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A B S T R A C T   

Protein is an ideal alternative to many synthetic components in green and bio-electronic products due to its 
natural abundance, high flexibility and excellent biocompatibility. Here, we report the development of new 
renewable thermal management materials based on a stable composite system of biocompatible silk fibroin (SF) 
protein with a small amount (≤25 vol%) of AlN inclusions. The self-assembly of AlN particles and SF was 
promoted by water annealing to enhance the hydrogen bonding between the phases to reduce the phonon 
scattering at the interface. The synthesized protein composites have excellent thermal stability, high mechanical 
durability and low linear expansion, related in part to the secondary structure of silk protein which can be 
modulated by changing the AlN content. The physical properties were analyzed and modeled within effective 
medium theory, and the agreements were reasonable, except for the thermal conductivity which was surprisingly 
much larger than predicted by the model (e.g. 5 times greater at 15 vol%), which is attributed to the strong 
interaction between protein and AlN, the high thermal conductivity of AlN, and the continuous network of AlN 
particles that formed at higher concentrations. This makes proteins excellent candidates for thermally conductive 
composite materials, which have many emerging applications in implantable biomedical devices, flexible and 
sustainable sensors, and green heat transfer products.   

1. Introduction 

Since the development of integrated circuit technology, the dimensions 
of electronic devices have continued to shrink while the power density is 
gradually increasing. Consequently, there has been increased effort to 
develop renewable or biocompatible materials with high thermal con
ductivity to serve as substrates to mitigate heating [1–9]. The ideal ma
terial should have good thermal conductivity, but it must also be 
electrically insulating and possess a low coefficient of thermal expansion. 
Because of their strong bonding, novel 1D and 2D materials such as BN, 
carbon nanotubes and graphene, show promising applications in thermal 
management [3,10–13]. The thermal conductivity of single-layer gra
phene at room temperature can reach 1800 W m− 1K− 1 [14,15] while the 
thermal conductivity of multi-walled nanotubes can be as high as 3000 W 
m− 1K− 1 [16]. However, the electrical conductivity of these carbon phases 
limits their use as thermal management materials for electronics [1,10,17]. 

Aluminum nitride is an electrical insulator with high thermal con
ductivity (320 W m− 1K− 1) but also has a low dielectric constant, a very 
wide bandgap of about 6.2 eV, a low thermal expansion coefficient (4.4 

ppm K− 1), and stable chemical properties [18–21]. However, unlike 
polymers, ceramic AlN does not have enough strength or flexibility for 
many applications. On the other hand, the properties of silk include high 
tensile strength, elasticity, toughness, environmental friendliness, 
biocompatibility and insolubility (in most solvents) [22], which make it 
attractive for use in a range of fields, from dietary applications to 
biomedical devices. Many of properties of silk can be attributed to the 
fact that it is a protein polymer, yet polymers typically have a thermal 
conductivity of about 0.1 W m− 1K− 1 [15,23–25], rendering them 
impractical for thermal management applications. 

One alternative is the synthesis of composite materials which can 
display the salient properties of its component materials. The properties 
of composites can be modulated by the size, distribution, and orientation 
of particles within a matrix, which may often be a polymer. For elec
trically insulating thermal management composites, the heat is trans
ported by phonons, and studies have shown that the filler content and 
the interface between the filler and the matrix are the main factors 
affecting the thermal conductivity with interfacial scattering of phonons 
often dominating the thermal resistance [23,26]. 
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Silk fibroin (SF) has a large number of hydroxyl groups on the protein 
chains, and these hydroxyl groups can form stable hydrogen bonds with 
the N atoms of the AlN. This may reduce the direct thermal resistance of 
the interface between SF and AlN particles [27–29]. In addition, the SF 
chain consists of both negatively (aspartic acid and glutamic acid) and 
positively (arginine and lysine) charged amino acid groups which may 
also reduce the interfacial phonon scattering [30]. At the same time, the 
secondary structure of the silk material can be more easily modified to 
achieve desired mechanical and structural properties than many poly
mer materials [22], which makes it advantageous to serve as a matrix. 

Here we report on the structural and physical properties of SF and 
AlN composites. This composite material has the advantages of its 
constituent materials: excellent mechanical properties, biocompatibility 
and green environmental properties of SF protein, as well as the excel
lent high-temperature thermal stability, improved thermal conductivity 
and fire resistance of AlN. Based on the thermal and microstructural 
studies, AlN particles can form continuous networks that confine the 
crystalline and amorphous parts of silk proteins, which contribute to the 
good thermal stability and high thermal conductivity of AlN/SF films. 
Due to these advantages, SF and AlN composites have sizable potential 
for applications in high performance microelectronic devices and 
implantable biomedical electronic devices. 

2. Material and methods 

2.1. Materials and synthesis 

Bombyx mori mulberry (Mori) silks were purchased from Treenway 
Silks (Colorado, USA). Silkworm cocoons were first boiled in a 0.02 M 
NaHCO3 (Sigma-Aldrich, USA) solution for 30 min and then rinsed 
thoroughly with deionized water three times to completely remove the 

sericin from the fiber. The degummed silks were dried overnight in a 
fume hood and further dried in vacuum at room temperature for 1 day to 
remove the remaining moisture. The obtained pure SF fibers were dis
solved in a formic acid solution with 4 wt% CaCl2 at room temperature. 
The densities of dry state SF films and AlN particles (Sigma-Aldrich, 
USA; with mean particle size of 1.4 μm) were measured to be 1.4 and 
3.26 g/cm3, respectively. AlN was added into the SF solution at different 
ratios so that the resulting composites had a volume fraction of AlN of up 
to 25%. Henceforth, samples are designated as x% AlN/SF where x 
represents the percent volume fraction of AlN. The mixture solution was 
stirred by a vortex mixer for 10 min and then slowly cast onto poly
dimethylsiloxane (PDMS) substrates to form films. After drying in a 
hood for 2 days, the AlN/SF films were annealed in deionized water for 
1 h to remove formic acid and CaCl2 residues, to promote crystallization 
of the SF, and to enhance the formation of hydrogen bonding between 
the SF matrix and AlN particles. The water-annealed samples were left in 
a 30 ◦C vacuum oven to dry for 2 days before testing. 

2.2. Characterization 

Structural and microstructural studies were done by several tech
niques. Fourier transform infrared (FTIR) spectroscopy (Bruker Tensor 
27, USA) was used to characterize the secondary structures of SF within 
the composite material [31]. The spectrometer was equipped with a 
deuterated triglycine sulfate detector and a multiple-reflection hori
zontal MIRacle ATR attachment (Ge crystal) from Pike Tech (Madison, 
WI). The instrument was continuously purged with N2 gas to eliminate 
the spectral contributions of atmospheric water vapor. For each mea
surement, 128 scans were co-added with a resolution of 4 cm− 1. A 
LabRAM HR Evolution Raman Spectrometer (HORIBA Scientific, USA) 
with a 600 lines/mm grating was also used to analyze the protein 

Fig. 1. (a) Schematic of preparation of AlN/SF solution, and the interaction between AlN particles and SF chains. (b) Photos of flexible 15% AlN/SF film. (c) Ca, Cl, 
Al, O and N EDS mapping of pure SF film shows the only measurable signal was from O and N. (d) Scanning electron micrograph of the cross section of the 2% AlN/ 
SF sample. 
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structure of different silk composites. Measurements were taken with a 
785 nm laser with an incident power of ~10 mW, an exposure time of 
300 s, for 3 accumulations for Raman shifts ranging from 500 cm− 1 to 
1800 cm− 1. Wide-angle X-ray scattering (WAXS) was performed with a 
Panalytical Empyrean X-ray diffractometer. The setup included a fixed 
anode X-ray source for Cu Kα radiation (wavelength λ = 0.154 nm), 
operating at 45 kV and 40 mA. The scattering angle 2θ ranged from 5◦ to 

70◦, and data were taken in steps of 0.013◦ with a hold time of 30 s/step. 
Measurements were taken as a function of the film orientation with the 
sample plane being rotated from 0◦ to 90◦ with respect to the incident 
beam (see Fig. 3d). X-ray diffraction (XRD) was also done with the same 
instrument in Bragg-Bretano geometry with similar operating parame
ters. The cross-section morphology of the AlN/SF films was character
ized with a LEO ZEISS 1530 V P scanning electron microscope 

Fig. 2. Cross-sectional SEM images of (a) 10% AlN/SF, (b) 25% AlN/SF. EDS Al element mapping in (c) 10% AlN/SF, and (d) 25% AlN/SF. (e) and (f) show the 
morphological distance maps of the Al composition for 10% AlN/SF and 25% AlN/SF, respectively. 
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(Oberkochen, Germany). The acceleration voltage was varied between 5 
and 20 kV depending on the magnification. The elemental distribution 
of AlN was characterized by energy dispersive X-ray spectroscopy (EDS, 
Oxford Instruments). 

Various methods were used to investigate the physical properties. 
Differential scanning calorimetry (DSC) was performed with a Q100 
calorimeter (TA Instruments) equipped with a refrigerated cooling sys
tem. The N2 flow rate was set to 50 ml/min, and measurements started at 
− 30 ◦C and ended at 400 ◦C. The temperature increased at a rate of 2 ◦C/ 
min and was modulated every 60 s at an amplitude of 0.318 ◦C to 
measure the reversing heat capacity. The decomposition behavior was 
analyzed by thermogravimetric analysis (TGA) on a TA Instruments SDT 
Q600 at a heating rate of 10 ◦C min− 1 from 25 to 800 ◦C with an a gas 
flow of 100 ml/min of N2. Linear thermal expansion was measured by a 
Q400 (TA Instruments) thermal mechanical analyzer (TMA) from 25 to 
120 ◦C at a scan rate 10 ◦C/min. The sample was pre-loaded with 50 mN 
of force. The infrared thermal images were taken with a Seek Reveal 
thermal imaging camera (California, USA). The in-plane thermal con
ductivity was measured with a Physical Property Measurement System 
(Quantum Design, USA) with the thermal transport option (TTO) under 
steady-state conditions. Leads were attached with silver epoxy to a film 
sample with an area of 5 × 20 mm, and measurements were taken at 
vacuum below 9 × 10− 5 Torr. The dielectric constant and loss were 
measured with an Agilent 4285 A Precision LCR Meter (Agilent, USA). 

Parallel flame testing was performed on pure SF and 25% AlN/SF 
films. The size of the sample was 20 mm in length and 6 mm in width. A 
propane torch was used, and the samples were heated by flame until 
completely burned. 

3. Results and discussion 

3.1. Morphology and structure 

Silk fibroin solutions were prepared according to our previously re
ported method [32]. Fig. 1b shows the 15% AlN/SF film, which is uni
form in thickness and very flexible and shows no signs of mechanical 
fatigue even after being bent 90◦ over 50 times. The excellent me
chanical properties is attributed to the strong hydrogen bonding inter
action and electrostatic interaction between AlN and SF chains [33] 
(Fig. 1a and b). EDS was used to check the spatial distribution of various 
elements in the composites and demonstrates that there was no CaCl2 
left in any of the samples after water annealing (Fig. 1c and Fig. S1). In 
addition, the distribution of AlN is nearly homogeneous after annealing 
although there is some indication the particles are interconnected 
(Fig. 1c and Fig. S1). 

SEM was used to study the internal structure and morphology of the 
matrix. We found layer-by-layer structures in all of the samples, which 
was induced by water annealing processing and silk-AlN molecular in
teractions (Fig. 1d and Fig. S2) [34–37]. As the concentration of AlN 
increased, more AlN particles were found in the cross section of the 
sample (Fig. 2a and b) which led to larger interconnected networks 
(Fig. 2e and f). 

Previous studies have shown that water annealing can induce the 
crystallization of SF materials [38], so the orientation of β-sheet crystals 
and AlN particles was studied by WAXS. Those results demonstrate that 
both β-sheet and AlN crystallites are randomly oriented (Fig. 3a & b, 
Fig. S3) which suggests that the layered structure observed in SEM was 

Fig. 3. WAXS patterns of (a) SF and (b) 4% AlN/SF films at different orientations. (c) XRD patterns of the SF, AlN/SF and AlN samples. (d) Scattering geometry.  
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separate from the crystal orientation and distribution in the material. 
The main x-ray diffraction peaks for AlN are consistent with the litera
ture (JCPDS card No. 25–1133) [39], with 2θ values of 33.2◦, 35.9◦, 
37.9◦, 49.8◦, 59.3◦, and 65.9◦ assigned to the (010), (002), (011), (012), 
(110), and (013) reflections, respectively (Fig. 3c). Pure SF (Fig. 3c) 
showed a broad peak centered at 20.4◦ (silk II structure, β-sheet crystals) 
with a shoulder at 24.5◦ (silk I structure) [32,40–42]. As the concen
tration of AlN increased, the intensity of those two peaks gradually 
weakened. In addition, the full width at half maximum (FWHM) of the 
silk crystal peak and the silk crystal size estimated by Scherrer’s formula 
[43,44] are provided in Table S1. The results show that the average 
crystal size of pure silk (in the direction perpendicular to the measuring 
surface) is around 4.1 nm, and as the AlN content increases to 25%, the 

crystal size gradually decreases to 3.6 nm. 
FTIR was used to study the secondary structure of silk fibroin 

(Fig. 4a). Whereas the spectrum of pure AlN was featureless above 900 
cm− 1, that of pure SF (Fig. 4a) displayed a peak at 3250 cm− 1 caused by 
the O–H stretching vibration [31,32] in addition to multiple peaks from 
900 to 1700 cm− 1. The amide I region of SF proteins corresponds to 
1610-1700 cm− 1 (inset Fig. 4a) [45], and pure SF spectrum had a pro
nounced peak at 1619 cm− 1, indicating a high β-sheet crystalline content 
after the water annealing. It needs to be noted that the spectra of the SF 
and AlN/SF films exhibited a predominately random coil structure prior 
to the water annealing procedure, with a pronounced peak at 1639 cm− 1 

(inset Fig. S4a). Through water annealing, the characteristic peaks of 
AlN (from 500 to 900 cm− 1) also shifted slightly and changed in 

Fig. 4. (a) FTIR curves of water-annealed SF, AlN/SF films and AlN with the inset magnifying the amide I region of SF. (b) Volume fraction of β-sheet crystals and 
random coils of SF as a function of AlN. 

Fig. 5. (a) Representative stress-strain curves of SF and AlN/SF composites. The inset shows the elongation at break and the dotted line represents modeling results 
from Eqs. (S2) and (S3). (b) Dependence of the of Young’s modulus and ultimate strength on the volume fraction of AlN. The dotted line represents modeling results 
from Eq. (3). (c) A demo picture shows a flexible single layer 10% AlN/SF is strong enough to support a 100 g weight. 
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intensity (Fig. S4a and 4a). Therefore, water annealing may not only 
promote the formation of strong hydrogen bonds between silk protein 
molecules, but also enhance the formation of hydrogen bonds between 
SF and AlN molecules. 

Fourier self-deconvolution (FSD) method is an effective tool to 
calculate the secondary structure content in SF [31,40], and a curve 
fitting example for FSD amide I spectra of the SF sample is shown in 
Fig. S4b. The detailed structure contents of different SF/AlN samples are 
provided in Table S2 and Table S3. Results show that pure SF (after 
water annealing) contains 38% β-sheet crystals and 20% random coil 
structure. As the AlN content increased, the shoulder at 1649 cm− 1 grew, 
and the peak at 1619 cm− 1 gradually shifted to a higher value of 1625 
cm− 1 (Fig. 4a, inserted figure), indicating that the addition of AlN par
ticles inhibited the formation of β-sheet crystals probably due to 
increased hydrogen bonding with the protein chains. Likewise, 
increased AlN promoted the random silk structure (Fig. 4b), which helps 
to maintain the flexibility of the composite [31,45]. Raman spectroscopy 
analysis performed on the amide I region of the water annealed SF/AlN 
sample also confirmed the results obtained from FTIR (Fig. S4c). Pure SF 
is dominated by β-sheet structures with a Raman peak at 1663 cm− 1 

(Fig. S4c), and with the increase of AlN content, the peak gradually shifts 
higher to 1669 cm− 1. The intensity of the Raman peaks due to β-turns 
and unordered random coils also increased, confirming that the AlN 
particles disrupted the β-sheet formation [46]. 

3.2. Physical properties 

Fig. 5a shows the stress-strain curves of the composite, and Young’s 
modulus steadily increased with the AlN content (Fig. 5b). Berryman 
[47–49] has developed a self-consistent model of the effective bulk (Keff) 
and shear (μeff) moduli of composites based upon the geometric means of 

the Hashin-Shtrikman bounds [50,51]: i.e. Keff =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

K+
HSK−

HS

√

, μeff =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

μ+
HSμ−

HS

√

where 

K±
HS =Km +

f

(Ki − Km)
− 1

+ (1 − f )
(
Km + 4

3μm
)− 1 (1) 

And 

μ±
HS = μm +

f
(μi − μm)

− 1
+

2(1− f )(Km+2μm)

5μm

(
Km+

4
3μm

)

(2) 

With KHS (μHS) being the upper and lower bounds of the bulk (shear) 

modulus for the composite, Km (μm) the bulk (shear) modulus of the 
matrix, Ki (μi) the bulk (shear) modulus of the inclusions, and f the 
volume fraction of the inclusions. Consequently, the effective Young’s 
modulus Eeff is given by 

Eeff =
9Keff μeff(

3Keff + μeff

) (3) 

The bulk modulus of silk and AlN are 4.5 and 200 GPa [52–54], 
respectively, while the shear modulus of silk and AlN are 1 and 120 GPa 
[52–54], respectively. Previous measurements have shown that the 
modulus of silk is the same for crystallized and amorphous phases 
[55–57]. This yields the dashed line in Fig. 5b which is in good agree
ment with the experimental results. Note that the 10% AlN/SF sample is 
strong enough to support 100-g weight, which is over thousand times of 
its own weight (Fig. 5c). 

We model the ultimate strain by assuming that it is controlled by the 
SF (see details in supporting information). That is the ultimate strain of 
each composite should be proportional to the average distance between 
two single AlN particles if the failure is due to SF and not due to failure of 
the bond between the SF and the AlN. The experimental data fit well 
with the model (Fig. 5a and b). In particular, given that the strains on the 
order of 1%, there is no slippage of the bond between the SF matrix and 
the AlN particles, confirming that the SF and AlN are tightly bound. 

The temperature dependence of the DSC heat flow and reversing heat 
capacity are shown in Fig. S5a and Fig. 6a, respectively. All samples 
have a similar bound water evaporation peak (Tw) in Fig. S5a near 31 ◦C 
(summarized in Table 1) due to the water annealing procedure, followed 
by a major degradation peak around 260 ◦C. The glass transition steps 
showed in Fig. 6a are attributed to the reversible transitions of mobile 
amorphous component in the materials, from the frozen state to rubbery 
state as the temperature goes up. Previous studies have shown that silk 

Fig. 6. (a) Temperature dependence of the reversing heat capacity of SF and AlN/SF films. (b) Temperature dependence of the mass remaining of SF, AlN/SF films 
and AlN. 

Table 1 
Thermal analysis data from DSC and TGA.  

Sample Tg (◦C) Tw (◦C) Td1 (◦C) Td2 (◦C) Mass fraction  
at 800 ◦C (%) 

SF 177.3 31.2 207.6 390.1 30.4 
2% AlN/SF 180.4 31.0 223.8 387.2 32.8 
4% AlN/SF 183.5 30.6 214.2 388.9 34.2 
10% AlN/SF 184.3 31.8 226.3 385.6 39.3 
15% AlN/SF 186.4 31.4 224.1 373.3 40.9 
25% AlN/SF N/A 31.0 230.1 366.6 53.3 

*N/A indicate the value was undetermined; All numbers have an error of less 
than ±1 ◦C. 
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fibers have a glass transition temperature Tg near 176 ◦C [29,58,59]. The 
value of Tg increased with the AlN concentration, and the glass transi
tion steps in the heat capacity decreased (Fig. 6a & Table 1). This sug
gests the mobility of long-range molecular motion of the polymer 
network is reduced, which provides another indication of the formation 
of AlN/SF continuous network structure. By 25% AlN, there was no clear 
indication of a glass transition even though the volume fraction of 
random coils in the composite remained constant at about 20%. 

To further investigate the thermal stability of the composites, TGA 
(Fig. 6b and Fig. S5b) was used to determine the mass loss during 
heating as a function of temperature. Fig. 6b shows that the thermal 
stability of samples increased with the AlN concentration. Thus, the 
weight remaining percentage at 800 ◦C increased with the increase of 
AlN content in SF matrix (Table 1). For all samples, a multi-step mass 
loss can be observed (Fig. S5b), with two major degradation peaks (Td1 
and Td2). Td1 increased with increasing AlN content, while Td2 decreased 
with increasing AlN content in SF matrix (Table 1). Although it is 
difficult to determine which component is degrading in the two peaks of 
the AlN/SF samples, the shift of the degradation peaks clearly suggests 
that the strong interaction between SF and AlN has changed the thermal 
stability of the composites. 

The thermal expansion is shown in Fig. 7a and b. The pure SF sample 
showed a negative linear expansion of − 37 ppm K− 1 [60]. With 
increasing AlN concentration, the magnitude of the coefficient of ther
mal expansion decreased, with 25% AlN having a value of − 15.7 ppm 
K− 1, which is much lower than that of traditional polymers [10,61]. The 
dashed line is a linear fit to the data which is compared with the model of 
Gibiansky and Torquato for the effective coefficient of thermal expan
sion αeff given by 

αeff =
αmKm

(
Keff − Ki

)
+ αiKi

(
Km − Keff

)

Keff (Km − Ki)
(4) 

With Keff being the effective bulk (shear) modulus of composites, Ki 
and Km the bulk (shear) modulus of the AlN inclusions and matrix, 
respectively; αi and αm the coefficients of thermal expansion of the AlN 
inclusions and pure SF matrix, respectively [62–64]. It is notable that 
the deviation from the model is not sizable but it is significant. The fact 
that the elastic modulus follows the theory while the magnitude of the 
thermal expansion is less than expected may be an indication that there 
is enhanced bonding between the AlN particles [65], which prevents the 
thermal expansion of the SF matrix. Since the model uses the value for 
αm for pure SF, which has the highest crystalline content and therefore a 
lower magnitude for αm than the actual SF content in the composites, the 
model perhaps underestimates the magnitude of αeff. 

The thermal conductivity κ of the pure SF film in the in-plane di
rection (Fig. S7) was 0.28 W m− 1K− 1 [23,66–69] while AlN has a high 

thermal conductivity of ~320 W m− 1K− 1 [18–20], and thus the com
posites have larger κ values than SF does (Fig. 8). Assuming that one can 
ignore interfacial thermal resistance, one can model the thermal con
ductivity of an isotropic system via the Maxwell Garnett equation [70]. 

κeff = κm
2f (κi − κm) + κi + 2κm

2κm + κi − f (κi − κm)
(5)  

where κeff is the effective thermal conductivity of the AlN/SF film, κm the 
thermal conductivity of the matrix, and κi the thermal conductivity of 
the inclusions. The predicted values are low because the SF matrix is 
thermally insulating and there is no significant contribution to κ by the 
AlN until percolation, which occurs at f = 1/3 for the present model. 
Note that the deviation of the data from the model is particularly sizable. 
There are numerous reasons why the model may overestimate the value 
of κ, including interfacial scattering and size effects, but the unusual 
underestimate is most likely due to percolating networks of AlN particles 
in the SF as seen in Fig. 2. 

To investigate this in more detail, pure SF and 25% AlN/SF samples 
were coated by magnetron sputtering with a layer of patterned copper of 
1 μm thick (see Fig. 9). Leads were attached to the copper and both 
samples were subjected 0.1 W of ohmic heating. When the heat distri
bution on both samples reached the steady state, the temperature at the 
center of pure SF was nearly 70 ◦C, which is much higher than the 35 ◦C 
found for the 25% AlN/SF sample. This result is in accord with the 
tenfold increase in κ from the pure SF to 25% AlN/SF film since thermal 
gradient is proportional to the in-plane conductivity for this geometry 
[71,72]. 

Fig. 7. (a) Dimension change of SF and AlN/SF composites with a function of temperature. (b) Linear thermal expansion of AlN/SF films as a function of AlN. The 
dotted line represents modeling results from Eq. (4). 

Fig. 8. Thermal conductivity of SF and AlN/SF films. The dotted line represents 
modeling values from the Maxwell-Garnet theory, Eq. (5). 
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The dielectric properties of SF and AlN/SF composites were also 
investigated to further investigate the particle structure. Fig.S6 shows 
the frequency dependence of the dielectric constant and loss tangent at 
room temperature. The real part of the dielectric constant ε as a function 
of AlN content is shown in Fig. 10 (also see Fig. S6), which increased 
with the increase of AlN content. It also was modeled with the Maxwell 
Garnett equation: 

εeff = εm
2f (εi − εm) + εi + 2εm

2εm + εi − f (εi − εm)
(6)  

where εeff is the effective dielectric constant of the composite, εm the 
dielectric constant of the SF matrix, and εi the dielectric constant of the 
AlN inclusions. 

The agreement is reasonable except for the highest AlN content, 

where the measured value is somewhat larger than the predicted one. 
That difference might be related to enhancement due to a decrease in the 
effective depolarization factor of the AlN particles which arises when the 
particles form networks. Alternatively, one must also recall that the 
amorphous component of SF has a larger dielectric than the crystalline 
form [55,63]. That may also contribute to larger value of ε of the 
composite, although it is unlikely to be the predominant factor. 

3.3. Fire-retardance 

Materials with good flame retardancy have a wider range of appli
cation. Fig. 11a shows that the pure SF sample ignited after 1s and 
burned throughout the duration and eventually bent. The 25% AlN/SF 
composite showed significantly better fire resistance. The film retained 
its original shape after burning for more than 20 min. The AlN particles 
distributed in the SF substrate make it more flame retardant and this 
may be enhanced by the AlN/SF network (Figure S8 in Supplemental 
Information). Accordingly, the TGA results also show that at 800 ◦C, 
AlN/SF has more residue as the concentration of AlN increases (Table 1). 

3.4. Mechanism 

There is clear interaction between the SF and the AlN, probably due 
to the formation of hydrogen bonds between the N atoms in AlN and SF 
proteins. According to the SEM and EDS data, it is believed that the AlN 
particles distribute homogeneously at lower concentration. However, at 
higher concentration, the AlN particles formed a continuous network. 
Fig. 12 shows a schematic of the proposed secondary structure of the 
composite. X-ray studies show that the SF and AlN particles are 
randomly oriented, but the particles are tightly bound to SF fiber by 
hydrogen bonding as evidenced by the trend in the glass transition 
temperature and the coefficient of thermal expansion. In particular, the 
behavior of the glass transition behavior is consistent with AlN forming a 
network which encapsulates the amorphous component. This network 

Fig. 9. Both the SF and 25% AlN/SF were coated with a copper film of about 1 μm in thickness. Leads were attached to the contact pads and 0.1 W of power was 
supplied for 5 min. (a) and (c) are images of SF and 25% AlN/SF samples coated with the patterned copper thin films. (b) and (d) are the thermal images of SF and 
25% AlN/SF sample, respectively. 

Fig. 10. Dielectric constant of SF and AlN/SF composites at 75 kHz. The dotted 
line represents the expected values from Maxwell-Garnet theory, Eq. (6). 
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structure and hydrogen bonding are central to the significantly 
enhanced thermal conductivity [27] of the composites. 

4. Conclusion 

In summary, this study investigated the physical and structural 
properties of AlN/SF composites. We found layered structures in the 
cross section of the AlN/SF films. In the SF component, the content of the 
β-sheet crystal decreases as the AlN content increases. AlN/SF has good 
thermal stability, low linear thermal expansion, and higher stiffness 
while maintaining flexibility. The 25% AlN/SF has a negative linear 
thermal expansion of at − 15.7 ppm K− 1. The thermal conductivity of 
AlN/SF is also significantly enhanced, which results from AlN forming 
networks to provide paths of low thermal resistance and is aided by the 
strong hydrogen bonding between the AlN and SF to reduce the inter
facial phonon scattering. This work demonstrates that there can be 
significant interaction between organic and inorganic phases in com
posite materials, and the effects can be synergistic to create greatly 
enhanced materials which can be tailored for a variety of applications. 
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