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conductive Al2O3@siloxane
composite with rapid self-healing property based
on carboxyl-amine dynamic reversible bonds†

Ziyue Hu, Weijian Wu, Xiang Chen,* Yuanzhou Chen, Junlin Chen
and Zhifeng Hao*

Thermal interface materials (TIMs) are one of the efficacious ways to alleviate the heat accumulation problem

ofmicroelectronics devices. However, conventional TIMs based on polydimethylsiloxane (PDMS) always suffer

from mechanical damage, leading to shortened service life or loss of thermal conductivity. In this work, we

fabricated a high-thermal conductivity and fast self-healable Al2O3@siloxane composite by hydrosilylation

reaction. The siloxane matrix consisted of thermosetting silicone rubber matrix (SR) and heat reversibility

matrix (SCNR); the SR was synthesized via hydrosilylation between silicon hydrogen bond and vinyl, the

SCNR was fabricated by thermal-curing between amino and carboxyl functionalized PDMS. Different sized

spherical Al2O3 fillers were introduced into the SR/SCNR matrix system to construct the Al2O3@SR/SCNR

composites. By adjusting the ratio of SR/SCNR, the obtained composites can achieve flexibility, self-healing

and high filling simultaneously. It is notable that the self-healing efficiency of the composite is high, up to

95.6% within 3 minutes with 6.7 wt% mass ratio of SCNR/SR; these fast self-healing behaviors benefit from

the assistance of thermal diffusion by 3D heat conduction pathways on the rearrangement of the dynamic

cross-linked network. The resultant composites also exhibited the optimal thermal conductivity of 5.85 W

mK�1. This work provides a novel approach for constructing longer service life and high thermal

conductivity multifunctional TIM based PDMS.
Introduction

With the increasing renement of the internal layout of
microelectronic devices, heat is further accumulated. The
electronics industry urgently desires to develop low-cost
thermal interface materials (TIMs) which are suitable for
irregular gaps to dissipate heat quickly.1–3 Polydimethylsiloxane
(PDMS) is widely used in the matrix of a new generation of TIMs
due to its chemical stability and weather resistance.4,5 However,
the thermal conductivity of PDMS is only about 0.2 W mK�1, so
it is oen necessary to ll with thermal conductive llers to
increase the thermal conductivity. Metal materials such as Ag,6,7

Cu 8 and carbon materials including graphite,9,10 graphene,11,12

carbon nanotubes13,14 with high electrical conductivity have
been reported as llers to increase the thermal conductivity of
the polymer-composites. Ceramic materials such as AlN,15

BN,16,17 Al2O3
18,19 have not only good thermal conductivity, but

also good electrical insulation and excellent thermal stability.
Among them, although the thermal conductivity of Al2O3 is not
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so high (�30 W mK�1), it is widely sourced, inexpensive and
suitable for bulk lling. It is applied in currently commercial-
ized TIMs (such as thermally conductive gaskets and thermally
conductive gels) to improve the thermal conductivity.

However, the conventional thermosetting Al2O3/PDMS
composites are easily damaged to occur cracks during use, and
thermal conductivity or other functions of the materials will be
reduced aer damage. The concept of self-healing comes from
the healing process of natural organisms. Materials can main-
tain their properties aer self-healing. If these TIMs are inte-
grated with self-healing ability to automatically repair damages
inicted on them, it would avail long-term usage as well as
enhanced reliability and durability. The intrinsic self-healing
ability of materials is mainly achieved by dynamic reversible
bonds, such as disulde bonds,20,21 Diels–Alder reactions,22,23

amide bonds,24,25 metal ligand-coordination,26,27 borate
bonds,28,29 borate ester bond,30,31 electrostatic interactions32,33

and so on. Considering the practical application of thermal
interface, the introduction of thermally triggered reversible
dynamic bond is a suitable scheme. Whereas, among reported
self-healing materials with thermally triggered reversible
dynamic bond, Cao et al. fabricated a mechanically strong and
self-healing rubbers via dynamic Fe3+–pyridine coordination
bonds, the sample shown self-healing efficiency of 87%.34

Whereas, such metal coordination bonds are not suitable for
RSC Adv., 2022, 12, 6649–6658 | 6649
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occasions where insulation is required. Zhao et al. prepared the
composite with thermal conductivity of 0.8 W mK�1 using DA
adduct cross-linked silicone polymer as matrix and BN as
llers.35 Therefore, achieving high thermal conductivity and fast
self-healing efficiency is still a challenge. In particular, the
materials should remain exible.

It is an ingenious strategy to meet the demand introducing
of the thermal-triggered carboxyl-amine dynamic bond into the
siloxane matrix. Liu et al. fabricated a self-healing silicone
elastomer via thermo-curing to develop dynamic crosslinked
ionic bonds between carboxyl and amide functionalized PDMS,
which showed a self-healing efficiency of 97% aer 2 h, at
100 �C.33 Sun et al. prepared a supramolecular network by two
components assembled by hydrogen and ionic bonds, which
a self-healing efficiency of 115% in tensile strength and almost
100% in actuated strain at a given electric eld can be achieved
aer self-healing at 80 �C for 5 h.32

Inspired by the above works, we developed fast self-healing
and high thermally conductive Al2O3@SR/SCNR composite
based on carboxyl-amine dynamic reversible crosslinking. To
meet the so and high lling requirements of TIMs, we con-
structed a thermosetting silicone rubber matrix (SR) with low
cross-linking degree via controlled hydrosilylation. The
dynamic cross-linking network of SCNR formed between
carboxyl and amide functionalized PDMS ensured self-healing
and reprocessing capabilities. The spherical Al2O3, as
a thermal conductive candidate, could make great contribution
not only to fast heat pathway but also to the thermal-triggered
self-healing properties. In addition, we adjusted the ratio of
covalent crosslinks and thermo-reversible crosslinks in matrix
to obtain both the fast self-healing performance and high
thermal conductivity. It is reasonably expected that these
multifunctional Al2O3@SR/SCNR composites would be used as
preferable thermal interface materials which behave the ability
to automatically repair damages and avail long-term usage as
well as enhanced reliability and durability.
Experimental
Materials

Polyvinylsiloxane (PDMS-Vi) (RH-Vi311, Vi wt% ¼ 0.43%),
hydrogen siloxane (PDMS-H) (RH-H57, H wt% ¼ 0.13%; RH-
H512, H wt% ¼ 1.2%; RH-H45, H wt% ¼ 0.12%), Zhejiang
Runhe Organic Silicon New Material Co., Ltd. (Huzhou China);
lithium hydroxide, 1,3-2 vinyl-1,3,3,3-tetramethyldisiloxane
platinum, 2-phenyl-3-butyn-2-ol, toluene, tetrahydrofuran
(THF) methyl methacrylate (MMA), Aladdin Biochemical Tech-
nology Co., Ltd (Shanghai China) amino functionalized poly-
dimethylsiloxane (PDMS-NH2), Changji Chemical Co., Ltd.
(Changshu China); spherical Al2O3 powders (20–70 mm), Foshan
Sanshui Jinge New Material Co., Ltd.
Preparation of ester modied PDMS (PDMS-MMA)

10.0 g RH-H512 was dissolved into 30 mL toluene in a 250 mL
three neck round bottom ask with a condensation reux
device and a dropping funnel, and a toluene (30 mL) solution
6650 | RSC Adv., 2022, 12, 6649–6658
containing 14.4 g of MMA was added slowly through a dropping
funnel, and the reactants were stirred and dissolved in N2

atmosphere, then 0.1 mL 1,3-2 vinyl-1,3,3, 3-tetramethyldisi-
loxane platinum was added into ask. Aer stirring for 15 min,
reacting at 85 �C for 10 h, toluene and residual MMA were
removed by distillation under reduced pressure to obtain
a milky white viscous liquid PDMS-MMA (Fig. S1†).

Preparation of carboxyl functionalized PDMS (PDMS-COOH)

22.0 g PDMS-MMA was dissolved completely in 60 mL THF in
a 500 mL single-neck round bottom ask, 145 mL of 1 mol L�1

LiOH aqueous solution was added slowly and condensed and
reuxed for hydrolysis at 90 �C for 1 h. Aer the hydrolysis
reaction is end, the aqueous phase was collected and then
extracted in 40 mL THF at room temperature, the pH was
adjusted to 1–2 with hydrochloric acid of 6 mol L�1. The THF
phase was collected, and the solvent was removed by distillation
under reduced pressure to obtain a pale-yellow liquid PDMS-
COOH (Fig. S1†).

Preparation of SCNR elastomer

PDMS-COOH and PDMS-NH2 (molar ratio 1 : 1) were mixed
uniformly in 50 mL THF for 3 h, the solvent was removed, the
remaining solvent was volatilized at room temperature, and it
was placed in a vacuum drying oven at 75 �C for 48 h to obtain
SCNR elastomer (Fig. S1†).

Fabrication of Al2O3@SR/SCNR composites

5.0 g RH-Vi311, 0.3133 g RH-H45, 0.1342 g RH-H57 and 0.05 g 2-
phenyl-3-butyn-2-ol were mixed at 65 �C for 15 min, then
chopped SCNR particles and spherical Al2O3 llers were added
in small amounts and several times, the mixture was stirred and
mixed evenly at 90 �C for 1 h. 20 mL 1,3-2 vinyl-1,3,3, 3-tetra-
methyldisiloxane platinum was added and mixed at room
temperature, degassed under vacuum for 30minutes, and cured
at 100 �C for 20 min (Fig. 1). The Al2O3@SR/SCNR composites
were obtained. The samples in this study were marked accord-
ing to the following format: mass ratio (x : y : z) : x Al2O3 ll-
ers@y SR matrix/z SCNR matrix. The contrast samples without
SCNR were marked as: mass ratio (x : 1) : x Al2O3@SR.

Characterization

Fourier transform infrared (FTIR) spectra were obtained on
a Thermosher IS50R. Nuclear magnetic resonance (1HNMR)
spectra were recorded on a Bruker Advanced III HD 400 MHz
NMR spectrometer with CDCl3 as the solvent. X-ray diffraction
(XRD) experiments were test on Malvern Panalytical Aries with
Cu Ka radiation at 15 kV and 40 mA. The morphological
structures were detected with a Phenomworld Prox microscope
for scanning electron microscopy (SEM). The rheological prop-
erties were tested on Anton Par rotary rheometer MCR301 with
a 25 mm stainless steel parallel plate. The angular frequency
range was set to 100–0.1 rad s�1 and 0.1% strain was applied in
frequency sweep mode. A heating rate of 1 �C s�1, a frequency of
1 Hz and strain of 0.5% were applied in temperature sweep
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of fabrication of Al2O3@SR/SCNR composites.
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mode. Differential scanning colorimetry (DSC) was conducted
with a Mettler DSC3 by heating from �80 �C to 20 �C at
a heating rate of 10 �C min�1 under nitrogen atmosphere.
Thermal conductivity coefficients of samples were measured
using a Netzsch LFA 467 light ash system at 25 �C, 260 V laser
voltage, 0.6 ms laser pulse width, sampling frequency of 2 MHz,
laser source of xenon lamp. Thermal conductivity (l) coefficient
is calculated from the follow formula:

l ¼ a � r � Cp

where a is the thermal diffusivity of the composite, r is the
density of the composite with r ¼ m/v, in which m and v are the
mass and volume of the composites, respectively. Cp is the
specic heat capacity which is obtained by DSC at 25 �C. The
thermal date of samples was captured by a Magnity MAG12
infrared camera. Stress–strain curves of composite were deter-
mined on a IDEAR TEST electronic universal testing machine
with 5 splines with the test rate of 100 mm min�1 at room
temperature according to GB/T-528-2009. The self-healing effi-
ciency of composites was calculated and evaluated from the
ratio of the tensile strength of the healed samples to that of the
original samples.
Results and discussion
The method and strategy of fabrication Al2O3@SR/SCNR
composites

SCNR elastomer was prepared by blending PDMS-COOH and
PDMS-NH2, as shown in Fig. S1.† PDMS-COOH was prepared by
hydrosilylation of side chain hydrogen polydimethylsiloxane
(PDMS-H, H wt% ¼ 1.2%) and MMA. Then, the synthesized
PDMS-COOH was mixed with PDMS-NH2 via solution blending.
Aer removing the solvent and thermal curing, SCNR can be
© 2022 The Author(s). Published by the Royal Society of Chemistry
successfully obtained. The ionic bonds can be formed between
PDMS-COO� and PDMS-NH3

+, which are generated by the
deprotonation of –COOH on the side chain of PDMS-COOH and
the protonation of –NH2 at the end of PDMS-NH2. In addition,
hydrogen bonds can also be formed between carbonyl (C]O)
and amino (NH2). Carbonyl as a receptor, amine as a donor
hydrogen bond and ion bond can be used as physical cross-
linking points to form an elastomer network.

Al2O3@SR/SCNR composite was fabricated with blending and
crosslinking SCNR particles, Al2O3, PDMS-Vi and PDMS-H. It is
found that the free amino group destructed the reaction between
PDMS-Vi and PDMS-H, so the PDMS-COOH in this system is
slightly excessive and SCNR needs to be cured in advance. Under
the pression, the added components crosslinked together
uniformly to obtain Al2O3@SR/SCNR composites. It can be seen
in Fig. 2(b) that there are no larger particles (such as SCNR) in the
Al2O3@SR composites than the spherical alumina (20–70 mm).
The low-crosslinking network we designed in this work can
accommodate 10 times more alumina than itself. The amount of
alumina added reaches 90.9 wt%, and a large amount of spher-
ical alumina builds thermal conduction paths in all directions.
And the successful preparation of Al2O3@SR/SCNR composites
implied that SCNR is not recombined during the preparation. SR
and SCNR networks are physically interspersed with each other.
Moreover, SCNR particles were uniformly fused and inserted into
SR network aer continuous friction of Al2O3. Meanwhile, the
permanently crosslinked SR network also acted as a skeleton to
accommodate Al2O3 and SCNR networks.

Characterization and dynamic reversibility of the SCNR
composites

SCNR is obtained via thermal-crosslinking of PDMS-COOH and
PDMS-NH2 (Fig. S1†), which the dynamic ionic bond formed
between PDMS-COO� and PDMS-NH3

+. FTIR spectra for PDMS-
RSC Adv., 2022, 12, 6649–6658 | 6651
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Fig. 2 SEM images of spherical alumina (a); Al2O3@SR/SCNR composites (b); thermal path of Al2O3@SR/SCNR composites (c).

Fig. 4 In situ FTIR spectra of SCNR at different temperature.
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H, PDMS-MMA, PDMS-COOH were present in Fig. S3(a).†
PDMS-H has an obvious Si–H absorption at 2159 cm�1. For
PDMS-MMA, the absorption of Si–H basically disappeared, and
a strong absorption of saturated ester carbonyl C]O appeared
at 1743 cm�1, indicating that a hydrosilylation reaction had
occurred between MMA and PDMS-H. The main change in the
FTIR spectrum of the product PDMS-COOH aer the hydrolysis
reaction was the disappearance of the absorption of the ester
carbonyl C]O at 1743 cm�1 and the appearance of the
absorption of the carboxyl group C]O at 1708 cm�1. This
conrmed that the ester functional group graed onto the
siloxane chain is successful hydrolysis to be a carboxyl func-
tional group.

1HNMR results (Fig. S2†) of PDMS-MMA 1HNMR (400 MHz,
CDCl3) d 7.15 (dd, J¼ 9.3, 5.5 Hz, 1H), 7.09–7.02 (m, 1H), 3.54 (s,
3H), 2.25 (s, 1H), 1.10 (d, J ¼ 7.0) and PDMS-COOH (1H NMR
(400 MHz, DMSO-d6) d 11.91 (s, 1H), 1.74–1.61 (m, 1H), 0.68–
0.44 (m, 1H)) also agree well with the FTIR data.

To illustrate the self-healing property of SCNR, the samples
were cut into two different colour separate pieces with a razor
blade (Fig. 3(a)), and two half-plates were brought back into
contact and then healed by a thermal treatment at 90 �C, 1 h.
The healed SCNR could be stretched and bent, indicating that
the cured sample had good uniformity, and the chopped SCNR
(Fig. 3(b)) could be reprocessed aer hot pressing at 2 kPa, 90 �C
for 15 min.

In situ FTIR was performed to study dynamic reversibility
and the hydrogen bonds and ionic bonds network of SCNR. The
infrared spectrum from 1500 cm�1 to 1800 cm�1 was presented
in Fig. 4. Herein, in SCNR, hydrogen bonds were mainly formed
among amide bond (N–H) and carbonyl (C]O) groups. As the
peak representing stretching vibration of (C]O) groups moved
Fig. 3 Photographs of the SCNR: (a) self-healing of damaged SCNR
samples; (b) reprocessing of SCNR samples.

6652 | RSC Adv., 2022, 12, 6649–6658
from 1738 cm�1 to the high frequency region to 1749 cm�1,
accompanied with the shiing peak of in-plane bending
vibration of N–H at 1540 cm�1 gradually to the low frequency
region and disappeared. It could be inferred that hydrogen
bonds interact with each other and the dynamic change of
hydrogen bonds in the SCNR.36 And the N–H peak disappears
and the C]O peak weakens, which indicates that with the
increase of temperature, the dynamic interaction decreases
until dissociation, resulting in an increase in the amount of free
carboxyl, thereby promoting the reaction of –COOH with –NH2

to form carboxyl-amine dynamic bonds.
X-ray diffraction (XRD) patterns of SCNR before and aer

self-healed exhibited in Fig. S3(b).† The SCNR sample had no
obvious crystallization peak, while the sample aer heat treat-
ment had a signicant peak at about 45�, which may be
explained by the fact that some hydrogen bonds are converted
into ionic bonds aer heat treatment, resulting in higher crys-
tallinity, which is accordant with the results from in situ FTIR.

Flexible performance of the Al2O3@SR/
SCNR composites
DSC studies chain mobility of Al2O3@SR/SCNR composites

Silicone elastomers are applied extensively because of their so
and elastic properties, especially the strong mobility of molec-
ular chain plays a key role in self-healing materials.37,38 The
chain mobility of PDMS-COOH, SCNR elastomer, Al2O3@SR
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DSC results of PDMS-COOH, SCNR, Al2O3@SR composites,
Al2O3@SR/SCNR composites.
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and Al2O3@SR/SCNR were measured by DSC in this work, as
shown in the Fig. 5. The Tg of PDMS-COOH appears at �19 �C,
while the Tg of SCNR is higher than �13 �C of PDMS-COOH,
which is because the crosslinking limits the chain movement.
The endothermic peak of Al2O3@SR at �45 �C corresponds to
the melting of SR. The endothermic peak of Al2O3@SR/SCNR
appeared at �43 �C, as the increasing of crosslinking SCNR
limit the chain migration. Melting behaviour corroborates the
Fig. 6 In the frequency sweep test: (a) G00 of Al2O3@SR composites filled
different Al2O3 content; in the temperature scan test: (c) G00 of Al2O3@SR
SCNR composites with different SCNR content.

© 2022 The Author(s). Published by the Royal Society of Chemistry
soness and diffusivity in the composite, promoting the self-
healing behavior.39
Rheological studies of the Al2O3@SR/SCNR composites

The rheological test is used to further investigate the elasticity
and dynamic ionic crosslinking of composites. As shown in the
frequency sweep test of Fig. 6(a) and (b), the storage modulus
(G00) of the Al2O3@SR composites was always larger than the loss
modulus (G0) over the entire range of frequencies and exceed G00

by an order of magnitude, suggesting that the Al2O3@SR
composites are solid elastomers. And the G00 improved with the
increasing of the llers loading, which was due to the rein-
forcement of the llers that enhances the composites. The
reason for G0 increasement is that the increase of the llers
enlarges the friction between the llers and the silicone
molecular chain.

In the temperature scan test, as shown in Fig. 6(c) and (d),
the Al2O3 loading is the same. The results show that the G00 of
the composites are always higher than the G0, demonstrating
that the Al2O3@SR/SCNR composites are elastic solids in the
temperature range of 20 �C to 140 �C. With the SCNR content
increasing, and the G00 and G0 of the Al2O3@SR/SCNR compos-
ites reduced, it might be explained by the fact that the binding
force of dynamic reversible cross-linked ionic bonds of SCNR is
weaker than that of permanent cross-linked covalent bonds of
SR. In addition, as the SCNR wt% increases, the G00 and G0
with different Al2O3 content; (b) G0 of Al2O3@SR composites filled with
/SCNR composites with different SCNR content; (d) G00 of Al2O3@SR/

RSC Adv., 2022, 12, 6649–6658 | 6653
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reduced, while G00 of Al2O3@SR does not enhance as the
temperature rising. The phenomenon of decline occurred due
to SRmatrix was entirely composed of permanently cross-linked
covalent bonds and will not dissociate with the increase of
temperature. G00 of Al2O3@SR/SCNR composites exhibited
a downward trend as the temperature increases. This was
because the dynamic reversible ionic reaction of carboxyl and
amino groups. The ionic bond dissociated gradually with the
rise of temperature, leading to the loose crosslinking network
and the decrease of G00.32

Self-healing performance of the
Al2O3@SR/SCNR composites
Mechanical properties reversibility of the composites

The self-healing property of the Al2O3@SR/SCNR composites
were valued via comparing the tensile strengths of the samples
before and aer healed at 2 kPa, 90 �C for 3 min. Fig. 7(a)
exhibited the stress–strain curve of 10Al2O3@SR/SCNR
composites with different SCNR content. The value of elonga-
tion at break mainly depends on the ratio between SR and
SCNR, SR has a smaller G00 compared to SCNR, and thus has
elongation at breakage. As the SCNR content increases, the
tensile strength of the composites increased obviously but the
elongation decreased, it could be explained by the increase of
crosslinking points in the system, and the degree of entangle-
ment between the SCNR network and SR networks enhanced,
and friction between llers and chain grew up, restricting the
free movement of the molecular chains, so the tensile strength
increased. In addition, the reduction of elongation may be
owing to weaker ionic bonds are easier to be broken before the
permanent covalent bonds in SR.

Moreover, amount of converted ionic bonds in the
composite aer self-healed grew as the SCNR content increased,
so the tensile strength grew up, it probably leaded to a stronger
composite which may sustain the repeated stress and prolong
the service life until next breakdown.

Fig. S5† shown the stress–strain curves of the original and
the self-healed Al2O3@SR/SCNR composites with different
Fig. 7 (a): Stress–strain curve of Al2O3@SR/SCNR composites; (b) the c
efficiency between 20Al2O3@SR/SCNR-1/0.75 and previously reported w
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SCNR content. The data of healing efficiency of the Al2O3@SR/
SCNR composites was listed in Table 1. It is worth noting that
Al2O3@SR/SCNR could self-healed aer hot press treatment,
but Al2O3@SR did not show self-healing properties. The
10Al2O3@SR/SCNR-1/0.075 behaved the best self-healing effi-
ciency up to 98.38%, and the self-healing efficiency of
20Al2O3@SR/SCNR-1/0.075 was 95.6%, which SCNR content of
matrix was just 6.97 wt%. The results indicated that the intro-
duction of SCNR endowed with self-healing property. The high
self-healing efficiency is also on account of the exibility of the
silicone macromolecular chain. Otherwise, when the addition
of SCNR exceeded 6.97 wt%, the viscosity of the system was too
large and restricted the self-healing efficiency. This was due to
the increase of cross-linking point, the degree of friction with
the ller increases, and the resistance of molecular chain
migration increased. The thermal rearrangement of carboxyl
amine dynamic bond was difficult to migrate and contact,
leading to the self-healing performance decreased. Therefore,
the ratio between SR and SCNR was critical for efficient self-
healing properties of composites.

A numerical contrast of the thermal conductivity, self-
healing efficiency and the time on self-healing of the as-
fabricated Al2O3@SR/SCNR composites with other thermal
conductivity, self-healing composites35,40–46 reported previously
are displayed in Table S2† and Fig. 7(b). It was signicant that
the Al2O3@SR/SCNR composites in this work exhibited excel-
lent comprehensive performance compared to other self-
healing TIMs and demonstrated hopeful application potential
in the eld of microelectronics.

Thermal conductivity reversibility of the composites

The thermal conductivity (l) of Al2O3@SR composites and
Al2O3@SR/SCNR composites before and aer self-healed were
tested via laser ash method. The ratio of Al2O3/SR/SCNR in
Al2O3@SR/SCNR composites was x/1/0.075, the ratio of Al2O3/SR
in Al2O3@SR composites was y/1. The calculated lwas displayed
in Fig. 8, as the content of Al2O3 increased, the l of both
Al2O3@SR and Al2O3@SR/SCNR composites increased. Fig. 8(a)
revealed that the l of the 20Al2O3@SR/SCNR-1/0.075 is 5.86 W
omparison of time on healing, thermal conductivity and self-healing
orks.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The data of healing efficiency of the Al2O3@SR/SCNR composites

Sample
Original tensile
strength (MPa)

Original elongation
at break (%)

Healed tensile
strength (MPa)

Healed elongation
at break (%)

Self-healing
efficiency (%)

10Al2O3@SR/SCNR-1/0.025 0.053 701.439 0.043 498.564 82.02
10Al2O3@SR/SCNR-1/0.05 0.093 211.771 0.084 133.611 90.38
10Al2O3@SR/SCNR-1/0.075 0.147 187.305 0.145 157.464 98.13
10Al2O3@SR/SCNR-1/0.1 0.135 142.757 0.122 126.119 90.97
10Al2O3@SR/SCNR-1/0.15 0.198 172.772 0.164 152.600 82.87
20Al2O3@SR/SCNR-1/0.075 0.485 146.211 0.412 139.777 95.60
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mK�1, while the 20Al2O3@SR is 5.85 W mK�1 in Fig. 8(b),
implying that the introduction of SCNR had little effect on the
thermal conductivity.

In this work, Agari's model could predict the thermal
conductivity of the material well when the llers are in contact
with each other and agglomerate to form a thermally conductive
chain under high lling conditions. Formula as follows:

l ¼ �
C1lp

�ð1�VfÞ
lf2

C2Vf

Here, C1 represents the inuencing factor of the crystallinity
and crystal size of the polymer, C2 is the degree of difficulty in
forming the thermal chain. According to the result of theoret-
ical calculation and analysis illustrate in Fig. S8(a)†: C1 ¼ 0.302,
C2 ¼ 0.848, indicated that it is easy to form a thermally
conductive chains in the composites, and crystallinity and
crystal size have little effect on thermally conductivity.

However, l of 20Al2O3@SR/SCNR and 20Al2O3@SR before
and aer self-healed exhibited signicant differences. Fig. 8(b)
displayed that the Al2O3@SR composites without self-healing
ability have worse thermal conductivity aer damaged, the l

of 20Al2O3@SR was 4.95 W mK�1, 13.4% drop than the original
sample, the l of 15Al2O3@SR also reduced 26.7%. Owing to no
reversible bonds in Al2O3@SR, so slight damage causes partial
heat conduction path interruption, which reduces the heat
conduction performance and cannot be restored.

In contrast, the l of 15Al2O3@SR/SCNR changed a little
before and aer self-healed from 3.395 W mK�1 to 3.39 W
Fig. 8 (a) Thermal conductivity and microscopic images of the Al2O
conductivity and microscopic images of the Al2O3@SR composites befo

© 2022 The Author(s). Published by the Royal Society of Chemistry
mK�1. As for 20 Al2O3@SR/SCNR, it changed from 5.86 WmK�1

to 5.855 W mK�1. The thermal conductivity of the Al2O3@SR/
SCNR composites can be recovered as high as 99.8% aer hot
pressing treatment. As shown in the Fig. 9(b), when Al2O3@SR/
SCNR composites are damaged, the ionic crosslinking on the
fracture surface can be reversibly dissociated and recon-
structed, so that the damage can be repaired well. Furthermore,
the pressure was applied to overcome the barrier of llers to
molecular chain migration, so that the molecular chain at the
wound could in contact with each other, and the heat was
quickly gathered at the wound through the 3D heat conduction
pathways (Fig. 2(c)), so as to realize the rapid reconstruction of
dynamic construction. And all the Al2O3@SR/SCNR composites
were able to restore aer hot pressing treatment as illustrated in
Fig. S6,† which is recycle and meaningful for the sustainable
development.

The TG and DTG curves in Fig. S4† present that Al2O3@SR/
SCNR composites have excellent thermostability. The data of
thermal degradation characteristics were shown in Table S1.†
When the content of SCNR wt% in the matrix increased from
0 to 16 wt%, the residual mass at 700 �C decreased slightly from
90.73% to 88.43% and the initial decomposition temperature
(Td5%) of Al2O3@SR was 607 �C. With the increasing of SCNR
content in silicone matrix, the Td5% of Al2O3@SR/SCNR
composites rstly increased and then decreased. Compared
with the Al2O3@SR, the residual mass at high temperature
decreased by about 1%, while when SCNR accounted for 6.98%
of the matrix mass fraction, Td5% and Tdmax increased slightly.
3@SR/SCNR composites before and after self-healed; (b) thermal
re and after damaged.

RSC Adv., 2022, 12, 6649–6658 | 6655
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Fig. 9 (a) Photographs of self-healing performance of 10Al2O3@SR/SCNR-1/0.075 composites; (b) schematic diagram of self-healing effect
driven by dynamic reversibility of carboxyl-amine system.

Fig. 10 (a) Temperature rise curves of blub on Al2O3@SR/SCNR before and after self-healed since power on; (b) cooling curves of blub on
Al2O3@SR/SCNR before and after self-healed after power off.
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The Al2O3@SR/SCNR composites showed excellent thermosta-
bility. This further ensured the reliability of the composites in
high temperature applications.

Thermal management properties of the composites

Al2O3@SR/SCNR composites were installed on the working blub
to test its actual heat dissipation ability in microelectronic
devices. In Fig. 10(a), for the blub without Al2O3@SR/SCNR, the
temperature of the blub rose rapidly to 73.03 �C within 100 s
aer power on, exceeding the safe temperature (60 �C) and then
continuing to rise. Meanwhile, the temperature of the blub
installed with 20Al2O3@SR/SCNR only increased slightly to
40.06 �C, which was 46.31% lower than that of the single blub
and remained in equilibrium, suggesting that heat dissipation
speed of the Al2O3@SR/SCNR and the heating speed of the blub
reached a balance, so the Al2O3@SR/SCNR behaved good heat
dissipation capacity. In addition, for the blub installed of
damaged Al2O3@SR/SCNR, the temperature rose to 60 �C, the
6656 | RSC Adv., 2022, 12, 6649–6658
heat dissipation capacity was signicantly lower than the orig-
inal, which was caused by mechanical damage. But the for the
Al2O3@SR/SCNR aer self-healed, its heat dissipation capacity
almost recovered. Therefore, self-healing property is important
for TIMs materials in practical use.

The cooling process aer power off was shown in Fig. 10(b).
The cooling rate of the blub with Al2O3@SR/SCNR is evidently
faster than that of the individual blub, and the heat dissipation
performance of the blub with the Al2O3@SR/SCNR was basically
completely restored aer self-healed. Therefore, the Al2O3@SR/
SCNR aer self-healed could efficiently self-repair internal
damage and conduct the accumulated heat in time, and the
heat dissipation rate was quickly.
Conclusions

In this work, we successfully fabricated fast self-healing and
high thermally conductive Al2O3@SR/SCNR composites based
© 2022 The Author(s). Published by the Royal Society of Chemistry
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on carboxyl-amine dynamic reversible bonds. We used the
dynamic and reversible cross-linking between the carboxyl and
the amino functional PDMS to synthesize the SCNR with heat
reversibility, then the different sizes spherical Al2O3 llers and
SCNR particles were introduced into the SR system to construct
the Al2O3@SR/SCNR composites via in situ polymerization. The
20Al2O3@SR/SCNR-1/0.075 composites with 6.97 wt% SCNR
content of matrix exhibited the thermal conductivity of 5.89 W
mK�1 and the self-healing efficiency up to 95.6% simulta-
neously. The dynamic ionic reaction between the carboxyl and
the amino functionalized PDMS was considered to be the
source of high-efficiency self-healing performance. The intro-
duction of alumina improved the thermal conductivity of the
composites and accelerated the speed of heat transfer. At the
same time, the heat conduction pathway provided fast and
uniform heat for the self-healing quickly of the damaged area,
and 20Al2O3@SR/SCNR composite behaved excellent heat
dissipation performance in the eld of microelectronics. The
brief strategy in this work provides a practical method that can
be used as a reference for other self-healing thermally conduc-
tive polymer thermal interface materials.
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