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Abstract—Formation of solid solutions in the copper–gallium system under mechanical activation is considered 
as an example of a mechanochemical interaction between a solid metal and a liquid metal.
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Analysis of published data shows that there are almost 
no reports devoted to the mechanochemical interaction 
of a solid metal and a liquid one. However, previous 
studies of the mechanochemical interaction in the Cu–Hg 
system have shown that the mechanochemical synthesis 
in systems of this kind is exceedingly effi cient: this is 
indicated by the high rates of mechanochemical reactions 
diffi cultly performable in the solid state mode, synthesis 
of supersaturated solid solutions possessing a high excess 
free energy, and a number of other specifi c features 
characteristic of the mechanochemical interaction in this 
system [1–3].

It is known that liquid metals are the most effective 
surfactants with respect to solid metals and the dispersion 
of solid metals in the presence of those in the liquid state 
is markedly facilitated [4].

The good wettability of a solid metal by a liquid one 
provides a large area of the contact surface between 
the reagents. At a suffi cient amount of the solid phase, 
almost the entire surface of the solid-phase component 
is involved in the contact, whereas in interaction of solid 
phase, the contact surface area constitutes 10–5–10–4 of 
the total area [5].

The aim of the study was to examine the mechano-
chemical interaction in the system constituted by solid 

copper and liquid gallium at a small content of the liquid 
phase (concentration range of solid solutions).

EXPERIMENTAL

The mechanochemical synthesis in the copper–gallium 
system from powdered copper PMS-1 and gallium [GOST 
(State Standard) 12797–77] was performed in an AGO-
2 high-energy water-cooled planetary ball mill in the 
atmosphere of argon (drum volume 250 cm3, ball diameter 
5 mm, charge 200 g, weighed portion of a sample being 
treated 10 g, revolution rate of drums about the common 
axis ~1000 rpm).

An X-ray phase analysis was made using a URD-63 
diffractometer equipped with a graphite monochromator 
(CuKα radiation).

The X-ray diffraction studies were carried out in situ1 
by the method in which a pencil beam (0.4 × 0.4 mm) 
of monochromatic radiation (λ = 0.3686 Å) is passed 
through a thin layer of a sample and yields a diffraction 
pattern recorded by a planar 2D detector. In the case in 
1 The study was carried out at a station of the 4th synchrotron 

radiation beamline of VEPP-3 storage ring at the Siberian center of 
synchrotron radiation, Institute of Nuclear Physics, Siberian Branch, 
Russian Academy of Sciences.
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question, this was done using a detector system based on 
a Marresearch MAR-345 storage screen.

Precision X-ray diffraction studies were carried out 
using the method of recording in parallel beams.2 The 
high degree of monochromatization was provided by 
a double silicon monochromator cutting off the fl uorescent 
radiation from the diffracted beam and acting as a narrow 
slit with an angular resolution equal to the width of the 
rocking curve of the crystal used (~0.001°). The precision 
diffraction studies provided a high-accuracy information 
about the lattice constants of the phases under study.

Electron-microscopic studies were performed 
on a JSM-T20 electron microscope and JEM-2010 and 
JEM-400 high-resolution electron microscopes.

According to the equilibrium phase diagram, there 
are several intermetallic compounds and a rather wide 
concentration range of solid solutions in the Cu–Ga 
system [6]. In the interaction of its components, chemical 
reactions can occur to give any of the intermetallic phases 
present in the system. The enthalpies of mixing were 
calculated for alloys of the corresponding compositions 
by the Miedema method [7–9]. The enthalpies of the 
reactions in the Cu–Ga system, considered in the study, 
are negative:

Cu + 10  at% Ga → Cu(Ga) − solid solution,

               ∆Hf̊orm (Cu + 20 at% Ga) = −9 kJ mol−1; (1)

2 The studies were carried out at a station of the 2nd synchrotron 
radiation beamline.

Cu + 20  at% Ga → Cu9Ga4 + Cu,
               ∆Hf̊orm (Cu + 34 at% Ga) = −13 kJ mol−1; (2)

Cu + 20  at% Ga → CuGa2 + Cu,
               ∆Hf̊orm (Cu + 66 at% Ga) = −11 kJ mol−1. (3)

If the components, powdered copper and liquid 
gallium, are mixed at a temperature of 37°C without 
mechanical activation (MA), an intermetallide CuGa2 
is formed immediately after the mixing and there 
remains an unreacted part of copper. According to 
experimental observations, only reaction (3) proceeds 
to complete consumption of gallium. The growth rate 
of the intermetallide CuGa2 is the highest in the fi rst 
20 min. Then, the growth rate gradually decreases. The 
process is complete in 48 h. By that time, the interaction 
with copper results in that the whole initial amount of 
gallium disappears to give the intermetallide CuGa2 
as the synthesis product. The X-ray diffraction pattern 
obtained using a 2D X-ray detector (see Fig. 1) provides 
information about the sizes of crystallites present in the 
sample. It can be seen that the width of the refl ections 
associated with the resulting intermetallide CuGa2 is 
many times more than that of the refl ections for the 
starting copper powder. In addition, the reflections 
constituting a diffraction ring show a wide scatter of the 
diffracted radiation intensities. It is known that, if the 
crystallite size exceeds 0.1–1 μm, separate points, rather 
than continuous rings, will be observed in the diffraction 
pattern. Thus, it can be concluded that the crystallite 

Fig. 1. X-ray diffraction pattern of the reaction product of powdered copper with liquid gallium, measured 2 days after mixing the 
components. Right panel: general view of the diffraction pattern; left panel: selected fragment in magnifi ed 2D and 3D representations. 
Unmarked refl ections belong to the intermetallide CuGa2.
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size of the intermetallide CuGa2 being formed may also 
exceed 0.1–1 μm.

An electron-microscopic image of the product formed 
in the interaction of copper with liquid gallium (Fig. 2) 
shows that the sample is for the most part composed of 
particles 1–5 μm in size, with separate particles being as 
large as 10 μm. The particles mostly have an irregular 
shape and are probably composed of several crystallites 
misoriented with respect to one another.

The part of copper unreacted with gallium remains in 
the pure form. Subsequent keeping at the same temperature 
for a month does not change the phase composition of the 
mixture, despite that only the region of solid solutions 
corresponds to its equilibrium state. The chemical 
interaction of powdered copper with liquid gallium 
without MA in a mixture formulated so as to obtain a solid 

solution yields only an intermetallide with the highest 
content of gallium, despite the excess of copper. Under the 
MA conditions, the interaction of powdered copper with 
liquid gallium yields the intermetallide CuGa2 already 
in 10 s (Fig. 3). In the process, its content in the mixture 
corresponds to that amount which is formed without 
MA only after several hours of keeping. The diffraction 
refl ections from the phase formed indicate that it is in 
the crystalline state, with the size of the X-ray coherent 
scattering regions also exceeding 100 nm.

The lattice constants (a = 0.2827 nm, c = 0.5824 nm) of 
the compound CuGa2 synthesized by mechanical doping 

Fig. 2. Micrograph of the reaction product of powdered copper 
with liquid gallium, two days after mixing the components.

Fig. 3. Micrograph of a (Cu + 20 at % Ga) sample 10 s after 
activation.

Fig. 4. X-ray diffraction pattern of a mixture of powdered Cu + 
20 wt % Ga subjected to MA for 10 s. (θ) Bragg angle; the same 
for Fig. 5. Unmarked refl ections belong to CuGa2.

Fig. 5. X-ray diffraction pattern of a mixture of powdered Cu + 
20 wt % Ga subjected to MA for (1) 1, (2) 3, and (3) 20 min.
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are close to tabulated values (tetragonal lattice, a = 
0.2836 nm, c = 0.5843 nm). The diffraction lines of copper 
are almost not broadened, whereas their intensity somewhat 
decreases. The lattice constant of copper also remains 
unchanged and close to tabulated data (a = 0.36151 nm). 
Electron-microscopic studies demonstrated that particles 
of the product formed after 10 s of MA of a Cu + 20 at % 
Ga mixture have micrometer sizes and lamellar structure 
(Fig. 4). Upon an increase in the activation time to 20 s, 
the morphology of the product remains nearly unchanged, 
although an X-ray phase analysis demonstrates that, during 
this time, almost the whole amount of gallium is consumed 
to give the intermetallide CuGa2. 

The subsequent MA is accompanied, by the end of the 
fi rst minute, by the appearance of the Cu9Ga4 phase, with 
the intensity of refl ections from both the CuGa2 phase 
and copper starting to decrease (Fig. 5). After 3 min of 
activation, the Cu9Ga4 phase is preserved according to the 
diffraction pattern, whereas the diffraction refl ections from 
the intermetallide CuGa2 disappear nearly completely. 
The intensity of the diffraction refl ections from copper 
markedly decreases. However, the angular positions of the 
lines remain unchanged, which indicates that no copper-
based solid solutions are formed (Fig. 5).

The lattice constant of the intermetallide Cu9Ga4 
synthesized by mechanical activation, equal to 0.8731(3) 
nm, corresponds to a Ga content of 33%. The X-ray 
coherent scattering regions in this intermetallide are 
substantially smaller (16–18 nm) than those for the 
compound CuGa2.

The formation rate of the intermetallide Cu9Ga4 is 
substantially lower than that of the CuGa2 phase. Further 
activation leads to a decrease in the intensity of diffraction 
refl ections from the compound Cu9Ga4 and gives rise to 
refl ections indicating that copper-based solid solutions are 
formed. The amount of the solid solution gradually grows, 
and in 20 min, the product of the mechanical activation 
is a solid solution with a fcc lattice and trace amounts of 
the Cu9Ga4 phase. The noticeable increase in the width 
of the refl ections from the solid solution points to its vari-
able composition. The average lattice constant of the solid 
solution is 0.3667 nm (for pure copper, a = 0.3615 nm). 
An electron diffraction analysis demonstrated that the 
product formed is to a solid solution, in agreement with 
X-ray diffraction data. High-resolution micrographs show 
stacking faults and microdistortions.

CONCLUSIONS

(1) On mixing powdered copper with liquid gallium, 
taken in amounts from which a (Cu + 20 at % Ga) solid 
solution should be formed, an intermetallide, CuGa2, is 
obtained and there remains unreacted copper.

(2) In mechanical activation of a similar mixture, 
a series of successive reactions is observed. The fi rst 
stage, formation of the intermetallide CuGa2 (ΔHform= 
–11 kJ mol–1), continues to complete consumption of 
gallium (1 min). The second stage, formation of the 
intermetallide Cu9Ga4 (ΔHform = –13 kJ mol–1) continues 
to complete consumption of the intermetallide CuGa2 
(3 min). The third stage, formation of a solid solution 
(ΔHform = –9 kJ mol–1), ends in complete consumption of 
the intermetallide Cu9Ga4 (20 min). All the phases formed 
belong to the low-temperature part of the equilibrium 
phase diagram of the Cu–Ga system.

(3) Despite that the enthalpy of mixing in the Cu–Ga 
system is negative for all the concentration regions, 
a stage-by-stage analysis shows that the fi nal stage of 
the mechanochemical interaction of copper and gallium 
is the formation of a solid solution from the most stable 
intermetallic phase.

REFERENCES

1. Grigor’eva, T.F., Cand. Sci. (Chem.) Dissertation, 
Novosibirsk, 1989.

2. USSR Inventor’s Certifi cate, no. 1585942.
3. USSR Inventor’s Certifi cate, no. 1630035.
4. Likhtman, V.I., Shchukin, E.D., and Rebinder, P.A., Fiziko-

khimicheskaya mekhanika metallov (Physiochemical 
Mechanics of Metals), Moscow: Akad. Nauk SSSR, 1962.

5. Budnikov, P.P. and Ginstling, A.M., Reaktsii v smesyakh 
tverdykh veshchestv (Reactions in Mixtures of Solid 
Substances), Moscow: Izd. Lit. po Stroit–vu, 1971.

6. Bochvar, N.R., Diagrammy sostoyaniya dvoinykh 
metallicheskikh sistem (Phase Diagrams of Binary 
Metallic Systems), vol. 2, Lyakishev, N.P., Ed., Moscow: 
Mashinostroenie, 1996, pp. 243–246.

7. Miedema, A.R., J. Less-Common Met., 1976, vol. 46, no. 1, 
pp. 67–83.

8. Miedema, A.R., de Chatel, P.F., and de Boer, F.R., Physica, 
1980, vol. B100, pp. 1–28.

9. Bakker, H., Mater. Sci. Briefi ngs, 1988, vol. 1, pp. 1–80.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


