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In a previous study, a biomimic two-step self-healing scheme (close-then-heal (CTH)) by mimicking
human skin has been proposed for self-healing structural-length scale damage [Li and Uppu. Composites
Science and Technology 2010; 70: 1419—1427]. The purpose of this study is to validate this idea by
fabricating a composite with thermoplastic particles (Copolyster) dispersed in a shape memory polymer
matrix (Veriflex Polystyrene). In this particulate composite, the confined shape recovery of the shape
memory matrix is utilized for sealing (closing) cracks and the thermoplastic particles are used for
molecular-length scale healing. In this study, 6% by volume of thermoplastic particles was used. Beam
specimens were prepared and programmed by compression in the longitudinal direction to 6.7% of pre-
strain. Structural-length scale damage was then created by producing a notch in the programmed beam
specimens per ASTM D 5045. The notched beam specimens were then tested to fracture. The fractured
specimens were healed per the close-then-heal mechanism and tested again to fracture. This fracture-
healing test lasted for 5 cycles. The healing efficiency was evaluated per the peak-bending load. SEM was
used to examine healed cracks at micro-length scale while EDS was used to evaluate molecular-length
scale healing. It is found that over 65% of the peak bending load can be repeatedly recovered and the
structural-length scale damage (notch) is healed at molecular-length scale.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Since its introduction in the 1980s in an attempt to heal damage,
restore mechanical properties and extend the service life of poly-
mers, the concept of crack healing in polymeric materials has been
widely investigated [1—15]. In thermoplastic polymers, the most
widely studied and reported mechanism for self-healing is the
molecular inter diffusion mechanism. It has been reported [1] that
when two pieces of the same polymer are brought into contact at
a temperature above its glass transition temperature (Tg), the
interface gradually disappears and the mechanical strength at the
polymer—polymer interface increases as the crack heals due to
molecular diffusion across the interface. To better explain the
process of crack healing by this mechanism, various models have
been proposed [2—4,16]. In particular, Wool and O’Connor [16]
suggested a five-stage model to explain the crack healing process
in terms of surface rearrangement, surface approaching, wetting,
diffusion and randomization. Kim and Wool [6] also presented
a microscopic theory for the diffusion and randomization stages. In
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another study [7], it was observed that the development of the
mechanical strength during the crack healing process of polymers
is related to interdiffusion of the molecular chains and subsequent
formation of molecular entanglements. Other reported healing
mechanisms in thermoplastic polymers include photo induced
healing, recombination of chain ends, self-healing via reversible
bond formation, and with nanoparticles [17].

In thermoset polymers, self-healing mechanisms by the incor-
poration of external healing agents such as liquid healing agent
(monomer) encased in hollow fibers [18,19], micro-capsules
[20,21], and solid healing agent (thermoplastic particles) dispersed
in the thermoset matrix [17,22], have been proposed and tested.
Some polymers by themselves possess the self-healing capability
such as thermally reversible cross-linked polymers [23] and ion-
omers [24]. Although these systems are very successful in healing
micro-length scale damage, they face tremendous challenge when
they are used to repair large, macroscopic, structural-length scale
damage, which are visible by the naked eyes [25—27].

In order to heal structural-length scale damage, a biomimic two-
step (close (first step) then heal (second step)) mechanism has been
proposed by Li and Nettles [25] and detailed by Li and Uppu [26]. In
this mechanism, the confined shape recovery of shape memory
polymers is used for sealing or closing cracks and thermoplastic
particles are used for healing at molecular-length scale. It has been
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Fig. 1. Chemical structure of each component in (a) PSMP and (b) CP.

shown in previous studies that confined shape recovery (first step)
can seal structural length-scale damage such as impact damage
repeatedly, efficiently, timely, and almost autonomously (the only
human intervention is by heating) [27—29]. As discussed by Li and
Uppu in [26], the repeatability comes from the fact that each
confined shape recovery leads to a new cycle of programming. It is
noticed that reduction of volume during programming and external
confinement during shape recovery are the key for closing internal
cracks [26]. Obviously, confined compression programming can
realize volume reduction. For external confinement, it has also been
demonstrated that external confinement can be achieved through
architectural design of structures, for instance, sandwich structures
with a grid stiffened syntactic foam core [29—31] and 3-D woven
fabric reinforced syntactic foam composite [27]. The second step,
i.e., using thermoplastic particles for healing micro-length scale
damage, has also been studied and proved [17,22]. However, the
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Fig. 4. Typical DSC thermograms of CP, SMP and CP-PSMP.

integration of the two steps for self-healing structural-length scale
damage has not been studied experimentally.

The objective of this study was therefore to develop an SMP based
particulate composite by dispersing thermoplastic particles into the
SMP matrix in order to realize the CTH self-healing scheme proposed
by Li and Uppu [26]. Differential scanning calorimetry (DSC) was
performed in order to determine the compatibility between the
thermoplastic particles and the SMP matrix. Dynamic mechanical
analysis (DMA) was also performed in order to determine the glass
transition temperature and viscoelastic properties of the composite.
The composite was subjected to a thermo-mechanical cycle (prog-
ramming, confined recovery, and free recovery) in order to determine
its shape fixing and shape recovery ability. Single edge notched bend
(SENB) specimens were prepared per ASTM D 5045 standard to create
structural-length damage and tested in three-point bending to frac-
ture. Healing efficiency was assessed by comparing the peak-bending
load of the healed specimens to that of the original un-notched and
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Fig. 5. Storage modulus/loss modulus—temperature plots of CP-PSMP composite.
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Fig. 6. A typical strain-temperature-stress plot with graphs showing the behavior of
CP-PSMP during programming (ABCD), confined recovery (DEF) and free recovery
(DG).

undamaged specimens. Healing efficiency was determined for up to
five fracture and healing cycles. Scanning electron microscopy (SEM)
was used to examine the healed cracks while energy dispersive
spectroscopy (EDS) was used to understand molecular length-scale
activity during the healing process.

2. Experimentation
2.1. Raw materials and fabrication method

The materials used in this study included: Veriflex polystyrene
shape memory polymer (PSMP) from Corner Stone Research Group
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Inc. (glass transition temperature determined by DMA [25]: 67.71 °C,
tensile strength: 23 MPa, and modulus of elasticity:1.24 GPa at room
temperature as provided by the manufacturer); and a thermoplastic
polymer identified as copolyester (CP) from Abifor Inc., Switzerland
(particle size: < 80 pm, density: 1.3 gjcm?® glass transition
temperature determined by DSC: 17 °C and 70 °C, melting range:
114—124 °C and bonding temperature range: 125—150 °C).

The Veriflex® PSMP is a two-part resin system. Part A is com-
posed of Styrene, Divinyl benzene and Vinyl neodecanoate. Part B is
composed of Benzoyl peroxide. The chemical structure for each
component is shown in Fig. 1 (a). The thermoplastic Copolyester is
composed of Isopthalic acid, Terepthalic acid and Butane-1, 4-diol.
The chemical structure for each component is shown in Fig. 1 (b).

2.2. Differential scanning calorimetry (DSC) test

Differential scanning calorimetry (TA Instruments, Q100) test
was performed in order to investigate the compatibility between
the PSMP and CP. The glass transition temperatures of the pure
PSMP, pure CP, and their CP-PSMP composite were investigated.
The sample size was 6.5 mg and the test was conducted from 0 °C to
130 °C at a ramping rate of 5 °C/min. Three effective specimens
were tested to obtain an average glass transition temperature value.

2.3. Fabrication method

To produce the composite, shape memory resin was pre-heated
for 2 hat 75 °C just before the thickening and curing process began.
This was done in order to prevent the denser CP particles from
settling to the bottom of the resin. After that, CP particles (6% by
volume) were dispersed in a beaker containing the pre-heated
resin. The mixture was mixed to uniformity and poured in a steel
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Fig. 7. Typical 2-D plots showing (a) variation of programming stress with time at 80 °C, (b) variation of confined recovery stress with time and (c) variation of free-recovery strain

with time.
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Fig. 8. Typical load-deflection curves of un-notched, notched and healed (after the
first healing cycle) specimens: (a) PSMP, (b) CP-PSMP.

mold with dimensions of 300 mm x 300 mm x 12.5 mm. The mold
was sealed and the material was cured in an oven as follows: 75 °C
for 12 h, 90 °C for 3 h and 112 °C for 3 h. Once the curing procedure
was complete, the setup was cooled down and de-molded to obtain
the copolyester modified polystyrene shape memory polymer (CP-
PSMP) composite.
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Fig. 10. SEM pictures showing fractured surfaces of a typical specimen: (a) after initial
fracture, (b) after the first healing cycle.

2.4. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis was performed (Rheometic
Scientific RSA III) at a frequency of 1 Hz on CP-PSMP specimens in
order to determine the glass transition temperature of the
composite. Rectangular tension specimens with dimensions of
36 mm x 11.5 mm x 2 mm were used. The temperature was
increased at a rate of 5 °C/min.

2.5. Thermo-mechanical behavior

Compression thermo-mechanical behavior (programming and
recovery) of the composite was investigated on specimens with
dimensions of 25 mm x 25 mm x 12.5 mm using an MTS QTEST 150
testing machine equipped with a heating furnace (ATS heating
chamber) in order to evaluate the effect of CP particles on the shape
memory functionality of the CP-PSMP composite.

2.6. Beam specimen preparation, programming, and structural-
length scale damage creation

Beam specimens with dimensions of 120 mm x 25 mm x
12.5 mm were fabricated by machining the cured composite slab
and programmed in compression to 6.7% pre-strain in the length
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direction in an adjustable metal frame on a CARVER Model 2697
compression molding fixture. Fig. 2 is a schematic explanation of
the specimen preparation, programming, and notching process.
After programming, single edge notched bend (SENB) specimens
were fabricated per ASTM D 5045 standard as shown in Fig. 2. The
purpose of using SENB specimens was to artificially create struc-
tural-length scale damage.

2.7. Three-point bending test

Three-point bending tests were performed on a universal MTS
810 testing system with a span length of 100 mm and at a loading
rate of 10 mm/min per ASTM D 5045 standard to determine the
load carrying capacity of the composite using the SENB specimens.

The specimens were tested and fractured completely into two
halves.

2.8. Close (seal)-then-heal self-healing

Following the two-step self-healing scheme proposed by Li and
Uppu [26], fractured specimens were placed in the adjustable
rectangular steel frame as shown in Fig. 3 at room temperature. Once
the specimen was fitted into the frame, the frame was placed on the
compression-molding fixture which was pre-heated to 150 °C. It is
noted that the steel frame provided confinement in the length and
width directions during heating (in-plane confinement). The top
surface of the framed specimen was close to the top heating plate
but not in direct contact. This facilitated uniform heating of the
specimen without applying confinement in the thickness direction.
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Fig. 12. EDS spectra of (a) pure PSMP and (b) pure CP.

Therefore, only 2-D in-plane confinement was used during healing.
The specimens were kept within the pre-heated fixture for 20 min.
During this time period, the temperature within the specimen was
gradually increased,; first pass its Ty, which caused shape recovery or
closing of the fractured surface and the pre-notch, and then through
the Ty, of the CP (between 114 °C and 150 °C) causing melting of the
CP, and finally to the bonding temperature of the CP (between 125 °C
and 150 °C), so that the CP molecules diffused and bonded with the
PSMP molecules. After 20 min, the heating plates were turned off
and cooled down to room temperature. This completed the two-step
self-healing scheme. Subsequent healing after fracture was done in
a similar manner.

2.9. SEM observation

SEM observation was conducted (Hitachi S-3600N scanning
electron microscope) in order to (1) verify that the coployester
particles melted during the healing process and (2) visually verify
the crack closing by examining a cracked specimen before healing
and after healing.

2.10. EDS analysis

In order to verify molecular-length scale healing, energy dis-
persive spectroscopy (EDS, 15 KV, super ultra thin window (SUTW)-
Saphire detector, AMPT: 25.6) analysis was conducted using a Hitachi
3600 N scanning electron microscope equipped with an EDAX
genesis detector. The rationale was that if the CP molecules diffused
into the PSMP matrix, the chemical composition near the interface
will show a certain gradient. In this study, a specially prepared EDS
specimen was used. To prepare the EDS specimen, a SENB specimen
made of pure PSMP was fractured and a very thin layer of copolyester
was placed in-between the fractured surfaces. Next, the EDS

specimen was healed as described in Section 2.8. EDS analysis was
conducted at and around the healed interface of the EDS specimen.

3. Results and discussion
3.1. DSC test results

In order to investigate the compatibility of the two polymers
(PSMP and CP) within the composite, the single glass transition
criterion [33] was adopted. Based on this criterion, PSMP and CP are
compatible if the composite shows a single glass transition
temperature which is in-between the glass transition temperatures
of the pure PSMP and CP. Fig. 4 shows the DSC thermograms of
PSMP, CP and CP-PSMP. The PSMP shows a single glass transition
temperature (T; = 62 °C). The CP, on the other hand, shows two
glass transition temperatures (T;" = 17 °C and Ty’ = 70 °C) and
a melting temperature Ty, (118 °C), which is within the melting
range of the CP (114—124 °C provided by the manufacturer).
Obviously, the CP used in this study is a copolymer as provided by
the manufacturer. Between T; and Ty’, a single glass transition
temperature Ty (50 °C) is observed for the CP-PSMP composite.
This indicates some degree of compatibility between the PSMP and
one component of the CP copolymer. The CP-PSMP composite also
shows a second glass transition temperature Ty, = 72 °C. This
should be an indication of the effect of the other component of the
CP copolymer. Because the PSMP does not have the corresponding
second glass transition temperature, the PSMP does not have
compatibility with the second component of the CP copolymer.
Therefore, it is concluded that the PSMP and CP only has partial
compatibility. However, as will be shown in the DMA test results,
the concentration of the second component in the CP copolymer
may be very small. Therefore, the PSMP has a certain compatibility
with the major component of the CP copolymer.

3.2. DMA test result

Fig. 5 shows typical storage modulus (E’)/loss modulus (E) -
temperature plots of the CP-PSMP composite. By taking the Ty as
the temperature corresponding to the peak of the loss modulus, it is
found that the CP-PSMP composite shows a single Ty at 54 °C. No
other transition is observed above 54 °C, indicating that the com-
ponent causing Tg (72 °C) that was observed through the DSC test,
which is an indication of the existence of the second component in
the CP copolymer, may only have a small concentration. In other
words, the major component of the CP copolymer has a certain
compatibility with the PSMP. It is noted that the Tg (54 °C) from the
DMA test is 4 °C higher than Tg; (50 °C) from the DSC test. This trend
has been reported before in another study [25]. Based on the Tg
(54 °C), the programming temperature was taken as 80 °C, which
was well above the Tg.

3.3. Thermo-mechanical behavior

Fig. 6 shows a typical 3-D plot of stress, strain, and temperature
for this composite (CP-PSMP) with graphs of the programming
(ABCD), 1-D confined recovery (DEF) and free recovery (DG)
processes. Specimens were heated to 80 °C (at point A),
compressed (strain controlled mode) in the thickness direction to
10% pre-strain level (point B, loading rate: 1.3 mm/min), held at
80 °C for 1 h to stabilize the stress (point C) and cooled down to
room temperature (CD). While confined in the thickness direction,
the specimens were heated back to 80 °C at an average rate of
0.5 °C/min in order to determine the recovery stress of the
composite (DEF). The specimens were held at 80 °C for 1 h to
stabilize the stress (point F). Free-shape recovery was also
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Fig. 13. Top surface view SEM pictures (left) of the EDS specimen showing a healed interface, three analysis points ((a) at the center of the interface, (b) 0.1 mm left of interface and

(c) 0.3 mm left of interface) and respective EDS spectra (right).

conducted. Programmed specimens were re-heated to 80 °C
(0.18 °C/min) in an oven without applying any stress to determine
the free shape recovery ability of the composite by measuring
displacement in the thickness direction with change in tempera-
ture (DG). A linear variable differential transducer (Cooper Instru-
ments LDT 200 series LVDT) was used to measure the displacement
while the temperature was measured and recorded with a ther-
mocouple instrument (Yokogawa Model DC-100). The average
programming stress (at point C) was found to be (74 + 2 kPa) while
the average recovery stress (point F) was (45 + 1 kPa). The shape
fixity from the programming curve was found to be 98% while the
shape recovery based on the free shape recovery test was over 98%,
indicating good shape memory functionality of the composite.
Two-dimensional (2-D) plots showing (a) the variation of
programming stress with time at 80 °C (BC), (b) the variation of

confined recovery stress with time (DEF), and (c) the variation of
strain with time during free recovery (DG), are presented in Fig. 7.

3.4. Three-point bending test results

Fig. 8 (a) shows typical load-deflection plots of the un-notched,
notched, and healed (after the first fracture-healing cycle) pure
PSMP specimens while (b) shows typical load-deflection plots of
the un-notched, notched, and healed (after the first fracture-heal-
ing cycle) CP-PSMP composite specimens.

The peak loads (average of three specimens) of the originally un-
notched PSMP and CP-PSMP specimens were 1385 + 4 N and
1060 + 3 N respectively. The maximum loads (average of three
specimens) of the notched PSMP and notched CP-PSMP specimens
were (358 + 2 N) and (230 + 2 N) respectively. This shows that the
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structural-length scale damage (notch) significantly reduced the
load carrying capacity of both the pure PSMP and the CP-PSMP
composite. The maximum loads of the healed PSMP and CP-PSMP
specimens were (250 & 3 N) and (693 + 3 N) respectively. Several
observations can be made: (1) using crack sealing by confined shape
recovery only (step 1) in the pure PSMP, the peak bending load of
the resulting “healed’ specimen is lower than the peak bending load
of the notched specimen, indicating that the precrack (notch) and
newly created crack (complete fracture of the notched beam during
bending test) could not be healed by this step alone as shown in
Fig. 8 (a). The reason is that the shape recovery can only narrow or
close the crack, but not heal it at molecular-length scale. Therefore,
under bending load, a very low healing efficiency is obtained. It is
noted that in previous studies, it was found that confined shape
recovery can effectively recover the lost structural capacity [28,29].
The reason is that the previous healing efficiency was evaluated in
terms of compressive strength, which was not very sensitive to the
existence of cracks. (2) With the two-step CTH healing, as shown in
Fig. 8 (b), about 65% of the peak bending load was recovered. As
compared to the notched specimen, the increase in the peak-
bending load in the healed specimen is about 300%. It is believed
that by changing either the concentration of the thermoplastic
particles or the pre-strain level during programming, the healing
efficiency could be further increased and optimized.

Fig. 9 shows typical plots of the peak bending load with fracture/
healing cycle for the CP-PSMP composite. From Fig. 9, it can be seen
that for five fracture/healing cycles, the proposed healing mecha-
nism as tested through CP-PSMP specimens is reasonably
repeatable.

3.5. SEM observation

Fig. 10 shows SEM pictures (fractured surface) of a typical
specimen (a) after initial fracture and (b) after the first healing
cycle. Solid copolyester particles are clearly visible in Fig. 10 (a). In
Fig. 10 (b), solid particles are not seen but traces of melted,
deformed and debonded copolyester are identified. Also, the
surface in Fig. 10 (b) is smoother as compared to that in Fig. 10 (a).
This is due to the compressive stress exerted on the surface during
the crack sealing process (step one), resulting from the shape
memory effect. This was necessary in order to keep both crack
surfaces in intimate contact during the subsequent crack healing
process (step two) via the melting, penetration, diffusion and
bonding of copolyster across the crack interface.

Fig. 11 shows top surface view of SEM pictures of a typical
specimen (a) after initial fracture and (b) after healing. In Fig. 11 (a),
a crack originating from the end of the pre-notch is clearly visible. In
Fig. 11 (b), the notch and the crack disappear after the two-step
healing. The zoomed-in SEM picture shows good interfacial bonding.

3.6. EDS analysis

Fig. 12 shows EDS spectra of (a) pure PSMP and (b) pure CP with
percentage counts of Carbon and Oxygen. The spectra were
obtained to serve as baseline data. Top surface view SEM pictures
showing the healed interface of the EDS specimen are presented in
Fig. 13. EDS analysis was performed at three points: directly at the
interface, 0.1 mm away from the center of the interface and 0.3 mm
away from the center of the interface. EDS spectra corresponding
to the analyzed points were recorded as shown in Figs. 13 and 14
shows the variation of Carbon and Oxygen counts in terms of
weight percent with distance away from the interface. It was
observed that the carbon count increased away from the interface
(pure CP) while the oxygen count reduced in that same direction as
the material approached pure PSMP.

From Fig. 12 (b) and 14, the oxygen and carbon counts at the
interface are slightly different from the pure CP. The reason is that
the counts obtained from the box immediately above the CP
interlayer in the composite specimen were an average from an
interaction volume, which includes the CP interlayer and may also
include a small portion of the neighboring PSMP matrix. However,
the interaction volume did not affect the composition in the box
0.1 mm and box 0.3 mm away from the interface. Based on Potts
[32], the width of the interaction volume was about 3.4 pm. This
suggests that the interaction volume for the box 0.1 mm and
0.3 mm away from the interface did not include the CP interlayer. In
other words, the counts in the two boxes were due to the diffusion
of the CP molecules into the PSMP matrix.

4. Conclusions

In this study, a CP-PSMP composite was developed by dispersing
6% by volume of copolyester particles in a polystyrene shape
memory polymer matrix in order to realize and validate a novel
biomimic two-step close-then-heal (CTH) self-healing mechanism
for healing structural-length scale damage. Based on the test
results, it is found that:

(1) The healing efficiency is 65% and is repeatable.

(2) The two-step scheme leads to molecular-length scale self-
healing as evidenced by the EDS test results.

(3) The two-step self-healing is achieved by holding the temper-
ature at 150 °C for 20 min. Therefore, the self-healing should be
treated as timely.

(4) Because the notched specimens were fractured completely, the
two-step self-healing scheme as validated by this study should
be treated as being able to heal structural-length scale damage.

Further studies such as changing the volume fraction of the ther-
moplastic particles, changing the pre-strain levels during program-
ming, etc., may serve to further increase the healing efficiency.
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