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Abstract: Different from the current measurement methods for Young’s modulus of metal materials, the Young’s 
modulus of intermetallic compounds (IMCs) was obtained by a non-destructive method based on Brillouin light 
scattering (BLS) in this paper. The single-phase regions of CoSn, CoSn2, Cu3Sn and Cu6Sn5 phases required for BLS 
test were obtained by applying long-term thermal stabilization through adjusting temperature gradient. The volume 
fractions of the corresponding phases near the solid−liquid interfaces of the samples were 98.3%, 94.2%, 99.6% and 
95.9%, respectively. All the independent elastic coefficients and Young’s moduli of IMCs were obtained by Brillouin 
scatterometer. The Young’s moduli of CoSn, CoSn2 and Cu3Sn and Cu6Sn5 phases obtained through the present method 
are 115.0, 101.7, 129.9 and 125.6 GPa, respectively, which are in a good agreement with the previous experimental 
results. Thus, the effectiveness of BLS in measuring the Young’s moduli of IMCs in bulk alloys is confirmed. 
Key words: Brillouin light scattering; intermetallic compound; elastic stiffness tensor; thermal stabilization; Young’s 
modulus 
                                                                                                             

 
 
1 Introduction 
 

The intermetallic compounds (IMCs) are 
frequently observed in different alloy systems in 
addition to solid solution phases. IMCs usually 
have lower solid solubility and higher melting 
entropy than the latter due to their different atom 
bonding and structures [1], giving them a high 
modulus, high hardness, and low ductility [2−4]. 
Because IMCs have broad industrial application 
prospects, it is necessary to precisely measure their 
mechanical properties, including their Young’s 
moduli [5]. The stress−strain curves obtained from 
tensile tests are employed to calculate Young’s 

moduli of metallic materials [6], but tensile tests 
require large sample sizes and destroy the sample. 
In addition, tensile test results are also greatly 
influenced by sample defects, and cannot be used 
for IMCs with very low ductility [7,8]. Nano- 
indentation is also frequently used method [9,10] 
and causes less damage to the sample than a tensile 
test. Nevertheless, it leads to different degrees of 
plastic-deformation strengthening of the sample 
during loading, which affects the accuracy of the 
results [11]. Therefore, it is necessary to find a 
non-destructive approach to measure the Young’s 
modulus without damaging materials. 

Brillouin light scattering (BLS) is the inelastic 
light scattering of light by phonons (elastic waves) 
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or magnons (spin waves), which are generated 
during the elementary excitation [12]. The quasi- 
particles discussed in this paper are acoustic phonons. 
As a non-destructive optical detection technology, 
BLS can be used to test samples without mechanical 
contact, providing an important technical means for 
studying the elastic properties of crystals [13]. The 
independent elastic coefficients of anisotropic 
materials can be determined by BLS, from which 
the Young’s modulus can be calculated [14,15]. Due 
to the limited contrast of early spectrometers, the 
test objects of BLS were limited to transparent 
materials [16,17]. For bulk metallic materials, only 
the BLS spectra of pure copper, aluminum, and iron 
have been measured so far [18]. Although a single 
study [18] focused on the Young’s modulus of 
phases with simple cubic structures, it showed that 
it was possible to expand the applications of BLS to 
investigate the Young’s moduli of other phases. In 
this paper, BLS was used to non-destructively 
measure the Young’s modulus of intermetallic 
compound phases. This method avoided plastic 
deformation caused by accumulation/ subsidence 
around an indentation when an indenter contacts a 
sample, thus increasing the measurement accuracy. 

To improve the accuracy of the BLS test 
results, the selection of the preparation process is 
particularly important, especially for preparing 
single-phase bulk alloys. Magnetron sputtering, 
molecular beam epitaxy, and chemical vapor 
deposition [19−21] are commonly used to prepare 
low-dimensional materials in the single-phase zone, 
but it is difficult to obtain single phases in bulk 
alloys using these methods. Thermal stabilization  
is commonly carried out before the directional 
solidification to obtain a homogeneous melt 
concentration [20−26]. Due to temperature gradient 
zone melting (TGZM) [27−33] imposed by the 
temperature gradient, the volume fractions of the 
liquid phase in the mushy zones, which correspond 
to the solidification interval of the alloys according 
to the phase diagrams of the alloys, decrease as 
thermal stabilization occurs [23−27,30−34]. The 
successful preparation of single solid phases from 
the mushy zone through thermal stabilization    
has been confirmed [35], demonstrating its 
effectiveness for preparing single-phase bulk alloys. 

In this work, two different single-solid-phase 
peritectic alloys, (L+α→β): Sn−Co (L+CoSn→ 
CoSn2) and Sn−Cu (L+Cu3Sn→Cu6Sn5), were 

prepared and then analyzed using BLS to calculate 
their Young’s moduli. Both the primary and 
peritectic phases in these alloys were IMCs [36,37]. 
The single-phase zones of these IMCs were 
obtained through a long-term thermal stabilization 
method. The Young’s moduli of the IMCs by the 
BLS test were in excellent agreement with the 
results by other methods, demonstrating the validity 
of using BLS to obtain the Young’s moduli of IMCs 
in alloys. 
 
2 Basic theory of BLS 
 

In the 1970s and 1980s, SANDERCOCK    
et al [38,39] investigated a double-pass stable 
scanning interferometer and the triple-pass series 
Fabry-Perot interferometer, respectively. These 
experiments demonstrated the feasibility of 
Brillouin scattering on non-transparent materials. At 
the beginning of the 20th century, SANDERCOCK 
[40] experimentally demonstrated the wide 
application of Brillouin scattering in opaque 
materials. BLS uses inelastic phonon−phonon 
scattering to obtain the frequency of the elastic 
waves by detecting the intensity of scattered light at 
different frequencies [41,42]. Figure 1 shows a 
schematic diagram of a typical BLS with a 180° 
backscattering geometry. The process by which 
BLS receives and analyzes scattering light is as 
follows. The Torus 532 laser emits a vertically 
polarized beam, which is converted into two beams 
through a beam splitter. One beam is directly 
received as a reference light by the Fabry-Pérot 
interferometer (FPI). The other is focused and is 
obliquely incident on the sample surface. Then, the 
180° backscattered light is received by the same 
lens and focused on the FPI for analysis. Finally, 
the scattered light signal is detected by a silicon 
avalanche diode photon counter composed of 1024 
channels and transmitted to the data acquisition 
system for analysis. A series of BLS spectra can be 
scanned by changing the sample position and 
incident angle to change the wave vector. The 
typical error of frequency measurements can be 
reduced to 1%−2%. 

By changing the thickness of the sample, the 
incident angle, and polarization conditions, the 
acoustic phonons that can be detected by the BLS 
spectra are mainly divided into two categories [43]. 
The first category is the bulk acoustic waves (BAW)  
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Fig. 1 Schematic diagram of BLS with 180° backscattering geometry (The two parallel green rectangles FP1 and FP2 
represent the Fabry-Pérot interferometer) 
 
propagating within a material, including the 
longitudinal acoustic wave (L) along the vibration 
propagation direction, and transverse acoustic  
wave (T) perpendicular to the vibration propagation 
direction. The second category is surface acoustic 
waves propagating on the surface, which are 
Rayleigh surface acoustic waves (RSAWs) [44]. 
BLS is often used to measure the sound velocity of 
some films and glasses to obtain their mechanical 
properties such as independent elastic coefficient  
(C) and Young’s modulus (E) [45]. The independent 
elastic coefficient is an important parameter that 
establishes the relationship between sound velocity 
and Young’s modulus. The value of independent 
elastic coefficients is closely related to the crystal 
structure, and Hooke’s law can be used to describe 
the relationship between stress and elastic strain 
[46]. According to Hooke’s law: 
 
σij=Cijklεkl                                   (1) 
 
where σij is the second-order stress tensor, Cijkl is 
the fourth-order elastic coefficient tensor, and εkl is 
the second-order strain tensor. Because the elastic 
coefficient is symmetric in the tensor matrix, it is 
expressed by Cij. 
 
3 Experimental 
 

The Sn−9at.%Co (Sb−9Co) and Sn−50at.%Cu 
(Sn−50Cu) alloys were fabricated by melting pure 

Co, Cu, and Sn (99.9 wt.%) in a vacuum induction 
melting furnace (VIM−600 M). Samples with a 
diameter of 6 mm and a length of 110 mm were 
obtained by wire electrical discharge machining. 
The TGZM process was carried out in a Bridgman 
furnace with thermal stabilization time of 6 and 
80 h for Sn−9Co alloys and 4 and 45 h for Sn−50Cu 
alloys. The theoretical predictions of the time 
required to form the single-phase zones were: 
tSn−9Co=77.4 h, and tSn−50Cu=44.6 h. The theoretical 
calculations are shown in the Supplementary 
Materials. The temperature was 1273 K during 
thermal stabilization. When the required time was 
reached, the samples were quickly quenched in 
liquid Ga−In−Sn alloy and then cut and polished. 
The microstructure and phase compositions of the 
samples were analyzed by an X-ray diffractometer 
(XRD, Rigaku D/MAX−2400) and a scanning 
electron microscope (SEM, Apreo-S) equipped with 
energy-dispersive X-ray spectroscopy (EDS). The 
volume fraction of the phases was estimated from 
the transverse sections of samples. 

The high-temperature regions of both the 
primary and peritectic mushy zones of the Sn−9Co 
and Sn−50Cu alloy samples were cut to prepare 
horizontal and vertical slices with dimensions of 
2 mm × 2 mm × 0.5 mm. The surfaces of the 
samples were polished to reduce the diffuse 
scattering of the laser light and obtain a stronger 
optical signal. The refractive indexes of 
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intermetallic compounds Cu3Sn and Cu6Sn5 were 
measured by ellipsometry. Then, the samples were 
tested using a Brillouin scatterometer with a tandem 
six-channel (3+3) Sandercock-type Fabry-Pérot 
interferometer. Because alloys are often opaque, 
lasers cannot transmit through the materials. 
Therefore, the best option is to use the back- 
scattering light path. A schematic diagram of the 
light path in the backscatter configuration is shown 
in the inset of Fig. 1, where ki is the incident light 
with an incident angle of 10o, kr is the light reflected 
from the sample surface, and ks is the scattered light. 
The incident light ki was focused through the lens 
onto the sample surface, and the scattered light ks 
was collected by the lens along the opposite light 
path as ki. The same incident wavelength and angle 
were used for the CoSn, CoSn2, Cu3Sn, and Cu6Sn5 
single-phase bulk samples. The laser with a 
wavelength of 532 nm was used as the incident 
light, and a polarizer was used to horizontally 
polarize the light. The vertical polarization of the 
laser was P, and the horizontal polarization of the 
laser was S for phonon tests using BLS. In this 
work, the incident light with horizontal polarization 
was incident on the surface of the sample, and then 
the scattered light with vertical polarization was 
collected, denoted as PP. In addition, the Brillouin 
spectra collection time was 6 h for all samples. 
 
4 Results and discussion 
 
4.1 Microstructural evolution 
4.1.1 Evolution of mushy zone 

To accurately measure the sound velocity    
in the IMCs to obtain the independent elastic 
coefficient and Young’s modulus of each phase, it is 
necessary to prepare a complete single-phase zone 
for the BLS test. During the experiment, we must 
also consider the extended uncertainty of Brillouin 
scattering displacement frequency to more 
accurately evaluate the material parameter values 
[47]. As mentioned above, obtaining a single-phase 
by magnetron sputtering or molecular beam epitaxy 
is much more difficult for bulk alloys than for 
low-dimensional materials such as membranes. In 
recent years, the thermal stabilization method has 
been adopted to obtain single-phase bulk alloys. To 
prepare single-phase IMC samples, thermal 
stabilization experiments were carried out at 
different durations. The overall images of both 

alloys after different thermal stabilization time are 
presented in Figs. 2(a−d). In Fig. 2, the samples can 
be divided into four different zones, wherein the 
primary mushy zone (Liquid (L)+α) and peritectic 
mushy zone (L+β) are located between the complete 
liquid zone and the solid zone. For the Sn−9Co 
alloy, the (L+CoSn) and the (L+CoSn2) zones are 
observed, while the (L+Cu3Sn) and (L+Cu6Sn5) 
zones are observed in the Sn−50Cu alloy. The 
formation of these different zones was attributed to 
the temperature gradient imposed during thermal 
stabilization [23−33]. By referring to the phase 
diagrams of the alloys, different phases exist at 
different temperature intervals of the alloys, so 
different zones with different phase constitutions 
were formed [24,25,27,30−33]. 

Figures 2(e−h) show enlarged views of the 
mushy zone/complete liquid zone interfaces in 
Figs. 2(a−d), respectively. Similarly, the enlarged 
views of the mushy zone interface that divides the 
primary and peritectic mushy zones in Figs. 2(a−d) 
are exhibited in Figs. 2(i−l), respectively. The 
decrease in the volume fraction of the liquid phase 
in the mushy zones upon increasing the thermal 
stabilization time can be explained by temperature 
gradient zone melting (TGZM) [24,25,27,30−33]. 
By referencing the phase diagram of these alloys, 
the concentration gradient will be established     
in the liquid droplet during thermal stabilization, 
resulting in solute (Sn) diffusion from low to high 
temperatures. Then, the solid phase contacting the 
liquid phase at the higher temperature is melted, 
while the liquid phase at the lower temperature 
solidifies [26,27,30−33]. Consequently, the liquid 
droplets in the mushy zone gradually move up  
until they enter the complete liquid phase zone, 
resulting in a decrease in the liquid phase in the 
mushy zone. Finally, when the thermal stabilization 
time is sufficiently long, single-phase zones are 
formed [23]. 
4.1.2 Volume fraction of IMCs in mushy zones 

To analyze changes in the volume fractions of 
the IMCs in the mushy zones after long-term 
thermal stabilization, the volume fractions of the 
IMCs in different mushy zones of both alloys were 
measured. Figure 3 shows that the volume fractions 
of different IMCs in the mushy zone at different 
positions increased along the height of the mushy 
zones (X). Furthermore, the volume fractions of the 
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Fig. 2 Microstructures of alloys after different thermal stabilization time: (a, b) Overall images of Sn−9Co alloy after 
thermal stabilization for 6 and 80 h, respectively; (c, d) Overall images of Sn−50Cu alloy after thermal stabilization for 
4 and 45 h, respectively; (e−h) Magnified views of mushy zone/complete liquid zone interfaces in (a−d), respectively; 
(i−l) Magnified views of two mushy zone interfaces in (a−d), respectively (X is growth distance; TL is liquidus 
temperature; TP is peritectic transformation temperature; TE is eutectic transformation temperature) 
 
IMCs in the Sn−9Co and Sn−50Cu alloy samples 
after thermal stabilization for 80 and 45 h were 
larger than those of the samples at 6 and 4 h at the 
same position (X). As the position approached   
the solid−liquid interface, the volume fractions   
of CoSn2, CoSn, Cu6Sn5, and Cu3Sn phases in   
the mushy zones reached 94.2%, 98.3%, 95.9%, 
and 99.6% respectively after long-term thermal 
stabilization. 
4.1.3 XRD analysis results 

To determine whether complete single-phase 
zones were formed after long-term thermal 
stabilization, the high-temperature regions of 
primary and peritectic phase mushy zones of the 
Sn−9Co and Sn−50Cu alloys were examined by 
XRD. In Figs. 4(a−d), only the peaks of the CoSn, 
CoSn2, Cu3Sn, and Cu6Sn5 phases were detected, 
respectively. Therefore, the volume fraction of   

the liquid phase in these mushy zones was very  
low, and only these IMCs were in these zones  
after a sufficient thermal stabilization time. This 
demonstrates the formation of complete single- 
phase zones in the high-temperature region of the 
mushy zones. 
 
4.2 BLS experimental results 

BLS tests were performed on vertical (V) and 
horizontal (H) samples in these four complete 
single-phase zones to detect the surface waves of 
IMCs. The results were then used to analyze the 
mechanical properties of different IMCs. The 
frequency shift of the incident light after inelastic 
scattering was obtained by analyzing the Brillouin 
spectra in BLS experiments. The sound velocity of 
different surface waves was calculated from the 
frequency shift and related parameters, and then the 
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Fig. 3 Dependence of volume fractions of IMCs on position of alloys after different thermal stabilization time:       
(a, b) Primary and peritectic mushy zones of Sn−9Co alloy, respectively; (c, d) Primary and peritectic mushy zones of 
Sn−50Cu alloy, respectively 
 

 
Fig. 4 XRD patterns of different mushy zones of both alloys after long-term thermal stabilization: (a) Primary mushy 
zone of Sn−9Co alloy at 80 h; (b) Peritectic mushy zone of Sn−9Co alloy at 80 h; (c) Primary mushy zone of Sn−50Cu 
alloy at 45 h; (d) Peritectic mushy zone of Sn−50Cu alloy at 45 h 
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corresponding independent elastic coefficient was 
calculated. Finally, the Young’s modulus was 
calculated from the independent elastic coefficients. 
The independent elastic coefficients mentioned 
above are related to the crystal structure of the 
material, which should be previously specified to 
determine the corresponding independent elastic 
coefficient. Further, the value of the sound velocity 
was determined, and then the light path was set up 
for the BLS test. 

The microscopic anisotropy of the CoSn, 
CoSn2, Cu3Sn, and Cu6Sn5 phases in the Sn−9Co 
and Sn−50Cu alloys was also considered. The CoSn 
and Cu6Sn5 phases have hexagonal structures, the 
CoSn2 phase has a tetragonal structure, and the 
Cu3Sn phase has a monoclinic structure [48,49]. 
Phases with hexagonal and quadrilateral structures 
require six elastic coefficients, and phases with 
monoclinic structures require thirteen elastic 
coefficients. However, the grain orientations in 
Sn−9Co and Sn−50Cu peritectic alloys were 
concentrated near one or some of the orientation 
positions, showing a texture [50]. Therefore, for the 
CoSn, CoSn2, Cu3Sn, and Cu6Sn5 bulk single- 
phases, the value of independent elastic coefficients 
could not be determined by the microscopic 
anisotropy resulting from the crystal structure. 
Therefore, it should be determined by the 
macroscopic anisotropy resulting from the texture 
phenomenon [51]. In summary, the BLS 
experiments of the CoSn, CoSn2, Cu3Sn, and Cu6Sn5 
phases were not related to their crystal structures. 

If these four intermetallic compounds are 
continuous media, the light path settings for 
Brillouin light scattering experiments should be 
based on the following independent elastic 
coefficients: C11, C12, C13, C33, C44, and C66 [51]. To 
obtain these six independent elastic coefficients, 
two light paths in the radial and axial directions are 
required during experiments. BLS experiments 
under these two light paths were carried out to 
collect Brillouin spectra by adjusting the incident 
angle with a fixed sample position. This means that 
the incident angle for Brillouin light scattering was 
10° in the radial light path and 60° in the axial light 
path when the sample position was constant. In 
addition, during the BLS experiments on opaque 
bulk metal samples, diffuse reflection is more likely 
to occur. The degree of diffuse reflection increases 
significantly upon increasing the incident angle and 

causes a weaker phonon signal in the Brillouin 
spectrum. In summary, the axial light path is not 
suitable for Brillouin light scattering experiments 
on bulk metallic samples. Therefore, the vertical 
and horizontal samples of CoSn, CoSn2, Cu3Sn, and 
Cu6Sn5 phases were prepared, and the minimum 
value of 10° of the adjustable angle was used as the 
incident angle to collect the Brillouin spectra. 
Diffuse reflection during the experiment was 
minimized, providing clear and accurate phonon 
signals. In conclusion, the horizontal and vertical 
samples of the IMCs prepared in this work were 
unrelated to the crystal structure and were based 
only on the light path setting. Figures 5(a−d) show 
the BLS spectra of these IMCs, where the black and 
red curves present the measurement results of the 
vertical and horizontal samples, respectively. 

According to the BLS results, the instrument 
can receive two kinds of signals. The first signal is 
the reference light entering directly from the laser, 
which corresponds to the reference peak with no 
frequency shift in its spectrum. The second signal is 
the elastic wave propagating along the wave vector 
direction on the sample surface, which corresponds 
to the negative-frequency Stokes peak and the 
positive-frequency anti-Stokes peak [44]. The peak 
position represents the change in the frequency of 
incident light after inelastic scattering, i.e., the 
frequency shift. The blue dotted lines mark the bulk 
phonon spectral peak of the measured sample, and 
the longitudinal acoustic wave and the transverse 
acoustic wave are marked as L and T, respectively. 
The main laser peak was strongly attenuated 
relative to the secondary peak, so a Brillouin 
spectrum measured in the presence of a strong 
elastic component will inevitably show these 
secondary peaks in the background spectrum. 

The corresponding frequency shifts of the 
transverse and longitudinal waves are given in 
Table 1, where fRV and fRH are the rayleigh wave 
frequency shifts of vertical and horizontal samples, 
respectively; fLH and fTH are the frequency shifts of 
longitudinal wave and transverse wave measured 
with horizontal samples, respectively; fLV and fTV 
are the frequency shifts of longitudinal wave and 
transverse wave measured with vertical samples, 
respectively. 

According to the BLS selection rule for 
opaque materials, the signal peaks of quasi- 
longitudinal mode (L) and pure-transverse mode 1 
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Fig. 5 BLS spectra of four intermetallic compounds on vertical and horizontal samples: (a) CoSn phase; (b) CoSn2 
phase; (c) Cu3Sn phase; (d) Cu6Sn5 phase 
 
Table 1 Frequency shifts of transverse and longitudinal 
waves 

Intermetallic 
compound 

fRV/ 
GHz 

fRH/ 
GHz 

fLV/ 
GHz 

fTV/ 
GHz 

fLH/ 
GHz 

fTH/ 
GHz 

CoSn 5.4 3.9 16.7 14.4 8.2 13.8 

CoSn2 5.4 3.75 16.3 13.8 8.7 14.2 

Cu3Sn 5.6 5.7 12.8 7.8 7.5 10.7 

Cu6Sn5 5.6 5.5 10.2 7.5 7.3 9.3 

 
(T1) can be obtained in the symmetric scattering 
geometry setting. The signal peaks of quasi- 
longitudinal mode, pure-transverse mode 1, and 
pure-transverse mode 2 (T2) can be obtained in the 
backscattering geometry setting [52]. In this work, 
the 180° backscattering setting was chosen to obtain 
the signal peaks in the Brillouin spectra for the 
quasi-longitudinal mode, pure-transverse mode 1, 
and pure-transverse mode 2 according to the 
selection rule. For Brillouin spectra of bulk alloys, 
the signal peak distribution from low to high 

frequencies usually follows the order: pure- 
transverse mode 1, quasi-longitudinal mode, and 
pure-transverse mode 2. The signal of pure 
transverse mode 2 has the weakest intensity 
compared with the other modes within the same 
spectrum. In addition, the BLS experiment on an 
opaque bulk sample cannot completely detect the 
signal peaks of these three modes in most 
conditions. 

The longitudinal and transverse modes 
mentioned above correspond to the longitudinal and 
transverse acoustic waves in this work. The 
Brillouin spectra shown in Fig. 5 were obtained by 
Lorentzian fitting to determine the frequency shifts 
of the Rayleigh surface wave and longitudinal 
acoustic wave for the vertical and horizontal 
samples of these four IMCs. Based on the selection 
rule and the distribution of the signal peaks, the 
signal peaks collected during the BLS experiments 
for vertical samples of the IMCs were in the 
quasi-longitudinal mode and the pure-transverse 
mode 1. For horizontal samples, the signal peaks 
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were collected in quasi-longitudinal mode and 
pure-transverse mode 2. Because only one 
transverse mode was collected in both the 
horizontal and vertical samples, the transverse 
acoustic waves were not marked as T1 and T2 
respectively, and were simply marked by T in Fig. 5. 
Therefore, the high-frequency mode was transverse 
mode, while the low-frequency mode was the 
longitudinal mode in the horizontal samples of 
these four IMCs. 
 
4.3 Calculation results and analysis of Young’s 

modulus 
According to conservation of momentum,  

the magnitude of wave vector (qB) of the BAW can 
be expressed as [45]  

B
4π sin

2
nq ϕ

λ
 =  
 

                       (2) 
 
where n is the refractive index, λ is the wavelength 
of the incident light, and φ is the angle between  
the incident light and scattered light. For the 
backscattering configuration, φ=180°, so the 
corresponding magnitude of phonon wave vector  
is [43]  

B
4πnq
λ

=                               (3) 
 

According to the conservation of in-plane 
momentum, the magnitude of the wave vector of 
RSAW is [53]  

R
4πsin iq θ

λ
=                          (4) 

 
where θi is the incident angle. The dispersion 
relation of the acoustic phonon is linear, and the 
sound velocity for BAW (vB) and RSAW (vR) 
corresponds to the slope of the dispersion relation 
as follows [54]:  

B
B

2πfv
q

=                                (5) 

R R/v f q=                               (6) 

 
where f is the frequency shift. 

For BAW and RSAW, the sound velocities 
expressions are [53]  

BAW
B 2

fv
n

λ
=                              (7) 

RSAW
R 4πsin i

fv λ
θ

=                           (8) 
 
where fBAW and fRSAW are the frequency shifts of  
bulk acoustic waves and rayleigh surface acoustic 
waves, respectively. 

The RSAW and longitudinal wave of IMCs 
were obtained by Lorentzian fitting. The frequency 
shift of these two waves was substituted into the 
above formula to obtain the respective Rayleigh 
wave velocity vR and longitudinal wave velocity 
(vT). Relationship between vR and vB is [18] 
 

( ) ( ) ( )1/2 1/2 23 2 2 2 2 2 2
T L R T R L T R4 2v v v v v v v v− − = −    (9) 

 
The transverse wave velocity vL can be 

obtained. Since the RSAW peak is strong and sharp, 
while the BAW peak is weak and miscellaneous, in 
order to make the BAW clear, only the BAW is 
shown in the spectra, and no complete RSAW is 
shown. The results for sound velocity calculation of 
IMCs and the parameters used in the calculation are 
shown in Table 2. 

For the four intermetallic compounds as the 
continuous media, CoSn, CoSn2, Cu3Sn and Cu6Sn5, 
the independent elastic coefficient matrix is as 
follows [51]:  

11 12 13

12 11 13

13 13 33

44

44

66

00 0
00 0
00 0
00 0 0 0
00 0 0 0

0 0 0 0 0

ij

C C C
C C C
C C C

C
C

C

 
 
 
 

=  
 
 
 
  

C               (10) 

 
The relationship between the elastic coefficient 

and sound velocity is established by the following 
 
Table 2 Physical parameters and partial calculation results of IMCs 
Intermetallic 
compound λ/nm ρ/ 

(g·cm−3) n vRV/ 
(m·s−1) 

vRH/ 
(m·s−1) 

vLV/ 
(m·s−1) 

vTV/ 
(m·s−1) 

vLH/ 
(m·s−1) 

vTH/ 
(m·s−1) 

CoSn 532 8.09 2.19 1345.5 971.7 2019.2 1741.1 991.5 1668.5 

CoSn2 532 7.82 2.19 1345.5 934.3 1970.8 1668.5 1051.9 1716.9 

Cu3Sn 532 9.03 [55] 1.18 1395.3 1420.2 2885.4 1758.3 1690 2417 

Cu6Sn5 532 8.19 [55] 1.18 1395.3 1370.4 2299.3 1690.7 1645.6 2096.4 
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formulas [51]:  
2

11 LHC vρ=                              (11) 
 

2
33 LVC vρ=                              (12) 

 
2

44 TVC vρ=                             (13) 
 

2
66 THC vρ=                              (14) 

 
C12=C11−2C66                                          (15) 
 
C13=C33−2C44                                           (16) 
 
where vLH and vTH are the longitudinal and 
transverse wave velocities measured with horizontal 
samples, respectively; vLV and vTV are the 
longitudinal and transverse wave velocities 
measured for vertical samples, respectively. After 
all the independent elastic coefficients were 
obtained, the Young’s modulus E was calculated 
separately using the following equation [54]:  

( ) ( ) 2
11 12 33 11 12 13

2
11 33 13

2C C C C C C
E

C C C

 − + − =
−

      (17) 
 

The independent elastic coefficient matrices 
and Young’s moduli of the four intermetallic 
compounds obtained through the BLS method are 
presented in Table 3. The calculated Young’s 
moduli of CoSn, CoSn2, Cu3Sn, and Cu6Sn5 phases 
are 115.0, 101.7, 129.9, and 125.6 GPa, respectively, 
which are in good agreement with the previous 
experimental results. However, the Young’s moduli 
in this experiment are slightly lower than those 
obtained using nanoindentation in most references. 
In the nanoindentation experiments, when the 
indenter is pressed into a sample, the dislocations 
expand into the sample under the action of the 
indenter’s stress field. This, in turn, causes plastic 
deformation and strengthening within the sample, 
leading to an overestimation of the Young’s modulus. 
Because BLS is a non-destructive measurement  
 
Table 3 Young’s moduli and independent elastic 
coefficients of four intermetallic compounds 

Intermetallic 
compound C11 C12 C13 C33 C44 C66 E/GPa 

CoSn 33 −16 37.1 7.9 22.5 24.5 115.0 

CoSn2 30.4 −13.2 −37.5 8.7 21.8 21.8 101.7 

Cu3Sn 75 19.2 −79.5 25.8 52.7 27.9 129.9 

Cu6Sn5 43.3 −3.5 −49.8 22.2 36 23.4 125.6 

technique, when combined with the better single- 
phase samples of IMCs and appropriate calculation 
methods, the Young’s moduli obtained by the BLS 
method are expected to be more accurate. 
 
5 Conclusions 
 

(1) The single-phase regions of CoSn, CoSn2, 
Cu3Sn, and Cu6Sn5 phases required for the BLS  
test were obtained by applying long-term thermal 
stabilization. The volume fractions of these four 
intermetallic compound phases near the solid− 
liquid interface were 98.3%, 94.2%, 99.6%, and 
95.9%, respectively. 

(2) All of the independent elastic coefficients 
and Young’s moduli of CoSn, CoSn2, Cu3Sn, and 
Cu6Sn5 phases were obtained by performing 
Brillouin light scattering experiments on both the 
horizontal and vertical samples of these phases. The 
calculated Young’s modului of the about phases 
were 115.0, 101.7, 129.9, and 125.6 GPa, which 
demonstrates the effectiveness of Brillouin light 
scattering for measuring the Young’s modulus of 
IMCs in bulk alloys. 

(3) The Young’s modulus measured by the 
Brillouin light scattering method was slightly lower 
than that obtained by the nanoindentation. The 
overestimation of Young’s modulus was caused by 
different degrees of plastic deformation during   
the nanoindentation experiment. Therefore, it is 
important to explore the non-contact Brillouin light 
scattering method to measure Young’s modulus of 
materials. 
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摘  要：与目前金属材料杨氏模量的测量方法不同，本文采用基于布里渊光散射(BLS)的无损方法获得金属间化

合物(IMCs)的杨氏模量。通过调控温度梯度进行长时间的热稳定处理，获得了 BLS 试验所需的 CoSn、CoSn2、

Cu3Sn 和 Cu6Sn5 单相区，样品中接近固液界面处对应相的体积分数分别为 98.3%、94.2%、99.6%和 95.9%。所有

IMC 的独立弹性系数和杨氏模量均通过布里渊散射仪和不同方向样品的 BLS 实验获得。采用本文方法计算得到

CoSn、CoSn2、Cu3Sn 和 Cu6Sn5 相的杨氏模量分别为 115.0、101.7、129.9 和 125.6 GPa，与前人的实验结果吻合

较好，证实了 BLS 测量块体合金中 IMCs 杨氏模量的有效性。 

关键词：布里渊光散射；金属间化合物；弹性刚度张量；热稳定；杨氏模量 
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