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Thermoset droplet curing performance in the microbond test
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Users of the microbond test assume that a microbond resin dro- Received 19 January 2023
plet's properties are equivalent to a macroscale specimen. Accepted 15 May 2023

However, there is currently no standardised methodology for deter-
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test. In this paper, we present a technique for microbond test users interface/interphase;
to better understand the properties of thermoset droplet speci- microbond test; infrared
mens. Utilising a conventional benchtop spectrometer, a novel spectroscopy

sample preparation technique involving curing epoxy droplets on
thin-steel filaments allowed for high-throughput determination of
the microbond droplet cure state. The parity between steel filament
and glass fibre microbond samples was confirmed by infrared
microspectroscopy. It is shown that cure schedules used in manu-
facturing composite parts produced microbond droplets with
degrees of cure lower than that of bulk matrix specimens subjected
to an identical thermal history. Testable microbond droplets could
only be prepared for commercial resin systems when introducing
a room temperature pre-curing time of at least 2 h. It is concluded
that microbond testing should be supported by some droplet cure
state characterisation methods to ensure that interfacial effects are
not artefacts of droplet sample preparation.

1. Introduction

The stress-transfer capability of the fibre/matrix interface region is critical to composite
material mechanical properties. Accordingly, it is essential to characterise the interface and
associated level of adhesion through a robust methodology. Apparent interfacial shear
strength (IFSS) is a mechanically measurable value used to define the strength of the
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interface. IFSS can be assessed through several micromechanical methods, such as the pull-
out, fragmentation, or microbond tests [1,2]. The microbond test has been widely used in
the current literature to characterise the adhesion between many fibre and polymer
systems. However, few authors have commented on an apparent disparity in thermoset
resin system curing behaviour and matrix material properties at the microscale. Microscale
curing issues have been reported in the literature before the publication of the microbond
testing method [3]. Furthermore, they are recognised as an area requiring further investi-
gation in the earliest critical reviews of microbond [4] and micromechanical [1] testing
methods. However, there has been little significant effort in the interface literature to
directly address the droplet curing phenomenon despite the growing usage of the micro-
bond test. Micromechanical single-fibre testing remains one of the only available methods
of directly assessing the mechanical performance of the composite interface region.
However, microbond droplet properties may not reflect those of a macroscale composite
sample. Accordingly, microbond test practitioners should carefully consider thermoset
droplet curing behaviour. Droplet degree of cure, among other scaling effects, may affect
measured values of apparent IFSS more significantly than the effect under investigation
(such as the influence of size formulation or surface modification) [5].

Poor curing of epoxy/meta-phenylene diamine (m-PDA) droplets has previously been
attributed to a stoichiometric imbalance caused by evaporation of the curing agent
during elevated temperature curing [1,4,6-8] or adsorption of m-PDA onto the fibre
surface [9]. The microdroplet degree of cure was lower than that of fragmentation test
specimens subjected to an identical thermal history and was independent of fibre
selection (glass, carbon, aramid). Furthermore, the difference between microbond and
bulk matrix glass transition temperature (Tg) depended on droplet embedded length.
Droplets prepared with less volatile curing agents may achieve closer agreement between
macro- and microscale material properties [7]. More recently, Laurikainen et al. have
reported a lower degree of cure in epoxy droplets relative to bulk matrix specimens
measured using a pyrolysis gas-chromatography technique [10].

Reduced droplet cure behaviour is not limited to the use of epoxy matrices. Incomplete
curing of polyester microbond sample and subsequent data scatter were attributed to evapora-
tion of 50-60% of the initial styrene content out of the droplet by Ash et al. [11]. Similar
hypotheses relating to the evaporation of styrene from vinyl ester specimens have also been
reported [12,13]. Thomason et al. recently reported that using a cyanoacrylate adhesive may
interfere with the curing reaction of vinyl ester droplets [14]. Microdroplet curing may also be
indirectly inhibited by the absence of a mould, a high microdroplet surface-to-volume ratio, or
a phase separation related to a thick interphase [15]. Evaporation of essential polymerisation
components has also been observed in acrylic microdroplets by Charlier et al. [16,17].

Others have rejected evaporation hypotheses in epoxy specimens due to distinct
phenomena for amine- and anhydride-cured droplets [18] or based on insignificant
vapour pressures [12]. Instead, alternative explanations have been suggested, such as
imine group formation, fibre surface moisture, anhydride hydrolysis, surface oxidation,
phase separation during sample preparation, or interaction with atmospheric moisture.
Charlier et al. proposed that, for both epoxy and acrylic droplets, phenomena such as
auto-acceleration did not occur as they would in a bulk sample of several grams due to
the extremely low amounts of reactive mixture present in the samples [17].
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While the current understanding of microdroplet curing behaviour is somewhat
incomplete, two of the salient findings in the review of the literature are:

¢ Poor microdroplet curing is independent of fibre selection.
¢ Discrepancies in macro- and microscale curing behaviour and material properties
are prevalent across several thermosetting matrices.

Accordingly, the curing behaviour of microbond droplet specimens should be con-
sidered by all practitioners of the microbond test. Droplet curing behaviour may be of
particular concern in glass fibre/epoxy systems due to the wide range of curing agent
chemistries available and the small droplet sizes (typically <200 pum) required to
ensure successful debonding [19]. There is no standardised methodology for deter-
mining the cure state of droplet specimens used in the microbond test. Droplet cure
state evaluation by thermomechanical analysis (TMA) [6,7], thin-film model [7,18], or
pyrolysis gas-chromatography [10] has been utilised in previous literature. However,
a higher throughput solution with less exacting sample preparation requirements is
highly desirable. In this paper, we present further development of a previously
reported methodology for microbond test users to better understand the properties
of thermoset droplet specimens with relative ease [20]. A novel sample preparation
and spectroscopic method to directly characterise the cure state of thermosetting
microbond samples is presented, and a relationship between the microdroplet cure
state and apparent IFSS is discussed.

2. Materials and methods
2.1. Materials

To minimise the complexity of the interface, the experiments were conducted using bare
(water-sized) E-glass fibres from Owens Corning (Ohio, U.S.A.). Glass fibres were of
nominal tex 1200 g/km and average fibre diameter 17.5 pm.

Three different epoxy resin systems were used in this study. Two were multiple-
component commercial epoxy/amine systems designed for wind turbine blade applica-
tions. In contrast, the third experimental system was based on a single resin and
tetrafunctional amine curing agent. The commercial epoxy resin systems were Epotec
YD-535 LV cured with Epotec TH7257 hardener at a stoichiometric ratio (amine: epoxy
group ratio, r = 1) of 35 phr, and Olin Airstone 780E was cured with Olin Airstone 785 H
hardener at a stoichiometric ratio of 31 phr. Both resin systems were supplied by Suzlon
Energy Limited (Hengelo, Netherlands). The commercial epoxy resins were low-viscosity
diglycidyl ether of bisphenol-A (DGEBA) compounds containing a reactive diluent. The
commercial curing agents were multi-component diamines comprised isophorone dia-
mine, polyoxypropylenediamine, diethylenetriamine, and a copolymer. The reference
resin system was DER 332 DGEBA epoxy resin cured with a stoichiometric (14.3 phr)
amount of triethylenetetramine (TETA) tetrafunctional amine curing agent, both
sourced from Sigma Aldrich (Dorset, UK). This epoxy resin was used as a comparative
control based on an apparent ability to cure consistently at the microscale [21,22].
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Table 1. Summary of epoxy resin systems used in the investigation.

Designation Epoxy Resin Curing Agent Curing Schedule Bulk T, (°C)
Epotec Epotec YD-535 LV TH 7257 65°C3.5h;75°C7 h 87
Olin Olin Airstone 780E Airstone 785H 65°C3.5h; 75°C7 h 79
332-TETA DER 332 TETA 60°C 1 h; 120°C 2h 124

Resin mixtures were prepared and degassed under vacuum for 10 min to remove
entrapped air. Curing cycles comprised two isothermal stages with 2°C/min intermediate
heating rates. Commercial resin samples were cured at 65°C for 3.5 h, followed by 75°C
for 7h. The curing cycle was selected to coincide with the schedule used to produce
macroscale composite parts. Based on good droplet curing in previous investigations,
reference resin samples were cured at 60°C for 1 h and then 120°C for 2h [21-23].
Table 1 shows the epoxy resins, standard curing schedules, and cured bulk matrix glass
transition temperatures.

2.2. Microbond testing

IFSS was measured using an in-house designed microbond jig. The experimental setup
has been previously described in detail [24]. A schematic diagram of the microbond test
is shown in Figure 1. The basic procedure for the microbond test involves a single fibre
being pulled from a restrained droplet of cured matrix while measuring the force
required to detach the fibre [2].

The microbond testing jig was designed around an Instron 3342 universal tensile
testing machine equipped with a 10 N load cell and a microvice with adjustable shearing
blades. Shearing blade horizontal movement was controlled at a resolution of 1 um by
a pair of adjustable parallel micrometers mounted on either side of the microvice.
Micrographs of cured droplets were collected using a Leitz Ergolux optical microscope
at 200x magnification. Image] software was used to measure fibre diameter (Df) and
embedded length (Le). Microbond tests were performed at a crosshead speed of 0.1 mm/
min, and Instron Bluehill software was used to record crosshead displacement and
applied load. Successful debonding or instances of droplet plastic deformation were

Card ITab Load

Droplet — Shearing Blades

Fibre —

Figure 1. Photograph of microbond test set-up and schematic diagram of test specimen.



COMPOSITE INTERFACES 1251

confirmed by in-situ observation of droplet loading using 45x magnification stereo
microscopy and a live camera feed. The apparent IFSS (t,,,) was calculated using
Equation (1).

Fmax
— __max 1
Tapp DL, (1)

Where F,.y is the peak of the load-displacement plot generated during droplet debond-
ing, 30 tests were performed for each condition to obtain an average IFSS value and
ensure sufficient data for a reasonable statistical basis [25]. Error bars shown in the
results are 95% confidence limits of average apparent IFSS values.

2.3. Microbond sample preparation

Individual glass fibres were isolated and aligned along the vertical axis of a card
mounting template for interfacial adhesion measurements. Fibres were mounted
using double-sided tape and secured with cyanoacrylate gel superglue before standing
for 24h to react fully. Resins were mixed according to the relevant directions and
applied to individual fibres using a thin length of steel wire to produce droplets with
embedded lengths in the 100-180 um range [22]. Specimens were then cured imme-
diately according to the desired macroscale temperature schedule. The cure behaviour
of microbond droplets was also investigated as a function of post-curing and pre-cure
standing time.

2.4. Bulk matrix sample preparation

For bulk-cured matrix specimens, approximately 20 mg of the appropriately mixed resin
was syringed onto a section of composite release film [21]. Samples were cured according to
the appropriate temperature schedule and allowed to cool overnight before being removed
from the oven and separated from the release film. Glass transition temperatures of cured
bulk matrix specimens were determined according to ASTM standard E1356-08 using
a TA Instruments Q20 DSC. Tests were performed from —10°C to 180°C under an inert
nitrogen atmosphere at 10°C/min with a purge gas flow rate of 50 mL/min. Data were
analysed using TA Universal Analysis software, and T, was estimated from the midpoint of
step transitions.

2.5. Fourier-transform infrared spectroscopy

2.5.1. Benchtop FTIR

Fourier-transform infrared spectroscopy (FTIR) was used to characterise the degree of
cure of microbond droplet and bulk matrix specimens subjected to identical thermal
histories. Glass fibres were replaced by steel wire of diameter 50 pm from Goodfellow for
microbond droplet specimen measurements using a benchtop spectrometer. Signal
clarity was improved by a consistent and controllable increased droplet embedded length
of around 400 um. Spectroscopy was performed using a 4100 ExoScan FTIR fitted with
a spherical diamond attenuated total reflectance (ATR) interface. An adjustable probe
ensured good specimen contact with the FTIR interface. Analysis was performed in the
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Figure 2. Schematic illustration of FTIR microbond sample preparation.

4000 to 650 cm™" range with a spectral resolution of 8 cm™" and 64 scans per sample. The
FTIR microbond sample preparation methodology and experimental configuration are
illustrated in Figure 2.

2.5.2. Infrared microspectroscopy

Infrared microspectroscopy was used to assess the cure state of microbond droplet
specimens in situ and verify that the degree of cure was comparable between glass
fibre/epoxy and steel wire/epoxy specimens. IR microspectroscopy was performed
using a Bruker Hyperion 3000 FTIR microscope equipped with a liquid nitrogen-
cooled MCT ATR detector in the 4000 to 650 cm™' range with a spectral resolution of
16 cm ™" and 32 scans per sample. Glass fibre/epoxy microbond droplet specimens were
placed on a glass slide and accurately positioned using a viewing objective and motorised
stage.

2.5.3. Characterisation of the degree of cure

As aresult of the relationship between concentration and absorbance, the extent of epoxy
conversion can be determined from FTIR spectra. The Beer-Lambert law relates absor-
bance (A), absorptivity (a), sample thickness (d), and concentration of absorbing species
(c) according to Equation (2) [26,27].

A = adc (2)

A reference band is introduced to account for a non-zero baseline absorbance in experi-
mental spectra. Using a reference band also corrects for variations in sample thickness
and peak integration errors related to cure shrinkage and the initial thermosetting
reaction [28]. The fractional degree of epoxy conversion is expressed by Equation (3).
Where a is the degree of epoxy conversion (degree of cure), A is the absorbance peak
area, and the subscripts’ 0’ and ‘t’ denote zero (unreacted epoxy monomer) and reaction
time t (cured sample). The subscripts’ epoxy” and ‘ref” indicate characteristic epoxy and
reference peaks.
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(x:l_w (3)

(Acpoy/Arer )
The degree of monomer conversion was characterised using the reduction of the area of
the oxirane group at 915 cm ™" against the invariant peak at 1507 cm™' (C=C stretching of
the benzene ring) as an internal standard as expressed in Equation (4) [29,30]. Peaks were
selected due to stronger relative signal intensities than other analytical and reference
peaks. Absorbance peak areas were calculated using a baseline integration function
between 927-893 cm ™" and 1526-1489 cm™'. Manual adjustments were performed to
account for minor peak shifting effects between samples.

—1_ (Ag1s/Ars07), (@)

(Ao15/A1507),
Spectra of macroscale specimens were plotted as a normalised average of ten samples.
Spectra of droplet specimens were plotted as a normalised average of 30 specimens to
account for inter-sample variation.

2.6. Scanning electron microscopy

Scanning electron microscopy (SEM) was used to examine the microdroplet debond
region. Specimen stubs were gold-coated using an Agar sputter coater under an argon
atmosphere with an operating pressure of 0.08 mbar, 30 mA current, and a 40 s coating
time. Analysis was performed using a Hitachi SU 6600 scanning electron microscope
with an accelerating voltage of 15.0 kV and a 10 mm working distance.

3. Results and discussion
3.1. Effect of recommended macroscale curing schedule

Epoxy resins can be expected to achieve typical apparent IFSS values of 25-35 MPa with
unsized glass fibres [2,19,22,31]. Microbond testing of Epotec and Olin-epoxy resin
droplets showed exceedingly low values of apparent IFSS (in the range of <1 MPa)
when samples were cured according to the recommended macroscale schedule. In-situ
observation during testing showed that the droplets deformed plastically under applied
load, indicating incomplete cure. Measurement of IFSS was not possible in such cases,
and the resulting forces recorded during the test can be attributed to frictional effects
related to the crushing of the droplet and subsequent fibre pull-out from the soft semi-
cured matrix as opposed to any accurate measure of adhesion. Plastic deformation is
visible in SEM micrographs of post-test Epotec microbond samples in Figures 3(a,b).
Figure 3(a) shows an elongated meniscus at the point of contact with the shearing blades,
which is characteristic of plastic deformation during the test. In Figure 3(b), droplets
were deformed from an initial axisymmetric ellipsoid to a sphere after contact with the
shearing blades.

The dependence of the apparent IFSS obtained from the microbond test on the
stoichiometry of the epoxy matrix material and droplet T, relative to the testing tem-
perature has been extensively reported [21,32,33]. Commercial bulk matrices subjected to
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Figure 3. SEM micrographs of plastically deformed (a,b) and successfully debonded (c,d) microbond
droplets.

identical curing conditions showed T, of some 79-87°C. Thus, microbond droplets of
these epoxy resins should have been capable of producing testable specimens.
Conversely, 332-TETA droplets appeared to cure consistently following exposure to
immediate elevated temperature heating. Successful debonding of the 332-TETA dro-
plets shown in Figure 3(c,d) was confirmed by a residual meniscus. The in-situ observa-
tion did not exhibit plastic deformation during the test, and an apparent IFSS value of
around 38 MPa was measured.

Several studies have reported a correlation between apparent droplet properties and
embedded length [4,6]. Consequently, we performed microbond testing after commercial
resins were applied to lengths of 50 um and 125 um diameter annealed steel wire filaments
and cured according to the recommended macroscale schedule. The average droplet
embedded was increased from around 120 pm to approximately 400 pm and 700 pm for
50 um and 125 um steel filaments, respectively. Pre-test and in-situ optical micrographs of
Epotec resin droplets prepared on steel wire are shown in Figure 4. Steel wire/epoxy
microbond tests reflected that of glass fibre/epoxy measurements. Plastic deformation
was observed in situ once the droplet met the shearing blades and load was applied.
Thus, increasing the embedded length of the droplet alone is insufficient to retard droplet
under-cure in these specimens. In any case, such large droplets would not be able to be
debonded before glass fibre fracture occurs, assuming that the ‘true’ value of apparent IFSS
for these specimens is in the region of 30 MPa [19].
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Shearing Blades

Figure 4. Micrograph of steel filament/epoxy microbond specimen: pre-test and in-situ.

3.2. Characterisation of microbond specimen cure state

Microbond droplet properties are often considered equivalent to a macroscale sample’s.
However, methods of assessing droplet properties are rarely reported in the literature,
and no standardised technique currently exists. Single droplet characterisation techni-
ques can be further complicated by the fact that the mass of individual glass fibre/
thermoset microbond droplet samples is predicted to have a typical mass in the range
of 0.5-20 pg while the polymer weight of droplets on fine fibres (such as carbon) may be

as low as 20-80 ng [5]. Using conventional thermal analysis techniques to quantify

under-cure was impossible due to insufficient signal to detect T, or residual exotherm

from single droplet specimens. Therefore, droplet spectra collected from microbond
samples cured on thin lengths of 50 um diameter steel wire were used to study epoxy

group conversion.
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Figure 5. Spectral comparison of glass fibre/Epotec and steel wire/Epotec epoxy droplets.
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Figure 6. Spectral comparison of glass fibre/332-TETA and steel wire/332-TETA epoxy droplets.

It was essential to verify that the degree of cure values obtained from steel wire/epoxy
samples were comparable to those of glass fibre/epoxy samples used for the interfacial
adhesion measurements. Consequently, we performed infrared microspectroscopy on
glass fibre/epoxy and steel wire/epoxy microbond droplet specimens subjected to iden-
tical curing schedules. FTIR spectra of Epotec and 332-TETA epoxy microbond droplet
specimens cured on glass fibres and steel filaments are shown in Figures 5 and 6,
respectively.

Spectra were also collected from unreacted resins, and the degree of cure was mon-
itored by the conversion of epoxy groups into hydroxyl groups [29]. In all droplet spectra,
unreacted epoxy groups are evidenced by increased peak intensities corresponding to
vibrations of the oxirane ring at 970, 915, and 760 cm™' [34,35]. Invariant peaks at 1608
and 1507 cm ™! are attributable to the C=C and C-C stretching of the aromatic (benzene)
ring [28]. The peak at 830 cm™" is assigned to the aromatic ring’s vibration and oxirane
ring C-O-C [36]. FTIR band assignments are summarised in Table 2.

The degree of cure of droplets is determined using Equation (4). There was good
agreement between spectroscopic methods in that the degree of cure values for glass fibre
and steel wire epoxy droplets were 0.52 and 0.55, respectively, for Epotec specimens.
Similarly, the degree of cure values for glass fibre and steel wire epoxy droplets were 0.85
and 0.87 for 332-TETA samples. Accordingly, spectra from large resin droplets cured on 50
pm steel filaments were considered as comparable models of the cure state of the much
smaller droplets prepared on unsized glass fibres. This method of sample preparation

Table 2. Epoxy/amine curing FTIR band assignments.

Band (cm™) Assignment

3600-3100 O-H of hydroxyl/N-H of secondary amine
1608 C=C stretching of the aromatic ring

1507 C-C stretching of the aromatic ring

1106 C-N stretching/stretching of C-O-C ethers
970 Epoxy group

915 C-0 stretching of oxirane group

830 C-0-C of oxirane ring/aromatic ring

760 Epoxy group
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enables a high-throughput method of droplet cure state assessment using a conventional
benchtop spectrometer by generating sufficient signal strength to allow spectra to be
collected from individual droplets without the need to employ complex thermal analysis
methods involving droplet clusters [6,7] or alternative specimen geometries such as thin

films [7,18].

3.3. Degree of cure at droplet and bulk matrix scales

FTIR was conducted on droplet and bulk matrix specimens subjected to identical thermal
histories. The FTIR spectra of Epotec and Olin droplet and bulk matrix specimens are
shown in Figures 7 and 8, respectively. Spectra of microbond samples cured according to
the recommended macroscale schedule were commensurate with a non-stoichiometric
epoxy/amine network. Unreacted epoxy groups not present in comparable bulk matrix
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Figure 7. Spectral comparison of Epotec droplet and bulk matrix specimens cured according to the
recommended macroscale schedule.
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Figure 8. Spectral comparison of Olin droplet and bulk matrix specimens cured according to the

recommended macroscale schedule.
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spectra were observed, in addition to reduced hydroxyl and secondary amine group
accumulation and a weaker etherification peak. The average degree of cure value for these
droplet specimens was 0.55. Conversely, cured bulk matrices subjected to an identical
thermal history showed a significantly higher degree of cure values of around 0.89.

This apparent disparity in curing behaviour observed may suggest a stoichiometric
imbalance due to the evaporation of components essential to the polymerisation reaction,
such as the curing agent. It is possible that loss in droplet stoichiometry produced
insufficient amine groups to ensure a strongly cross-linked network structure in the
droplet [3,4,7]. Poorly cross-linked droplets that show plastic deformation during testing
indicate a sub-optimal microdroplet T,. Epotec and Olin droplets appeared to have a T,
close to, or below, room temperature and hence do not have a sufficiently high modulus
to transmit applied load and enable standard microbond testing to take place. A previous
study of the stoichiometry of this resin system indicates a droplet T, in the region of
-2°C, a value some 90°C lower than that of the bulk matrix and suggesting a loss of up to
60% of the initial curing agent [37].

FTIR spectra of 332-TETA droplet and bulk matrix specimens cured according to
identical schedules are shown in Figure 9. Spectra of 332-TETA microbond droplet
specimens were similarly representative of an under-cured matrix formulation, indicated
by unreacted epoxy groups at 915 cm ™' that were not present in the bulk matrix sample.
The degree of epoxy conversion for 332-TETA droplets was 0.87, while comparable bulk
specimens reached a conversion of 0.95. These results suggest that the epoxy droplet
samples typically associated with the microbond test do not possess material properties
similar to those of bulk matrix specimens, even in cases where good debonding is
achieved and reasonable values of apparent IFSS are measured. These data correlate
well with a previous stoichiometry study of the same TETA curing agent, indicating that
a significant reduction in IFSS did not onset until curing agent content was reduced by
more than 60% [21].

It may be suggested that a critical surface-to-volume ratio exists at which some portion
of the amine curing agent diffuses to the droplet’s surface and evaporates, even though
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Figure 9. Spectral comparison of 332-TETA droplet and bulk matrix specimens cured according to
identical schedules.
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vapour pressures for these systems do not indicate high volatility. In any case, spectra of
microbond droplet specimens confirmed that the cure state was significantly reduced
compared to bulk matrices. For a multiple-component commercial resin system, the cure
state was reduced to the extent that microbond testing was impossible. In a reference
epoxy system, the droplet degree of cure was lower than that of comparable bulk matrix
specimens while remaining sufficiently high to promote good crosslinking and
a relatively high droplet T,. These results suggest that droplet curing behaviour, and
hence droplet T, strongly depends on parameters such as the curing agent used and T, at
ideal stoichiometry. Accordingly, it is advised that great care be taken in curing droplet
specimens to ensure that I) testable microbond samples can be produced and II) that
microbond samples represent comparable macroscale matrices. Thus, using the micro-
bond test should be complimented by some method of cure state evaluation.

3.4. Effect of sample preparation modification

The cure behaviour of these resin systems was investigated as a function of post-curing
and pre-cure standing time using the steel filament FTIR method described in this paper
and the microbond test.

3.4.1. Post-curing

Epotec droplets that showed plastic deformation and a low degree of cure were post-
cured at 120°C for 2 h before microbond testing. An apparent IFSS value of approxi-
mately 10.5 MPa was measured for these specimens. However, clear debonding was not
observed, and appreciable deformation was observed during loading. Figure 10(a) shows
a representative load-extension plot generated while testing these specimens. Peak areas
of load-extension plots were significantly broader than those of a well-cured sample
shown in Figure 10(b) due to plastic deformation of the droplet. These results may
confirm that poor droplet cure was attributable to an irreversible amine deficiency during
the first cure cycle. Increased apparent IFSS after post-curing can be attributed to

0.20

(a) (b)
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3 3
E oul £
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o o
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Figure 10. Load-extension curves generated during microbond testing showing (a) semi-plastic
behaviour and (b) good debonding.
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Figure 11. Relationship between apparent IFSS and pre-cure standing time.

increased cross-linking and etherification of the off-stoichiometric droplets, allowing an
overall higher degree of cure, and hence droplet Tj, to be achieved [38].

3.4.2. Room temperature standing time

Microbond testing results following the introduction of a 0-48 h room temperature pre-
curing time before the standard curing schedule are shown in Figure 11. The inclusion of
a room temperature pre-cure stage had a significant effect on the apparent IFSS of Epotec
and Olin specimens. It was found that a 2 h room temperature standing time was sufficient
to ensure good droplet curing and interfacial adhesion. Further pre-curing times of up to
48 h showed no significant improvement. Improved curing performance after a 2 h stand
would indicate that the pre-cure standing time necessary to produce cured droplets is
notably lower than previously reported in the literature [6,8]. The apparent IFSS of 332-
TETA samples was independent of pre-cure standing time, and microdroplets cured
consistently across the range of schedules investigated. Higher IFSS values observed for
the 332-TETA data sets may be attributable to a higher cured matrix T,

These results partially correlate with those of Zinck et al. [18], who reported that a pre-
curing time had no effect on amine-cured samples and a detrimental effect on anhydride-
cured droplets. In this work, a pre-curing time did not affect droplets cured with
a tetrafunctional amine. However, introducing a pre-curing time resulted in
a significant increase in diamine-cured droplet properties. Differences in vapour pressure
and curing agent volatility do not seem to be able to fully explain why some curing agents
appear more susceptible to poor droplet curing. It would appear that the microscale
curing behaviour of droplet samples is related to both the mode of polymerisation and
the functionality of the curing agent used. The improved curing performance of 332-
TETA droplets may be linked to more reactive hydrogen atoms than the Epotec/Olin
diamine curing agents and the ability to form intermolecular bonds more quickly.
Improved curing performance may also be attributable to comonomers reacting at low
temperatures and preventing the vaporisation of some portion of the curing agent.

The FTIR spectra of droplet and bulk matrix samples cured immediately according to
the standard schedule and with pre-cure standing times of 1, 2, and 48 h, as shown in
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Figure 12. FTIR spectra of microbond droplet specimens and bulk cured matrices after standard cure

cycle and with 0-48 h pre-cure.

Figure 12. Epotec and Olin microbond droplet samples cured immediately and with
a standing time of only 1 h showed unreacted epoxy groups at 970 and 915 cm™" and were
commensurate with spectra indicative of an off-stoichiometric matrix formulation.
Conversely, spectra of bulk matrix specimens were not significantly affected by including
a pre-curing time and all samples were cured similarly. For the 332-TETA microbond
droplet samples, spectra were generally consistent regardless of whether a standing time
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was used. In all cases, however, unreacted epoxy groups were visible in droplet samples
absent in the bulk matrix spectra.

Droplet specimens showed additional peaks not present in the spectra of bulk matrix
samples. A peak at 1744 cm-1 in Epotec and Olin droplets indicates the formation of
a compound containing a carbonyl group. Zinck et al. observed the same band’s
appearance in the spectra of thin films and similarly observed that they were not present
in bulk samples [18]. The formation of an imine group at 1661 cm™ " was also reported
[18], which was not present in the diamine-cured droplets in this work. The 332-TETA
droplets, however, showed a peak attributable to imine group formation at 1663 cm ™. It
is also possible that peak growth at 1663 cm™" is attributable to an interaction with
atmospheric moisture [39]. As a general trend, peak intensities at 1744 cm™" and 1663
cm™! increased with pre-cure duration, indicating that potential imine formation and
moisture interaction may occur during pre-gelation of the polymer droplet specimens.

The degree of conversion of droplet and bulk matrix specimens subjected to identical
thermal histories have been plotted against apparent IFSS measured by the microbond
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Figure 13. Comparison of apparent IFSS for the Epotec epoxy system and the degree of epoxy
conversion in a microdroplet versus a bulk polymer sample with different pre-cure standing times.
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in a microdroplet versus a bulk polymer sample with different pre-cure standing times.
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Figure 15. Comparison of apparent IFSS for the 332-TETA epoxy system and the degree of epoxy
conversion in a microdroplet versus a bulk polymer sample with different pre-cure standing times.

test. Epotec, Olin, and 332-TETA resins are shown in Figures 13-15, respectively.
Quantitative analysis of unreacted epoxy groups showed that Epotec and Olin droplets
cured according to the standard macroscale schedule had a degree of cure in the region of
0.55, a value commensurate with a loss of up to 60% of the initial curing agent and a sub-
ambient T,. Droplets that were allowed to pre-cure at room temperature for 2-48 h and
partially react before curing had degrees of cure between 0.85 and 0.93. The degree of
conversion of bulk matrix specimens was not significantly affected by the inclusion of
a pre-curing time and, in all cases, cured to a higher degree than comparable droplet
specimens. In the 332-TETA droplet samples, the degree of cure was reduced slightly in
the 3-36 h pre-curing range. The degree of conversion was lowest (0.77) following a 36 h
pre-cure and was, in fact, highest when samples were cured immediately (0.87). Despite
higher apparent IFSS values that were largely invariant with pre-curing time, all 332-
TETA droplet samples were cured to a lower degree than the bulk matrix specimens.

A good correlation was shown between micromechanical and spectroscopic methods
in that an increase in IFSS was commensurate with spectra, indicating droplets had
higher degrees of cure. IFSS appeared to exhibit a linear relationship with microdroplet
degree of cure up to the conversion of approximately 0.8, after which further increases in
droplet cure state were not reflected in increased IFSS. It is possible that an upper
threshold IFSS value limited by the adhesion properties and tensile strength of the
unsized fibres was reached in such cases. Due to the absence of sizing on the fibres,
however, it is reasonable to suggest that IFSS was largely dependent on the cure state of
the droplet. Bartolomeo et al. have similarly proposed that IESS in a cyanate ester system
was primarily dictated by the degree of monomer conversion [40]. IFSS values for the
332-TETA system were higher than those of Epotec and Olin samples cured to similar or
higher degrees, possibly due to higher matrix T,. However, differences in T, alone would
appear insufficient to explain IFSS values some 40% higher than those of Epotec and Olin
samples. Variability in residual radial compressive stresses generated during cure shrink-
age and static friction at the fibre/matrix between matrices may contribute [41].

The differences in droplet curing behaviour between diamine and tetra functional
amine cured specimens may indicate distinct phenomena contributing to reduced



1264 (%) D.BRYCEETAL.

droplet cure states and ensuing thermomechanical properties being lower than those
of comparable bulk matrix specimens. For Epotec and Olin droplets, diamine curing
agent evaporation appeared to result in insufficient amine groups necessary to
produce a strongly cross-linked network structure in the droplet. For 332-TETA
droplets, the cure state may have been lowered by formation of an imine group or
interaction with atmospheric moisture. Both phenomena may contribute to the
depletion of active amine sites available to react with the oxirane ring and reduce
droplet T, [18,42]. Accordingly, it seems reasonable to suggest that the epoxy droplet
samples typically associated with the microbond test do not possess material proper-
ties comparable to those of bulk matrix specimens, even with modifications to the
recommended curing schedule and in cases where droplet curing behaviour appears
ideal.

The ability of micromechanical testing methods to inform macroscale materials
selection and processing parameters is predicated on an assumption of comparable
polymer chemistry and material properties across both scales. The data presented in
this study would indicate that this assumption is often invalid for thermoset systems.
Hence, the determination of the droplet cure state should be considered when employing
the microbond test. It should be carefully considered that the 332-TETA data would
suggest that even droplets with ‘ideal’ curing behaviour may have material properties
different from those of the bulk cured matrix and comparable composite parts. By
extension, several matrix and curing agent combinations in the previous microbond
literature that do not appear to show excessively poor droplet curing may still have
unrecognised sub-optimal material properties. In such cases, the validity of the testing
method may be questioned due to interfacial adhesion being assessed on an undefined
system chemistry. Such a result would imply that all thermoset microbond samples may
be susceptible to some form of microscale curing issue. Interfacial testing methods are
often employed to measure the influence of factors such as fibre surface treatments and
the application and screening of sizings. The effect of the cure state of the matrix
microdroplet may mask changes in IFSS as a result of such alterations. Thus, the route
taken in creating microbond samples, the potential effect of discrepancies in microscale
curing and the resulting disparity between droplet and bulk matrix material properties
must be carefully considered by all practitioners of the microbond test.

The novel droplet cure state characterisation method presented in this work has
been used to evaluate two commercial diamine-cured resins and a reference tetra-
functional amine-cured resin. The results suggest a relationship between curing agent
chemistry and the extent to which microbond droplet curing is inhibited by scaling
effects. However, different fibre/matrix and matrix/curing agent combinations may
present unexpected sample preparation artefacts that can significantly affect measured
values of apparent IFSS. Some preliminary investigation of an extended range of
curing agent chemistries has revealed that amines with a higher number of reactive
hydrogen atoms and increased functionality appear to cure to a high degree and
retard droplet scaling effects [43]. Future works will extend the technique to examin-
ing vinyl ester and polyester microbond droplets to evaluate deviation from macro-
scale properties and some unexpected interactions with cyanoacrylate [14]. We also
foresee good scope to use the technique to explore the contribution of droplet degree
of cure to data scatter in the microbond test.
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4. Conclusions

This paper addresses a fundamental need for a method to characterise the cure state of
microbond droplet samples directly. We investigated the curing performance of three
epoxy resin systems using the microbond test and FTIR spectroscopy techniques. The
following conclusions were drawn from the investigation:

o The larger droplets cured on thin-steel filaments are suitable models of typical glass
fibre/epoxy microbond droplet specimens and enable high-throughput determina-
tion of microbond droplet cure state using a conventional benchtop spectrometer.

¢ Cure schedules used to manufacture composite parts produced microbond droplets
with degrees of cure lower than bulk matrix specimens subjected to an identical
thermal history.

e For commercial epoxy resin systems, testable microbond droplets could only be
produced when a room temperature pre-curing time of at least 2 h was introduced.

¢ Distinct phenomena such as amine evaporation, imine formation, and interaction
with atmospheric moisture may contribute to reduced thermoset droplet cure
depending on curing agent selection.

e Apparent IFSS in the microbond test depends strongly on the droplet’s degree of
cure, and hence Tg.

It is concluded that microbond testing should be supported by a droplet cure state
characterisation method to ensure that interfacial effects are not artefacts of droplet
sample preparation.
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