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a b s t r a c t 

Filler surface engineering has become an effective method to improve the thermal conduction perfor- 

mance of polymeric composites. However, most of the surface engineering deposits low thermal con- 

ductivity materials on the surface of fillers. The increased interfacial thermal resistance between the 

functional filler will deteriorate the heat transfer capability of thermal conduction network. In order to 

construct an excellent thermal conduction network, the electroless deposition surface engineering was 

successfully designed to decorate the surface of BN sheet with high thermal conductivity metallic copper 

nanoparticles. Through the full characterization of the BN@CuNP and its epoxy-based composites, the ef- 

fects of electroless deposition surface engineering on thermal conduction enhancement were investigated. 

The copper nanoparticles deposited on the surface of BN sheets will make the BN@CuNP fillers possess 

high thermal conductivity and effectively bridge the BN sheets, thereby exhibiting a synergistic effect in 

reducing the interfacial thermal resistance and enhancing the heat transfer capability of the BN@CuNP 

thermal conduction network. With the increase of filler content, the effects of electroless deposition sur- 

face engineering on thermal conduction enhancement are continuously promoted. The electroless de- 

position surface engineering shows great advantages in high thermal conductive composites design and 

fabrication. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Polymeric composites have shown a vast potential as thermal 

anagement materials in electronic package [ 1 , 2 ]. The intrinsic 

hermal conductivity of polymer matrix is extremely low. Various 

hermal conductive fillers have been incorporated into the polymer 

atrix to improve their thermal conductivities [3-6] . The thermal 

onductive path theory is the most important and versatile the- 

ry to reveal the mechanisms of the filled thermally conductive 

olymeric composites [ 7 , 8 ]. The filler can contact each other to

orm the thermal conductive filler path, which is the heat trans- 

er path with the minimum thermal resistance in the polymer ma- 

rix. The heat flow will effectively transfer along the thermal con- 

uctive filler path. When the filler content increases, the adjacent 

hermal conductive filler paths gradually interact to develop the 

hermal conduction network, thus improving the thermal conduc- 

ivity of composites obviously. Large amounts of researches have 
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ointed out that the thermal conduction network constructed by 

he thermal conductive fillers is the key factor to determine the 

hermal conduction performance of composites [9-12] . As an im- 

ortant method to improve the formation of thermal conduction 

etwork and enhance the heat transfer inside the composites, sur- 

ace engineering of the thermal conductive fillers has become a 

esearch hotspot [13-15] . Diverse surface engineering routes have 

een used to promote the surface properties of thermal conduc- 

ive fillers [16-19] . Wang et al. [20] modified the CNT with a dense

ilica network via the sol-gel method. Compared to the thermal 

onductivity of blank SR, the thermal conductivity of SR/CNT in- 

reased by 17% at one phr (parts per hundreds of rubber) CNT, but 

he thermal conductivity of SR/SNTs@CNT increased by 130%. The 

ilica-coated CNT has shown great advantages in thermal conduc- 

ivity enhancement. Inspired by the adhesive proteins in mussels, 

iu et al. [21] synthesized PDA coated graphene nanoplatelets and 

ncorporated them into polyvinyl alcohol. The thermal conductiv- 

ty of PVA/PDA@GnPs composite is significantly higher than that 

f the PVA/GnPs composite. It is worth noting that most of the 

urface engineering routes will deposit some low thermal conduc- 

ivity materials (such as organics and oxide et al.) on the surface 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121306
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Fig. 1. Schematic diagram of the electroless deposition surface engineering of boron nitride sheets. 
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Fig. 2. FT-IR spectra of pristine BN, BN@Lyz, and BN@CuNP. 
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f thermal conductive filler. Our previous work [22] has system- 

tically investigated this situation and found that the low ther- 

al conductivity materials used in the surface engineering will in- 

rease the interfacial thermal resistance between the thermal con- 

uctive fillers and deteriorate the heat transfer capability of ther- 

al conduction network. Compared to the thermal conductivity of 

omposites filled with pristine filler, the effect of composites filled 

ith functional filler on thermal conductivity enhancement will 

ecrease as the filler content increases. When the filler content ex- 

eeds the effective filler volume fraction, the thermal conductivity 

f composites filled with functional fillers is even worse than that 

f composites filled with pristine fillers. Shen et al. [23] prepared 

VA/PDA@BN composites film with aligned structure and the re- 

ults demonstrated above thermal conduction behavior. Compared 

o the thermal conductivity of PVA/BN composites film, the ther- 

al conductivity enhancement of PVA/PDA@BN composites film 

as decreasing with the development of thermal conduction net- 

ork. When the filler content increased from 10vol.% to 30vol.%, 

he thermal conductivity enhancement of PVA/PDA@BN decreased 

rom 64% to 21%. In the experiments of Choi [24] , compared to 

he thermal conductivity of TPEE/graphite composites, the thermal 

onductivity enhancement of TPEE/SiO 2 @graphite composites even 

ecreased to -27% at 30wt.%. This negative thermal conduction be- 

avior also can be observed in other material systems [25-27] that 

eposit low thermal conductivity materials on the surface of ther- 

al conductive fillers to improve the filler surface properties. With 

he increase of the filler content, the thermal conduction network 

s gradually formed. However, the enhanced interfacial thermal re- 

istance between the functional thermal conductive fillers signifi- 

antly deteriorates the effectiveness of filler surface engineering on 

hermal conductivity enhancement of composites. 

In order to reduce the interfacial thermal resistance between 

he thermal conductive fillers and construct an excellent thermal 

onduction network inside the composites, some encouraging ex- 

eriments have tried to modify the filler surface with high thermal 

onductivity materials. The silver nanoparticle-deposited boron ni- 

ride nanosheets [28] and silver nanoparticles anchored reduced 

raphene oxide [29] prepared by the metal nanoparticle deposition 

ffectively improved the interfacial structure between the fillers 

nd enhanced the thermal conductivities of polymeric compos- 

tes. The hetero-structured silicon carbide-boron nitride nanosheets 

30] synthesized by sol-gel and in-situ growth method exhibited 
e

2 
ynergistic improvement effects on the thermal conductivities of 

he epoxy/SiC-BNNS composites. The copper nanoparticle has re- 

eived widespread attention due to its high thermal conductivity 

nd low cost and can be deposited on different substrates in a mild 

ay. Herein, a surface engineering based on electroless deposition 

as designed to decorate BN sheets with the copper nanoparti- 

le. To this end, the pristine BN sheets were first modified via 

he lysozyme assembly [ 31 , 32 ]. The high isoelectric point (pI = 11)

f lysozyme will make the surface of BN sheets full of positive 

harges at neutral pH conditions. Under the electrostatic attrac- 

ion, the negative PdCl 4 
2 − would be loaded on the surface of BN 

heets as a catalyst. Afterwards, in the process of electroless de- 

osition, the copper nanoparticles deposited BN sheets would be 

ield through the reduction of Cu 

2 + by formaldehyde on the sur- 

ace of BN sheets [ 33 , 34 ]. Through the full characterization of the

N@CuNP and its epoxy-based composites, the effects of copper 

anoparticle deposition surface engineering on thermal conduction 

nhancement were investigated. With the development of thermal 
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Fig. 3. (A) XPS spectra and (B) high-resolution C 1s spectra of pristine BN; (C) XPS spectra and (D) high-resolution C 1s spectra of BN@Lyz; (E) XPS spectra and (F) high- 

resolution Cu 2p spectra of BN@CuNP. 
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Fig. 4. XRD spectra of pristine BN, BN@Lyz, and BN@CuNP. 
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onduction network, the reduction of interfacial thermal resistance 

etween the BN@CuNP makes the effect of electroless deposition 

urface engineering on thermal conduction enhancement increase 

ignificantly. The metal electroless deposition surface engineering 

f fillers provides helpful insight into the rapid and efficient im- 

rovement of thermal conductivity of polymeric composites. 

. Experimental work 

.1. Materials 

The boron nitride (BN, size of 3~5 μm) was purchased from 

inghe Xintie Metal Material Co., Ltd. (Hebei, China). Tris 

2-carboxyethyl) phosphine hydrochloride (TCEP) and methylte- 

rahydrophthalic anhydride (MeTHPA) were purchased from Al- 

ddin. (Shanghai, China). Lysozyme and 4-(2-hydroxyethyl)-1- 

iperazineethanesulfonic acid (HEPES, pH = 7.2~7.4) were purchased 

rom Solarbio. (Beijing, China). Tris (dimethylaminomethyl) phenol 

DMP-30) and (NH ) PdCl were purchased from the Energy chem- 
4 2 4 

Fig. 5. FETEM images of (A) p

4 
cal. (Shanghai, China). Sodium hydroxide (NaOH), CuSO 4 ·5H 2 O, 

otassium sodium tartrate tetrahydrate, formaldehyde solution 

HCHO), ethanol, acetone, and deionized water were purchased 

rom Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The 

poxy resin diglycidyl ether of bisphenol-A (E-51) with an epoxide 

quivalent weight of 186 was purchased from Baling Petrochemical 

o., Ltd. (Hunan, China). All reagents were used as received with- 

ut further purification. 

.2. Surface modification of boron nitride via lysozyme assembly 

BN@Lyz) 

In a typical synthetic process, a certain amount of lysozyme was 

issolved in 10mM HEPES buffer to get lysozyme buffer (1mg/mL), 

nd then 1g BN was ultrasonically dispersed into 100mL such 

reshly prepared lysozyme buffer. Subsequently, a certain amount 

f TCEP was dissolved in 10mM HEPES buffer to get TCEP buffer 

25mM) and the pH of such TCEP buffer was carefully adjusted to 

.0 by 5M NaOH solution. Then 100mL TCEP buffer was added into 

he above dispersion solution, and the mixture was continuously 

nd mildly stirred for 1h at room temperature. After the reaction, 

he modified BN, denoted as BN@Lyz, was collected by the vacuum 

ltration of the above suspension. 

.3. Synthesis of copper nanoparticle-deposited boron nitride sheets 

BN@CuNP) 

A certain amount of the freshly prepared BN@Lyz was directly 

mmersed into the (NH 4 ) 2 PdCl 4 aqueous solution (20mM) for 30 

ins. Then the PdCl 4 
2 −-loaded BN was collected by vacuum fil- 

ration with deionized water several times. The electroless depo- 

ition bath consisted of a 1:1 mixture of freshly prepared solution 

 and B: solution A contained NaOH (10g/L), CuSO 4 ·5H 2 O (10g/L), 

nd potassium sodium tartrate (50g/L) in ultrapure water; solu- 

ion B was HCHO (10ml/L) aqueous solution. Next, the sensitized 

N was added into the above electroless deposition bath, and the 

ixture was mildly stirred at room temperature for 1h. Afterward, 

he products were collected and washed with deionized water and 

thanol sequentially. Finally, the copper nanoparticle-deposited BN 

heets were obtained after vacuum drying at 50 °C for 24h. 
ristine BN, (B) BN@Lyz. 
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Fig. 6. SEM images of BN@CuNP and element mapping of N element, C element, and Cu element. 
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.4. Preparation of epoxy/BN@CuNP composites 

Epoxy composites were prepared as follows. 0.7g BN was mod- 

fied by the electroless deposition surface engineering and then 

ixed with 3.8g epoxy resin in acetone. After ultrasonic treatment 

or 2h at room temperature, the obtained blend was vigorously 

tirred at 60 °C until the weight was constant and then combined 

ith 3g MeTHPA and 0.04g DMP-30. Subsequently, the resultant 

lurry was degassed in a vacuum vessel to remove any trapped 

ir bubbles and residual acetone. Finally, the mixture was cast in 

teel molds and cured at 80 °C for 2 h and 150 °C for 4h to form

he epoxy/BN@CuNP composite with filler content of 5vol.%. The 

iameter and thickness of the disc-like sample are 4cm and 2mm, 

espectively. By controlling the content of BN, a series of compos- 

tes were prepared. For comparison, the pure epoxy resin and the 

poxy/BN composites were prepared following the same procedure 

escribed above. 

.5. Characterization 

The chemical structures of BN and BN@CuNP were measured 

y the FTIR spectrophotometer (FT-IR, Bruker Vertex 70, Germany) 

ith the standard KBr pellets method. The morphologies and dis- 

ersions of BN and BN@CuNP were observed with scanning elec- 

ron microscopy (SEM, Sirion200, Netherlands). Energy-dispersive 

-ray spectroscopy (EDX, EADX Inc., USA) was used to confirm cop- 

er nanoparticles depositing on the surface of BN. Field emission 

ransmission electron microscopy (FETEM, Talos F200X, Nether- 

ands) was used to observe the structure of lysozyme-coated BN. 

-ray photoelectron spectroscopy (XPS) was conducted on an ES- 

ALAB 250Xi spectrometer (Thermo Fisher Scientific Inc., USA) 

o measure the element components on the surface of BN and 

N@CuNP. The crystal structure of the BN@CuNP was analyzed 

sing an X-ray diffractometer (XRD, X’Pert3 Powder, Netherlands) 
5 
ith Cu K α radiation. Thermal conductivity was measured by XI- 

TECH TC30 0 0 thermal conductivity analyzer (Xi’an Xiatech Elec- 

ronics Co. Ltd., China) by using the transient hot-wire method at 

oom temperature. To reduce the contact thermal resistance be- 

ween the probe and sample, the surfaces of the cured compos- 

tes were well polished. Volume resistance of composites was mea- 

ured by an AR3125 high resistance meter (WanChuang Electronic 

o. Ltd., China). The Volume electrical resistivity of the composites 

as calculated using the formula: 

v = 

R v · A 

h 

(1) 

here R v is the volume resistance ( �), h is the average thickness of 

he specimens (cm), A is the effective area of the electrode (cm 

2 ). 

. Results and discussion 

.1. Characterization of BN@CuNP nanoparticles 

The schematic diagram of the electroless deposition surface en- 

ineering of boron nitride sheets is shown in Fig. 1 . The TCEP 

uffer could effectively break down the disulfide bond to change 

he lysozyme conformation and induce heterogeneous nucleation 

nd assembly of lysozyme to form a nanofilm at the BN/water in- 

erfaces [ 31 , 32 , 35 ]. Because of the high isoelectric point (pI = 11) of

ysozyme protein, the lysozyme assembly will make the surface of 

N sheets full of positive charges at neutral pH conditions [31] . 

hen the negative PdCl 4 
2 − could be loaded on the surface of BN 

heets by electrostatic self-assembly and acts as an effective cata- 

yst for the electroless deposition of copper nanoparticles [ 33 , 34 ]. 

inally, the Cu precursor was reduced to Cu by formaldehyde and 

eposited on the surface of BN sheets in the electroless deposition 

ath. 
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Fig. 7. Thermal conductivities of EP/BN composites and EP/BN@CuNP composites at 

different filler contents. 
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Fig. 8. Filler effectiveness of pristine BN and BN@CuNP at different filler contents. 
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The chemical structures of BN, BN@Lyz, and BN@CuNP were 

easured by FT-IR. As shown in Fig. 2 , all fillers showed the B-N-B

tretching at 1373 cm 

−1 and B-N bending at 817 cm 

−1 . The O-H 

tretching broad peak appeared at 3428 cm 

−1 in the spectrum of 

N@Lyz revealing the existence of lysozyme nanofilm. Compared 

o the spectrum of BN and BN@Lyz, no new peaks appeared in 

he spectrum of BN@CuNP but the baseline of the transmission 

pectrum dropped off heavily at the left, which can be attributed 

o the infrared light scattering on the rough surface of BN@CuNP. 

he changes in element components on the surface of pristine BN, 

N@Lyz, and BN@CuNP were measured by XPS analysis, and the 

esults are shown in Fig. 3 . The peaks at 190, 285, 398, and 532

V can be assigned to B 1s, C 1s, N 1s, and O 1s, respectively. The

eak C 1s signal in the XPS spectra of pristine BN mainly comes 

rom the external contaminant [36] . The high-resolution C 1s spec- 

ra of pristine BN can be decomposed into two peaks at 284.8 

nd 286.4 eV, which can be attributed to C-C and C-O species, re- 

pectively. After surface modification via lysozyme assembly, the C 

s signal was obviously increased in the XPS spectra of BN@Lyz. 

ompared to the high-resolution C 1s spectra of pristine BN, the 

ewly added peaks at 285.2, 285.8, 287.9 and 288.5 eV in the high- 

esolution C 1s spectra of BN@Lyz can be attributed to the amines 

C-N), thiols (C-S), amides (O = C-N) and carboxyl groups (O = C-O) 

f lysozyme [ 31 , 32 ]. In the XPS spectra of BN@CuNP, the strong

u 2p signal was recorded and split into Cu 2p 3/2 at 933eV and

u 2p 1/2 at 953eV, respectively. As shown in Fig. 3 (F), copper 

n the BN@CuNP has two chemical states. The peaks located at 

34.5 and 953.8 eV can be attributed to the residual Cu( Ⅱ ) in the

lectroless deposition. Considering that the metallic copper Cu(0) 

nd copper oxide Cu( Ⅰ ) present very similar signals in XPS, the 

hemical state from the peaks at 932.8 and 952.6 eV was hard 

o be identified [37] . Then, the crystal structures of pristine BN, 

N@Lyz, and BN@CuNP were analyzed by XRD. As shown in Fig. 4 , 

he diffraction peaks at 26.67 °, 41.58 °, and 55.06 ° in the XRD pat- 

ern of pristine BN can be indexed to (0 02), (10 0), and (0 04) lattice

lanes of hexagonal phase. Attributed to the amorphous structure 

f lysozyme, the BN@Lyz presented the same diffraction peaks as 

he pristine BN. The intense diffraction peaks appeared at 43.34 °, 
0.49 ° and 74.15 ° in the XRD pattern of BN@CuNP can be indexed 

o (111), (200), and (220) lattice planes of the face-centered cubic 
6 
tructure of Cu, respectively. The results suggested that the metal- 

ic copper has been successfully deposited on the surface of BN. 

The surface structure of pristine BN and BN@Lyz were observed 

y FETEM and the results are depicted in Fig. 5 . The surface of pris-

ine BN is smooth and the crystal structure is clear. After surface 

odification via lysozyme assembly, a thin amorphous lysozyme 

anofilm with thickness of 4 nm was coated on the surface of BN. 

ysozyme assembly provides multiple functional groups on the sur- 

ace of pristine BN to support sequential electroless deposition. The 

orphology of BN@CuNP was observed by SEM and the element 

apping was conducted by EDX. As shown in Fig. 6 , the metallic 

opper was evenly deposited as copper nanoparticles on the whole 

urface of BN. No individual CuNP can be observed in the area, 

hich indicates that all the formed CuNP was anchored on the sur- 

ace of BN. Moreover, the position of metallic copper nanoparticles 

eposited on the BN sheets perfectly matched the element map- 

ing of copper and vigorously supported the synthesis of copper 

anoparticle deposited BN sheets. Based on the above character- 

zation, the BN@CuNP was successfully synthesized by electroless 

eposition surface engineering. 

.2. Effects and theoretical analysis of electroless deposition filler 

urface engineering on thermal conductivity enhancement of 

omposites 

The thermal conductivities of epoxy-based composites filled 

ith BN@CuNP are shown in Fig. 7 . As the filler content increases, 

oth the thermal conductivities of EP/BN@CuNP composites and 

P/BN composites are significantly enhanced. Compared to the 

hermal conductivity of EP/BN composites, the EP/BN@CuNP com- 

osites present a better thermal conduction performance under 

he same filler content. And the thermal conduction performance 

ap between two composites obviously increases with the increase 

f filler content. When the filler content increases from 5vol.% to 

5vol.%, the thermal conduction performance gap increases from 

.03W/mK to 0.26W/mK. In order to evaluate the contribution of 

er part of fillers to the thermal conductivity enhancement, the 

ller effectiveness ( η f ) of pristine BN and BN@CuNP were calcu- 

ated by the following equation: 

f = 

k f − k r 

k r V f 

× 100% (2) 
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Fig. 9. The experimental value and Y.Agari model fitting curve of the thermal con- 

ductivities of EP/BN composites and EP/BN@CuNP composites. 
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here k f is the thermal conductivity of composites incorporated 

ith fillers, k r is the thermal conductivity of resin matrix, V f is 

he filler content. The results of filler effectiveness are depicted in 

ig. 8 . Both the filler effectiveness of pristine BN and BN@CuNP 

row up with the increase of filler content that can be attributed to 

he development of thermal conduction networks. When the filler 

ontent is increased, the thermal conductive fillers gradually come 

nto contact with each other to form a thermal conduction net- 

ork and provide an effective heat flux path. Thus, the thermal 

onduction inside the composites will get promotion and each part 

f fillers will make more contributions to thermal conductivity en- 
ig. 10. Fracture surface SEM images of epoxy composites with 10 vol.% pristine BN (A)

N@CuNP (C) scale bar is 20 μm, (D) scale bar is 5 μm, the arrows show the CuNPs; 

7 
ancement. However, the filler effectiveness of BN@CuNP grows up 

aster and the value is higher than the pristine BN under the same 

ller content. This result suggested that the thermal conduction 

etwork constructed by the BN@CuNP has a stronger heat trans- 

er capability. 

The effects of electroless deposition surface engineering on 

hermal conductivity enhancement were analyzed by the Y.Agari 

odel, which considered the formation of thermal conduction 

aths within the polymer matrix [ 38 , 39 ]. The logarithmic equation 

f Y.Agari model is given in Eq. (3) : 

ogk = f C p log k p + ( 1 − f ) lo g ( C m 

k m 

) (3) 

here C m 

represents the effect of the fillers on the polymer crys- 

allinity or crystal size and C p represents the capability of the 

llers to form a thermal conductive chain through the material. 

s depicted in Fig. 9 , the thermal conductivity curves of the com- 

osites estimated by the Y.Agari model are fitted very well with 

he experimental results. The C m 

values of EP/BN composites and 

P/BN@CuNP composites are 1.052 and 1.045, respectively. The 

imilar C m 

values of the two composites suggested that the elec- 

roless deposition surface engineering rarely affects the polymer 

rystallinity or crystal size. However, the C p values of the two com- 

osites have obvious differences. The C p values of EP/BN compos- 

tes and EP/BN@CuNP composites are 1.19 and 1.56, respectively. 

he bigger C p value of EP/BN@CuNP composites demonstrates that 

he BN@CuNP has a stronger capability to form a thermal conduc- 

ive chain through the material. The electroless deposition surface 

ngineering mainly promotes the formation of thermal conduction 

etwork to enhance the thermal conductivity of composites. 

The copper nanoparticles deposited on the surface of BN sheets 

ake the BN@CuNP fillers possess high thermal conductivity to 

mprove the heat transfer in the composites. Furthermore, the frac- 

ure surface morphology and dispersion of BN and BN@CuNP in the 

poxy composites gave important insights into the heat transfer in 

he composites. As shown in Fig. 10 , there was no obvious dis- 

ersion difference between the pristine BN and BN@CuNP in the 
 scale bar is 20 μm, (B) scale bar is 5 μm; and of epoxy composites with 10 vol.% 
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Fig. 11. The measured thermal conductivities (dot) of EP/BN composites and the 

predicted thermal conductivities (dash line) from EMA with consideration of R b . 
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Fig. 12. The measured thermal conductivities (dot) of EP/BN@CuNP composites and 

the predicted thermal conductivities (dash line) from EMA with consideration of R b . 

Fig. 13. The electrical resistivity of EP/BN composites and EP/BN@CuNP composites 

at different filler contents. 
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poxy resin. However, the copper nanoparticles deposited on the 

urface of BN could decrease the gap among the BN sheets and 

ake the BN sheets contact closer with each other. Owing to the 

igh thermal conductivity of metallic copper, the copper nanopar- 

icles bridge the BN sheets to develop the heat flux path, the heat 

ransfer among the BN@CuNP would be more efficient than the 

ristine BN. 

Then, the interfacial thermal resistances inside the composites 

ere calculated by the modified effective medium approximation 

EMA), which systematically concerned the effects of intrinsic ther- 

al properties of fillers and matrix, particle geometry, orienta- 

ion, and interfacial thermal resistance on the thermal conductiv- 

ty of composites [40] . (The details of the EMA model are pre- 

ented in the Appendix). By fitting the EMA predictions to the 

xperimental results, the interfacial thermal resistance (R b ) inside 

he EP/BN composites and EP/BN@CuNP composites at different 

ller content are extracted and shown in Fig. 11 and Fig. 12 , re-

pectively. It’s interesting to note that the interfacial thermal re- 

istance inside the two composites reduces significantly with the 

ncrease of filler content. The interfacial structure between the 

llers and epoxy resin remains consistent at different filler con- 

ent. As the filler content increases, the interfacial interaction be- 

ween the fillers becomes stronger to develop the heat transfer 

ath. The reduction of interfacial thermal resistance insider the 

omposite with high filler content can be attributed to the tight 

ller connection to develop the thermal conduction network. Com- 

ared to the R b inside EP/BN composites, the efficient heat trans- 

er among the BN@CuNP brings the smaller R b inside EP/BN@CuNP 

omposites under the same filler content. Considering the electro- 

ess deposition surface engineering rarely affects the polymer ma- 

rix, the smaller R b inside EP/BN@CuNP composites can be mainly 

ttributed to the reduction of interfacial thermal resistance among 

he BN@CuNP thermal conduction network. And the effect of elec- 

roless deposition surface engineering on interfacial thermal resis- 

ance reduction is becoming remarkable with the development of 

hermal conduction network. The R b inside EP/BN@CuNP compos- 

tes is 180 × 10 −9 m 

2 K/W smaller than the R b inside EP/BN com- 

osites at 5vol.%, and 299 × 10 −9 m 

2 K/W smaller than the R b inside 

P/BN composites at 15vol.%. Thus, as the filler content increases, 

he BN@CuNP thermal conduction network develops with stronger 

eat transfer capability, and the thermal conduction performance 

ap between the two composites is obviously increased. Moreover, 
8 
he electrical resistivity of two composites was measured and the 

esults are shown in Fig. 13 . Compared to the EP/BN composites, 

he electroless deposition surface engineering will reduce the elec- 

rical resistivity of EP/BN@CuNP composites under the same filler 

ontent. However, the BN sheets are electrical insulators and pro- 

ide a tunneling barrier for the electrons. The copper nanoparticles 

eposited on the surface of BN can not completely form the per- 

olation network, the EP/BN@CuNP composites present good elec- 

rical insulation. 

The schematic diagrams of thermal conduction inside the EP/BN 

omposites and EP/BN@CuNP composites are shown in Fig. 14 . The 

opper nanoparticles deposited on the surface of BN sheets will 

ake the BN@CuNP fillers possess high thermal conductivity and 

ffectively bridge the BN sheets, thereby exhibiting a synergistic 

ffect in reducing the interfacial thermal resistance and enhanc- 

ng the heat transfer capability of the BN@CuNP thermal conduc- 

ion network. With the development of thermal conduction net- 

ork, the stronger heat transfer capability of BN@CuNP thermal 
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Fig. 14. The schematic diagrams of thermal conduction inside the EP/BN composites and EP/BN@CuNP composites. 

Fig. 15. The enhancement factor of composite systems using different surface engi- 

neering. 
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onduction network will enlarge the effect of electroless deposi- 

ion surface engineering on thermal conductivity enhancement of 

omposites. Then, the thermal conductive enhancement effect of 

urface engineering was evaluated by the enhancement factor ( η) 

hich can be calculated by the following equation: 

= 

k s − k c 

k c 
× 100% (4) 

here k c is the thermal conductivity of composites incorporated 

ith the pristine filler, k s is the thermal conductivity of composites 

ncorporated with the modified filler under the same filler content. 

s shown in Fig. 15 , the enhancement factor of electroless deposi- 

ion surface engineering is compared with different surface engi- 

eering and it shows a competitive thermal conductive enhance- 

ent effect. The enhanced effect of electroless deposition surface 

ngineering on thermal conduction is continuously promoting with 

he increase of filler content. The electroless deposition surface 

ngineering shows a great advantage in high thermal conductive 

omposites design and fabrication. 

. Conclusion 

In this work, the electroless deposition surface engineering was 

uccessfully designed to decorate the surface of BN with copper 
9 
anoparticles and the BN@CuNP was subsequently incorporated 

nto the epoxy matrix to yield polymeric composites. The FT-IR, 

PS, XRD, SEM, and EDX analyses indicated that Cu nanoparti- 

les were uniformly distributed on the whole surface of BN sheets. 

he BN@CuNP was shown higher filler effectiveness than that of 

ristine BN under the same filler content and the thermal con- 

uction performance gap between the two kinds of composites 

as enlarged as the filler content increased. The electroless de- 

osition surface engineering realized both high thermal conductiv- 

ty of BN@CuNP fillers and effective connection between the BN 

heets, which exhibits a synergistic effect in reducing the interfa- 

ial thermal resistance and enhancing the heat transfer capability 

f the BN@CuNP thermal conduction network. Therefore, the elec- 

roless deposition surface engineering significantly promotes the 

ormation of thermal conduction network and the thermal con- 

uction inside the EP/BN@CuNP composites is more efficient. With 

he development of thermal conduction network, the stronger heat 

ransfer capability of the modified filler thermal conduction net- 

ork continuously promotes the enhancement factor of electroless 

eposition surface engineering. Compared with other surface en- 

ineering, the electroless deposition surface engineering shows a 

ompetitive thermal conductive enhancement effect and provides 

elpful insight for the high thermal conductive composites design 

nd fabrication. 
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(A) The modified effective medium approximation (EMA) for 

he prediction of the thermal conductivity of the composites 
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For the composites filled with particles, the through-plane ther- 

al conductivity ( k 33 ) can be expressed as [40] : 

 33 = k m 

1 + f 
[
β11 ( 1 − L 11 ) 

(
1 −

〈
cos 2 θ

〉)
+ β33 ( 1 − L 33 ) 

〈
cos 2 θ

〉]
1 − f 

[
β11 L 11 

(
1 − 〈 cos 2 θ〉 ) + β33 L 33 〈 cos 2 θ〉 ]

(A.1) 

With 

ii = 

k c 
ii 

− k m 

k m 

+ L ii 
(
k c 

ii 
− k m 

) (A.2) 

cos 2 θ
〉
= 

∫ ρ( θ ) cos 2 θ sin θdθ

∫ ρ( θ ) sin θdθ
(A.3) 

Where 33 and 11 represent through-plane and in-plane direc- 

ion, respectively. θ is the angle between the composites axis X 3 
nd the local particle symmetric axis X ′ 

3 
, ρ(θ ) is a distribution 

unction describing particle orientation, and f is the volume frac- 

ion of the particles, k c 
ii 

is the equivalent thermal conductivity 

long the X ′ 
ii 

symmetric axis of the composite unit cell and defined 

s: 

 

c 
ii = k p / 

(
1 + 

γ L ii k p 

k m 

)
(A.4) 

Where k m 

represents the thermal conductivity of the polymer 

atrix, k p represents the thermal conductivity of the particles, 

 ii is geometrical factor dependent on the particle shape. For the 

latelets, 

 ii = 

p 2 

2 

(
p 2 − 1 

) + 

p 

2 (1 − p 2 ) 
3 / 2 

cos −1 p (A.5) 

 33 = 1 − 2 L 11 (A.6) 

Where p is the aspect ratio of the particles (for platelets, p < 1 ). 

= ( 1 + 2 p ) R b k m 

/t (A.7) 

Where R b is the interfacial thermal resistance. 

(B) The extraction of the interfacial thermal resistance of the 

omposites 

For randomly oriented platelets, < cos 2 θ > = 1 / 3 , the thermal 

onductivity ( k ) of the composites can be reduced to [40] : 

 = k 33 = k m 

3 + f [ 2 β11 ( 1 − L 11 ) + β33 ( 1 − L 33 ) ] 

3 − f [ 2 β11 L 11 + β33 L 33 ] 
(B.1) 

Where k m 

, k p and p are input as known parameter: 

 m 

= 0.198Wm 

−1 K 

−1 , k p = 300Wm 

−1 K 

−1 [41] , the average diameter 

nd thickness of the BN particle are 4 μm and 150nm, p= 0.0375. 

hus, R b is the only unknown parameter. By calculating the EMA 

alue under different R b and fitting the predicting curve with the 

xperimental data, the R b of the composites will be extracted. 
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