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A B S T R A C T

Interlaminar delamination is a prevalent and insidious damage mode limiting the mechanical integrity and
lifetime of fiber-reinforced composites. Conventional resolution involves over-design, laborious inspection, and
repair/replacement at cost to the economy and environment. Self-healing via in situ thermal remending of
thermoplastic interlayers offers a promising solution. However, better understanding of the healing agent and
related mechanisms is necessary to tailor healing performance. Here, we compare non-neutralized (copolymer)
and metallic-ion neutralized (ionomer) poly(ethylene-co-methacrylic acid) (EMAA) thermoplastics for healing
interlaminar fracture. We reveal (i) how EMAA chemistry affects the interfacial reactions driving healing
and (ii) the influence of molten viscosity on repair efficiency. At fixed viscosity, higher methacrylic acid
content, chain mobility, and lower neutralization positively influence healing, where lower melt viscosity at
fixed temperature improves delamination recovery. Thus, this study deepens scientific understanding of key
variables for healing interlaminar fracture with EMAA, providing new insight for the design of multifunctional
composites.
1. Introduction

Fiber-reinforced polymer (FRP) composites are ubiquitous structural
materials possessing high specific stiffness and strength owing to their
hierarchical arrangement. However, this makeup renders susceptibility
to multiscale damage, ranging from micro-cracks that are millimeters in
length to interconnected fractures spanning several centimeters [1,2].
Interlaminar delamination (i.e., debonding of the fiber–matrix inter-
face) is especially prevalent in FRP due to the general lack of through-
thickness reinforcement and can significantly limit the service lifetime
and reliability of lightweight structures. Modern structural health moni-
toring (SHM) and non-destructive evaluation (NDE) techniques demon-
strate mixed success locating often subsurface delamination damage [1,
3], whereas repair is also difficult and often mandates the replace-
ment of affected components [4,5]. If undetected and unaddressed,
delamination jeopardizes FRP mechanical integrity and increases the
risk of catastrophic failure [6,7]. Delamination can be mitigated via
stitching [8], weaving [9], or Z-pinning [10] to bind reinforcing plies
together, though often with penalty to in-plane mechanical proper-
ties due to induced fiber waviness [11]. Over-design and life-limiting
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design strategies are more common for delamination mitigation [6,
12,13], though such techniques often result in bulky structures and
are less sustainable due to FRP thermoset matrices largely being non-
recyclable [14]. Next-generation FRP composite structures aim to offset
such drawbacks via new design paradigms, for example self-healing of
recurrent damage modes [15].

Self-healing has proven viable in FRP composites via extrinsic ap-
proaches, (i.e., inclusion of non-native healing agents within host lami-
nates). Capsule-based self-healing systems comprising liquid filled cap-
sules that autonomously rupture to enable payload polymerization in
the presence of a reactive agent have demonstrated success in restoring
matrix damage [16,17]. However, micro-capsules only function for
a single damage-heal cycle and remedy small (micron scale) crack
separations [18–21]. Vascular self-healing strategies have emerged to
overcome such limitations, enabling multiple healing cycles and restor-
ing larger crack separations while increasing resistance to fracture [22,
23] and allowing tailored design of vesicle structure [24]. Upon de-
lamination, vesicles rupture and deliver sequestered healing agents to
the damaged region either via passive transport (i.e., capillary flow) or
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active pumping, with subsequent healing via diffusion-dominated poly-
merization reactions. To date, widespread adoption of such technology
is limited by challenges in achieving stoichiometric mixing in situ, cross-
contamination or vascular blockages by healed material, and limited
stability of chemical agents in variable service environments [15,25].

Imbuing FRP with intrinsic self-healing capability, reliant on chem-
ical bond reassociation in the host material, can avoid aforementioned
limitations while enabling repeatable fracture surface rebonding and
significant lifetime extension [26,27]. Energetic barriers for rebond-
ing (i.e., healing) can be overcome via application of various stimuli
such as light, heat, and pressure [28]. While successful in both soft,
flexible [29], and also rigid, structural polymers [30], well-explored
intrinsic self-healing strategies such as the use of reversible cova-
lent Diels–Alder crosslinks [31] or specialized supramolecular healing
chemistries have limited applicability in FRP due to healing tem-
peratures above the matrix glass transition temperature (𝑇𝑔) or infe-
rior mechanical properties [32]. Novel self-healing structural matrices
based on covalent adaptable networks (e.g., vitrimers), while promis-
ing, often require significant heat and pressure to heal delamination
effectively [33]. Additionally, vitrimer transition temperatures (𝑇𝑣) lie
below their own glass transition and often lower than 100 ◦C, restricting
operation below desired FRP service temperatures [33]. Alternatively,
hybrid extrinsic–intrinsic approaches relying on the thermally-assisted
melting, flow, and reassociation of remendable thermoplastic domains
within the thermoset matrix (i.e., thermal remending) have demon-
strated successful restoration of superficial indentations [34], flexural
fatigue cracks [35], interlaminar fracture [36], and impact damage [37,
38]. Poly(ethylene-co-methacrylic acid) (EMAA) thermoplastic is a par-
ticularly successful toughening and healing agent due to its unique
ability to form interfacial covalent and ionic bonds with thermoset
epoxies based on digicidyl ether of bisphenol A (DGEBA). Specifi-
cally, epoxide-EMAA carboxylic acid reactions occur concomitantly
during epoxy-amine curing reactions, the former promoting excellent
adhesion between the thermoplastic healant and thermoset matrix
and increasing fracture toughness/delamination resistance [39]. The
superior bonding restricts cracks to propagate through the tough ther-
moplastic (cohesively) as opposed to the EMAA-epoxy interface (adhe-
sively) [40,41]. Another factor contributing to favorable healing is the
well-documented thermally activated pressure delivery mechanism [40,
42,43], which forces EMAA into confined cracks. This is first enabled
by interfacial esterification/condensation reactions between the immis-
cible EMAA and epoxy hydroxyl groups formed during epoxy-amine
curing. This EMAA/epoxy interfacial reaction is catalyzed by tertiary
amines within the epoxy matrix, which are produced during the later
stages of curing after the primary and secondary amines are consumed.
Water vapor produced by these reactions coalesces into a separate
phase within the EMAA. During healing, the composite is heated above
the boiling point of water (100 ◦C) and the dormant moisture trans-
forms into a gaseous phase, greatly expanding in volume. Since the
EMAA is above its melting point of (≈ 80 ◦C), and with low enough
melt viscosity, the pressurized water vapor directs the thermoplastic
into any available space. The EMAA can thus spread along a fracture
and into branching microcracks, producing a plethora of microporous
cavities—further evidence of such interfacial condensation reactions
during healing. Over repeated healing cycles, EMAA transforms from
a microporous topology into a smooth film (conforming to the fracture
surface) as covalent/ionic reactions wane and healing becomes largely
dependent on hydrogen bonding and van der Waals interactions.

EMAA has been successfully deployed in particle [39,44,45], fiber
[43], mesh [46], and Z-stitch [47,48] morphologies to enable self-
healing of FRP damage ex situ (i.e., in an oven). Recent advances
have demonstrated prolonged sub-𝑇𝑔 , in situ self-healing of interlaminar
damage in both glass- and carbon-fiber composites via heat applied by
embedded resistive heaters [40,49] and the evolution of EMAA/epoxy
chemical reactions and maintenance of hydrogen bonding between
2

adjoining EMAA domains. However, EMAA-based healing studies to
date have largely focused on non-ionic copolymers whose properties
rely on hydrogen bond formation between methacrylic acid clusters on
the polymer backbone [50,51]. Ionomers of EMAA are readily created
via salt neutralization of methacrylic acid groups, altering mechanical
properties via tailoring ionic content, i.e., relative amounts of ionic
cluster attraction and methacrylic acid cluster hydrogen bonding [50].
While increasing ionic content adversely affects low velocity ballistic
self-healing of EMAA films due to increased viscosity that limits molten
flow and perforation fusion [52], healing under high-velocity condi-
tions remains promising even at high degrees of neutralization. This is
attributed to greater frictional heating enabling molten flow without
collapsing the perforated polymer film [53,54]. Tailoring of cluster
behavior via carboxylic acid modification can also improve plastic flow
and recovery speed, with elastic response controlled by neutraliza-
tion [55]. Thus, vast potential exists for tailored healant development
in consideration of polymer elastic properties, melt viscosity, and chem-
ical reactivity. However, the evaluation of EMAA healants with varying
physical and chemical properties has been largely unexplored for the
repair of interlaminar delamination in FRP composites. Here we study
the thermal remending capability of four EMAA variants–two NucrelTM

copolymers and two SurlynTM ionomers–with differing chemical com-
position: NucrelTM 2940 (19 wt% methacrylic acid) [56], NucrelTM

960 (15 wt% methacrylic acid) [57], SurlynTM 1702 (Zn2+-neutralized
ionomer) [58] and SurlynTM PC-2200 (Na+-neutralized ionomer) [59].

Fig. 1 depicts the associated mechanisms for thermal remending
of interlaminar damage in our model epoxy-matrix glass-fiber com-
posite material. Upon delamination, cohesive failure of 3D-printed
EMAA domains occurs due to sufficient interfacial bonding between the
thermoplastic and reinforcement/matrix phases. Post-fracture, in situ
heating via electrical power input to embedded textile resistive heaters
melts the cohesively fractured EMAA domains, whereby direct contact
of the molten thermoplastic interfaces engenders repeated thermal
remending. Various chemical and physical mechanisms contribute to
the self-repair. 1 : Strong interfacial bonding via mechanical interlock
of EMAA with bundles of μm scale fibers and covalent interactions (I)
between EMAA and the epoxy matrix which helps ensure repeatable
cohesive failure of the EMAA domains; 2 : A decrease in thermoplastic
melt-viscosity enables spreading of the healing agent across the fracture
surface to further increase the bonding area and enhance fracture
recovery; 3 : Within confined cracks, spreading is assisted via pres-
surization from the formation of water-vapor within the EMAA due to
aforementioned condensation reactions between carboxylic acid in the
EMAA and hydroxyl groups in the composite constituents (II), which
is vaporized during in situ heating [42]; 4 : This pressurization also
assists with multi-scale crack filling of molten EMAA, which upon so-
lidification, re-bonds to the fracture surface via non-covalent hydrogen
and ionic bonds (III) [60].

Experimental investigation of these chemo-physical healing mech-
anisms is conducted in double cantilever beam (DCB) mode-I fracture
specimens via two comparative studies: (1) a fixed healing temperature
of 130 ◦C (variable melt viscosity) and (2) a fixed melt viscosity of
1528 Pa⋅s (variable healing temperature). In addition to quantifying
fracture recovery, relevant topological and chemical phenomena are
elucidated via scanning electron microscopy (SEM) and Fourier trans-
form infrared spectroscopy (FTIR). Thus, we build key understanding
of the EMAA thermal remending mechanisms in FRP composites and
how the thermoplastic healing agent properties (physical and chemical)
alter self-healing performance, thereby providing crucial knowledge for
real-world translation.

2. Materials and methods

2.1. Additive manufacturing

2.1.1. Extrusion of EMAA filament feedstock
Thermoplastic filament with a diameter of ≈ 2.5 mm for fused
deposition modeling (FDM) was produced from as-received pellets of
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Fig. 1. Chemical and Physical Self-healing Mechanisms. Schematic depicting critical aspects of the thermally activated self-healing mechanisms in a glass fiber-reinforced composite
(GFRP): 1⃝ Covalent EMAA-epoxide reaction (I) that helps provide a strong interfacial bond (in addition to mechanical interlock with fiber-reinforcement) to ensure cohesive failure
through the EMAA for enhanced fracture toughness and repeated repair; 2⃝ Molten EMAA (> 80 ◦C) surface spreading where the flow is driven by physical/chemical processes
to increase fracture surface coverage for greater recovery; 3⃝ Pressurized delivery of molten thermoplastic resulting from EMAA-hydroxyl interfacial reactions (II) with the matrix
and glass-fiber surfaces that produce water, which expands during healing at elevated temperature (> 100 ◦C) as the moisture is transformed into vapor, thereby directing viscous
thermoplastic across free surfaces and into confined cracks; 4⃝ Multi-scale (i.e., micro-crack and delamination) healing upon cooling and EMAA solidification that re-bonds fracture
surfaces via non-covalent hydrogen and ionic bonding (III).
each EMAA variant (Dow Chemical, Inc.) using a twin-screw extruder
(Haake Polylab OS, Thermo-Fisher Scientific, Inc.) with a 2 mm circular
die. The co-rotating screw speed was kept at 100 RPM, with extrusion
temperatures set to 120, 135, 190, and 170 ◦C for the NucrelTM 2940,
NucrelTM 960, SurlynTM PC-2200, and SurlynTM 1702, respectively.
Molten EMAA was cooled to room temperature (RT ≈ 23 ◦C) via post-
extrusion transfer through a water bath and collected on a set of
rotating steel rollers.

2.1.2. FDM patterning of E-glass substrates
Serpentine patterns of each EMAA variant were printed directly

onto 8-harness satin (8HS) woven E-glass reinforcement (Style 7781,
Hexcel, Inc.) using a TAZ Pro FDM 3D-printer (Lulzbot, Inc.) with a
500 μm diameter nozzle and 900 mm/min print head travel speed.
The print nozzle and bed temperatures for all polymers were main-
tained at 190 and 65 ◦C, respectively. Continuous serpentine patterns,
oriented with the primary traces parallel to the crack propagation
direction (i.e., the fabric warp direction), were deposited at an areal
coverage of 16 % relative to the substrate surface area (≈ 0.95 vol%)
enabling increased fracture resistance and appreciable delamination
recovery without causing fracture in adjacent (i.e., untoughened) in-
terlayers [41]. Cross-sectional dimensions of the as-printed traces were
maintained at ≈ 500 ± 50 μm wide and ≈ 310 ± 20 μm tall producing
a steady fracture response consistent with prior work [41,49]. Follow-
ing the melt-consolidation process described in Section 2.3.3, molten
spreading of the thermoplastic results in flattening of EMAA cross-
sections and nesting within neighboring fiber interfaces [41], though
the serpentine profile is largely maintained.

2.2. Rheological characterization of EMAA variants

Parallel plate rheometry was performed on as-received pellets of
each EMAA variant using a hybrid rheometer (TA Instruments, Inc.).
The pellets were placed on the bottom platen at RT and held in place
using a retaining ring while heated to an initial temperature of 100 ◦C
3

and melt-consolidated into a monolithic film. The retaining ring was
then removed and the top platen was brought into contact with the
film while preserving a gap of 1 mm relative to the bottom platen. A
shear rate of �̇� = 0.1 s−1 was applied while the temperature was ramped
at 1 ◦C∕min from 100 to 200 ◦C (above all melt transitions).

2.3. Manufacture of self-healing composites

2.3.1. Internal electrical connections to resistive heaters
Two resistive heater textile plies (LaminaHeat, LLC), each 254 mm

wide and 140 mm long, were placed into self-healing composite pre-
forms. Prior to incorporation, each of these heater plies was marked
along both continuous rows of conductive copper bus bars to delineate
centerline locations of eight (25 mm wide) samples and for external
electrical connections. A steel razor blade was used to perforate the
top E-glass layer insulating the bus bars via a 15 mm long slit from the
outer edges along the sample centerlines. The perforations were coated
with conductive silver paint, which dried for 30 min before placing a
25 mm long segment of copper wire (0.81 mm diameter) into each
slit (10 mm overhang) and subsequent application of a silver paint
overcoat. After an additional 30 min of drying, the connected wires
were potted with a thin layer of structural adhesive (DP460NS, 3M,
Inc.), secured using a single layer of conductive copper tape, and cured
at 49 ◦C for 4 h. Introducing resistive heater plies was previously shown
to not significantly affect the in-plane tensile properties in glass-fiber
composites [49].

2.3.2. Preform construction
Plain composite preforms (i.e., without EMAA augmentation) com-

prised sixteen 8HS woven plies in an alternating sequence of [0∕90]8,
where 0◦ corresponds to the fabric warp direction and 90◦ the weft
direction. Since the warp and weft fiber-counts are equal, rotating each
successive ply by 90◦ (i.e., rotated pairs) minimizes coupling terms to
produce a ‘‘quasi-symmetric’’ laminate [61]. Preforms for self-healing
composites comprised two resistive heater plies and a middle ply
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Table 1
Melt consolidation temperatures for composite preforms containing printed patterns of
each EMAA variant.

EMAA variant Melt consolidation temperature (◦C)

NucrelTM 2940 110
NucrelTM 960 148
SurlynTM PC-2200 168
SurlynTM 1702 172

patterned with the chosen EMAA variant, and thirteen additional plies
of E-glass in a stacking sequence of: [0/90]2-heater-[0/90/0]-EMAA-
[90/0/90]-heater-[0/90]2. A 25 μm thick ethylene tetrafluoroethylene
(ETFE) film (full panel width and 50 mm long) was placed atop the
midlayer of each preform to serve as a pre-crack for subsequent fracture
testing.

2.3.3. Melt-consolidation
Completed preforms (254 by 254 mm) were placed between a pair

of aluminum plates (405 × 405 × 6.35 mm, width × length × thickness)
and weighted to a total pressure of 1 kPa relative to the preform
surface area. The preform/plate assembly was heated in a mechanical
convection oven (OF-22, Cole-Parmer, Inc.) from room temperature
(RT) to the target consolidation temperature (defined in Table 1) over
a 15 min period. Consolidation temperatures were chosen to produce
equivalent viscosity across all EMAA variants in the melted state. The
consolidation temperature was held for 75 min and then reduced to
60 ◦C over a 90 min period prior to removal of the assembly from the
oven. Upon removal, the melt-consolidated preform was then cooled to
RT.

2.3.4. Vacuum assisted resin transfer molding (VARTM)
Prior to infusion of the composite preforms, epoxy resin and amine

hardener (Araldite LY/Aradur 8615, Huntsman Advanced Materials,
LLC) were mixed at 50 pph and degassed for 2 h at RT under 12 Torr
abs vacuum within a vacuum drying oven (ADP 300C, Yamato, Inc.)

Vacuum infiltration of the degassed resin system into the preforms
was conducted at 2 Torr (abs) until complete fabric wetting and then
the vacuum was decreased to 380 Torr (abs) for 27 h at RT until matrix
solidification. The infused composite panels were cured for 2 h at
121 ◦C followed by 3 h at 177 ◦C to yield a glass transition temperature
𝑇𝑔 ≈ 196 ◦C as measured by dynamic mechanical analysis (DMA).

2.3.5. Fracture specimen fabrication
After composite manufacturing, double cantilever beam (DCB) frac-

ture specimens 25 mm wide and 140 mm long were cut from each
≈ 4 mm thick composite panel using a diamond-blade wet saw (41-AR,
Sowers Dia-Met, Inc.). Steel hinges were bonded to the outer composite
faces on the pre-crack end with structural adhesive and cured at RT
for 24 h plus an additional 4 h at 49 ◦C to reach full strength in the
adhesive. The DCB top face was spray painted matte black for infrared
(IR) imaging. A line 50 mm from the interior edge of the pre-crack was
delineated on the bottom and side faces to mark the termination point
for delamination propagation during fracture testing.

2.3.6. External electrical connections to self-healing composites
Each DCB specimen featured four exposed cross-sections of em-

bedded copper wire (0.81 mm diameter), two at each end. A central
0.65 mm diameter hole was drilled 4 mm into each embedded wire and
another copper wire (0.64 mm diameter) was inserted into each hole.
Potting of the connection was performed using a commodity two-part
epoxy system with a 5 min working time (The Gorilla Glue Company,
Inc.). A 24 h RT cure was then performed to obtain full strength in the
potted connection [62].
4

2.4. Thermomechanical characterization of composite constituents

2.4.1. Sample fabrication
Neat epoxy samples (≈ 2.1 mm thick) were produced via cell casting

between glass plates with a silicone rubber gasket and cured for 24 h
at RT until resin solidification, followed by 2 h at 121 ◦C and 3 h at
77 ◦C. Plain composite samples (≈ 1.8 mm thick) comprised eight
D woven plies in an alternating sequence of [0∕90]4. Preforms were

infused via the VARTM process and cured at the same conditions as the
cell castings. Both the neat epoxy and plain composite samples were cut
to 10 mm wide and 60 mm long using a diamond-blade wet saw.

2.4.2. Dynamic mechanical analysis (DMA)
DMA was performed on neat epoxy and plain composite samples in

3-pt flexure (50 mm span length) according to ASTM E1640 [63]. A
dynamic mechanical analyzer (Q800, TA Instruments, Inc.) applied an
oscillating strain of 0.1% at 1 Hz frequency following an initial preload
of 0.01 N. A temperature sweep from RT to 250 ◦C was conducted at
a ramp rate of 5 ◦C∕min with storage modulus (E′), loss modulus (E′′),
nd tan(𝛿) data collected at a sampling rate of 0.5 Hz. The peak of tan(𝛿)
as reported as the 𝑇𝑔 for each sample.

.5. Fracture testing and self-healing evaluation

Mode-I fracture testing of double cantilever beam (DCB) specimens
as conducted in accordance with ASTM D5528 [64] and other prior
orks [65,66] using a 10 kN electromechanical load frame (Alliance
T/5, MTS, Inc.) equipped with a 250 N load cell. The initial pre-
rack region (𝑎0) in each sample was ≈ 35 mm long and served to
irect the propagating delamination along the sample midplane. A 4K
esolution webcam (Logitech BRIO), equipped with a custom macro
ens (LM12JC5M2, Kowa Optical Products Co., Ltd.) was mounted
nderneath the specimen in conjunction with necessary backlighting
o accurately monitor crack front propagation (Fig. 2a). Samples were
ested quasi-statically (i.e., continuous fracture propagation at a con-
tant slow speed [67]) via displacement controlled loading at a rate
f 5 mm∕min to an incremental crack length (𝛥a) of 50 mm and
ubsequently unloaded (at the same rate) to the original zero crosshead
isplacement for all test cycles (Fig. 2b). In situ self-healing via thermal
emending was performed within the load frame. Heating commenced
ia electrical power application to the resistive heater layers using a
C power supply (PWS4602, Tektronix, Inc.). Power was supplied for
5 min (10 min ramp, 5 min dwell) to achieve the desired maximum
op surface temperature (Fig. 2c) for each healing condition (Table 2)
s monitored by an overhead IR camera (A600, Teledyne FLIR, Inc.) be-
ore disconnecting power and allowing the specimen to cool for 30 min
o RT. The healing conditions in Table 2 were chosen to enable melt
low of EMAA during thermal remending without exceeding the epoxy
atrix glass transition temperature (𝑇𝑔). Following cooling, specimens
ere reloaded (Fig. 2d) to assess self-healing efficiency. Representative

ross-sections of composites in pristine, fractured, and healed states are
hown in the Appendix A.3.

For all testing cycles, mode-I critical strain energy release rate (𝐺IC
n Eq. (1))–a measure of crack-growth resistance–was calculated using
he area method according to the expression [65]:

IC = 1
𝑏
𝛥𝑈
𝛥𝑎

, (1)

where 𝑏 is the sample width, 𝛥𝑎 is the measured change in crack length,
and 𝛥𝑈 is the change in internal work or strain energy due to elastic
ending in the cantilever arms. Mathematically, 𝛥𝑈 can be derived
rom energy principles as the area under the load–displacement curve
t a particular incremental crack length (𝛥a):

𝛥𝑈 =
𝛿
𝑃𝑑𝛿

|

|

|

, (2)
∫0 |𝛥𝑎
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Fig. 2. Mode-I Fracture and In Situ Healing Evaluation. (a) Schematic of a double cantilever beam (DCB) test with underneath camera for crack tracking and overhead infrared
(IR) camera for temperature monitoring. (b) Representative load versus displacement behavior for a virgin DCB specimen. (c) Top surface temperature distribution of a fractured
DCB sample during a self-healing thermal remending cycle, as measured by an IR camera. (d) Overlaid virgin and healed load versus displacement curves for a DCB specimen,
with the shaded area representing the change in internal work for the virgin sample (𝛥𝑈).
Table 2
Equivalent healing temperatures and equivalent viscosities for each EMAA variant considered in this study. Approximate electrical power
requirements to achieve each healing temperature are provided in parentheses.
Polymer Equivalent temperature (130 ◦C)

Viscosity (Pa⋅s)
Equivalent Viscosity (1528 Pa⋅s)
Temperature (◦C)

NucrelTM 2940 452 (12 W) 109 (9 W)
NucrelTM 960 3458 (12 W) 146 (14 W)
SurlynTM PC-2200 5808 (12 W) 166 (17 W)
SurlynTM 1702 11953 (12 W) 170 (18 W)
where 𝑃 represents the measured force at a prescribed crosshead
displacement 𝛿. (To avoid conflict in notation with tan(𝛿), employed
in the dynamic mechanical analysis discussed prior, we have used 𝛿 to
denote the displacement.) Healing efficiency is calculated as the ratio
between healed and virgin critical strain energy release rates according
to the established relation [22,23,49]:

�̂� ∶=
𝐺healed
IC

𝐺virgin
IC

× 100, (3)

where �̂� is the healing efficiency expressed in percentage, and 𝐺virgin
IC

and 𝐺healed
IC are the virgin and healed critical strain energy release rates,

respectively.

2.6. Chemical and topological characterization of fracture surfaces

2.6.1. Scanning electron microscopy (SEM)
Scanning electron micrographs were acquired using a SU3900 vari-

able pressure scanning electron microscope (Hitachi, Ltd.) at a 10 kV
accelerating voltage after sputtering the samples with gold/palladium
to a target coating thickness of 10 nm.

2.6.2. Fourier transform infrared (FTIR) spectroscopy
Spectroscopy was performed on post-fractured DCB sections using

an FTIR microscope (Hyperion 1000 microscope with a Tensor 27
spectrometer, Bruker, Inc.) in Attenuated Total Reflectance (ATR) mode
with a 70 μm germanium crystal probe and 20x objective. 32 scans
were collected at each sampling site from the 650 cm−1 to 4000 cm−1

wavenumber range.

3. Results

We examine the effects of EMAA chemistry, melt viscosity, and
healing temperature on fracture recovery via thermal remending. Glass
fiber-reinforced polymer (GFRP) composite DCB samples containing
midplane interlayers (at 16% areal coverage ≈ 0.94 vol%) of the four
selected EMAA variants are tested for one virgin fracture cycle and
ten successive heal-fracture cycles at both equivalent healing tempera-
ture (130 ◦C) and equivalent melt viscosity (1528 Pa⋅s) conditions. We
sought to assess the influence(s) of molten EMAA physical spreading
5

and chemical reactivity (with the epoxy matrix) during healing. To
eliminate potential contributions of matrix mobility on fracture recov-
ery behavior, thermal remending temperatures are kept well below the
𝑇𝑔 of the GFRP but above the melting temperature range (83 to 93 ◦C)
of the EMAA variants (Appendix A.1); Fig. 3a shows that the 𝑇𝑔 (i.e., the
peak of tan(𝛿)) in the GFRP is approximately 195 ◦C. As Fig. 3b shows,
melt viscosities of the EMAA variants differ at the chosen equivalent
healing temperature (130 ◦C), and the required healing temperatures
𝑇ℎ differ for the equivalent viscosity condition (1528 Pa⋅s).

As shown in Figs. 4a and 4b, GFRP augmented with the non-
neutralized NucrelTM copolymers display similar virgin mode-I critical
strain energy release rate (𝐺IC) values of ≈ 1100 J∕m2. The Na+-
neutralized SurlynTM PC-2200 ionomer virgin 𝐺IC is significantly lower
(≈ 500 J∕m2) and the Zn2+-neutralized SurlynTM 1702 ionomer value
slightly higher (≈ 1300 J∕m2). Regardless of the EMAA variant or
healing condition, the 𝐺IC of heal cycle 1 is lower than the virgin
value since the discrete EMAA domains do not cover the entire fracture
surface where non-coated regions (i.e., epoxy/fiber) are not repairable.
Coinciding with greater observed fibrillation during fracture, tensile
testing of each EMAA variant Appendix A.2 reveals that the copolymers
display superior ductility to the ionomers.

Shown in Figs. 4a and 4c, healing at an equivalent temperature
of 130 ◦C (differing viscosities), the restoration of 𝐺IC relative to the
virgin cycle correlates inversely with melt viscosity (𝜂); NucrelTM 2940
(lowest 𝜂, ≈ 452 Pa⋅s) exhibits the highest healing efficiency, and
SurlynTM 1702 (highest 𝜂, ≈ 11953 Pa⋅s) the lowest healing efficiency.
Figs. 4b and 4d show that healing at equivalent viscosity (1528 Pa⋅s)
produces a similar degree of recovery in the NucrelTM copolymers
despite significantly different healing temperatures (109 ◦C for 2940 vs.
146 ◦C for 960). Despite NucrelTM 960 also having less methacrylic acid
content (15 wt%) than NucrelTM 2940 (19 wt%), we believe that their
similar healing performance is due to the higher healing temperature
of 960 increasing the rate of aforementioned condensation reactions
with the epoxy matrix [39,42], whereby similar melt-spreading to 2940
can be achieved via pressure delivery. The SurlynTM ionomers, despite
having similar healing temperatures for the equivalent viscosity condi-
tion (within 4 ◦C), behave quite differently. PC-2200 exhibits the lowest
virgin and healed 𝐺IC, which remains fairly consistent over multiple
healing cycles. Conversely, 1702 displays progressive degradation in
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Fig. 3. In Situ Self-healing Conditions. (a) Thermomechanical behavior of a plain GFRP composite (assessed via DMA), with the 𝑇𝑔 ≈ 195 ◦C indicated by dashed line. (b) Melt
viscosity comparison of copolymers (NucrelTM) and ionomers (SurlynTM) with equivalent healing temperature (130 ◦C) and viscosity (1528 Pa⋅s) conditions indicated by vertical
and horizontal lines, respectively.
Fig. 4. Fracture/Healing Comparison. Delamination resistance evolution versus test cycle for FRP healed at: (a) Equivalent temperature (130 ◦C) conditions and (b) Equivalent
viscosity (1528 Pa⋅s) conditions. Calculated healing efficiency for each EMAA variant tested at: (c) Equivalent temperature (130 ◦C) and (d) Equivalent viscosity (1528 Pa⋅s)
conditions. Error bars represent one standard deviation from the mean (n = 3).
healed 𝐺IC values with test cycle accumulation. Figs. 4c and 4d summa-
rize healing efficiency (the ratio of healed to virgin 𝐺IC restoration) for
each EMAA variant at the equivalent healing temperature (130 ◦C) and
equivalent melt viscosity (1528 Pa⋅s), respectively. At the equivalent
healing temperature, only the NucrelTM 2940 has low enough melt
viscosity to spread significantly during remending, resulting in greater
areal coverage across the fracture plane and thereby increasing healing
efficiency (�̂�), especially in early cycles. The 2940 eventually reaches
�̂� ≈ 80% versus 50% for the 960 and 20%–30% for the two SurlynTM

ionomers, which display little to no spreading. Differences in spreading
behavior are evidenced by the initial increase and eventual plateau
6

in healed 𝐺IC [49], which is less pronounced for the 960 copolymer
and not present for the EMAA ionomers (1702, PC-2200). As Fig. 4d
shows, the copolymers exhibit similar healing efficiency (�̂� ≈ 70%) at
equivalent melt viscosity (1528 Pa⋅s). Interestingly, the SurlynTM PC-
2200 exhibits higher and more consistent healing efficiency (�̂� ≈ 80%),
though the healed fracture resistance (𝐺IC ≈ 400 J∕m2) is significantly
lower than either of the two copolymers (≈ 700 J∕m2). SurlynTM 1702
exhibits the lowest healed 𝐺IC, continually decreasing from an initial
value of ≈ 700 J∕m2 to ≈ 400 J∕m2. The contrasting healing efficiencies
of the two ionomers with different neutralization groups cannot be
solely attributed to melt-flow behavior, as neither variant demonstrated
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Fig. 5. Equivalent Healing Temperature (130 ◦C) Fracture Topology. Scanning electron micrographs showing evolution of virgin and healed fracture topology for each EMAA variant
after testing at the equivalent temperature condition. Scale bars = 25 μm.
markedly different spreading, thus driving further investigation into po-
tential topological and chemical contributions. Additionally, to assess
whether healing can occur in the absence of either EMAA or thermal
stimulus, two types of control samples are evaluated: (i) in situ heated,
but not containing EMAA, (ii) non-heated and containing each respec-
tive EMAA variant printed at 16% areal coverage. None of the control
samples exhibit any measurable fracture recovery (Appendix A.4).

To better understand mechanistic differences underlying healing
performance in the four EMAA variants, scanning electron microscopy
(SEM) is conducted on fracture surfaces of DCB specimens after the
virgin, heal 1, and heal 10 cycles at each thermal remending condition.
Specifically, differences in fracture topology, EMAA spreading, and
microporosity–created by evolution of water vapor during EMAA-OH
group condensation reactions [42]–are examined. Differences in heal-
ing mechanisms between the four variants at each healing condition
are then assessed. Fig. 5 reveals distinctions in fracture topology of
the four EMAA variants following the virgin test cycle, heal 1, and
heal 10 conducted at equivalent healing temperatures (130 ◦C). The
copolymers show a greater degree of melt-spreading, fibrillation, and
microporous network evolution compared to the ionomers. Since the
copolymers are less viscous than the ionomers at this condition (2940:
452 Pa⋅s, 960: 3458 Pa⋅s, PC-2200: 5808 Pa⋅s, 1702: 11953 Pa⋅s), the
stark difference in microporosity between the two groups indicates
7

that the ionomers do not benefit from a pressure-delivery mechanism
(i.e., EMAA-OH group reactivity) at this condition and thus display
poor healing. Both copolymers exhibit significant microporous network
formation and growth (2940 more so than 960), whereas the PC-2200
shows no microporous network development and the 1702 exhibits
microporosity induced by initial composite cure, but not sustained
during healing. This limited microporosity in the ionomers, despite
similar non-neutralized methacrylic acid concentrations (≈ 15 wt%) to
the copolymers, suggests reduced physical mobility is responsible for
mitigation of EMAA-epoxy reactions. The reduced mobility is likely a
combination of high polymer melt viscosities at 130 ◦C and/or physical
crosslinking caused by the metallic ions introduced through neutral-
ization. Furthermore, the lack of fibrillation in the ionomers even
after repeated healing cycles corroborates with lower ductility observed
during tension testing (Fig. A.2), resulting in less energy dissipation
during mode-I fracture propagation compared with the copolymers.
The 2940 shows superior fracture recovery over the 960 at the 130 ◦C
healing temperature (�̂� ≈ 80% versus 50%, respectively), likely due to
lower viscosity and increased reactivity with the epoxy matrix owing
to greater methacrylic acid content (19 wt% vs. 15 wt%).

Fig. 6 reveals fracture topology differences for each EMAA variant
after the virgin test and heal cycles 1 and 10 conducted at equivalent
melt viscosity (1528 Pa⋅s). Contrasting with the equivalent healing tem-
perature at 130 ◦C, NucrelTM 2940 displays less microporous network
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Fig. 6. Equivalent Healing Viscosity (1528 Pa⋅s) Fracture Topology. Scanning electron micrographs showing evolution of virgin and healed fracture topology for each EMAA variant
after testing at the equivalent viscosity condition. Scale bars = 25 μm.
growth due to the lower healing temperature (109 ◦C) likely slowing
EMAA-epoxy reaction kinetics. Conversely, NucrelTM 960 displays a
greater degree of microporosity at heal 1 and a more diffuse micro-
porous network at heal 10 due to a higher healing temperature of
146 ◦C. These healing temperature differences correlate with a reduced
healing efficiency for 2940 (�̂� ≈ 80% to �̂� ≈ 70%) and increased healing
efficiency for 960 (�̂� ≈ 40% to �̂� ≈ 70%). Thus, increased healing
efficiency observed in the 960 is attributed to the higher healing
temperature, reduced melt viscosity, and increased rates of EMAA-
hydroxyl condensation reactions. Despite a significantly higher healing
temperature (166 ◦C) compared to the reference of 130 ◦C, SurlynTM PC-
2200 exhibits no microporous network formation and poor ductility,
even at a much lower melt viscosity (1528 Pa⋅s vs. 5808 Pa⋅s). While
healing efficiency is greater at 166 ◦C (�̂� ≈ 80%) than at 130 ◦C
(�̂� ≈ 30%), the restored 𝐺IC values are less than half that of either
copolymer and any improvements are likely due to molten spreading
caused by mechanical cycling. A comparison of the virgin fracture
behavior between ionomers shows the 1702 has a higher 𝐺IC than that
of the PC-2200 (≈ 1300 vs. ≈ 500 J∕m2), where neither variant showed
significant ductility nor fibrillation during virgin fracture. Interestingly,
SurlynTM 1702 displays a topological transition from a non-ductile
fracture surface to ductile fibrillation via melt viscosity reduction at the
higher healing temperature (≈ 1,500 Pa⋅s at 170 ◦C vs. ≈ 12,000 Pa⋅s at
8

130 ◦C). More significant is the observed increase in microporosity for
SurlynTM 1702 from the virgin cycle to heal 1, but a collapse thereafter,
indicating that EMAA-hydroxyl reactions were initially produced by
healing at 170 ◦C, but eventually cease [49]. This coincides with a
progressive decrease in healing efficiency from heal cycle 1 (�̂� ≈ 50%)
to heal 10 (�̂� ≈ 25%).

Based on aggregation of SEM images and fracture data, the copoly-
mers are shown to be superior healants compared to the ionomers.
The copolymers possess greater chemical reactivity with the epoxy
matrix and lower melt viscosities, which facilitate spreading during
pressure delivery. Furthermore, healed 𝐺IC values are higher in the
copolymers due to pervasive microporosity inducing crack tortuosity,
thus increasing the resistance to crack propagation. Comparing the
ionomers, SurlynTM PC-2200 exhibits negligible microporous network
evolution/reactivity with the underlying matrix and steady healing
performance at either condition tested, though lowering melt viscosity
improves healing efficiency at the relatively modest 𝐺IC values noted.
SurlynTM 1702, on the other hand, displays negligible healing and
reactivity with the matrix at 130 ◦C, but significant initial healing and
reactivity at 170 ◦C; though both progressivly decrease from heal 1 to
heal 10. These differences in SurlynTM PC-2200 and 1702 reactivity
can be attributed to different neutralization in each ionomer. Na+-
neutralization in PC-2200 produces much larger (and less mobile) ionic
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Fig. 7. FTIR-ATR Spectroscopy of EMAA. (a) Overlaid FTIR spectra of all EMAA variants following the virgin fracture cycle, with inactive (719 cm−1) and reactive (1750 cm−1)
peaks of interest labeled. Reactive-to-inactive spectral ratio progression of each EMAA variant for the: (b) Equivalent temperature and (c) Equivalent viscosity healing conditions.
Shading represents one standard deviation from the mean (n = 5).
aggregates (i.e., physical crosslinks) relative to Zn2+-neutralization in
1702 [51]. However, SEM studies alone are insufficient to determine
why the 1702 ionomer exhibits early reactivity with the epoxy matrix
at the higher healing temperature.

Thus, FTIR-ATR spectroscopy is leveraged to interrogate the sig-
nature of the reactive carboxylate group carbonyl stretching peak at
1750 cm−1 relative to an inactive methylene rocking peak at 719 cm−1

[49]. Fig. 7a shows the spectral signatures for each EMAA variant,
measured on fractured DCB surfaces following the virgin cycle, with
these peaks of interest labeled. The ratio of carboxyl to methylene
peak absorbances is not expected to change with healing cycle count
as carboxyl groups are neither consumed nor produced during healing
reactions. However, this assumption does not hold for SurlynTM 1702.
As shown in Figs. 7b and 7c, an increasing trend of carboxyl spectral
intensity is observed through successive cycles, especially for the equiv-
alent viscosity healing conducted at 170 ◦C. The increase in reactive to
inactive peak ratios after healing can explained by the movement of
bivalent Zn2+ salts (and associated physical crosslinks) to the epoxy-
EMAA interface at elevated temperatures, which suppress interfacial
EMAA-epoxy reactions while effectively increasing the free carboxyl
concentration away from these interfaces. This migration is driven by
the high affinity of Zn2+ for amines present in the epoxy matrix due
to atomic coordination by nitrogen atoms [68,69]. Such behavior has
been previously leveraged to improve surface adhesion of polyethylene
9

to epoxy using zinc [70]. While more mobile physical crosslinking in
ionomers can enable some degree of reaction with epoxy, migration of
metallic ion species (such as Zn2+) to the matrix precludes interfacial
reaction progression and degrades healing performance in successive
cycles.

In summary, non-neutralized EMAA copolymers are superior to
ionomers for healing mode-I fracture damage in GFRP composites.
In addition to low melt viscosity enabling infiltration and fusion of
larger and more diffuse fracture regions during thermal remending,
superior copolymer ductile fracture behavior is further aided by greater
reactivity with the epoxy matrix. In other words, pressure delivery
of molten healant increases fracture surface coverage whereby mi-
croporous network formation and growth enhances crack tortuosity
(i.e., crack growth resistance).

4. Closure

This article examines 3D-printed non-neutralized (copolymer) and
neutralized (ionomer) EMAA thermoplastics as self-healing interlayers
in GFRP composites by leveraging an in situ thermal remending strat-
egy. Notably, neutralized EMAA ionomers that have proven effective
as self-healing films in heat-producing ballistic applications [52] are
inferior to their non-neutralized counterparts for healing mode-I frac-
ture via thermal remending in laminated composites. While increased
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methacrylic acid concentrations and reactivity (i.e., no neutralization)
correlate with superior healed 𝐺IC and greater microporous evidence
f EMAA-hydroxyl reactions, low melt viscosity also drives fracture re-
overy as pressure delivery of EMAA enables infiltration and rebonding
f crack surfaces. Additionally, the type of metallic ion selected for
eutralization influences healing behavior. Na+ ions form relatively

immobile physical crosslinks which inhibit reactions with the epoxy
matrix, whereas Zn2+ produces smaller ionic aggregates (i.e., mobile
crosslinks) which progressively impede these reactions, as Zn2+ has a
propensity to migrate to the epoxy-EMAA interface.

Thus, this study provides newfound insight into EMAA physical/
chemical alterations that affect self-healing of interlaminar delami-
nation. Such contributions promise to further the potential for ser-
vice lifetime extension of composite structures while lowering their
associated economic and environmental costs. Future work can lever-
age these findings to tailor EMAA and composite constituent chem-
ical couplings to maximize virgin fracture resistance and subsequent
self-healing capacity under varying thermal remending conditions.
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Appendix A

A.1. Differential scanning calorimetry (DSC) of EMAA variants

Differential scanning calorimetry (DSC) was performed on samples
excised from extruded EMAA filament and contained in hermetically
sealed aluminum pans with a heat-flux DSC (TA Instruments, Inc.).
Samples were cooled to 0 ◦C and held for 5 min before being heated
to 300 ◦C at 10 ◦C∕min, and then cooled to 25 ◦C at a rate of 10 ◦C∕min
to complete a full heat-cool cycle. As displayed in Fig. A.1, all EMAA
variants show consistent melt-recrystallization behavior through con-
secutive cycles and have melting temperatures between 83 ◦C and 93 ◦C
(Table A.1).

A.2. Tension testing of EMAA variants

For each of the four EMAA polymers, injection molded dogbone
samples (Type IV geometry, ≈ 1.2 mm thick) were produced according
to the process parameters detailed in Table A.2. To ensure that the
properties of the samples were approximately representative of 3D-
printed domains, the parameter sets were chosen to minimize residual
stress, limit shrinkage, and avoid molding pressures linked to high
degrees of crystallinity.

Tensile testing was conducted in accordance with ASTM D638.
Displacement-controlled loading was applied to each sample at
20 mm/min using a 10 kN electromechanical load frame (MTS, Inc.)
equipped with a 500 N load cell, while concurrent images for Digital
Image Correlation (DIC) were acquired on the front and back gauge
face of each sample using 12.3 MP machine vision cameras (GS3-U3-
123S6M-C, Teledyne FLIR, Inc.). Full-field strains were calculated on
the observed faces using Vic-2D software (Correlated Solutions, Inc.),
as shown in Fig. A.2a. Representative load–displacement behavior for
each polymer is displayed in Fig. A.2b, with the ionomers noticeably
stiffer than the copolymers. Though the plastic deformation sustained
in each polymer (failure strains exceed 100%) precludes DIC image
correlation beyond the initial portion of testing (Fig. A.2c), calculation
of primary tensile properties was still possible as provided in Table A.3.

A.3. Cross-sectional geometry of EMAA-modified composites

Representative cross-sections of self-healing composites at various
loading stages are shown in Fig. A.3, including: (a) pristine glass-fiber
composite containing 3D-printed EMAA (Nucrel™ 2940), (b) fractured
double-cantilever beam with midplane delamination, (c) self-healed
composite after in situ thermal remending with EMAA rebonding crack.

A.4. Non-healing controls

GFRP DCB control specimens containing resistive heaters, but no
EMAA, with a stacking sequence of [0/90]2-heater-[0/90]3-heater-
[0/90]2 were investigated to determine whether healing occurs without
EMAA interlayers. In addition, control specimens containing a 16%
serpentine midlayer pattern of each EMAA variant and a stacking
sequence of [0/90]2-heater-[0/90/0]-EMAA-[90/0/90]-heater-[0/90]2
were investigated to assess whether remending of EMAA occurs without
applied heat. Three specimens of each were fabricated and evaluated
using the same test procedure described for self-healing specimens
in the main text. Fig. A.4a shows a representative load–displacement
curve for the virgin and one subsequent test cycle for a non-EMAA
control after in situ heating at 170 ◦C (the highest healing temperature
in this work) and Fig. A.4b–e show representative load–displacement
curves for the virgin and one subsequent test cycle after a 45-minute
dwell at RT for the non-heated controls containing EMAA. In either
case, there was a negligible recovery of virgin fracture resistance,
evidenced by the loading/unloading curves following the same path
and having nearly equivalent compliance (i.e., identical crack length)

as the unloading curve from the virgin cycle.
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Fig. A.1. DSC of EMAA Variants. Repeated heat-cool phase change behavior for (a) NucrelTM 2940, (b) NucrelTM 960, (c) SurlynTM PC-2200, and (d) SurlynTM 1702.

Fig. A.2. Tensile Behavior of EMAA Variants. (a) DIC speckle pattern and overlaid axial strain contours on a ≈ 25 mm long gauge section. (b) Representative load versus crosshead
displacement behavior for each polymer. (c) Calculated stress–strain values for each polymer, with the point of loss in digital image correlation (DIC) labeled.

Table A.1
EMAA variant melting and recrystallization temperatures.
Polymer DSC cycle Melting temperature (◦C) Recrystallization temperature (◦C)

NucrelTM 2940 1 84.8 58.1
2 83.2 57.0

NucrelTM 960 1 93.2 65.5
2 90.5 65.0

SurlynTM PC-2200 1 87.7 40.8
2 83.8 42.2

SurlynTM 1702 1 92.8 61.5
2 89.3 58.4
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Fig. A.3. GFRP Composite Cross-sections. (a) Pristine laminate with 3D-printed EMAA domains post melt consolidation. (b) Fractured composite with mid-layer delamination. (c)
Self-healed laminate with rebonded crack via in situ thermal remending of EMAA. Scale bars = 500 μm.
12
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Fig. A.4. Mode-I Fracture of Non-healing Controls. (a) Representative DCB load–displacement behavior for a sample with resistive heaters, but no EMAA—after the virgin and
one subsequent test cycle following in situ heating (170 ◦C) / cooling. Samples with a 16% midlayer EMAA pattern of: (b) NucrelTM 2940 (c) NucrelTM 960 (d) SurlynTM PC-2200
(e) SurlynTM 1702—after the virgin and one subsequent test cycle following a room temperature (RT) dwell for 45 min (i.e., the same length of time as a typical heating/cooling
cycle).

Table A.2
EMAA injection molding process parameters.

Polymer Residence
time (min)

Melt
temperature (◦C)

Injection
pressure (psi)

Injection
time (s)

Mold
temperature (◦C)

Packing
pressure (psi)

Packing time
(s)

Cycle time
(s)

NucrelTM 2940 13.2 131 4300 0.34 24 4000 3 38
NucrelTM 960 13.5 178 5100 0.34 24 4300 3 43
SurlynTM PC-2200 13.6 199 5200 0.34 26 4700 3 57
SurlynTM 1702 13.3 195 6100 0.34 26 5900 3 49

Table A.3
EMAA variant tensile properties.
Polymer Elastic modulus (MPa) Poisson’s Ratio Ultimate strength (MPa) Toughness (J∕m2)

NucrelTM 2940 96.4 ± 14.8 0.47 ± 0.02 14.3 ± 0.1 7.0 ± 0.4
NucrelTM 960 100.0 ± 10.6 0.47 ± 0.01 17.8 ± 0.5 8.0 ± 0.4
SurlynTM PC-2200 395.5 ± 12.1 0.48 ± 0.01 19.0 ± 0.6 7.1 ± 0.8
SurlynTM 1702 206.3 ± 16.6 0.46 ± 0.02 22.5 ± 0.9 5.9 ± 0.6
13
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