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Figure 4-4 Typical 3D thermo-mechanical plots of (a) 3%CP-PSMP and (b) 9%CP-PSMP. 
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Since the pressure required to seal cracks and keep crack surfaces in close contact during 

healing comes from the confined recovery stress, this result indicates that with increasing CP 

content, the stress exerted to keep the crack surfaces together reduces. 

 Figure 4-5 shows a 2D plot of the recovery strain with time for the composite with CP 

contents of 3%, 6% [from chapter 3] and 9%.  

 

Figure 4-5 Typical 2D plots of recovery strain with time.  

The shape recovery (ability for the composite to recover the strain at point D) as seen in 

Figure 4-5, is larger than 98 % for all three groups, indicating that the CP-PSMP composite 

retained its shape recovery ability and shape memory functionality with a variation in CP 

content. However, it can be seen (Figure 4-5) that after the “lift off” point L, 3% CP shows a 

steeper and sharper slope of recovery (higher recovery rate) compared to the other two 
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specimens. This indicates that the speed of recovery or shape recovery rate reduces with 

increasing CP content. For instance, when the time equals 3.5 hours, the 3%CP composite has 

already recovered 86% of the strain while the 6% and 9% specimens have only recovered 77% 

and 71% of the same property, respectively.   

4.4.3 Three-point Bending Test Results and the Effect of CP Content on Healing 

Efficiency  

 Figure 4-6 shows typical load deflection curves of (a) 3% CP-PSMP and (b) 9% CP-

PSMP.  

 

Figure 4-6 Typical load deflection curves of (a) 3% CP-PSMP and (b) 9% CP-PSMP. 
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For the 3%CP specimen, the average peak bending loads for the un-notched, notched and 

healed specimens were respectively 1260 ± 4N, 321 ± 3N, and 645 ± 2 N. For the 9%CP 

specimen, the average peak bending load for the corresponding specimens were respectively 847 

± 3N, 220 ± 2N, and 631 ± 3 N. Figure 4-7 shows the variation of the peak bending load with CP  

content for the un-notched and healed specimens. 

 

Figure 4-7 Variation of the peak bending load with CP content for the un-notched and healed 

specimens 

 From Figures 4-6 and 4-7, several observations can be made: (1) By introducing 3% of 

CP particles into the PSMP matrix, there is a drop in load of -125 N for the un-notched specimen  

 (Figure 4-7). However, once the specimen is healed, the gain in load is +395 N, which is greater 

than the drop in load for the un-notched specimen. This is a positive trend since the load gained 

in the healed 3%CP-PSMP specimen is greater than the load sacrificed in the un-notched 
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specimen. To be consistent with the previous chapter, the healing efficiency in this study was 

obtained by comparing the peak bending load of the healed specimen to that of the original un-

notched specimen with the same CP content. Thus at 3% CP content, the healing efficiency is 

51.2%. Also, the increase in the peak bending load for the healed specimen, as compared to the 

notched specimen, is 200.1% (Figure 4.6).  (2) At 6% CP content, the total drop in peak load for 

the un-notched specimen, compared to the pure PSMP matrix is -325 N, with a total gain in load 

of +441 N after the specimen is healed (Figure 4-7). This again is a positive trend. The healing 

efficiency was 65% and the increase in peak bending load in the healed specimen was over 

300%. (3) By further increasing the CP content to 9%, a healing efficiency of 75% was obtained. 

However, the drop in peak bending load (-543 N) is greater than the total gain in load (+381 N) 

after the specimen is healed, indicating a negative trend. The increase in the peak bending load in 

the healed specimen was 280%. In section 4.4.2 it was noted that the confined recovery stress 

reduces with increasing CP content. Thus, it is possible that the negative trend observed at 9%CP 

content is due to a low confined recovery stress during the healing procedure, such that physical 

contact between the two crack surfaces was not maximized during the healing procedure. In a 

control experiment, a group of SENB specimens with 9% CP content was prepared and 

programmed to 10% pre-strain level so as to increase the confined recovery stress. By testing to 

fracture and then healing as described earlier, almost identical peak bending load results in the 

healed specimen were obtained. This indicates that further increasing the pre-strain level has no 

effect on the healing efficiency. Thus, the drop in the recovery load in the 9%CP specimen is a 

result of saturation of the PSMP matrix with CP as will be revealed by SEM observation. This is 

also an indication that a large amount of thermoplastic adversely affects the structural capacity of 

the thermosetting polymer based particulate composite.  
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4.4.4  Fracture Toughness  

 Fracture toughness values of the CP-PSMP composites in terms of critical stress intensity 

factor (KIC) were determined using Equation (1) per ASTM D 5045 standard: 
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(pre-notch and induced crack), W is the specimen width, B is the specimen thickness and x is the 

ratio of a to W.  The value of K becomes KIC when the condition in Eq. (2) is satisfied. 
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where y is the tensile yield strength or 0.7 times the compressive yield strength.  

 

Figure 4-8 Typical compressive stress-strain plots of the CP-PSMP composites. 
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Typical compressive stress-strain curves of the CP-PSMP composite are shown in Figure 

4-8.  The average compressive yield strength for the 3%CP, 6% CP and 9% CP specimens were 

respectively 36 ± 2MPa, 31 ± 1MPa and 28 ± 1MPa. 

 Fracture toughness values of the CP-PSMP composites in terms of energy release rate 

(GIC) were determined according to Eq. (3) per the ASTM D 5045 standard: 

BW

U
G 

………………………………….. ………………………………………………(4.3)

 

where   is a parameter taken as 0.246 for x = 0.5, and U is the corrected energy obtained by 

subtracting area A2 (ABEA) from area A1 (ACDA) in Figure 4-9.   

 

Figure 4-9 Load-deflection co- plots of SENB specimens and indentation specimens. 
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The area A1 represents the energy required to fracture the SENB specimen during the 

three-point bending test. In order to correct the effect of system compliance, load pin penetration 

into the specimen, and compression of the specimen during the bending test, the area A2 below 

the indentation curve is subtracted from A1 to obtain the corrected energy U.   

 The KIC and GIC values for 3%, 6% and 9% CP content were respectively 1.7334 

MPa.m
1/2

 and 1968 J/m
2
, 1.2420 MPa.m

1/2
 and 1421 J/m

2
, and 1.1826MPa.m

1/2
 and 1267J/m

2
. 

The results are plotted in Figure 4-10.  

 

Figure 4-10 Variation of fracture toughness with CP content. 

It is seen that the fracture toughness reduces very sharply when the CP content is less 

than 6%. Above 6% CP content, the fracture toughness reduces very slowly and almost levels 

off.  
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Figure 4-11 Average peak bending load with CP content. 

In actual composites, there are three factors controlling the selection of the CP content, 

which must be balanced. These include absolute peak bending load, toughness, and healing 

efficiency. Thus, it is seen that for applications where a higher fracture toughness and load 

carrying capacity are desirable over healing efficiency, CP contents of less than 6% would be 

appropriate (Figure 4-10). In the case where healing efficiency is desirable over fracture 

toughness and peak bending load, a CP content greater than 6% may be used. 

4.4.5 Effects of CP Content on Healing Repeatability 

 Figure 4-11 shows graphs of peak bending load (with error bars) with healing cycle for 

the CP-PSMP composite at different CP contents. For the first five healing cycles, the peak 

bending load did not vary much for all the three groups, indicating good healing repeatability. 
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4.4.6  SEM Observation 

 Figure 4-12 shows typical SEM images of the fractured surfaces of (a) a 3% CP specimen 

and (b) a 9% CP specimen, after first healing and fracture cycle. 

      

 

Figure 4-12 Typical SEM images with fracture surfaces of (a) a 3% CP specimen and (b) a 9% 

CP specimen, after healing and refracture. 

In Figure 4-12 (b), heavy traces of CP were seen on the fractured surface. This suggests that at 

the interface, there was more CP-CP bonding compared to the desired CP-PSMP bonding with 

increasing CP content. This explains the drop in peak bending for the healed 9%CP specimen (as 

seen in Figure 6). 

 

4.5 Summary 

Based on the test results in this chapter, it was found that: 

 The healing efficiency of the CP-PSMP composite increases with increasing CP content 

(up to 9%). However, the fracture toughness and the absolute recovered peak bending 

load of the composite decreases as the CP content increases.  



90 
 

 For applications where higher healing efficiency is desired, a CP content of at least 6% is 

suggested. 

 As compared to the existing self-healing schemes incorporating thermoplastics, a higher 

healing efficiency is achieved with a smaller amount of thermoplastic in this study, due to 

the two-step self-healing scheme used.   

 The glass transition temperature and storage modulus decrease as the CP content 

increases. Repeated programming-healing cycles slightly increase the glass transition 

temperature of the composite.   

 Shape recovery ratio reduces with increasing CP content. 
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CHAPTER 5 

A BIOMIMIC SELF-HEALING SHAPE MEMORY POLYMER BASED 

SYNTACTIC FOAM FOR 3D WOVEN FABRIC REINFORCED 

COMPOSITES 

 
5.1 Introduction 

In the previous chapter, the effect of thermoplastic copolyster (CP) content on the healing 

efficiency of the newly developed self-healing particulate composite (CP-PSMP) was 

investigated for three CP contents (3%, 6% and 9%, by volume). It was found that the healing 

efficiency increased with increasing CP content while the fracture toughness of the composite 

decreased in the same direction. This chapter focuses on the development of the proposed 

biomimetic self-healing syntactic foam. To produce the new self-healing syntactic foam, glass 

micro-balloons were incorporated into the 9%CP-PSMP particulate composite. In order to 

strengthen and improve the structural performance of the composite, the self-healing syntactic 

foam (CP-PSMP-SF) was reinforced with 3-D glass fibers.  The ability of the CP-PSMP-SF to 

heal structural-length-scale damage was investigated using single edge notched bend (SENB) 

specimens as described in chapter 3. The impact behavior of the composite was investigated on 

3-D glass fiber reinforced CP-PSMP-SF panels. 

 

5.2 Materials and Methods 

5.2.1 Raw Materials 

 The same materials that were used in Chapters 2 to 4 were used in this chapter. 

5.2.2 Fabrication of CP-PSMP Syntactic Foam 

 To produce the CP-PSMP syntactic foam, copolyester (CP) particles (9 % by volume) 

were dispersed in a beaker containing the SMP matrix and mixed to uniformity. Next, glass 

micro-balloons (GMB), 40% by volume, were dispersed into the CP-PSMP mixture to form a 
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of closing cracks during confined shape recovery of the damaged composite.  Based on Figure 5-

3 the stress recovery ratio of the composite was found to be 60%.  

 Figure 5-4 shows a 2-D plot of the recovery strain with time for the CP-PSMP-SF 

syntactic foam composite. The shape recovery (ability of the composite to recover the strain at 

point D) as seen in Figure 5.4, is larger than 98 %, indicating that the CP-PSMP syntactic foam 

composite retained its shape recovery ability and shape memory functionality. However, it can 

be seen (Figure 5-4) that the strain of CP-PSMP-SF starts taking off earlier (around the 1 hour 

mark) compared to that of 9%CP-PSMP (around 1-5 hour mark). This is reasonable since CP-

PSMP-SF has a lower Tg. 

 

Figure 5-3 Typical 3-D thermo-mechanical plots CP-PSMP-SF. 
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Figure 5-4 Typical 2D plots of recovery strain with time for CP-PSMP-SF. 

5.4.3  Three-point Bending Test Results  

 Figure 5-5 shows typical load deflection curves of the CP-PSMP-SF composite. The 

average peak bending loads for the un-notched, notched and healed CP-PSMP-SF specimens 

were respectively 650 ± 2N, 170 ± 3N, and 350 ± 2 N.  For ease of comparison, the peak bending 

loads for the un-notched, notched and healed specimens of 9%CP-PSMP from the previous 

chapter are presented; the values are 847 ± 3N, 220 ± 2N, and 631 ± 3 N respectively. By 

comparing the peak loads of the healed CP-PSMP-SF specimens to those of the Notched and un-

notched CP-PSMP-SF specimens, it can be seen that about 185 % of the load in the fractured 

specimen was recovered after healing, which corresponds to about 50% of the peak load in the 

undamaged specimen. 
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For both the un-notched and notched specimens, the peak load values of the CP-PSMP-

SF are 25% lower than those of the 9%CP-PSMP. Also, the healing efficiency of the composite 

is only 50%, compared to 75% that was obtained for 9%CP-PSMP in the previous chapter.  This 

may be due to the presence of glass micro-balloons in the crack plane during the healing process, 

which take up space and reduce or minimize contact between the PSMP and CP chains during 

the healing process.  This will be further studied by SEM observation in section 5.4.6. Glass 

micro-balloons may serve as discontinuities at the crack interface, preventing polymer chains 

from both crack surfaces to come in contact and entangle during the healing process. 

.  

Figure 5-5 Typical load deflection curves of CP-PSMP-SF composite. 
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5.4.4 Compression Test Results 

Figure 5-6 shows typical compressive stress-strain plots of the CP-PSMP-SF. The 

average yield strength of the foam was found to be 15 ± 0.5 MPa, which is slightly lower than 

that of the PSMP-SF.  

 

Figure 5-6 Typical compressive stress-strain plots of the CP-PSMP-SF. 

5.4.5 Variation of Healing Efficiency with Healing Cycle 

Figure 5-7 shows a graph of peak bending load (with error bars) with healing cycle for 

the CP-PSMP-SF composite. For the first five healing cycles, the peak bending load was seen to 

decrease from 350 N to 225 N as shown in Figure 5-7.   
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Figure 5-7 Variation of average peak bending load with healing cycle. 

Thus the healing efficiency based on peak bending load at the 5
th

 healing cycle was 37.5 

%. As compared to CP-PSMP, the healing efficiency decreases much faster as fracture-healing 

cycle increases. The reason is that, in the fractured surface CP-PSMP-SF specimens, the glass 

microballoons (some of them may have also been fractured) occupy a certain area, which prevent 

the molten the CP molecules from diffusing into the fracture PSMP matrix. Consequently, 

molecular-length scale healing is not achieved for this occupied area.     

5.4.6 SEM Observation 

 Figure 5-8 (a) shows a spherical glass microballoon (GMB) within copolyester (CP) 

thermoplastic particles at room temperature. Figure 5-8 (b) shows a typical SEM image of the 

fractured surface of a CP-PSMP-SF specimen after the first fracture. The CP particles, shown in 

Figure 5-8 (a), could not be clearly identified in Figure 5-8 (b). The final curing temperature for 

the CP-PSMP-SF was 120 °C, which is within the melting range of the CP particles. Thus it is 

possible that the particles melted during the curing process. 
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Figure 5-8 SEM pictures showing (a) a glass micro-balloon within CP particles at room 

temperature (b) distribution of glass micro-balloons within CP-PSMP Matrix. 
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Figure 5-9   Typical SEM pictures of a CP-PSMP-SF specimen after initial fracture (a) and after 

the first healing cycle (b). 
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Figure 5-9 shows typical SEM pictures of a CP-PSMP-SF specimen after initial fracture 

(a) and after the first healing cycle (b). It is seen that the crack was closed and healed. Figure 5-

10 shows a typical re-fractured surface of CP-PSMP-SF after the first healing cycle, with glass 

micro-balloons clearly seen on the surface. The glass micro-balloons in the crack plane hinder 

and block PSMP and CP polymer chains from coming together and bonding during the healing 

process. This results in a reduction in the total surface area available for bonding the CP and 

PSMP chains across the crack interface, as reflected by the drop in healing efficiency that was 

observed earlier. The glass micro-balloons may also serve as discontinuities in the crack plane, 

facilitating the initiation and propagation of cracks. 

 

 

Figure 5-10 A typical refractured surface of CP-PSMP-SF after the first healing cycle showing 

glass microballoon on the surface. 
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5.4.7 Variation of Impact Load with Impact Cycle 

 Figure 5-11 shows the variation of impact load with impact cycle for G1 and G2 

specimens of the CP-PSMP-SF. The average peak impact load was found to be 5.3 ± 0.1 kN. The 

average deflection after the first impact was found to be 12 ± 0.2 mm.  

 

Figure 5-11 Variation of impact load with impact number for both G1 and G2. 

Comparing the CP-PSMP-SF to the PSMP-SF from Chapter 2, the following 

observations are made: (1) it is seen that the incorporation of CP slightly reduces the peak impact 

load (from 6 kN in PSMP-SF to 5.3 kN in CP-PSMP-SF). However, the impact and perforation 

resistance of the foam is significantly increased (requiring up to 16 impacts to perforate the CP-

PSMP-SF compared to only 5 impacts for PSMP-SF); (2) the close-then-heal (CTH) mechanism 

delays perforation in the G1 specimens of CP-PSMP-SF by up to five (5) impacts to a total of 21 

impacts. For the PSMP-SF (Chapter 2), perforation was delayed by only two impacts to a total of 
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seven (7) impacts. The first impact causes local densification around the impact region for the 

G2 specimen, as reflected by the sudden rise in peak load at the second impact cycle (Figure 

5.11). This trend was observed before in the PSMP-SF specimens (Chapter 2). For the G2 

specimens, it is seen that the load reduces very slowly for the first 12 impacts, before reducing 

more rapidly from the 13
th

 impact to perforation at the 16
th

 impact. This indicates that major un-

healable damage was inflicted in the 3D fibers at the point of impact at the 13
th

 impact cycle. For 

the G1 specimen, the sudden rise in peak load at the second impact was not observed. Since the 

G1 specimens were healed after each impact, the infliction of major damage in the material was 

delayed. For example, at the 13
th

 impact, while the average peak impact load of the G2 specimen 

has already dropped to about 3.6 kN, the peak load of the G1 specimen is still up at 4.6 kN. 

Figure 5.12 shows a representative load-deflection curve of G1 specimens at perforation (21
st
 

impact). 

 

Figure 5-12 Representative load-deflection curve of G1 specimens at perforation (21
st
 impact). 
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5.4.8 Variation of Energy with Impact Number 

 As was seen in Chapter 2, when a specimen is impacted, it can dissipate energy in two 

modes: energy transfer (mode I) and energy absorption (mode II). For mode I, the impact energy 

is stored in the form of elastic strain energy and kinetic energy which is later transferred back to 

the projectile or the environment through vibration and damping. For mode II, the impact energy 

is absorbed through plastic deformation (as in indentation) and damage (as in matrix cracking, 

fiber debonding, fiber breakage, etc). The initiation energy has been defined as the energy 

corresponding to the point of maximum impact force and is basically a measurement of the 

ability for the target to transfer energy elastically (mode I).  

 

Figure 5-13 Variation of energy with impact number for both G1 and G2. 

Propagation energy (the difference between the maximum energy and the initiation 

energy) is a measurement of the energy absorbed by gross damage (mode II). Figure 5.13 shows 
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the variation of total energy and initiation energy (IE) with the number of impact cycles for the 

G1 and G2 (control) CP-PSMP-SF specimens. It is seen that the total impact energy did not 

change much until the last few impacts for both G1 and G2. The reason is that toward the last 

few impacts, the tup begins to perforate the specimen and thus (the tub) shares a portion of the 

available energy. The IE of control specimens was fairly constant until the 13th impact and 

decreased sharply with increasing impact number, while IE of G1 specimens was fairly constant 

until the 18
th

 impact before decreasing steadily to perforation. Therefore, for G1, the self-healing 

delayed the onset of energy absorption by non-healable damage until the 18
th

 impact. The impact 

number where IE starts to decrease sharply indicates a decrease in energy dissipation by mode I 

(energy transfer) and an increase in energy dissipation by mode II (energy absorption such as by 

non-healable damage like fiber fracture), as seen in Figure 5.13. 

 

Figure 5-14 Variation of deflection with impact number. 
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5.4.9 Variation of Deflection with Impact Cycle 

 The variation of deflection with impact number for both G1 and G2 specimens of CP-

PSMP-SF is shown in Figure 5-17. From the Figure, it can be seen that the deflection of G2 

increased faster than that of G1. This suggests that the self-healing process reduced the rate of 

degradation in stiffness in and around the impact region in G1 specimens.  

 

5.5  Summary  

 In this chapter, the biomimetic self-healing shape memory polymer based syntactic foam 

(CP-PSMP-SF) was developed and its ability to heal structural length-scale damage was 

evaluated through crack sensitive three-point bending tests. The healing efficiency after the first 

healing cycle was 50 %. SEM revealed the presence of glass micro-balloons in the crack plane 

which reduced the total surface area available to bond the thermoplastic copolyster and 

polystyrene shape memory polymer during healing. Impact tests results on 3-D fiber reinforced 

CP-PSMP-SF panels revealed excellent impact properties at 42 J impact energy. Sixteen (16) 

impacts (without healing) were required to perforate the panels, indicating good impact 

tolerance. The self-healing scheme delayed the perforation of the panels by 5 impacts to a total 

of 21 impacts.  
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
 

6.1  Conclusions 

  In this dissertation, a novel two-step biomimic close-then-heal (CTH) self-healing 

mechanism for polymer composite materials was realized experimentally, and its ability to heal 

structural-length-scale damage molecularly in an autonomic, efficient, repeatable, and timely 

manner was evaluated. Such a mechanism is useful for extending the service life of polymeric 

composites, such as syntactic foam, which is increasingly used in weight sensitive applications. 

A systematic approach was adopted to realize and validate this novel scheme for self-healing 

structural-length-scale damage in structural polymeric syntactic foam composites. 

 In the second chapter of this dissertation, the methodology to fabricate 3-D fiber 

reinforced shape memory polymer syntactic foam for structural applications was developed. The 

effect of impact energy on the ability of SMP foam panels to seal damage and mitigate impact 

was investigated in terms of the number of impacts to complete perforation. It was found that by 

healing surface dents and closing internal damage, perforation was delayed (from 9 impacts to 16 

impacts at 32 J impact energy and from 5 impacts to 7 impacts at 42 joules impact energy).  

 In the third chapter of this dissertation, a new self-healing particulate composite was 

developed by incorporating co-polyester thermoplastic particles (6% by volume) within a 

polystyrene shape memory polymer matrix. Compatibility between the two polymers was 

confirmed by DSC analysis. The particulate composite was used to validate the two-step close-

then-heal (CTH) self-healing mechanism using single edge notched bend (SENB) specimens 

(with a notch width of 1mm) through three-point bending tests. SEM showed that the notch was 

completely closed and healed during the healing process, indicating that the CTH scheme was 
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successfully used to close and heal structural-length-scale damage. Energy dispersive 

spectroscopy (EDS) was used to indirectly verify the diffusion of the thermoplastic copolyster 

molecules into the SMP matrix during self-healing, indicating that healing occurred at the 

molecular level. Self-healing was achieved in 20 minutes, at 150 °C. Thus the self-healing 

process can be treated as timely. A repeatable healing efficiency of 65% was obtained. Human 

assistance was required to confine and heat the specimens during the healing process. However, 

once the healing mechanism was activated, healing took place autonomously.   

 In the fourth chapter of this dissertation, the effect of thermoplastic content on self-

healing efficiency was investigated. CP-PSMP composites with CP contents of 3% and 9% were 

fabricated and the effect of CP content on healing efficiency was studied. It was found that the 

healing efficiency increased with CP content. The healing efficiencies at 3% and 9% CP volume 

fraction were respectively 50% and 75%.  However, the fracture toughness of the composite 

decreased in the same direction.  

 In the fifth chapter of this dissertation, the self-healing shape memory polymer based 

syntactic foam proposed in this dissertation was developed. The ability for the foam to close and 

heal structural-length-scale damage was demonstrated on SENB specimens. Through three-point 

bending tests, a healing efficiency of 50 % based on fracture load was achieved. The healing 

efficiency was seen to reduce with healing cycle for the first five healing cycles. SEM revealed 

that glass-micro-balloons in the crack plane shared the total area available for bonding between 

the SMP matrix and thermoplastic particles.  Impact tests on 3-D fiber reinforced CP-PSMP-SF 

panels revealed good impact properties. Compared to the PSMP-SF in Chapter two (5 impact to 

perforation, at 42 J impact energy), the CP-PSMP-SF was perforated at the 16
th

 round of impact. 

Self-healing damage after each impact delayed perforation by five more rounds to the 21
st
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impact. The self-healing scheme restored the stiffness around the impact area, as revealed by the 

variation of deflection with impact number. 

 Thus, it is seen that the STH self-healing scheme as validated on CP-PSMP-SF can heal 

structural-length-scale damage timely (20 minutes at 150 °C).  Based on the EDS analysis in 

Chapter 3, it can be inferred that self-healing occurred at the molecular level. Human assistance 

was required to trigger self-healing (by thermal activation), but once the self-healing mechanism 

was activated, healing occurred autonomously.  

 

6.2  Future Work 

 The healing efficiency of the CP-PSMP-SF obtained in this study is 50%.  The challenge 

for future work is to improve the healing efficiency of the self-healing syntactic foam.   

 

Figure 6-1 Schematic diagram showing the distribution of glass micro-balloons and 

thermoplastic particles within a crack plane. 
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One suggestion is to use glass micro-balloons with a smaller average diameter compared 

to the thermoplastic particles so as to maximize contact between the shape memory polymer 

chains and the CP chains during the self-healing process. Figure 6-1 is a schematic diagram 

showing the distribution of glass micro-balloons and thermoplastic particles within a crack plane. 

In Figure 6-1 (a), the glass micro-balloons are larger than the thermoplastic particles. In Figure 

6-1 (b) the thermoplastic particles are larger than the glass micro-balloons. Thus per Figure 6-1 

(b, it is envisioned that there would be better contact between the thermoplastic particles and the 

shape memory polymer matrix during the self-healing process, leading to an increase in healing 

efficiency as well as repeatability. Also, good bonding between the thermoplastic and 

microballoons could also increase the healing efficiency.   
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