturation process.
This contraction has a direct physical impact on the sample volume and,
consequently, its density. Rather than assuming a constant density
which could introduce systematic errors in the elastic modulus calcu-
lation, the density of the resin was calculated at each measurement point
by coupling the ultrasonic thickness estimation with the cumulative
gravimetric weight loss. Due to the rigid lateral confinement of the
aluminum sample containment, the volumetric contraction was domi-
nated by this axial thickness reduction. Because this physical volume
contraction significantly outpaced the minor cumulative mass loss from
volatile styrene evaporation, the density of the VE-MgO formulation
physically increased over time, evolving from an initial value of around
1070 kg/m?> to approximately 1200 kg/m> at Day 21.

4.3. Monitoring of ultrasonic parameters

The evolution of the ultrasonic response was monitored by analyzing
the transmission coefficient spectra over the whole thickening process.
For the sake of clarity, Fig. 4 displays representative spectra acquired at
different aging times. For the VE-Ref control (Fig. 4a), the resonance
peaks remained remarkably stable in terms of frequency position (fy),
peak magnitude, and bandwidth throughout the experiment. Only
minor frequency shifts towards higher values were observed, primarily
attributed to the slight reduction in thickness over time (Fig. 3b) and
minor spatial repositioning of the sample holder between measure-
ments. Conversely, the VE-MgO spectra (Fig. 4b) exhibited a progressive
and significant evolution: the resonance peaks shifted slightly towards
higher frequencies, the peak magnitude decreased dramatically, and the
bandwidth broadened (lower Q-factor) as the maturation process
progressed.

The longitudinal velocity (v;) and attenuation (@) calculated from the
ultrasonic transmission coefficient spectra measured are presented in
Fig. 5. While both parameters remained almost constant for the VE-Ref
samples, exhibiting only a minor gradual decrease that is consistent with
the slight thickness reduction due to volatile monomer evaporation
describe in section 4.2., a pronounced and clear increase in both pa-
rameters was observed for the active VE-MgO samples.
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Table 2
Definition of the Pre-cure Maturation Stages in SMC resin manufacturing.
Process Stage Time" Description
SMC manufacturing Initial 0-1h The resin is fluid, suitable for fiber impregnation.
Induction 1-12h Thickening begins, but the material remains liquid.
Rapid thickening 1 -3 days Viscosity increases rapidly; this is the optimal time for SMC manufacturing.
Composite moulding Maturation 3 -15 days Viscosity stabilized; good handling and tackiness for storage.
Use 16 — 21 days Non-tacky. This is the optimal time to consolidate the composite.
- Expiration >21 days Viscosity is too high; the SMC is expired and cannot be adequately processed.

2 All time intervals refer to approximate ranges representing the phenomenological stages of the SMC maturation process.
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Fig. 3. Physical changes in the resin samples during the 30-day monitoring period. (a) Weight loss percentage for VE-Ref (blue circles) and VE-MgO (empty circles).
(b) Thickness changes for VE-Ref (blue circles) and VE-MgO (empty circles). In both plots, symbols represent the mean value, error bars indicate standard deviation,
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referred to the Web version of this article.)

@) . . . - : . :
.40‘ VE-Ref }
2
2 -50
2 {'
=
= -60 ¢ o -
D e {
= 70tV

-80 L L L L n L " " L

180 200 220 240 260 280 300 320 340
Frequency (kHz)

20

18
=)
g 16
o)
Z:
S .
~

12

L T

180 200 220 240 260 280 300 320
Frequency (kHz)

. (For interpretation of the references to colour in this figure legend, the reader is

Magnitude (dB)

180 200 220 240 260 280
Frequency (kHz)

Phase (rad)

180 200 220 240 260 280 300 320 340
Frequency (kHz)

Fig. 4. Representative ultrasonic transmission coefficient spectra (magnitude and phase) acquired at different maturation times indicated in the legends for (a) VE-

Ref control and (b) thickened VE-MgO resin.

In the case of v, (Fig. 5a), for the VE-MgO samples followed a stable,
quasi-linear progression rising from 2025 at day 0 to 2075 m/s at day
22. On the other hand, a exhibited a rapid and sharp initial increase,
rising from around 10 Np/m at day O to 20 Np/m day 20, after which the
rate slowed down and gradually stabilized after an increment clear
beyond day 22, where also the deviation rises.

4.4. Relationships between ultrasonic and rheological data

To compare the ultrasonic response with the mechanical hardening

of the resin, the longitudinal modulus (M) was calculated (M = p~vf) and
is presented in Fig. 6. The control formulation (VE-Ref) maintained a
stable modulus of approximately 4.4 GPa throughout the monitoring
period. Conversely, the active VE-MgO formulation showed a progres-
sive and monotonic stiffening trend, with M increasing by approxi-
mately 50% (from 4.0 GPa to 6.0 GPa) over the 30-day period
monitoring window.

Finally, Fig. 7 superimposes the temporal evolution of the derived
ultrasonic parameters M and o for the VE-MgO samples onto the distinct
maturation stages defined by the Brookfield viscosity curve (previously
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linear fittings. Empty circles represent the mean values for VE-MgO samples, where error bars indicate standard deviation (N(VE-Ref) = 3; N(VE-MgO) = 6). (For
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Fig. 6. Calculated longitudinal Modulus (M) versus time for VE-Ref (blue cir-
cles represent the mean and error bars the standard deviation; blue dashed line
represents the linear fitting) and VE-MgO. Empty circles represent the mean and
error bars the standard deviation. (N(VE-Ref) = 3; N(VE-MgO) = 6). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

presented in Fig. 2).

As summarized in Table 3, both M and a remained relatively low and
stable during the initial Induction stage (days O to 1). The transition to
Rapid Thickening stage (approx. day 2-3) coincided with the onset of the
increase in both ultrasonic parameters. Throughout the Maturation and
Use stages (days 4 to 23), a continuous, gradual and stable progression in
both parameters towards a plateau was observed, suggesting the steady
growth of the early physical ionic network. Upon entering the Expiration
zone (beyond day 23), the data points for both modulus and attenuation
exhibited a deviation from the previous smooth maturation trends. This
final stage is marked by a noticeable increase in both the measurement
means and the dispersion, which is likely associated with the appearance
of heterogeneities or potential micro-voids that induce scattering rather
than viscoelastic absorption. The apparent viscosity ranges in Table 3
are reported as approximate intervals, since the maturation-stage
boundaries are phenomenological and the experimental uncertainty
does not justify a higher numerical precision.
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6091 3 : %
= E 30
=2
S
s
95:4 } ® Los 8
i ° %
s °
5,04 + % I r208
= 1 =
é e =
$ *%Jf ‘ [
4,5 d $ 4)
%60, 10
oli ¢
4,0
-5
T T T T T T T
0 5 10 15 20 25 30

time (days)

Fig. 7. Longitudinal Modulus (M, empty circles) and attenuation (a, green
circles) for the VE-MgO formulation overlaid with the maturation stages
defined by apparent viscosity measurements. Circles represent mean, error bars
standard deviation. (N(VE-MgO) = 6). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 3
Value ranges of days, viscosity, attenuation and elastic modulus at each SMC
stage.

Stage Days Viscosity (cP) Attenuation Elastic Modulus
(Np/m) (GPa)
Initial/ 0-1 4.0x10°-6.0x  9.4-10.2 4.0-4.1
Induction 10°
Rapid 2-3 1.0x10°-2.0x 9.9-10.4 4.1-4.2
thickening 10*
Maturation 4-16 2.5x10°-3.4x  12.1-19.0 42-51
10°
Use 17 - 4.2x10°-4.4x  16.1-21.2 51-5.6
23 10°
Expiration >23 >4.5x 10° >21 >5.6

5. Discussion

The aim of this study was to evaluate whether longitudinal ultrasonic
wave parameters could serve as effective proxies for monitoring the
viscosity-driven thickening of vinyl ester resins, a process traditionally
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characterized by shear properties. The justification for this approach lies
in the practical limitation of shear wave propagation in liquid and semi-
solid media, which is particularly challenging for air-coupled techniques
due to the high acoustic impedance mismatch. While the bulk modulus
(K) dominates the longitudinal modulus (M = K + 4/3 G) in the early,
low-viscosity stages, we hypothesized that the early formation of the
ionic network, which drives the thickening, would induce a measurable
increase in the shear modulus (G) and, crucially, impose significant re-
strictions on polymer chain mobility.

Our results partially confirm this hypothesis, revealing that the
sensitivity of the parameters is highly dependent on the stage of the
maturation process. During the initial induction phase (typically the first
3 days), the longitudinal velocity (vi) shows limited sensitivity. In this
highly fluid regime, the mechanical response is heavily dominated by
the K, associated with volume compressibility, which remains relatively
constant, while the contribution of the G is masked. Conversely, the
ultrasonic attenuation («) emerges as a more sensitive indicator during
these early stages. This behavior can be explained by the viscoelastic
nature of the resin, where attenuation is highly sensitive to energy
dissipation arising from molecular friction. As the thickening agent be-
gins to interact with the polymer, it initiates the formation of localized
clusters. While these microstructural changes are not yet sufficiently
developed to build measurable macroscopic stiffness, they can impose
immediate restrictions on the mobility of the polymer chains. This re-
striction increases the internal viscoelastic friction and can be attribut-
able to the high-frequency energy dissipation that our results suggest,
before major changes occur in velocity. However, other reasons such as
increased scattering due to micro-heterogeneities can increase the
attenuation specially at the final stages.

The comparative analysis with the control formulation (VE-Ref) es-
tablishes a critical baseline. The remarkable stability of the neat resin in
terms of velocity, attenuation, and estimated modulus (Figs. 5 and 6)
effectively minimizes the likelihood of environmental factors or volatile
evaporation acting as the primary drivers of the observed ultrasonic
changes. This distinct behavior strongly suggests that the physical evo-
lution observed in the VE-MgO samples is primarily associated with the
chemorheological interactions induced by the thickening agent.
Consequently, under the conditions studied, these ultrasonic parameters
can be considered reliable indicator of the resin's physical maturation.

Furthermore, the correlation with standard rheological data
strengthens this validation when analyzing the complete thickening
process until expiration. As illustrated in the combined analysis (Fig. 7),
the ultrasonic trends qualitatively mirror the phenomenological matu-
ration stages defined by the Brookfield viscometer, although the tech-
nique allows to identify the transition between key industrial windows.
The initial induction phase corresponds to a relatively flat ultrasonic
response, reflecting the physical limitations of the setup in detecting the
very early molecular associations. However, the onset of rapid thick-
ening is marked by a clear inflection point where both M and attenuation
rise significantly, signaling the entry into the “Use window” where tack
and handleability are optimal. Crucially, as the material reaches the
“Expiration zone”, the trends deviate from early rapid growth as well as
the dispersion increases. This transition is highly valuable for industrial
staging: while conventional control relies on operator-dependent qual-
itative assessments, the NC-RUS technique provides a contactless marker
of the thickening stages of the resin, particularly use and expiration
windows.

This methodology offers a distinct advantage over conventional
polymer testing: it is non-contact and non-destructive. This allows for in-
situ, real-time characterization, particularly valuable during the “use
window” of SMC, where maintaining tack and handleability is critical.
Unlike probe-based methods, ACU verifies this state without risk of
contamination or mechanical disruption of the evolving matrix.
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5.1. Limitations and future work

Nonetheless, certain limitations in the current work must be
addressed to guide future developments. First, the experimental moni-
toring was conducted under typical laboratory conditions with tem-
perature variations of +2 °C and relatively small sample size in terms of
the first thickening stages. While current results show the potential of
this technique even under thermal fluctuations not far from real-world
industrial environments, further systematic testing is required to
strengthen statistical validation. Additionally, although the use of lon-
gitudinal wave parameters to infer a shear-dominated network evolu-
tion is physically supported by previous referenced works and the
presented experimental results, the individual contributions of the bulk
(K) and shear (G) moduli to the overall longitudinal modulus (M) have
not been quantitatively decoupled in this study.

Second, during the “expiration zone” (beyond day 20), the observed
attenuation and signal dispersion may not be solely due to pure visco-
elastic absorption. At these high thickening levels, the formation of
heterogeneous clusters and potential micro-voids within the semi-solid
matrix can introduce acoustic scattering.

To overcome these limitations and address the aspect not fully
covered in this study, future work will focus on: (i) increasing the sample
size (N) to perform a deeper statistical validation; (ii) investigating the
influence of acoustic scattering in highly thickened media including
glass fibers as typically SMC contains; and (iii) developing advanced
model to quantitatively decoupled the temporal evolution of K and G
moduli contributions from the longitudinal wave parameters.

6. Conclusions

This study validates Non-Contact Resonant Ultrasound Spectroscopy
(NC-RUS) as a reliable in-situ tool for monitoring the pre-cure matura-
tion phase of vinyl ester resins. We confirmed that the ionic thickening
process can be tracked by the combined analysis of parameters directly
obtained from the ultrasonic response such as longitudinal attenuation
and the elastic modulus, demonstrating the method's sensitivity to the
viscoelastic damping associated with the early formation bonds of the
polymer network. Remarkably, a clear correspondence was identified
between the ultrasonic changes in time due to maturation and the
established rheological stages defined by Brookfield viscometry, thereby
confirming the ultrasonic parameters as indicators of the underlying
chemorheological transformation.

The proposed methodology based on Air-Coupled Ultrasound (ACU)
offers a significant practical advantage over current destructive tech-
niques by enabling non-contact, real-time verification of the resin state,
facilitating a pivotal shift from reactive quality control to active process
monitoring. However, establishing a precise quantitative calibration
remains challenging due to the reliance of current industrial criteria on
empirical, batch-dependent viscosity ranges rather than standardized,
objective thresholds. Future work must focus on addressing the
complexity introduced by fiber-reinforced Sheet Moulding Compound
(SMC) sheets and developing robust phenomenological models to
translate these results into quantitative ranges adaptable to control
limits for industrial deployment.
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