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Tungsten/epoxy composite film integrated with graphene oxide (GO) is prepared via layer-by-layer assembly method, 

which shows enhanced acoustic attenuating performance compared with tungsten/epoxy composite film in the absence of 

GO. The basic structure consists of tungsten/epoxy/GO/epoxy (W/E/GO/E), in which the inner wrapped epoxy acts as a 

buffer layer to anchor GO nanosheets on W spheres, and the outer wrapped epoxy layer is designed to prevent GO 

nanosheets peeling off from W spheres. The designed structure was beneficial to guaranteeing the independence and 

integrity of the W/E/GO/E structure. The structure of the core-shell composites was characterized with Fourier-transform 

infrared spectra, Raman spectroscopy, Transmission electron microscope and X-ray photoelectron spectroscopy. The 

acoustic properties in the films were evaluated by a conventional pulse-echo overlap technique at the frequency of 9 MHz. 

It was found that the attenuation of the optimal W/E/GO/E composite films was much higher than those of traditional W 

films at a band frequency range from 5 MHz to 12 MHz, and 36.58 ± 0.2 dB/cm·MHz is obtained at 9 MHz. The wrapping of 

GO on the surface of W/E will creat a crumpled surface for better mixing with epoxy matrix due to the hydrogen bonds 

and chemical bonds, leading to prepare high quality composite film with minimum structural defects including bubbles and 

cracks. The enhanced acoustic absorption property of the composite films was attributed to the synergistic effect among 

multicomponents, as well as the contribution of GO’s thermoacoustic effect. The W/E/GO/E composite films with such 

excellent attenuation loss properties are promising to be the backing material for ultrasonic transducers. 

Introduction 

Tremendous efforts have been endeavoured into the 

development of backing materials for ultrasonic transducer 

with suitable acoustic impedance, high attenuation and 

robustness.
1-3

 The acoustic impedance and the attenuation are 

two important parameters for backing materials. The former 

one can vary from 3 MRayl to 30 MRayl depending on the 

transducer design,
4
 and the latter one requires high value in all 

cases. Typically, backing materials are composed of a polymer 

matrix such as epoxy or polyurethane, and inorganic fillers of 

metallic particles including tungsten, iron, copper, magnesium 

and aluminium.
5-7

 Epoxy is often used as the polymer matrix in 

backing material
8-11

 due to its good thermal stability,
12

 

environmental resistance,
13

 and mechanical properties.
14

 

However, absorption of ultrasound in this kind of polymer is 

relatively low. To improve the attenuation property of the 

epoxy composite, rubber modified
2
 or surface modified 

epoxy
15

 were used to scatter the acoustic energy. Whereas, 

the different surface chemistry attribute of inorganic fillers and 

polymer matrix can cause high interfacial energy,
16

 leading to 

the structural defects including bubbles and cracks,
17

 thus 

showing deteriorated acoustic performance. Therefore, to 

develop a strategy to prepare high-quality composite film with 

minimum structural defects is a great breakthrough for 

obtaining high performance of backing materials. 

GO consists of a hexagonal ring of carbon network having 

both sp
2
 and sp

3
 hybridized carbon atoms bearing hydroxyl 

and epoxide functional groups on basal planes, as well as 

carbonyl and carboxyl groups at the edges of the sheet.
18-20

 GO 

is considered to be hydrophilic due to its excellent 

dispersibility in water, and has also been found to possess 

amphiphilic properties with an edge-to-center distribution of 

hydrophilic and hydrophobic domains.
21, 22 

It is expected that 

the amphipathy and flexibility of GO, and hydrogen bonding 

interaction between GO and epoxy might facilitate the co-

assembly with W and epoxy. It has been proved that the 

electronic structure and chemical properties of GO can be 

altered by introducing functional groups, enabling them 

utilized in sensors,
23

 fuel cells,
24

 field-effect transistor 

devices,
25

 bioscience and biotechnologies,
26

 electromagnetic 

interference (EMI) shielding.
27

 Recently, considerable efforts 

have been endeavoured to the development of graphene-

based composites for novel microwave absorption materials 

owing to the improving dielectric constant, dispersion and 
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loss.
28, 29

 Meanwhile, GO-based thermoacoustic devices have 

already shown promising applications in the acoustic field due 

to the combination of exceptional electrical transport and 

thermal properties.
30-32

 However, to the best of our knowledge 

there are no reports on the application of graphene 

composites as backing materials to absorb ultrasonic wave for 

ultrasonic transducer.   

Herein, we report a reliable method for synthesizing high-

quality W/E/GO/E composite films, in which GO was not only 

serving as the intermediate substance to solve fillers 

dispersion problem but also plays a major role in sound wave 

absorption. The LBL structure of W/E/GO/E was characterized 

in details. Acoustic impedance and attenuation loss of the films 

have been measured by a conventional pulse-echo overlap 

technique at a frequency of 9 MHz. The synergistic effect 

between W spheres and GO sheets would enhance their sound 

wave absorption properties. We believe the designed 

W/E/GO/E composite films with such excellent attenuation 

properties can provide new clues for preparing promising 

backing material for ultrasonic transducer. 

Experimental 

Materials 

GO was synthesized via a modified Hummer method.
26, 33

 The 

commercial epoxy resin (T31) and hardener (W93) were 

supplied by Aladdin Reagent Company. A stoichiometric 

resin/hardening ratio 3:1 by weight was used according to the 

manufacturer’s data sheets. Tungsten powders with particle 

size 12μm (99.99%, Aladdin) were used as reinforcing and 

attenuation scattering agent. 

Preparation of W/E/GO/E composite films 

Typically, to fabricate a film with a basic structure of fillers 

consisting of 60 wt% W/3 wt% E/3.5 wt% GO/0.1 wt% E and 

33.5% epoxy resin as polymer matrix, 12 μm tungsten powders 

were firstly dispersed with diluted epoxy resin ethanol 

solution. Afterwards, the mixture was stirred and dried for 1 h 

at 45
 
°C to obtain the tungsten/epoxy (W/E) particles with W:E 

weight ratio of 60:3. Addition of epoxy decorated W spheres 

into a 100 ml GO aqueous solution (weight ratio for W:GO was 

60:3.5), the mixture was ultrasonicated for 0.5 h. The as-

prepared tungsten/epoxy/graphene oxide (W/E/GO) mixture 

was poured into a petri dish followed by drying at 45 °C for 12 

h and then the dried mixture was grinded and filtered by a 400 

mesh sieve. Following, the W/E/GO composite particles were 

coated with an ultrathin layer of epoxy in the same way. 0.1 

wt% was used to represent the content of the outer epoxy 

layer of W/E/GO/E composite. Similar to the former 

procedure, the ultimate W/E/GO/E composite particles were 

prepared by a 400 mesh sieve. Finally, W/E/GO/E composite 

particles and epoxy resin matrix were mixed according to the 

mass proportion of 66.5:33.5. The W/E/GO/E composite film 

was solidified in 4 h and polished to 2 mm thickness. The other 

films with different ratios were fabricated in the similar way.  

Characterization 

The morphology of the spheres was investigated by Scanning 

Electron Microscope (SEM) (SU800, Hitachi, 15 kV) and 

Transmission Electron Microscope (TEM) (G-20, FEI-Tecnai, 100 

kV). Raman spectra were obtained using a Horiba Xplore 

Raman system with 532 nm excitation. Fourier transform 

infrared (FTIR) measurements were performed in air using a 

Bruker FTIR spectrometer. Thermogravimetric analysis (TGA) 

were carried out using a thermal gravimetric analysis 

instrument (Shimadzu TGA-50H) with a flow rate of 20.0 mL 

min
−1

 and a heating rate of 15 °C min
−1

. X-ray photoelectron 

spectra (XPS) were measured using a Thermo Scientic X-ray 

photoelectron spectrometer (K-Alpha, Thermo Scientic, 

Waltham, MA, USA). The stress-strain experiments were 

carried out in a single–column testing instrument in tensile 

mode (Agilent Technologies T150UTM). The specimen was cut 

into dumbbell shape (inset (II) in Fig. S3), the two ends of the 

specimen were fixed on a stage. All tensile tests were 

conducted in a controlled force mode with a force ramp rate 

of 100 mN/min. 

Ultrasonic absorption measurement 

The ultrasonic measurements were performed using two 

immersion-type broadband ultrasonic transducers (Panamatrix 

V358; Parametric, Waltham, MA) with a central frequency of 9 

MHz. The sample was sandwiched between the two immersed 

transducers, and then the velocity and attenuation are derived 

from the difference of flight and amplitude between the 

sample and water.
34

 The attenuation is calculated by taking 

the transmission coefficients into account at the water-sample 

and sample-water interfaces,
35

 and the acoustic impedance of 

the sample was obtained by the product of the velocity and 

density.
36

 The density of each sample was calculated by using 

the measured weight and volume, with the volume 

determined by the Archimedes method. 

Results and discussion 

Synthesis process of W/E/GO/E composite films 

The fabrication process of LBL assembly W/E/GO/E film is 

described in Fig. 1. W/E spheres were synthesized by a simple 

coating procedure. Thin epoxy layer solidified on W surface 

and the shrinkage characteristic of epoxy during the curing 

process is beneficial to the encapsulation of epoxy on W 

surface,
37

 resulting in W/E core-shell structure. Then, W/E 

sphere was assembled by GO sheet and an ultrathin epoxy 

layer by layer, a triple layer structure of W/E/GO/E sphere was 

obtained. Fig. S1a in Supporting Information shows few-layer 

GO sheet, and stable dispersion solution of W/E spheres was 

formed in the presence of high GO concentration (Fig. S1c). 

Figure S1b shows the metastable aqueous solutions of pure 

GO and the mixture of GO and W/E spheres. The composite 

solution was dried and crushed into powder, W/E/GO with LBL 

structure was obtained after filtering through a 400 mesh sieve. 

Seen in Fig. S1d, final spheres of W/E/GO/E composite were 

prepared according to similar epoxy coating strategy. After  
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Fig. 1 Schematic fabrication process of W/E/GO/E film. (i) Naked W spheres with 

average diameter of 12 μm, (ii) W/E sphere was fabricated by coating -50 nm epoxy on 

W sphere, (iii) W/E/GO and (iv) W/E/GO/E spheres were prepared in the similar way, 

respectively. (v) The LBL structure of W/E/GO/E. (vi) Dispersion of W/E/GO/E powders 

in epoxy solution by stirring. (vii) Final W/E/GO/E film with ~ 2 mm thickness processed 

by solidification and polish.  

mixing W/E/GO/E spheres and epoxy matrix, and subsequent 

solidification and polish, a 2 mm thickness composite film was 

fabricated. Fig. S1f shows the optical image of film with 

smooth and homogeneous surface. Several advantages are 

expected from as-fabricated core-shell structure. First, the 

inner epoxy layer acted as a buffer layer that facilitated GO 

sheets to adhere on W surface firmly. GO and epoxy had 

similar wettability, and the hydroxyl and epoxide functional 

groups of GO will form multi-hydrogen bonds with functional 

residues of epoxy resin.
38

 Second, the shrinkage occurs when 

epoxy layer solidified on W surface, excluding cavities between 

W spheres and epoxy matrix. This structure is beneficial to 

facilitating sound wave penetrating into GO network structure. 

It is assumed that sound was absorbed by the impedance 

transmittance of the inner layer epoxy and the synergistic 

effect between W, epoxy and GO.
39

 As a result, the designed 

composite films consisting of tungsten spheres with LBL 

structure as fillers might be expected to exhibit high uniformity, 

superior mechanical property and sound wave absorption 

ability. 

Characterization of W/E/GO/E composite films 

Fig. 2a and 2e shows the SEM and TEM images of W spheres 

with an average diameter of 12 μm, in which W particles had 

smooth and clean surface. As seen in Fig. 2b, W/E composite 

spheres were obtained by evenly assembling epoxy on W 

spheres. TEM image in Fig. 2f illustrate that the interfaces of W 

sphere and epoxy layer was clear and the thickness of epoxy 

layer was about 50 nm. Seen in SEM image of Fig. 2c, GO 

nanosheets were attached to the W/E surface closely because 

of the non-covalent interactions between the hydroxyl and 

epoxide functional groups of GO and the functional residues of 

epoxy resin.
38

 Wrinkles of GO on W/E/GO surface were 

obviously observed. Fig. 2g presents the TEM image of the 

interface state of W/E/GO structure, the selected section was 

amplified in Fig. 2h. W sphere, the inner coated epoxy layer 

and the outer coated GO layer were distinguished easily due to 

different electron penetrability. There are no cavities in 

W/Epoxy and Epoxy/GO interface, indicating that the 

intermediate epoxy layer is beneficial to eliminate bubbles in 

W/E/GO structure. Using selected area electron diffraction 

(SAED) pattern to verify the two layer material, two regions 

were labeled near the boundary of W/E/GO in Fig. 2h. Fig. 2i 

reveals the amorphous nature of epoxy resin, whereas Fig. 2j 

shows the polycrystalline phase of GO sheets. 

    The G-mode frequency (ωG) Raman map of a W/E/GO 

particle in Fig. 2d clearly exhibits the even distribution of GO 

on W surface. The inset of Fig. 2d is the Raman spectra of the 

composite spheres, in which G band near 1595 cm
-1

 indicates 

sp
2
 hybridization of carbon network and D band near 1350   

cm
-1

 shows the defects in the GO’s structure.
40

 The 

characteristic Raman G peak at around 1580 cm
-1

 in W/E/GO/E 

(magenta line, Fig. 3a) is obviously broadened and blue-shifted 

relative to that of GO (blue line, Fig. 3a), indicating lower 

disorder of GO in epoxy matrix.
41

 In addition, a universal 

observation from previous work is that higher disorder in 

graphite causes a broader G band D band, and higher ID/IG 

ratio
41

. It is found that the intensity ratio of D and G peaks 

decreases slightly from 0.98 to 0.90 in W/E/GO/E composite 

comparing to that of GO. This change reflects the lower 

structure disorder in W/E/GO/E composite,
41

 indicative of GO 

functional groups were bounded by epoxy functional groups. 

The W/E/GO/E composite also shows the characteristic peaks 

of pure epoxy (red line, Fig. 3a), proving the existence of GO 

and epoxy in the composite.  

To further elucidate the interaction force between epoxy 

layer and GO layer in W/E/GO/E composite, FTIR spectroscopy 

was employed to measure functional groups in the composite 

materials. Fig. 3b shows the FTIR spectra of W, Epoxy, GO and 

W/E/GO/E powders, respectively. W/E/GO/E were fabricated 

in different loading amounts of the GO and abbreviated as 

W/E/GO/E (I) and W/E/GO/E (II). The band at 1725 cm
-1

 in 

W/E/GO/E composite is about 7 cm
-1

 blue-shifted relative to  

 

Fig. 2 Characterization of W spheres, W/E and W/E/GO core-shell structures. SEM (a) 

and TEM (e) images of W spheres. SEM (b) and TEM (f) images of W/E core-shell 

particles, the two white dotted lines in (f) indicate the profile of epoxy layer. SEM (c) 

and TEM (g, h) images of W/E/GO particles at low and high magnifications; Outer layer 

of GO and inner layer of epoxy are labeled in (h). (d) The ωG Raman map of a W/E/GO 

sphere, inset is the corresponding Raman spectra. (i) and (j) are SAED patterns for 

positions labeled as I and II in (h), respectively. 
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Fig. 3 (a, b) Raman and FTIR spectra of W, epoxy, GO and W/E/GO/E spheres. The insets 

of (b) were the magnified regions of the rectangle boxes. (c) XPS spectra of epoxy, (d) 

GO sheets and (e) W/E/GO/E composite spheres. 

that at around 1732 cm
-1

 in pure GO (inset I in Fig. 3b), 

attributing to the formation of hydrogen bonds between –

COOH in GO and epoxy groups in epoxy resin.
42

 This 

interaction made the stretching vibration of carboxyl acid 

more localized.
43

 The decreasing intensity of this band for 

W/E/GO/E composite also indicated the decreasing carboxyl 

acid stretching modes comparing to pure GO. In addition, a 

significant blue-shift between 1409 cm
-1

 band in pure GO and 

1403 cm
-1

 band in W/E/GO/E composite (inset II in Fig. 3b) is 

assigned to the deformation vibration mode of O-H existed in 

–COOH or carbon skeleton. It is also found that there was 

about 10 cm
-1

 red-shift owning to the C-O stretching vibration 

among 1035 cm
-1

 in pure epoxy and 1045 cm
-1

 in W/E/GO/E 

composite in Fig. 3b (III). In addition, the 1614 cm
-1

 band 

located in pure GO and 1583 cm
-1

 band appeared in W/E/GO/E 

composites were assigned to the stretching and bending 

vibration of –OH groups of water molecules adsorbed on GO 

and W/E/GO/E composites. The absorption peaks at 1120 cm
-1

 

both in GO and W/E/GO/E is corresponding to the stretching 

vibration of C-OH. Additionally, besides the hydrogen bonds 

between GO and epoxy deduced from FTIR analysis, there also 

might exisit chemical reaction between epoxides from epoxy 

with nucleophiles like -COOH in GO
44

. As proved in many 

papers, epoxide can react with –COOH to form ester bonds. 

Scheme S1 showed the possible hydrogen bonds and chemical 

bonds between the epoxy resin and GO. 

The chemical structure of W/E/GO/E composite and the 

interaction between epoxy and GO was further investigated by 

XPS. Fig. 3c to Fig. 3e shows the C 1s core-level spectra of 

pristine epoxy (Fig. 3c), pristine GO (Fig. 3d), and W/E/GO/E 

composite (Fig. 3e), respectively. The C 1s core-level spectrum 

of the pristine epoxy could be deconvoluted into three peaks 

with binding energies at 284.8 eV for C-C species, 285.6 eV for 

C-N species and 286.5 eV for C-O species, respectively.
45

 In 

pristine GO, binding energies at 288.9 eV for O=C-O species 

appeared, and the higher C-O peak indicates that GO has a 

high degree of oxidative functional groups.
46

 For the  

 

Fig. 4 (a, d) The cross-sectional SEM images of W film, (b, e) W/E film, (c, f) 
W/E/GO/E film in low and high magnifications. The inset of (d) was the enlarged 
region of red square showing the gap between W sphere and epoxy matrix. 

W/E/GO/E composite, it maintains C-C, C-N, C-O, and O=C-O 

bonds in epoxy and GO, indicating the presence of epoxy layer 

and GO layer on the surface of W sphere. Meanwhile, the 

additional peak of C=O species appears in W/E/GO/E 

suggesting that the hydrogen bond generating from –COOH in 

GO and oxygen-containing or nitrogen-containing groups in 

epoxy resin. TGA of W, epoxy, GO and W/E/GO/E composite 

materials were carried out under N2 flow from room 

temperature to 800 °C at 15 °C/min. The results are shown in 

Fig. S2. As expected, W was highly stable up to 800 °C. Epoxy 

and GO both show significant mass decrease from 60 °C to 

650 °C. The major mass reduction at ~150 °C was caused by 

pyrolysis of the oxygen-containing functional groups, 

generating CO, CO2 and steam.
47

 W/E/GO/E composites were 

marked as (a), (b) and (c) corresponding to different mass ratio 

of W:E:GO:E, the mass loss details were shown in Table S1. 

The homogeneous structure of composite film was 

confirmed by the cross-sectional SEM images of Fig. 4. Fig. 4a 

shows the cross-sectional SEM image of 60 wt% W spheres 

dispersed in 40 wt% epoxy matrix. It can be found that W 

spheres were aggregated in epoxy, attributing to the poor 

miscibility of metal W spheres in epoxy during the stirring 

process.
48

 The mismatch of the interfacial energy between W 

spheres and epoxy matrix leads to the negative structural 

issues, confirmed in Fig. 4d, thus cavities appeared at the 

interface of W sphere and epoxy matrix (inset, Fig. 4d). The W 

film possesses weak mechanical behaviour, in which W 

spheres can be separated from the epoxy matrix easily when 

break off the film, leaving many holes at fracture surface (Fig. 

4d). This problem was improved substantially when W spheres 

were decorated by a buffer layer of epoxy, making W spheres 

stayed at the fracture surface (W/E film, Fig. 4b and 4e). Epoxy 

buffer layer reduced cavities at the interface between fillers 

and polymer matrix. The stronger adhesion stress of W/E films 

compared to W films was also verified by the stress-strain 

curve in Fig. S3, in which the failure stress of W/E film was 

higher than that of W film. 

The homogeneity of W/E film (Fig. 4b) was improved slightly 

comparing to that of W film (Fig. 4a). W/E composite spheres 

were further modified by GO and an ultrathin epoxy, then 

being filled in the epoxy matrix to get the W/E/GO/E film. 

From Fig. 4c we can see W/E/GO/E spheres (60 wt% W) were 

dispersed in epoxy matrix uniformly. W/E spheres were 

completely wrapped by graphene sheets, and the wrinkles of 
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GO sheets can be observed easily (Fig. 4f). The high quality film 

without bubbles and cavities was of great importance to 

improve the film’s acoustic performance. Although the stress 

of W/E/GO/E film was lower than those of W/E film and W film, 

it exhibited the best bendability. As shown in Fig. S3, the 

failure strain of W/E/GO/E composite films was up to 8.5 %, 

which was much larger than those W films and W/E films. It 

can be bended to 60° without any damage, and also recovers 

to original state after removing the force. In the case of 

W/E/GO/E spheres (60 wt% W) composites, the cross-linking 

degree of epoxy may be decreased when compared with those 

of W/E composites, which thus produced the flexibility of the 

composites. As reported in previous work, the failure stress of 

graphene/epoxy composites is highly dependent on the 

interfacial debonding between graphene and epoxy matrix.
49, 

50
 The good dispersion of W and GO is attributed to the coating 

layer of epoxy on their surface. In Tang’s work, both the good 

dispersion of GO and high quality interface ascribable to the 

incorporation of polyetheramine or diglycidyl ether of 

bisphenol on GO, contributed to the high failure stress of 

composite film. Present W/E/GO/E spheres may not be an 

ideal filler for the enhancement of mechanical performance, 

due to the weak interfacial interaction between GO and epoxy. 

Additionally, the cross-linking degree of epoxy may be 

decreased when integration with those fillers, leading to the 

lower failure stress of W/E/GO/E film. 

Sound absorption properties of W/E/GO/E composite films 

To test the applicability of epoxy composites as backing 

material, the acoustic impedance and attenuation of the 

W/E/GO/E composite films were measured by a pulse-echo 

immersion technique
2
 (Fig. S4a). Samples were sandwiched 

between two immersed transducers with a distance of 10 cm. 

The structure of W/E/GO/E composite film designed to be the 

promising candidate for the ultrasonic baking absorber 

material was analysed in details. 

    First, we compare the acoustic impedance (Fig. 5a) and 

attenuation (Fig. 5b) of films fabricated by W spheres and W/E 

spheres with the W content from 20 to 80 wt%. In Fig. 5a, the 

considerable increasing in acoustic impedance with the 

increasing W content was observed, ascribing to the improved 

cross-linking density and the multiple reflection between W 

fillers and polymer interfaces.
15

 It can be explained by the 

following equation: 

Z = ρV		                                                        (1) 

Where, Z, V and ρ were the acoustic impedance, velocity and 

density, respectively.
36

 W/E films had a higher acoustic 

impedance value compared to W films, ascribing to the closer 

packed structure of W/E films than that of W films (Fig. 4d and 

4e). The attenuation peaks of W and W/E films were both 

obtained around 60 wt% tungsten, which was also reported in 

previous work.
51

 The structure with cavities at the interface of 

W particles and epoxy matrix in W films increased the acoustic 

scattering and multi-reflecting of ultrasonic waves in W 

spheres because W and air had a wide difference in 

impedance. W films had greater attenuation loss than W/E 

films (Fig. 4b).  

To research the influence of the acoustic performances by 

the different content of GO, the GO/E and W/GO/E films were 

studied (Fig. 5c and Fig. 5d). Fig. S4b shows direct mixing GO 

powder and epoxy matrix to fabricate the GO film, the poor 

dispersibility of GO (inset Fig. S4b) result the instability of the 

acoustic performance of the GO film. When GO was modified 

with a thin epoxy layer (0.1 wt%), the problem was solved. Fig. 

5c and Fig. 5d show the highest peak attenuation value at 3.5 

wt% GO in GO/E and W/GO/E films. In Fig. 5c, the film also has 

a relatively good attenuation value as GO content was 

improved to 8 wt%. Considering the costs, we choose 3.5 wt% 

to be the best GO loading level. The attenuation of W/GO/E 

films is larger than the sum of the attenuation of W and GO/E 

films, illustrating that a synergistic effect occurred between W 

and GO. The acoustic impedance of W/GO/E films was stable 

in 5-7 MRayl with the increasing GO content. At last, to discuss 

the influence of the epoxy buffer layer of the ultimate 

structure of W/E/GO/E, different content of inner layer epoxy 

W/E/GO/E films were fabricated. Fig. 5e shows the attenuation 

value increased with increasing epoxy buffer layer contents 

and the optimal attenuation loss 36.58±0.2 dB/cm·MHz was 

obtained at 5 wt% epoxy layer. 

Fig. 6a is the comparison of attenuation performance of 

optimized W/E/GO/E film (60 wt% W, 5 wt% E, 3.5 wt% GO, 

0.1 wt% E), W/GO/E (60 wt% W/3.5 wt% GO/0.1 wt% E) film, 

W/E (60 wt% W/5 wt% E) film, and conventional W film at the 

band frequency ranging from 5 MHz to 12 MHz. It is found that 

the attenuation loss of W/E/GO/E film is much larger than 

W/GO/E film without inner epoxy layer on the surface of W 

spheres, W/E film without GO, and naked W film, confirming 

the great importance of the introduction of inner epoxy layer 

and GO. Fig. 6b shows the three-dimensional presentation of 

calculated theoretical absorption coefficients of this W/E/GO/E 

composite film at various thicknesses (1-10 mm) in the 

frequency range of 2-20 MHz. It indicates that the ultrasonic 

wave absorbing ability of W/E/GO/E film at different 

frequencies can be adjusted by controlling the thickness of the 

absorbents. When the film was 1 mm, its absorption 

coefficient would reach 90% at 12 MHz. Meanwhile, the 

absorption coefficient would reach 90 % as the film is thicker 

than 5 mm at the frequency of 2 MHz. Under the experiment 

conditions of 9 MHz frequency and 2 mm thickness, the 

absorption coefficient reaches 96.98%, indicating that the 

composite film can act as an outstanding backing absorber. 

For comparison, we summarized the attenuation values of our 

work and previously reported metallic fillers/polymer at 5 MHz 

in Fig. 6c. Generally, for our LBL assembled W/E/GO/E film, the 

attenuation loss (175 dB/cm) is about two to five times higher 

than those of W/polymer composites
2, 4, 52, 53

 (34-90 dB/cm) 

and is obviously higher than Al2O3/PU
54

 (85.6 dB/cm), 

Ti/Si/epoxy
15

 (50.34 dB/cm) and W/Al2O3/polymer films
54

 

(154.2 dB/cm). The outstanding burnable polymeric composite 

(W (Burps)/spurr epoxy) (217 dB/cm) was fabricated by a 

series of complex mixing and 1100 °C sintering process
4
. Such 

sophisticated preparation process will somehow hinder the 

development of practical application of backing materials. By  
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Fig. 5 (a, b) The acoustic impedance and attenuation values of W and W/E composite 

films versus tungsten contents, respectively. (c, d) The acoustic impedance and 

attenuation values on GO contents for GO/E films and W/GO/E films. The inset of (c) is 

the photograph of a GO/E film. (e) The acoustic impedance and attenuation values 

versus the inner epoxy content for W/E/GO/E films. 

comparison, our LBL method for the preparation of backing 

materials is more convenient and controllable. 

    The enhanced acoustic effects were determined by the film 

structure, we propose a schematic illustration of the sound 

wave absorption mechanism based on the microstructure 

characteristics of the epoxy and GO wrapped W spheres, as 

shown in Fig. 7. When W spheres were directly filled in the 

epoxy matrix, there were cavities at the interfaces between W 

and epoxy (seen in Fig. 4d), which were caused by interfacial 

energy mismatching. The incident sound wave undergoes 

multiple reflections and absorption inside the W sphere, 

because the air with low impedance prevents sound wave  

 

Fig. 6 (a) The comparison of attenuation values of W/E/GO/E (60 wt% W/5 wt% E/3.5 

wt% GO/0.1 wt% E) film, W/GO/E (60 wt% W/3.5 wt% GO/0.1 wt% E) film, W/E (60 wt% 

W/5 wt% E) film,  and W film (60 wt%) at a band frequency ranging from 5 to 12 MHz. 

(b) Three-dimensional presentation of the absorption coefficient of the composite films 

with different thickness in the frequency range of 2.0-20.0 MHz. (c) Comparison of our 

W/E/GO/E films with the reported metallic fillers/polymer film at the frequency of 5 

MHz. 

 

Fig. 7 A schematic illustration of ultrasonic wave absorption modes in W (a), W/E 

(b), and W/E/GO/E films (c). 

from transmitting into epoxy matrix.
55

 Whereas W spheres 

were wrapped by a thin layer epoxy to exclude the cavities 

during  the curing shrinkage process of the epoxy layer and the 

adhesion between epoxy layer and epoxy matrix.
37

 The epoxy 

layer acted as the impedance transition layer to guide the 

waves propagating into epoxy matrix, decreasing the sound 

absorption properties (shown in Fig. 5b). GO sheets were 

further coated on the W/E spheres surfaces, leading to the 

possibility that the transmitted sound waves could propagate 

into GO sheets due to the similar approaching impedance (GO 

2.71 MRayl,
56

 epoxy 3.05 MRayl
57

) of GO and epoxy layer. 

Sound waves spreading on GO surface were quickly 

transformed into thermal energy due to the thermoacoustic 

effect of GO, in which sound wave and Joule heating could 

transform into each other,
31, 58

 thus enhanced the absorption 

attenuation by the synergistic effect of W, epoxy and GO. 

Conclusions 

W/E/GO/E composite spheres have been successfully 

synthesized via a LBL assembly process of epoxy layer and GO 

sheets on W spheres. The hybrids in the epoxy matrix exhibit 

better uniformity and enhanced ultrasonic absorption 

properties. The improved film quality was mainly ascribed to 

hydrogen bonds and chemical bonds between GO and epoxy 

layer, which greatly decreased the structural defects. The 

maximum attenuation loss reaches 36.58 ± 0.2 dB/cm·MHz at 

9 MHz, and the absorption coefficient reaches 96.98 % for 2 

mm sample. The enhanced acoustic performance was 

determined by the modulation of sound waves spreading 

pattern, viz the sound waves spreading on GO surface were 

quickly transformed into thermal energy due to the 

thermoacoustic effect of GO in W/E/GO/E composite film. The 

outstanding absorption property was promoted by the 

synergistic effect of W, epoxy and GO sheets. Our study 

provides a promising strategy to fabricate backing materials 

for ultrasonic transducer with high attenuation and moderate 

impedance.  
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