
 

Effects of mechanical vibration on the solidification mi-
crostructure and properties of Cu-xSn alloys
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This study prepared Cu-xSn (wt.%) alloys using intermediate-frequency induction heating coupled with a mechanical vi-
bration (MV) field, followed by comprehensive microstructural characterization and property evaluations. Characteriza-
tion techniques such as X-ray diffractometer (XRD), scanning electron microscope (SEM), and electron probe microana-
lyzer (EPMA) were employed to analyze the phase composition and distribution of the Cu-xSn alloys. The experimental
results show that the macroscopic solidification structure of the Cu-xSn alloys transforms from coarse columnar grains to
fine equiaxed grains after applying the vibration field. The MV enhances the solid solubility of Sn in the matrix and signi-
ficantly refining grain size. Moreover,  it  optimizes the distribution and morphology of secondary phases while effect-
ively suppressing micro-segregation. Performance tests show that increasing Sn content and applying mechanical vibra-
tion improve the hardness and tensile strength of the alloys,  while the electrical  conductivity is  deteriorated.  This re-
search provides important guidance for the composition design and fabrication of Cu-Sn alloys with uniformly refined
microstructures.

 

C u-Sn alloy, as a typical Cu-based alloy with a history
of  thousands of  years,  is  one of  the oldest  non-fer-
rous alloys[1].  The Sn element serves as the primary

alloying element in Cu-Sn alloys, and its content exerts a cru-
cial influence on the properties, including strength, corrosion
resistance, and castability. These alloys find extensive applica-
tions in various industrial fields, including aviation, aerospace,
electronics,  machinery,  automotive,  and  shipbuilding[2–6],
where they are valued for their excellent wear resistance and
good machinability characteristics.

During the solidification of  metal  melts,  processes  such as
fluid  flow,  internal  heat  transfer,  and  solute  redistribution
have  significant  impact  on  the  evolution  of  the  microstruc-
ture.  The  complex  interaction  between  thermal  gradients,
constitutional  undercooling,  and  interface  stability  governs
the microstructure  evolution and defect  formation.  The con-
trol  of  these  processes  is  closely  related  to  the  quality  of  in-
gots,  making the regulation of  solidification processes a per-
sistent research focus in metallurgy[7].  Engineering-grade Cu-
Sn alloys exhibit a wide crystallization temperature range and
demonstrate  mushy  solidification  characteristics,  which
present  particular  challenges  for  microstructural  control.  Un-

der  gravity  casting  conditions,  defects  such  as  shrinkage
porosity,  microporosity,  and  dendritic  segregation  are  prone
to appear, significantly impairing their mechanical properties
and limiting their application in critical components. Further-
more,  Cu-Sn  alloys  often  develop  coarse  grains  and  large
columnar grain ratios during conventional casting processes,
leading  to  degraded  performance  and  susceptibility  to  hot
tearing during subsequent hot working[8–11]. The strong tend-
ency  for  inverse  segregation  in  these  alloys  further  complic-
ates the production of homogeneous microstructures, partic-
ularly in heavy sections.

Refining the grain size can effectively enhance the mechan-
ical  properties  of  Cu-Sn  alloys  through  the  well-established
Hall-Petch effect. The application of external field treatments,
such  as  mechanical  vibration  (MV),  electromagnetic  fields,
and  ultrasound  vibration,  have  shown  unique  advantages  in
the  casting  process,  thereby  attracting  a  great  deal  of  re-
searches  and  practical  applications[12–16].  Electromagnetic
fields,  in particular,  have demonstrated remarkable capabilit-
ies  in  controlling  solidification  microstructures  through
Lorentz force-induced melt convection, which enhances heat
and mass transfer,  promotes dendrite fragmentation, and fa-
cilitates  the  transition  from  columnar  to  equiaxed  grain
growth[17,18].  Ultrasound  vibration,  another  effective  external
field approach, generates both acoustic streaming and cavita-
tion  effects  in  the  molten  metal[19].  The  acoustic  streaming
significantly improves mass and heat transfer during solidific-
ation,  while  the  cavitation effect  produces  extreme localized
pressures and temperatures that significantly increase nucle-
ation  rates  and  promote  dendrite  fragmentation[20,21].  MV
primarily  influences  solidification  through  forced  convection
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and  induced  fluid  flow,  which  effectively  breaks  developing
dendrites and transports fragmented crystals throughout the
melt,  thereby  creating  additional  nucleation  sites.  These  ad-
vanced  solidification  control  techniques  can  effectively  ma-
nipulate fluid flow, temperature distribution, and crystal nuc-
leation. Among these, MV has garnered widespread attention
from  researchers  owing  to  its  simple  equipment  require-
ments, significant grain refinement effects, and economic/en-
vironmental  advantages[22,23].  While  electromagnetic  fields
and ultrasonic vibration generally provides more intensive re-
finement  effect,  MV  offers  superior  scalability  for  industrial
applications with less complex implementation requirements,
making  it  particularly  suitable  for  large-scale  casting  pro-
cesses where cost-effectiveness and operational simplicity are
paramount considerations.

The non-contact  nature  of  vibration treatment  enables  ef-
fective  microstructural  control  while  maintaining  the  com-
positional  purity  of  the  alloy.  Current  research  on  the  influ-
ence of MV on alloy solidification primarily focuses on Al and
Mg  alloys[24–32],  where  it  has  been  demonstrated  to  reduce
grain  size,  improve  mechanical  properties,  and  reduce  cast-
ing defects. However, studies reporting the application of ex-
ternal  fields  in  Cu-Sn  alloy  solidification  remain  scarce,  war-
ranting  further  exploration.  The  unique  solidification  charac-
teristics  of  Cu-Sn  alloys,  including  their  wide  freezing  range
and strong segregation tendency, may respond differently to
vibration  treatment  compared  to  lighter  alloys.  Therefore,  in
this  investigation,  Cu-xSn  (where x =  5  and  10  wt%)  alloys
were  selected  as  research  subjects,  preparing  alloy  ingots
with  and  without  MV.  The  effect  of  MV  on  microstructure
evolution is systematically examined, and the comprehensive
property evaluations including hardness, tensile strength, and
conductivity  measurements  are  conducted  to  establish  pro-
cessing-structure-property relationships.

 Experimental procedure

 Experimental materials and process
The Cu-xSn alloys were prepared using medium-frequency

induction heating furnace.  Electrolytic Cu and high-purity Sn
blocks  were  placed  in  a  graphite  crucible  and  heated  to  be
molten. The alloy melt was maintained at 1200 °C for 3 min to
ensure homogeneity before casting. Cu-Sn samples were cast
under MV, and Fig. 1 illustrates the schematic diagram of the
experimental setup. The MV system comprises a three-phase
asynchronous  vibration  motor,  frequency  converter,  mold
fastening  device,  and  supporting  frame.  The  graphite  cru-
cible,  mounted on the MV platform, was preheated to 600°C
in  a  muffle  furnace  (SX2-5-12).  The  molten  alloy  was  then
poured  into  the  crucible.  MV  with  a  frequency  of  30  Hz  and
amplitude of 2 mm was applied until complete solidification.
The cast samples were subjected to subsequent machining to
obtain the required specimens for further characterization.

 Microstructure characterization
The  chemical  composition  of  the  Cu-xSn  alloys  was  first

analyzed using an X-ray fluorescence spectrometer (XRF, XRF-
1800, Shimadzu), with the results summarized in Table 1. The
phase composition of the Cu-Sn alloys was examined by X-ray
diffractometer  (XRD,  D8  ADVANCE,  Bruker).  For  microstruc-

ture  observation,  the  samples  were  etched  with  FeCl3 solu-
tion (5 g FeCl3 + 5 mL HCl + 95 mL C2H5OH). The microstruc-
ture and surface morphology of the Cu-xSn alloys were char-
acterized  using  field-emission  scanning  electron  microscope
(SEM,  SU5000,  Hitachi).  Additionally,  electron  probe  mi-
croanalyzer  (EPMA,  JXA-8530F  Plus,  JEOL)  was  employed  to
conduct  qualitative  and  quantitative  analysis  of  selected  re-
gions.

 Properties tests
The hardness of the samples was measured using a Brinell

hardness tester (HB-62.5MP, SIOMM). A ball indenter with dia-
meter of 2.5 mm was adopted with load of 15.6 kgf and dwell
time  of  15  s.  Measurements  were  taken  with  intervals  of  0.5
mm,  with  at  least  five  tests  performed  for  each  sample.  The
average  value  was  adopted  as  the  result.  The  electrical  con-
ductivity  was  evaluated  at  room  temperature  using  a  con-
ductivity  tester  (Sigmascope  SMP  350,  Helmut  Fischer).  Each
specimen was measured for five times, and the average value
was  calculated.  The  obtained  conductivity  values  are  repor-
ted  in  percentage  of  the  International  Annealed  Copper
Standard (%IACS).  Room-temperature tensile tests were con-
ducted on an electronic universal testing machine (UTM5000,
SUNS)  at  a  constant  tensile  speed  of  0.3  mm/min.  For  each
casting  condition,  a  minimum  of  three  specimens  were  col-
lected from identical locations of the ingot and subsequently
tested  to  ensure  experimental  consistency.  Fracture  surface
morphology  was  subsequently  examined  using  SEM  to  ana-
lyze the failure mechanisms.

 Results and discussions

 Microstructures of the as-cast Cu–xSn alloys
The  XRD  patterns  of  the  Cu-xSn  alloy  are  presented
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Fig. 1    Schematic diagram of the casting devices under MV

 

Table 1.    Chemical composition of Cu-xSn alloy under different condi-
tions

Element Cu (wt.%) Sn (wt.%)

Cu-5Sn 95.11 4.89
MV Cu-5Sn 94.94 5.06

Cu-10Sn 90.24 9.76
MV Cu-10Sn 90.18 9.82
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inFig.2a.  The diffraction analysis  reveals  that  the phase com-
position  of  the  Cu-xSn  alloys  consists  mainly  of  Sn-rich  sec-
ondary  phases  and α-Cu  solid  solution.  This  observation
clearly demonstrates that the application of MV during solidi-
fication  does  not  lead  to  the  formation  of  new  precipitates.
Significant differences in diffraction peak intensities were ob-
served  between  vibrated  and  non-vibrated  samples,  indicat-
ing  that  MV  treatment  altered  the  crystallographic  orienta-
tion of the alloys. Notably, the diffraction peaks exhibit appar-
ent  shifts  after  MV  treatment  as  shown  in Fig.2b,  which
provides direct  evidence that  MV enhances the solid solubil-
ity of Sn in the Cu matrix.

Fig.2c shows the macroscopic solidification morphology of
Cu-xSn  alloys  with  different  Sn  contents  and  process  condi-
tions.  The  macroscopic  structure  of  Cu-xSn  alloys  consists  of
coarse  columnar  crystals  without  MV.  After  MV  is  applied,  a
large number of fine equiaxed crystals appear throughout the
ingot  cross-section,  indicating  that  MV  has  significant  grain
refinement  effect  on  Cu-Sn  alloys.  This  is  attributed  to  the
convective motion induced by MV in the molten alloy, which
promotes  dendrite  fragmentation  and  facilitates  the  forma-
tion of larger equiaxed grain zones. When the Sn content in-
creases to 10 %, the grain size decreases significantly without
MV  application,  although  some  coarse  columnar  or  blocky
crystals  remain.  This  demonstrates that  the solute Sn can re-
fine the grain of Cu-Sn alloys under conventional conditions,
while  the  solidification  structure  remains  coarse.  In  fact,  the
interaction between Sn and Cu atoms in the alloy melt is also
an  important  factor  affecting  grain  size[33].  Adding  Sn  ele-
ments causes lattice distortion in Cu-Sn alloys, resulting in el-
evated  grain  boundary  energy  that  facilitates  grain  refine-
ment. These high-energy solute Sn elements tend to segreg-
ate at grain boundaries, thus inhibiting grain growth of Cu-Sn
alloys.

Fig.3a-d show SEM images of the microstructures of Cu-5Sn
and Cu-10Sn alloys under different conditions. The solidifica-
tion  microstructure  mainly  consists  of  dark  gray  primary  Cu-
rich  phase  and  silver-white δ precipitates.  The  primary α-Cu
phase occupies higher proportion in Fig.3a, c , exhibiting rel-
atively coarse dendritic morphology with well-developed sec-
ondary  dendrites.  Most  dendrites  in  the  microstructure  are
fragmented after applying MV, the primary α-Cu phase is sig-
nificantly refined,  and equiaxed structures can also be found
(Fig.3b,  d).  The  morphology  of  the  second  phase  changes
from  coarse  needle-like/blocky  shapes  to  fine  particulate
forms,  showing  dispersed  distribution,  indicating  that  MV
treatment has a remarkable refinement effect on the solidific-
ation structure of Cu-Sn alloys as shown in Fig.3c-d. After MV
treatment,  the α-Cu  dendrites  transform  from  original  net-
work structures to discontinuous and dispersed skeletal mor-
phology  (Fig.  3b).  The  application  of  MV  breaks  the  network
distribution  of  intergranular  precipitates  in  Cu-Sn  alloys,
thereby improving the overall mechanical properties.

To better characterize the effect of MV on elemental distri-
bution, Fig.3e-f present the EPMA results to compare the mi-
crostructures  of  Cu-5Sn  alloys  processed  with  and  without
MV. Analysis of Fig.3e-f indicates three distinct compositional
regions: the α-Cu matrix showing minimal Sn content, second
phases  with  maximum  Sn  concentration,  and  intermediate
transition  zones  between  them.  Notably,  significant  Sn  en-
richment  is  observed  at α-Cu  grain  boundary  regions,  with
substantially  more  pronounced  segregation  in  non-vibrated
samples  compared  to  the  vibrated  samples.  This  demon-
strates  that  MV  effectively  alleviates  micro-segregation  dur-
ing solidification. Under non-equilibrium solidification condi-
tions,  the  rapid  cooling  rate  of  the  alloy  melt  prevents  Sn
atoms from diffusing into the α-Cu matrix, causing them to re-
main  at  grain  boundary  gaps  and  ultimately  leading  to  the
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Fig. 2    a XRD results of Cu-xSn alloy under different conditions, b partial enlarged images of the red dotted frame in a, c macroscopic struc-
ture of Cu-xSn alloy under different conditions
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formation of Sn-rich regions at these boundaries[34]. However,
the  presence  of  MV  increases  the  number  of  disordered
atoms in  the molten alloy  and enhances  the diffusion ability
of Sn elements, thereby inhibiting its segregation.

 Properties of the as-cast Cu–xSn alloys
Fig.4a presents  the  statistical  distribution  of  Brinell  hard-

ness  for  Cu-xSn  alloy  specimens  under  different  conditions.
The results demonstrate that hardness increases with increas-
ing Sn content. Notably, at equivalent compositions, the spe-
cimens  with  MV  exhibited  superior  hardness  compared  to
their  non-vibrated  condition.  This  enhancement  in  hardness
can be attributed to two primary strengthening mechanisms:
first,  the  addition  of  Sn  promotes  substantial  grain  refine-
ment  through  constitutional  supercooling  effects,  which  in-
creases  the  density  of  grain  boundaries  and  enhances
strength  according  to  the  Hall-Petch  relationship;  second,  a
higher  Sn  content  facilitates  the  precipitation  of  fine  inter-
metallic  phases,  resulting  in  considerable  precipitation
strengthening through Orowan dislocation pinning mechan-
isms.  The  superimposed  effect  of  mechanical  vibration  fur-
ther  intensifies  these  mechanisms  by  promoting  more  uni-
form  solute  distribution  and  increasing  nucleation  sites  for
precipitation.  The electrical  conductivity  of  Cu-xSn alloys un-
der  different  processing  conditions  is  summarized  in Fig.4b.
The  results  show  consistent  degradation  with  increasing  Sn
concentrations.  Furthermore,  at  5%  Sn  content,  the  speci-
mens  under  MV  exhibit  approximately  21%  lower  electrical
conductivity than those processed without vibration. Accord-

ing  to  Matthiessen  rule[35],  solute  atoms  exert  substantially
greater  influence  on  electron  scattering  than  second-phase
particles  in  Cu  alloy  systems.  The  progressive  Sn  addition
leads to supersaturated solid solutions,  where the atomic ra-
dius mismatch between Cu (0.128 nm) and Sn (0.158 nm) cre-
ates  pronounced lattice  distortion,  thereby intensifying elec-
tron scattering and reducing conductivity.  The MV promotes
a  more  uniform  distribution  of  Sn  atoms  within  the  matrix
and  increases  dislocation  density,  further  exacerbating  the
degree  of  lattice  distortion  and  introducing  additional  scat-
tering centers. These synergistic effects lead to the lower con-
ductivity observed in the vibrated specimens.  At the 10% Sn
content,  the  influence  of  mechanical  vibration  on  electrical
conductivity  was  substantially  reduced  compared  to  its  ef-
fects in low tin alloys, resulting in negligible variation in con-
ductivity measurements.

Fig.5a shows the stress-strain curves of Cu-xSn alloy speci-
mens  with  and  without  MV. Table  2 presents  the  ultimate
tensile  strength  (UTS)  and  corresponding  elongation.  It  can
be observed that  the UTS is  improved significantly  as  the Sn
content  increases.  Specifically,  at  5%  Sn  content,  the  speci-
mens under MV achieved approximately 58% higher UTS and
37%  greater  elongation  compared  to  their  non-vibrated
sample.  This  strengthening  effect  remained  substantial  at
10%  Sn  content,  where  the  specimens  under  MV  showed
about  56% improvement  in  UTS and a  remarkable  116% en-
hancement in elongation. These findings indicate that mech-
anical  vibration  effectively  refines  the  alloy  microstructure
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Fig. 3    The microstructure of Cu-xSn alloys under different conditions: SEM of a Cu-10Sn without MV, b Cu-10Sn under MV, c Cu-5Sn without
MV, d Cu-5Sn under MV, and corresponding EPMA of e Cu-5Sn without MV, f Cu-5Sn under MV.
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through  dendrite  fragmentation  and  enhanced  nucleation,
leading  to  simultaneous  improvement  in  both  strength  and
plasticity  according  to  the  Hall-Petch  relationship.  Further-
more,  the  exceptionally  high  strength  observed  in  the  Cu-
10Sn alloy can also be attributed to the increased number of
intergranular hard precipitations.

Fig.5b-e presents SEM images of fracture surfaces of Cu-xSn
tensile  specimens.  As  shown  in Fig.5b,  d,  the  fracture  mor-
phology  of  Cu-xSn  alloy  without  MV  exhibits  brittle  fracture
characteristics  with  cleavage  edges,  which  can  be  attributed
to  the  distinct  network  microstructure  of  precipitates.  The
continuous network structure surrounding dendrites  hinders
matrix  deformation  and  dislocation  slip  during  tensile  tests.
Consequently,  the  fracture  path  preferentially  follows  these
network  precipitates,  exhibiting  brittle  fracture  characterist-
ics and poor ductility.

Fig.5c shows the fracture surface of MV-treated Cu-5Sn, dis-
playing numerous deep dimples. In the matrix, the uniformly
dispersed  precipitates  facilitate  initial  dimples  nucleation.
These  dimples  gradually  grow  and  coalesce  with  increasing
deformation, ultimately leading to macroscopic fracture. Due
to their small size, these precipitates provide limited obstruc-
tion to plastic flow and dislocation slip,  thereby contributing
to larger elongation.

Based on the experimental results, it is evident that MV can
significantly  improve  the  solidification  microstructure  of  Cu-
Sn alloys. The MV induces relative motion between liquid and
solid  phases  during  solidification,  generating  viscous  resist-
ance  and  shear  forces[36–37],  which  break  the  well-developed
network  structures  effectively.  The  viscous  resistance  serves
as  the  fundamental  cause  of  dendrite  fragmentation.  When
analyzing  the  stress  and  fracture  conditions  of  an  individual
dendrite under ideal conditions, the dendrite exists in a non-
inertial  system  subject  to  three  primary  forces:  excitation
force, motion resistance, and inertial force. When these forces
reach equilibrium, the dendrite remains stationary.  The com-
bined bending stress (σcom) at the dendrite root cross-section
can be calculated using Eq. (1):

σcom = σZU(L)+σα(L) =
240ηL2

D3
r

V +
4ρL2

Dr
(1)

σZU(L)

σα(L)

where η is the melt viscosity; L is the dendrite vibration length;
Dr is  the  dendrite  radius; V is  the  melt  flow  velocity; ρ is  the
dendrite density; α is the dendrite motion acceleration;  is
the viscous stress; is the inertial stress. MV significantly in-
creases  both  the  melt  flow  velocity  (V)  and  dendrite  accelera-
tion  (α),  thereby  enhancing  the  combined  bending  stress  on
dendrites.  When  the  bending  stress  at  any  dendrite  cross-sec-
tion exceeds its ultimate strength, dendrite growth is disrupted,
leading  to  shear  fracture.  The  fragmented  dendrites  are  sub-
sequently  dispersed  throughout  the  alloy  melt  under  MV  stir-
ring, promoting multiplication, increasing nucleation rates while
suppressing  free  dendrite  growth,  ultimately  resulting  in  grain
refinement of the Cu-Sn alloy.

To further investigate the influence of MV on the solidifica-
tion  behavior  of  Cu–Sn  alloys,  two  K-type  thermocouples
were installed 40 mm above the bottom of the mold, one ad-
jacent  to  the  inner  mold  wall  and  the  other  at  the  center  of
the melt cavity. The cooling curves of Cu–5Sn alloy solidifica-
tion with and without MV were compared. As shown in Fig.6
a-b, noticeable differences in cooling rates were observed un-
der  different  MV  conditions.  In  the  absence  of  MV,  the  cool-
ing  rates  measured  at  the  center  and  the  edge  of  the  melt
were 29.3  K/s  and 36.6  K/s,  respectively.  Upon application of
MV, the cooling rates increased to 36.6 K/s at the center and
61 K/s at the edge, indicating that MV significantly enhances
the solidification rate of the melt. Moreover, the solidification
time interval between the edge and center of the casting ex-
hibited  no  marked  difference  under  the  two  experimental
conditions, even though previous studies have indicated that
physical  fields  can  enhance  thermal  homogenization  within
the liquid zone[38–41].  Although the mold was  preheated,  the
relatively  high  melting  point  of  the  Cu–Sn  alloy,  the  limited
mold diameter, and the thin insulation layer collectively resul-
ted  in  negligible  differences  in  cooling  rates  between  the
edge and center regions, both with and without MV.

As schematically illustrated in Fig. 6c-d, the mechanisms of
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Table 2.    Statistical results of tensile strength and elongation of Cu-xSn

Specimens Cu-5Sn Cu-10Sn MV Cu-5Sn MV Cu-10Sn

UTS (MPa) 187 198 295 310
Elongation (%) 15.2 4.9 20.8 10.6
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grain formation and growth under different solidification con-
ditions  are  compared.  Without  MV,  the  solidification  struc-
ture  exhibited  characteristic  features,  including  a  chill  zone,
columnar  grain  zone,  and  central  equiaxed  grain  zone.  The
grains were relatively coarse, which can be attributed to a low
nucleation rate and a broad solidification interval. In contrast,
MV applies shear stress to growing columnar dendrites, lead-
ing  to  their  fragmentation  and  generating  additional  nucle-
ation  sites.  The  induced  forced  convection  further  contrib-
utes  to  a  uniform  temperature  distribution  and  enhanced
cooling  rate,  thereby  increasing  the  nucleation  rate.  Con-
sequently, under MV stirring, the nucleated particles become
uniformly  dispersed  throughout  the  melt,  resulting  in  a  re-
fined and homogeneous equiaxed grain structure.

 Conclusion

This study investigated the effects of mechanical vibration
(MV)  on  the  solidification  microstructure  and  properties  of
Cu-xSn  alloys,  and  elucidates  the  underlying  mechanisms,
yielding the following conclusions:

(1) MV enhances the solid solubility of Sn in the matrix, sig-
nificantly  refines  grain  structure,  and  improves  the  distribu-
tion, morphology, and micro-segregation of precipitates.

(2)  Both  increasing  Sn  content  and  applying  MV  improve
hardness  and  tensile  strength,  while  reduce  electrical  con-
ductivity.  MV  enhances  both  strength  and  ductility,  while
higher  Sn  content  decreases  ductility.  Fractographic  analysis
shows  MV  facilitates  a  transition  from  brittle  to  ductile  frac-
ture modes.

(3)  Vibration-induced  stirring  increases  the  cooling  rate,
thereby  enhancing  the  nucleation  rate.  Vibration  simultan-
eously  suppresses  the  growth  of  small  grains  and  fragments
columnar crystals, promoting their uniform dispersion within

the melt.
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