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Amorphization and solid solution formation in Sn modified Cu-Ag alloys
produced by mall milling
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The present work aims at studying the influence of Sn on the microstructure of Cu-Ag-based supersaturated solid
solutions with potential application for fabrication of nanoporous structures. Nanocrystalline Cu,Ags, Sn_(x=3, 6,
10) fcc solid solutions are synthesized by high-energy ball milling under protective Ar atmosphere and liquid heptane
as antisticking agent. Milling for 8h leads to formation of solid solution with fine nanocrystalline microstructure
(<10-15 nm) in Cus,Ag,,Sn,,. On the contrary, for the ternary systems with lower Sn concentration (x=3 and 6) only
5h of milling are necessary for complete alloying. Partial amorphization is also detected for all Sn containing alloys.
The lattice constant of the fcc solid solution in the ternary systems is larger than that of Cu,,Ag;, but slightly depends
on the Sn concentration in the composition range of 3—10 at.% Sn.
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INTRODUCTION

Cu-Ag alloys are considered to be attractive
for fabrication of nanoporous Ag structures for
practical applications [1, 2]. A controlled thickness
nanoporous Ag with desired pore and ligament
size could be obtained easily after selective
electrochemical dissolution of well-mixed and
homogenized Cu—Ag solid solutions with proper
composition.

Although Cu and Ag satisfy two of the Hume-
Rothery rules for common solid-state solubility,
equilibrium solid solutions in the Cu—Ag system
are practically non-existing and the size factor
is apparently not enough to contribute for easy
amorphization in this system. However, formation
of non-equilibrium supersaturated fcc Cu—Ag
solid solutions by applying a variety of preparation
methods has been reported: rapid quenching from a
melt[3], splat quenching [3, 4] vapor deposition [5],
mechanical alloying [1, 6, 7], cold rolling [8]. The
microstructure of the Cu—Ag solid solutions with
different composition prepared by these methods is
most often nanocrystalline or composite, consisting
of a mixture of nanocrystalline solid solution and
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amorphous phases [3, 8, 9]. Formation of entirely
amorphous Cu—Ag alloys exclusively by a vapor
deposition technique has been reported only in
a few papers [10, 11]. Repeatedly cold-rolled
Cu—Ag alloys reveal also some local amorphous
regions [8]. Mechanical alloying followed by
annealing at 200°C was reported also to result in
an amorphous phase formation [9]. Mechanical
alloying of Ag-Cu-Sn powders, containing 10-20
wt.% Sn, caused a drastic decrease of their grain
sizes. The formation of compounds like Ag,Sn,
Cu,Sn, and Cu,,Sn, occurs after 1 hour of milling,
but no amorphization up to 8 hours of milling was
reported [12]. Nanocrystalline Ag,Sn phase (~ 20
nm) was formed by ball milling for 1-2 h of Sn
rich Sn-Cu-Ag alloys [13].

The present study aims at investigating the ef-
fect of Sn on the amorphization and formation of
Cu-Ag-based solid solutions by mechanical alloy-
ing. The morphology and microstructure of the
prepared solid solutions were also characterized.
Due to the improved glass-forming ability of the
ternary alloy containing Sn in comparison to the
binary Cu-Ag, and the suitability of Sn for prepar-
ing nanoporous Ag by selective electrochemical
dissolution of Cu-Ag-Sn, in the present study its
concentration was varied in the range of 3—10 at.%
(3, 6 and 10 at.% Sn).
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EXPERIMENTAL PART

Cus,Ags,. Sn, (x=3, 6 and 10) alloys were pro-
duced by milling Ag (99.99%), Cu (99.9%) and
Sn (99.9%) using a planetary ball mill (Fritsch P6)
with rotation velocity of 400 rpm, hardened Cr-
steel vials and ball-to powder mass ratio of 9:1.
Protective Ar atmosphere and liquid n-heptane
were applied for the milling process. The regime
of milling was: 30 min of continuous milling and
10 min relaxation time. The milling time was var-
ied with the goal to produce powders with different
morphology and microstructure.

The microstructure and morphology of the alloys
were investigated by x-ray diffraction using Bruker
D8 Advance diffractometer with Cu-Ko radiation
and Scanning electron microscopy (SEM, JEOL-
5510). Thermal stability of the ball-milled samples
was analyzed with a Perkin-Elmer DTA.

RESULT AND DISCUSSION

Electron microscopy analysis (Fig. 1) of the ball-
milled powders showed similar particle size for all
investigated materials. The average particle size of
the alloy with lowest Sn content (~ 10 pm) is only
slightly larger than that of the Sn richer compositions
(about 7.0 pm) milled for the same time of 10 h.
Extending the milling time up to 20 hours results in
additional particle decrease: 6 um for Cu,,Ag,,Sn,,.
Similar particle size distribution was observed for
all compositions.

X-ray diffraction of the two hours milled
Cus,Ag,Sn,, and CuyAg,Sn, (Fig. 2a) revealed
the formation of Ag,Sn and Cu,Sn; phases, which
were not observed at longer than 8 hours of milling.
For Cu,,Ag,,Sn, formation of these phases was not
detected by any duration of milling. Milling for a
longer time shows obvious development of the phase
composition and microstructure in the systems stud-
ied. After 8 hours of milling (Fig. 2 c,d) only the
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solid solution formation was observed. In general,
the diffraction peaks become slightly sharper (nar-
rower), meaning that a process of nanograin growth
takes place during the milling, Fig. 2. The position
of the maximum of the main diffraction peak also
does not change with milling time, revealing that
the terminal solid solutions are already formed at 8
h of milling. It is seen that solid solution formation
is faster for the alloy with 3 at.% Sn, i.e. this com-
position is close to the optimal for Cu,,Ag, Sn,
with respect to the solid solution formation ability.
Furthermore, milling for 8 hours leads also to for-
mation of amorphous phase in Cu,,Ag,,Sn,,, proved
by DTA analyses of an as-milled alloy. Diffraction
peaks of pure Cu and Ag at the longer milling times
(> 8 h) were not detected, indicating a process of
complete alloying.

The lattice parameters for the formed solid
solutions are comparable with the data from our
previous investigations on the Cu-Ag binary system
(Fig. 3), [8]. It should be noted that unlike the binary
Cu-Ag, the longer time of mechanical alloying does
not lead to significant changes in the lattice parameter,
a, of the three-component solid solutions, studied in
this work. Generally, the increase of the Sn content in
the alloy results in lattice parameter, a, enlargement,
but for milling durations t>12 h the alloys with 3 and
6 at.% Sn reveal almost the same a.

The three Cuy,Ags, . Sn, alloys studied show
rather different development of the average grain
size of the metastable fcc solid solutions with
milling time. Whereas for Cu,,Ag,, . Sn, (x=3 and
6) the grain size is more or less constant (4—5 nm)
in the range of 5-15 h milling, for Cu,,Ag,,Sn,, it
initially decreases with milling time, reaching a
value of 6 nm after 12 h of milling, Fig. 4, and then
increases again to about 9 nm at t=15 h. The increase
of the grain size at longer milling durations can be
associated with a nanograin growth process.

DTA analysis reveals broad overlapped exother-
mic peaks starting at about 100 °C for the ball milled
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Fig. 1. SEM micrographs of: Cu,,Ag,,Sn, (a), Cu,,Ag,Sn, (b) and Cu,,Ag,,Sn,, (¢) alloy powders ball-milled

for 10 h
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alloys, associated with the solid solution decomposi-
tion to terminal elemental Ag and Cu, as shown in
our previous study [1]. XRD analysis of milled for 20
h and then annealed at 400 °C CuAgSn confirms the
alloy decomposition, Fig. 2d (inset). As mentioned
earlier [1] ball milled Cu-Ag-based solid solutions
show somehow different thermal behavior compared
to the cold-rolled and rapidly quenched Cu-Ag alloys

[8], expressed in the presence of exothermic peaks at
lower temperatures, which could be associated with
relaxation of microstresses created by milling. The
thermal behavior of the ball milled Cu-Ag-Sn is dif-
ferent compared to the binary alloys. Generally, the
major thermal peaks are shifted to higher tempera-
tures (250—400 °C), implying higher thermal stability
of the ternary solid solutions.
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Fig. 3. Lattice parameters, a, for the alloys studied at
various milling times
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Fig. 4. Average grain size for the alloys studied as a
function of milling time

Insummary, the presentstudyrevealsanimproved
ability for metastable solid solution formation by ball
milling of ternary Cu-Ag-Sn, compared to binary Cu-
Ag alloys. The microstructure of the tin containing
Cu-Ag fcc solid solutions is fine nanocrystalline (5-
10 nm) with a presence of some amorphous phase
and as a whole its thermal stability is higher than
that of binary Cu-Ag alloys. It is expected that
solid solutions with this microstructure would be
attractive for preparing nanoporous Ag structures
by selective electrochemical dissolution.

CONCLUSIONS

Supersaturated Cuy,Ag,, Sn (x=3, 6, 10) solid
solutions were prepared by mechanical alloying
for different milling times. For Cuy,Ag,Sn,, 8h
of milling were enough to form homogeneous
Cu-Ag-based fcc solid solutions, whereas for
the ternary systems with lower Sn content even
Sh were sufficient for complete alloying. The
microstructure of the fcc solid solutions is fine
nanocrystalline (< 10 nm) for the ternary system,
as ball-milling results also in a better pronounced
amorphous phase formation. The lattice constant of
the fcc solid solution in the ternary systems is larger
than that of Cu,,Ag,,, but slightly depends on the
Sn concentration in the composition range of 3—6
at.% Sn. The alloy with 10 at.% Sn shows distinct
increase of the lattice constant compared to the Sn
deficient alloys at milling times larger than 8 h.
Solid solution decomposition, grain growth process
and crystallization of the amorphous phase formed
during milling have been detected by DTA.

Acknowledgements: The work has been supported
by the Bulgarian Scientific Research Fund under
grant DCVP 02/2 — 2009 and Sofia University
Research Fund under grand 124/2010.

REFERENCES

1. T. Spassov, L. Lyubenova, Y. Liu, S. Bliznakov, M.
Spassova, N. Dimitrov, J. Alloys Compd., 478, 232
(2009).

2. F. Yeh, C. Tai, J. Huang, 1. Sun, J. Phys. Chem. B,
110, 5215 (2006).

3. P.Duwez, R. H. Willens, W. Klement, J. Appl. Phys.,
31, 1136 (1960).

4. R.K.Linde, J. Appl. Phys., 37, 934 (1966).

5. B. Cantor, R. W. Cahn, Acta Mettal., 24, 845 (1976).

6. T.XKlassen, U. Herr, R. S. Averback, Acta Mater., 45,
2921 (1997).

7. F. Wu, P. Bellon, A. Melmed, T. Lusby, Acta Mater.,
49, 453 (2001).

8. H. W. Sheng, G. Wilde, E. Ma, Acta Mater-., 50, 475
(2002).

9. Y. Qin, L. Chen, H. Shen, J. Alloys Compd., 256, 230
(1997).

10.S. Mader, A. S. Nowick, Acta Metall., 15, 215
(1967).

11.C. N. J. Wagner, J. Vac. Sci. Technol., 6, 650 (1969).

12.]. Dutkiewicz, L. Litynska, R. Swiatek, J. Mater.
Processing Technol., 53, 131 (1995).

13. B. Reddy, P. Bhattacharya, B. Singh, K. Chattopad-
hyay, J. Mater. Sci., 44, 2257 (2009).

291



L. Lyubenova et al.: Amorphization and solid solution formation in Sn modified Cu-Ag alloys produced by mall milling

AMOPOU3ALIA 1 ObPA3YBAHE HA TBBPI1 PA3TBOPH B JIETUPAHU
C Sn Cu-Ag CIUIABU, ITOJIVHEHU ITOCPEACTBOM MEXAHUYHO CMUJIAHE

JI. JIto6enoBa, T. Cnacos, M. CracoBa
Xumuuecxku gpaxynmem, CV ,, Ce. Knumenm Oxpuocku “, 6yn. ,, /. Bayuwvp” 1, 1164 Cogus, Bvreapus
[ocrenuna va 25 suyapu, 2011 r.; mpueta Ha 4 anpwr, 2011 1.
(Pesrome)

Hacrosiiara paboTa e HacoueHa KbM M3y4aBaHE BIMSHUETO Ha OOABKU OT Sn BbPXY MHKPOCTPYKTypara Ha Me-
TacTaOWIHU TBBPIH Pa3TBOPH Ha OCHOBaTa Ha Cu-Ag C IMOTEHUMAIHO NPHIIOKEHHUE 34 [TOTy4aBaHETO Ha HAHOIIOPHO3HH
cTpykTypu. HaHokpucraman TBBpaM pa3TBopu cbe cbeTaB Cuy,Ags, Sn (x = 3, 6, 10) ca momy4eHn mocpeacTBOM
MEXaHOXMMHUYHO CIUIABSBaHE BBB BHCOKO CHEpPreTHYHA IUIaHETapHa MENHULA B Ar-arMocdepa M TEUCH N-XEeNTaH.
OOpa3zyBaHeTo Ha (hUHA HAHOKPUCTAIHA MUKPOCTpYKTypa (<10-15 nm) B mpobu ot Cu,,Ag,,Sn,, O¢ HabIr01aBaHO Clie]
CMUJIaHE B IIPOABIDKEHHE Ha 8 yaca. [IBIHOTO CIIaBsiBaHe HA KOMIIOHEHTUTE B CHCTEMHTE C TIO-MaJIKH KOJIMYeCTBa Sn
(x =3 u 6) Oe mocTuTHATO caMo 3a 5 yaca cuHTe3. YacTnuHa amopduzars 6¢ HabIro1aBaHa TIPH BCUYKH W3CIICIBAaHH
CIUIaBH, ChIbpKalM Sn. PenreTpyHara KOHCTAHTa Ha TBBPAUS PA3TBOP 338 TPUKOMIIOHEHTHHUTE CUCTEMH € II0-TOJIsIMA,
OTKOJIKOTO Ta3u Ha Cug,Ag,,, HO 3aBUCH C1a00 OT KOHLIEHTpaluATa Ha Sn B uHTepBana ot 3—-10 at.% Sn.
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