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Abstract The ternary alloy system Ag-Cu-Si was inves-

tigated in detail for the first time. The phase diagram was

analysed by means of light optical microscopy, powder

x-ray diffraction, differential thermal analysis (DTA) and

scanning electron microscopy in combination with energy

dispersive x-ray spectroscopy. The complete isothermal

section at 650 �C was studied experimentally, and several

additional samples were studied in order to obtain insight

into phase equilibria with the high-temperature phases of

the binary Cu-Si system. DTA studies in two vertical

sections were used to determine ternary invariant phase

reactions and to construct the ternary reaction

scheme (Scheil diagram). A liquidus surface projection was

constructed by combining these data with microstructure

analysis of selected as-cast samples.

Keywords Ag alloys � Cu alloys � phase diagrams

1 Introduction and Literature Review

Phase equilibria of the ternary system Ag-Cu-Si was not

studied in detail up to now, although alloys containing

these metals have been studied for their potential as filler

materials in brazing applications. In the current paper we

report on the first systematic experimental phase diagram

study covering the entire ternary phase diagram. A brief

discussion of the available literature is given below.

All limiting binary systems are well known and have

been studied repeatedly. The Ag-Cu system has been

evaluated by Subramanian and Perepetzko[1] who included

all relevant literature up to the year 1989 in their assess-

ment. Ag-Cu shows an eutectic reaction L = (Ag) ? (Cu)

with the eutectic point at 39.9 at.% Cu and 779.1 �C. The
limiting compositions of the fcc solid solutions were

assessed to be 14.1 at.% Cu for (Ag) and 95.1 at.% Cu for

(Cu). The Ag-Si system is also of the simple eutectic type.

According to the assessment of Olesinski et al.[2] the

eutectic point is situated at 89 at.% Ag and 835 �C. The
mutual solid solubilities of Si in Ag and Ag in Si, are

assumed to be negligible for phase diagram applications.

The system Cu-Si is much more complex as it contains

several intermediate compounds at different temperatures,

and it has been investigated intensively in the last decades.

A critical assessment including all literature up to 1982 was

given by Olesinski and Abbaschian.[3] A more recent

thermodynamic assessment of the system has been given

by Yan and Chang.[4] New experimental investigations

with focus on the Cu-rich part have been performed in

2011 by Sufryd et al.[5] The binary compounds are all

situated in the Cu-rich part of the phase diagram, starting

with Cu3Si, being the compound richest in silicon. This

phase shows three different modifications: the high-tem-

perature g-phase, an intermediate phase g0 and the low
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temperature phase g00. The high temperature phase melts

congruently at 859 �C. The transition temperatures

between the phases differ considerably with composition:

the transition from g to g0 takes place between 558 and

620 �C, the transition from g0 to g00 varies between 467 and

570 �C, for the Cu-poor and Cu-rich side, respectively.

According to the assessed phase diagram, the phases g and

g0[6] show a rhombohedral structure (R-3m and R-3)

whereas g00 is orthorhombic[6] or tetragonal.[7] More recent

transmission electron investigations by Wen and Spaepen

indicate P-3m1 and R-3 as space groups for g and g0[8,9] and
rapid quenching experiments performed by Mattern et

at.[10] confirm the structure type for g.
The stability of the phase with the nominal composition

Cu15Si4, designated as e, was discussed controversially in

literature. The assessment by Olesinski and Abbaschian[3]

included the phase in the stable binary phase diagram, even

though some previous authors found different results. In

their study of the ternary Al-Cu-Si system, Riani et al.[11]

later claimed that e is stabilized by impurities and not

present in the binary if very pure basic materials are used.

This conclusion, however, was later withdrawn by the same

authors in a recent study of the Cu-Si binary system by

Sufryd et al.[5] The authors conclude that the formation of e
is only inhibited kinetically, but that the phase is stable in

the binary Cu-Si system. The third intermetallic compound

stable at low temperature is Cu5Si, designated as c, shows
the b-Mn type structure.

Three phases are reported to be stable at elevated tem-

perature: j, b and d. The phase j forms at 842 �C and

decomposes eutectoidally at 552 �C. It crystallizes in the

Mg-type structure. The b-phase forms peritectically from

(Cu) and liquid at 852 �C and decomposes eutectoidally

into d and c at 785 �C. Its structure is cubic W-type.

According to the assessment of Olesinski and

Abbaschian[3] the phase d forms peritectically from b and

liquid at 824 �C and decomposes at 710 �C eutectoidally

into e and c. The more recent work by Sufryd et al.[5]

however, indicates a congruent transformation from c to d
and two eutectoid reactions at 735 �C. High-temperature

x-ray diffraction experiments performed by Mukherjee

et al. described this phase as tetragonal.[7] Splat cooling

experiments of Mattern et al.[10] suggest the hexagonal

symmetry, space group P63/mmc but this could not be

confirmed by Ref 5. For a better understanding of the

complex phase equilibria of the Cu-rich part of the system

Cu-Si, the partial phase diagram given by[5] is redrawn in

Fig. 1. Table 1 lists all invariant binary phase reactions

relevant to this study. Crystallographic data for the relevant

phases are presented in Table 2.

Information on the ternary phase diagram Ag-Cu-Si is

only sparse. Liu et al.[12] proposed two ternary eutectic

points which were determined by DTA. The first eutectic

point was found to exist at the composition

Ag30Cu44.7Si25.3 corresponding to the reaction L =

Ag ? g ? Si at 705 �C, the second eutectic point was

found at Ag12.5Cu71.7Si16.8 and 740 �C. The proposed

liquidus surface, however, does not correspond to the

binary Cu-Si phase diagram. Luo et al.[13] studied the phase

diagram between 0 and 10 wt.% Si by x-ray diffraction

(XRD) and metallographic methods and concluded, that no

ternary intermetallic compound exists in the system.

2 Experimental

Starting materials for sample preparation were Ag shot

(Ögussa, 99.95%), Cu wire (Alfa Aesar, 99.95%) and Si

lump (Alfa Aesar, 99.9999%). The Cu-wire was reduced in

a hydrogen stream at 300 �C in order to remove surface

oxides. Samples with a total mass of usually 1.5 g each

were prepared to investigate the system Ag-Cu-Si.

The calculated amounts of the elements were weighed

on a semi-micro balance with an accuracy of at least

0.5 mg. The proper amounts of the elements were then

mixed and melted in an arc-furnace (Johanna Otto GmbH,

MAM1) in inert argon atmosphere on a copper hearth. For

better homogenisation the samples were turned over and

re-melted up to three times. A zirconium getter was used in

the arc chamber to capture traces of oxygen during the

procedure. Most of the sample-pills were cut into two

pieces, one of them to be used for investigation of the as-

cast microstructure, the other one for further heat treat-

ment. These parts were sealed in vacuum (p\ 10-2 mbar)

into quartz glass ampoules. The sealed samples were

annealed in muffle furnaces at defined temperatures and

afterwards quenched in cold water.

For further investigations, parts of the annealed samples

were embedded in phenolic hot mounting resin. The

Fig. 1 Cu-rich part of the Cu-Si phase diagram redrawn from Ref 5
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surfaces of the embedded samples were then ground with

different SiC abrasive papers and finally polished with

corundum powder (0.3 lm). Initial metallographic analysis

was carried out on a binocular reflected light microscope

(Zeiss Axiotech 100) equipped with bright field, dark field,

polarised light and differential interference contrast (DIC)

mode. Quantitative analysis of phase compositions was

done with a scanning electron microscope (Zeiss Supra 55

VP ESEM) in combination with energy dispersive x-ray

spectroscopy (EDX). Pure Co was used for an energy

calibration of the EDX detector signal and the pure ele-

ments (Ag, Cu, Si) were used as standard materials for

quantitative composition measurements. An acceleration

voltage of 20 kV was applied. The composition of each

phase was measured on at least three different grains of the

phase and average values were calculated. The standard

uncertainty u was usually less than 0.5 at.%. This also

corresponds to estimated error for this method under the

given conditions. The composition of the quenched liquid

and of the overall composition of unquenchable high-

temperature phases was determined by area scans on

selected areas.

Phase identification was done by powder x-ray diffrac-

tion (XRD) using a Bruker D8 diffractometer in Bragg-

Brentano pseudo-focussing geometry using Cu-Ka radia-

tion and a silicon strip detector (Lynxeye). The measure-

ments were done in a h/2h arrangement, with a variable slit

aperture (12 mm illumination) for 1 h. Analysis of the

obtained powder patterns was done by Rietveld refinement

with the software Topas3.[14]

To identify phase transformations and their temperature,

differential thermal analysis (DTA) was performed on a

Table 1 Invariant reactions in

the binary subsystems used in

the current work

Phase reaction Composition of the involved phases, at.% Temperature, �C References

Ag-Cu

L = (Ag) ? (Cu) 39.9 Cu 14.1 Cu 95.1 Cu 779.1 1

Ag-Si

L = Ag ? Si 89 Ag 100 Ag 0 Ag 835 2

Cu-Si

L ? (Cu) = b 84.0 (5) Cu 89 (1) Cu 85.8 (5) Cu 849 (2) 5

(Cu) ? b = j 89 (1) Cu 85.5 (5) Cu 87.5 (5) Cu 839 (2) 5

L ? b = d 80.8 (5) Cu 83.5 (5) Cu 82.5 (5) Cu 821 (2) 5

L = g ? d 80.2 (4) Cu 76.8 (5) Cu 82.3 (5) Cu 818 (3) 5

L = (Si) ? g 70 (1) Cu 0 Cu 74.0 (5) Cu 807 (2) 5

g ? d = e 76.5 (5) Cu 81.5 (5) Cu 78.95 Cu 800 (2) 5

b = d ? j 83.8 (5) Cu 83.0 (5) Cu 85.8 (5) Cu 781 (2) 5

d = e ? c 82.1 (5) Cu 78.95 (1) Cu 82.2 (5) Cu 735 (2) 5

d = c ? j 83.1 (5) Cu 82.5 (5) Cu 86.8 (5) Cu 734 (2) 5

g ? e = g0 75.8 (5) Cu 78.95 Cu 75.8 (5) Cu 618 (3) 5

g0 ? e = g0 0 75.6 (5) Cu 78.95 Cu 75.6 (5) Cu 570 5

g ? (Si) ? g0 74 (1) Cu 0 Cu 74 (1) Cu 555 (3) 5

j = c ? (Cu) 89 Cu 83 Cu 90 Cu 552 5

(Si) ? g0 = g0 0 0 Cu 74 (1) Cu 74 (1) Cu 467 5

Numbers in brackets correspond to the accuracy of the last digit as given in Ref 5

Table 2 Crystallographic data

for phases relevant for the

current study

Phase Pearson symbol Space group Structure type References

(Ag) cF4 Fm-3m Cu 15

(Cu) cF4 Fm-3m Cu 15

Si cF8 Fd-3m C (diamond) 15

g (Cu-Si) hP9 P-3m1 Cu3Si 10

e cI76 I-43d Cu15Si4 10

c cP20 P4132 b-Mn 10

d Hexagonal? ? Own? 5

b cI2 Im-3m W 10

j hP2 P63/mmc Mg 10
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Table 3 Experimental results from XRD and EDX for selected samples annealed at 650 �C

Sample/nom. comp., at.% Annealing, �C, days XRD EDX

Phase Lattice parameters, Å Ag, at.% Cu, at.% Si, at.%

Ag25Cu35Si40 650, 14 (Ag) 4.084 96.8 3.2

g 4.064, 7.336 75.9 24.1

Si 5.431 0.2 99.8

Ag25Cu50Si25 650, 14 (Ag) 4.085 96.0 4.0

g 4.067, 7.340 76.0 24.0

Si 5.433 0.2 99.8

Ag20Cu60Si20 650, 14 (Ag) 4.086 95.6 4.4

g 4.055, 7.362 75.1 24.9

Ag10Cu70Si20 650, 14 (Ag) 4.080 89.4 10.6

g 4.066, 7.339 76.0 24.0

e 9.720 78.7 21.3

Ag25Cu60Si15 650, 14 (Ag) 4.069 91.0 9.0

e 9.709 78.5 21.5

c 6.219 1.4 81.6 17.0

Ag25Cu65Si10 650, 14 (Ag) 4.071 91.6 8.4

c 6.261 1.3 82.1 16.6

j 2.553, 4.176 1.1 86.3 12.7

Ag5Cu850Si10 650, 14 (Ag) 4.079 86.2 13.8

j 2.557, 4.187 1.0 87.6 11.6

(Cu) 3.633 1.0 88.7 10.3

Ag10Cu81Si9 650, 14 (Ag) 4.069 87.0 13.0

(Cu) 3.629 1.2 88.5 10.3

Ag25Cu70Si5 650, 14 (Ag) 4.070 90.0 10.0

(Cu) 3.628 1.6 91.5 6.9

Fig. 2 BSE images of samples

annealed at 650 �C.
(a) Ag10Cu70Si20;

(b) Ag25Cu60Si15;

(c) Ag25Cu65Si10;

(d) Ag5Cu85Si10
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Netzsch DTA 404F1 or Setaram Setsys Evolution. The Pt/

Pt10%Rh thermocouples were calibrated at the melting

points of pure Sn, Al, Au and Ni. Details on the used

calibration function are given together with the measured

DTA curves in the supporting materials. For each sample,

two heating and cooling cycles in open alumina crucibles

under a constant argon flow of 50 mL/min and a heat-

ing/cooling rate of 5 K/min were performed.

3 Results and Discussion

3.1 The Isothermal Section at 650 �C

The temperature of 650 �C was selected for the determi-

nation of the principal solid state equilibria, as it is well

below the eutectic temperatures in the limiting binary

systems (compare Table 1). At this temperature, the binary

Cu-Si intermetallic phases g, e, c and j are stable. A total

number of approximately 30 samples was prepared and

annealed at 650 �C for 14 days. These samples were

organized in sections at 5, 10, 20 and 25 at.% Ag in order

to have a sufficient basis for the analysis of the ternary

phase reactions in these vertical sections doing DTA, see

sections 3.2 and 3.3. The experimental results from XRD

phase analysis and SEM/EDX of selected samples covering

all relevant two-and three-phase equilibria are listed in

Table 3. Generally, the XRD phase analysis is consistent

with the results from SEM/EDX measurements. The error

of the lattice parameters was estimated from the given

internal error of the full profile refinements multiplied by

10 and is generally below 0.001 Å. The error of SEM/EDX

measurements is given according to U = 2u and is gener-

ally below 1 at.%. This implies that approx. 95% of the

measured values are within ± 1% of the result. Selected

microstructures of the annealed samples are shown in

Fig. 2 and the resulting isothermal section is shown

graphically in Fig. 3.

Selected microstructures of the annealed samples are

shown in Fig. 2 and the resulting isothermal section is

shown graphically in Fig. 3.

It can be seen in Fig. 3, that the phase equilibria at

650 �C are dominated by the (Ag)-phase (solid solution of

Cu in Ag) which occurs in all three-phase equilibria [(Ag)-

Si-g], [(Ag)-g-e], [(Ag)-e-c], [(Ag)-c-j] and [(Ag)-j-(Cu)]
of the isotherm. The finding of Luo et al.[13] regarding the

absence of a ternary intermediate compound was con-

firmed. As expected from the binary data, Si dissolves

neither Cu nor Ag in significant amounts. The solubility of

Ag in the Cu(Si) solid solution and in the binary Cu-Si

compounds is only minor reaching a maximum of

approximately 2 at.% in the fcc solid solution (Cu). Since

four stable binary phases g, e, c, j and Cu(Si) occur in a

rather narrow concentration range of 0.75 B x(Cu) B 0.90,

their distinction by SEM can be difficult. In Fig. 2(a) a

back scattered electron (BSE) micrograph image of the

alloy Ag10Cu70Si20 is shown. Here it was possible to

distinguish between g- and e-phase since g, which is

slightly richer in Si, appears a little darker. A similar sit-

uation was found for Ag25Cu60Si15 (e- and c-phase,
Fig. 2b) and Ag25Cu65Si10 (c- and j-phase, Fig. 2c).

Furthermore, there are two inconsistencies in the binary

literature results and our findings in the ternary system.

Firstly, according to Subramanian and Perepezko[1] the

solid solubility of Cu in (Ag) at 650 �C has its maximum at

approx. 8 at.%. In our ternary samples we found, however,

up to 13.8 at.% Cu in the (Ag) phase. Furthermore, the

measured compositions of the (Ag) phase vary unsystem-

atically along the different phase fields. An explanation for

this behaviour is the presence of very fine Cu precipitates

within the (Ag) grains, see the high magnification BSE

micrograph of alloy Ag5Cu85Si10 in Fig. 2(d). These

precipitates are formed during annealing, as the Cu-content

of the (Ag) grains during crystallization from the melt is

significantly higher than the solubility limit at 650 �C.
These precipitates make it impossible to determine accu-

rately the concentration of Cu dissolved in Ag. Since (Ag)

does not dissolve significant amounts of Si the binary

limiting solubility was considered as the maximum also for

the ternary systems. Accordingly all measured Cu con-

centrations in (Ag) above 8 at.% were ignored and the

corresponding tie lines fixed at this value. The ends of such

tie lines were drawn as dashed lines. Secondly, according

to Sufryd et al.[5] the g-phase is stable between 74 and

Fig. 3 Isothermal section of Ag-Cu-Si at 650�. The red circles

correspond to the nominal sample compositions of the samples listed

in Table 3 (Color figure online)
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76 at.% Cu at 650 �C, which is slightly different to the

earlier phase diagram version by Olesinski and

Abbaschian[3] where it is stable from 75 to 76 at.% Cu. Our

experiments rather confirm the latter version and thus the

homogeneity range of the g-phase was set to 75 to 76 at.%

Cu.

3.2 Samples Annealed at Higher Temperatures

First results from DTA and the results from the analysis of

as-cast samples showed, that the knowledge of phase

equilibria at higher temperature is essential to understand

the ternary phase reactions involving the liquid phase. The

investigation of the situation at high temperatures is com-

plicated by the following facts: (1) Two of the binary

phases stable at 650 �C (e, c) are not in equilibrium with

the liquid, but decompose by solid state reactions. (2) The

two high temperature phases stable above 650 �C (b, d) are
not quenchable, so their phase identification by means of

XRD is not possible. (3) Preliminary results from as-cast

samples suggested that at least one of the high temperature

phases may show a considerable solubility for Ag, or that a

ternary high temperature phase exists.

Given these facts, it was decided to prepare additional

samples annealed at elevated temperatures in order to

clarify those high-temperature equilibria. Samples were

annealed at 710, 740 and 760 �C to cover the relevant high-

temperature phases as well as the liquid phase in the Cu-

rich corner. Samples were investigated by a combination of

SEM/EDX and powder XRD after annealing. The results of

Table 4 Experimental results from XRD and EDX for samples annealed at T[ 650 �C

Sample/nom. comp., at.% Annealing, �C, days XRD EDX

Phase Lattice parameters, Å Ag, at.% Cu, at.% Si, at.%

Ag10Cu70Si20 710, 14 (Ag) 4.078 91.9 8.1 0.0

g 4.064, 7.336 0.0 76.1 23.9

e 9.714 0.0 78.5 21.5

Ag10Cu72Si18 710, 14 (Ag) 4.069 89.2 10.8 0.0

e 9.710 0.0 78.9 21.1

c 6.229 1.7 81.2 17.1

Ag10Cu75Si15 710, 14 (Ag) 4.072 87.5 12.5 0.0

c 6.236 1.7 81.5 16.8

Ag10Cu70Si20 740, 14 (Ag) 4.082 95.1 4.9 0.0

g 4.062, 7.335 0.0 76.3 23.7

e 9.711 0.0 78.7 21.3

Ag10Cu72Si18 740, 14 (Ag) 4.079 … … …(a)

e 9.715 0.6 77.9 21.5

d(c) 6.225 … … …(a)

Ag10Cu75Si15 740, 14 (Ag) 4.079 … … …(a)

d(c) 6.227 … … …(a)

j … 1.5 85.0 13.5

Ag25Cu67Si8 760, 14 (Ag) 4.057 91.9 8.1 0.0

(Cu) 3.631 2.1 87.0 10.9

Ag4Cu85Si11 760, 14 (Ag) 4.061 89.3 10.7 0.0

(Cu) 3.634 1.9 86.8 11.3

j 2.555, 4.178 1.6 85.6 12.7

(Ag) 4.065 91.9 8.1 0.0

Ag25Cu63Si12 760, 14 j … 1.6 84.9 13.5

L(b) … 12.4 73.1 14.5

Ag25Cu61Si14 760, 14 (Ag) 4.075 93.7 6.3 0.0

L(b) … 13.8 70.1 16.1

Ag4Cu79Si17 760, 14 d(c) 1.6 80.4 18.0

L(b) 12.1 72.4 15.5

(a) Not measured due to fine microstructure, (b)Quenched liquid consisting of finely dispersed (Ag) ? c; composition determined by area scans
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this characterization is summarized in Table 4 and selected

microstructures are shown in Fig. 4.

The annealing temperature of 710 �C was selected to

clarify if the high temperature phase d is stabilized to lower

temperature by the uptake of Ag. As the phase equilibria

observed at 710 �C at three different compositions corre-

spond exactly to those at 650 �C (compare Tables 3, and

4), this can be ruled out. No signs for the existence of the

liquid phase was found at this temperature.

The annealing temperature of 740 �C corresponds to the

second (Cu-rich) eutectic temperature in Ref 12 but is

slightly below our own temperature for this reaction

(742 �C, compare section 3.3.). The same three composi-

tions as at 710 �C were selected for the investigations. As

the annealing temperature is close to the eutectic melting

temperature, the results are difficult to interpret and can

only be fully understood by combining the observed

microstructures with the results from DTA discussed in the

next section. The sample with the composition

Ag10Cu70Si20 (Fig. 4a and b) shows a clearly inhomo-

geneous microstructure: rounded grains of (Ag), e and g

having a diameter of 100 lm and more are surrounded by

crystallized liquid with a fine microstructure, which,

however, is not of typical eutectic character. The crystals of

e and g are in intimate contact and show finely dispersed

small Ag particles while the large (Ag) crystals are sepa-

rated and are not seen in Fig. 4. The liquid, which should

only be present above 742 �C, was probably formed during

slight temperature fluctuations in the muffle furnace used

for annealing and later crystallized to form the same three

phases. Apart from the problematic inhomogeneous char-

acter of the microstructure, the equilibrium phase compo-

sition of the sample at 740 �C is clearly fixed by the results

of characterization as [(Ag) ? e ? g]. No additional phase

was found with XRD.

The sample with the composition Ag10Cu72Si18

annealed at 740 �C shows large rounded crystals of e sur-
rounded by a finely dispersed matrix of crystallized liquid

composed of d, (Ag) and some e (Fig. 4c). It can be easily

seen, that the crystallized liquid is not completely homo-

geneous suggesting again, that this area was melted and

crystalized slowly several times during annealing as the

Fig. 4 BSE images of samples

annealed at high temperature.

(a) Ag10Cu70Si20 annealed at

740 �C; (b) magnified liquid

range of a; (c) Ag10Cu72Si18

annealed at 740 �C;
(d) Ag4Cu79Si17 annealed at

760 �C; (e) Ag10Cu70Si20
annealed at 710 �C;
(f) Ag25Cu67Si8 annealed at

760 �C
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annealing temperature is very close to the eutectic tem-

perature proposed in this work. Consequently this area is

denoted ‘‘L’’ in Fig. 4(c). Area scans of six different areas

in the crystallized liquid yield an average composition of

Ag10.9Cu71.2Si17.9. It should be stressed, that the XRD-

results for this sample show the three phases e, c, and (Ag).

According to the binary phase diagram c is not stable at

740 �C as it transforms to d in a congruent transformation

around 736 �C. However, it is well known from the binary

Cu-Si system that d cannot be quenched. Based on the

results of DTA experiments (next section) we propose that

Table 5 Thermal reactions observed in DTA

Sample E1 U4 E2 U3 U6 Invariant other Non-invariant Liquidus heating Liquidus cooling

Ag20Cu80 781(a) 928 920

Ag20Cu75Si5 791 895 885

Ag20Cu70Si10 745 761 796 807 790

Ag20Cu65Si15 742 733(b) 807 788

Ag20Cu60Si20 704 763 749

Ag20Cu50Si30 705 730 885 852

Ag20Cu25Si55 705 [ 1150 [ 1150

Ag20Si80 835(d) 1349 1343

Ag10Cu85Si5 789 962 953

Ag10Cu81Si9 762, 801 900 898

Ag10Cu80Si10 763, 798 890 882

Ag10Cu76Si14 744 766 792 787

Ag10Cu74Si16 745 729(b) 760 n.d.(c)

Ag10Cu70Si20 752 768 786 774

Ag10Cu59Si31 712 762 869 840

Ag10Cu35Si55 707 740 1162 1152

(a) e: L = Cu ? Ag, (b) Solid state reaction related to the transition of c to d, (c) Not determined, (d) e: L = Ag ? Si

Fig. 5 Vertical section of Ag-

Cu-Si at 10 at.% Ag. Triangles

up (yellow): Liquidus on

heating, triangles down (green):

liquidus on cooling, squares

(red): invariant reactions, circles

(blue) other thermal effects

(Color figure online)
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d is the stable phase at 740 �C and we denote it as d(c) in
Table 4 to make clear that c was found in XRD.

The sample with the composition Ag10Cu75Si15

annealed at 740 �C shows grains of j embedded in very

fine matrix composed form (Ag) and d(c). The composition

of these two phases cannot be measured by SEM/EDX but

the phases have been identified from powder XRD. Again,

it appears that major parts of the sample were melted and

crystalized slowly several times during annealing.

Eight additional samples were annealed at 760 �C in

order to characterize phase equilibria of various solid

phases with the liquid. The results for five of these samples

are shown in Table 4. The sample with the overall com-

position Ag25Cu67Si8 (Fig. 4f) shows the two phases (Ag)

and (Cu) in equilibrium and no liquid present. Thus, this

sample can be used to fix the tie-line between these two

phases. The sample at Ag4Cu32Si14 is located in the three-

phase field [(Ag) ? (Cu) ? j]. All three phases were

identified by XRD. The two composition sets for (Cu) and

j determined by EDX are very close, consistent with the

binary Cu-Si system. Three more samples show the equi-

libria [(Ag) ? j ? L], [(Ag] ? L] and [d ? L]. In all

cases, the quenched liquid forms a fine microstructure

consisting of L ? d(c) with the appearance of a (meta-

stable) pseudobinary eutectic. The measured liquid com-

positions are all situated in a small composition area

Ag12.1-13.8Cu70.1-73.1Si14.5-16.1. Of course, this is

only a part of the extension of the liquid at 760�, as not all
relevant solid-liquid equilibra have been realized in the

investigated samples.

The information gained by investing the samples

annealed between 710 and 760 �C can be summarized as

follows:

• Solid state equilibria at 710 �C correspond to those

observed in the section at 650 �C. There is no evidence

for the existence of a stable high temperature phase or

the existence of a liquid at this temperature.

• The temperature of 740 � C is very close to the eutectic

melting causing problems due to several crystallization

and re-melting events during annealing (minor temper-

ature fluctuations are unavoidable using conventional

muffle furnaces). The proposed solid state equilibria

listed in Table 4 are thus plausible but tentative.

However, based on the EDX results, it can be ruled

out that any of the Cu-Si phases shows significant Ag-

solubility, or that a ternary phase exists at this

temperature.

• The e phase was found in the presence with the liquid in
two of the samples annealed at 740�. This is a

significant difference from the binary Cu-Si system

where e decomposes in a solid state reaction. In fact,

DTA results suggest that e is involved in the ternary

Cu-rich eutectic (see next section).

• At 760 �C the liquid extends in a small area including

the composition range Ag12.1-13.8Cu70.1-73.1Si14.5-

16.1, which helps estimating the liquid composition in

the respective part of the reaction scheme discussed in

the following section.

Fig. 6 Vertical section of Ag-

Cu-Si at 20 at.% Ag. Triangles

up (yellow): Liquidus on

heating, triangles down (green):

liquidus on cooling, squares

(red): invariant reactions, circles

(blue) other thermal effects

(Color figure online)
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• We did not find evidence for the existence of b at

760 �C, so a major stabilization of this phase by Ag is

also ruled out.

3.3 Vertical Sections, Reaction

Scheme and Liquidus Projection

DTA measurements were performed on samples annealed

at 650 �C in the vertical sections at 10 and 20 at.% Ag,

respectively. Thermal effects obtained from the first and

second heatings were evaluated and averaged to determine

the reaction temperatures. In a few cases, however, the

equilibrium was not re-established on cooling with 5 K/

min in the DTA, and the thermal effects observed in the

first and second cycle differed significantly. In these cases,

only the first heating curve was evaluated. The liquidus

arrests were evaluated from the heating- and cooling-

curves. All observed reaction temperatures are tabulated in

Table 5 together with their interpretation. The vertical

sections at 10 and 20 at.% Ag are shown based on these

DTA results are shown in Fig. 5 and 6.

The binary system Cu-Si presents a specific situation

where most of the thermal reactions occur in a small

composition- and temperature-range. Therefore, except for

the ternary eutectic reaction E1 which was observed in

many different samples, the interpretation of invariant

reactions in not straightforward and reactions are usually

only observed in one single sample. However, based on the

combination of DTA results with the results discussed in

Fig. 7 Reaction scheme for Ag-Cu-Si
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sections 3.1 and 3.2, it was possible to develop a Reaction

Scheme consistent with all observed experimental facts.

This reaction scheme is shown in Fig. 7.

As already proposed by Liu et al.[12] two ternary eutectic

reactions are found in Ag-Cu-Si. The reaction E1 L =

g ? (Ag) ? Si was confirmed and the reaction E2 (which

was not studied in detail by Ref 12) was identified as

L = (Ag) ? d ? e. In addition, the transition reactions U3,

U4 and U6 were directly determined in this study. The

reaction U4 is connected with E1 by a maximum in the

three-phase field [L ? (Ag) ? g]. Another pronounced

maximum was found in the three-phase field

[L ? (Ag) ? (Cu)] which was found at a temperature of

approximately 796 �C; i.e. almost 20 �C above the binary

eutectic L = (Ag) ? (Cu). The reaction U5 was not

determined directly but may be extrapolated from the

existing data. The reactions U7 and U8 involve the b-phase
and were not determined directly in the current study, as

they do not occur in the sections at 10 and 20 at.% Ag.

They were added as hypothetical reactions to Fig. 7 in

order to formally complete the reaction scheme. Two more

ternary invariant reactions involving exclusively solid

phases are proposed in the reaction scheme in Fig. 7. These

reactions were observed in two different samples at tem-

peratures between 729 and 733 �C and are connected to the

transition of c to d. As the observed temperatures are below

those of the binary transitions (734 and 735 �C), this part of
the reaction scheme contains two solid-state transition

Table 6 Ternary invariant

reactions involving the liquid

phase with estimated phase

compositions

Phase reaction T, �C Phase Composition, at.%

Ag Cu Si

E1: L = (Ag) ? Si ? g 707 L 24 50 26

(Ag) 92 8 0

Si 0 0 100

g 0 74 26

E2: L = (Ag) ? e ? d 742 L 12 71.5 16.5

(Ag) 89 11 0

e 0 78.5 21.5

d 1.5 81 17.5

U3: L ? j = d ? (Ag) 745 L 10 74.5 15.5

j 1.5 85 13.5

d 1.5 81.5 17

(Ag) 89 11 0

U4: L ? g = e ? (Ag) 752 L 16 67 17

g 0 76 24

e 0 78.5 21.5

(Ag) 90 10 0

U5(a): g ? d = L ? e 752\ T(U5)\ 800 g 0 76 24

d 1.5 81 17.5

L 7 74.5 18.5

e 0 78.5 21.5

U6: L ? (Cu) = (Ag) ? j 761 L 10.5 75 14.5

(Cu) 2 87 12

(Ag) 89 11 0

j 1.5 85.5 13

U7(a): L ? b = j ? d 781\ T(U7)\ 821 L 7 77.5 15.5

b 0 84 16

j 1.5 85.5 13

d 1.5 81.5 17

U8(a): (Cu) ? b = L ? j T(U7)\ T(U8)\ 839 (Cu) 2 87 12

b 0 84 1692

L 6 80 14

j 1.5 85.5 13

(a) Not determined by DTA
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reactions (U1, U2) connected with a minimum of the three-

phase field [d ? (Ag) ? c].
All invariant reactions proposed in the current paper are

listed together with the estimated compositions of the

involved phases in Table 6. The compositions of the solid

phases can be estimated easily as ternary solubilities are

generally low. The composition of the liquid phase was

estimated by combining the vertical sections with infor-

mation obtained from primary crystallization studies of as

cast samples. The results of these as cast studies are sum-

marized in Table 7 and they are also shown as experi-

mental data points in the liquidus surface projection given

in Fig. 8. A selection of as-cast microstructures is given in

Fig. 9. The as-cast sample with the composition

Ag26Cu50Si24 is situated exactly on the eutectic compo-

sition E1. This is a significant difference from the eutectic

composition of Ag30Cu44.7Si25.3 reported previously.[12]

In fact, we also realized this composition with an as-cast

sample and found primary crystals of Si there. The eutectic

composition of E2 reported in Ref 12 is in good agreement

with our own value.

4 Conclusions

Although no ternary phase exists in the system Ag-Cu-Si,

the ternary phase equilibria are complex and the experi-

mental determination of the reaction scheme was

Table 7 Primary crystallizing phase observed in as-cast samples

Sample Phase Sample Phase

Ag4Cu85Si11 (Cu) Ag15Cu65Si20 g

Ag4Cu79Si17 d Ag20Cu80 (Cu)

Ag5Cu90Si5 (Cu) Ag20Cu75Si5 (Cu)

Ag5Cu85Si10 (Cu) Ag20Cu70Si10 (Cu)

Ag5Cu80Si15 b Ag20Cu65Si15 (Ag)

Ag5Cu75Si20 g Ag20Cu60Si20 g

Ag10Cu85Si5 (Cu) Ag20Cu50Si30 Si

Ag10Cu81Si9 (Cu) Ag20Cu25Si55 Si

Ag10Cu80Si10 (Cu) Ag20Si80 Si

Ag10Cu76Si14 (Cu) Ag25Cu69Si6 (Cu)

Ag10Cu70Si20 g Ag25Cu67Si8 (Cu)

Ag10Cu60Si30 Si Ag25Cu61Si14 (Ag)

Ag10Cu59Si31 Si Ag25Cu59Si16 (Ag)

Ag10Cu55Si35 Si Ag26Cu50Si24 Eutectic E1

Fig. 8 Liquidus surface

projection for Ag-Cu-Si. Yellow

circles denote the nominal

compositions of the as-cast

samples listed in Table 7 (Color

figure online)
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demanding. This is mainly due to the complex limiting

binary system Cu-Si, showing 6 binary phases coexisting in

a relatively small composition- and temperature-range. In

the current work we present the first consistent description

of the ternary phase diagram based on experimental data

from powder XRD, SEM/EDX and DTA. A complete

isothermal section at 650 �C was determined and addi-

tional samples annealed at 710, 740 and 760 �C were used

to clarify equilibria involving the high temperature phases

in the limiting Cu-Si system. DTA results in two vertical

sections at 10 and 20 at.% Ag were combined with the

results from primary crystallization studies of as-cast

samples to construct a reaction scheme and a liquidus

surface projection. Two ternary eutectic reactions and eight

ternary transition reactions are proposed in the reaction

scheme. Not all of the proposed phase reactions were

determined experimentally; in particular, the two reactions

involving the b phase of Cu-Si are hypothetic. However,

the presented data are for sure sufficient for a thermody-

namic modelling of the Ag-Cu-Si phase diagram allowing

extrapolating the missing reactions.
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selected as-cast samples. (a),
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g); (d) Ag5Cu90Si5 (primary

Cu); (e) Ag20Cu65Si15

(primary Ag);

(f) Ag20Cu50Si30 (primary Si)
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