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Abstract The isothermal section of the Zr-Sn-Cu ternary

system at 700 �C was investigated by using x-ray diffrac-

tion, scanning electron microscope and energy dispersive

spectroscopy. A new ternary compound s (Zr25.3Cu66.1-
Sn8.6) was observed in the Cu-rich corner of this system.

The previous known ZrCuSn and ZrCuSn2 ternary com-

pound were confirmed.

Keywords phase equilibria � zirconium alloys � Zr-Sn-Cu
alloys

1 Introduction

Copper alloys are widely used in electrical industries

because of their excellent electrical and thermal conduc-

tivities. Additional of Zr and other alloying elements

improve the strength of copper alloys.[1,2] Zirconium alloys

are widely used as cladding and core structure materials in

fuel reactions, due to their low neutron absorbtion cross

section, perfect corrosion and creep resistance properties in

high pressure and high temperature environment.[3] Tin is a

common alloying element in commercial zirconium alloys,

since the addition of tin offsets the deterioration of

corrosion resistance by nitrogen and improves the creep

resistance of alloys.

Development of the HANA serial alloys (Zr-Nb-Cu

alloys) indicates that copper has a positive effect on the

corrosion resistance of commercial zirconium alloys.[4–7]

Since the development of the HANA serial alloys, dilute

copper additions have been added to experimental Zr-based

alloys to improve their corrosion resistance.[8–14] Among

those experimental alloys, Zr-Sn-Cu is an important sub-

system. Though no Sn-containing compound has been

reported in commercial zirconium alloys, the interaction of

tin with Zr and other alloying elements is still vital for

understanding phase transformations in commercial Zr-

based alloys. For example, the interaction of tin and other

alloying elements will change the phase boundary between

a-Zr and b-Zr as well as those between a-Zr, b-Zr, and
precipitates. Temperatures associated with these bound-

aries are very important for thermal fabrication.

Most commercial Zr-based alloys are multicomponent.

To understand phase transitions in multicomponent alloys,

having a thermodynamic description of the alloys by using

CALPHAD techniques is both convenient and powerful.[15]

Experimental work on binary and ternary phase diagrams

provide basic data for the thermodynamic optimization of

databases. To benefit the establishment of a thermody-

namic description of the Zr-based alloys, this work aims to

determine phase equilibria in the Zr-Sn-Cu system.

Subsytems for the Zr-Sn-Cu alloy are the Zr-Cu, Zr-Sn,

and Cu-Sn binary systems. In 1990, Aria and Abriata

assessed the phase diagram of the Zr-Cu system.[16]

According to Aria and Abriata, there are 8 compounds

existing in the Zr-Cu system, i.e., Cu9Zr2, CuZr, Cu10Zr7,

Cu24Zr13, Cu2Zr, Cu8Zr3, Cu51Zr14, and Cu5Zr. Later, Zeng

et al.[17] optimized this system. Zeng et al.[17] pointed out

that Cu5Zr rather than Cu9Zr2 exists in this system.
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According to Zeng et al.,[17] the stable phases at 700 �C for

the Zr-Cu system are CuZr2, Cu10Zr7, Cu8Zr3, Cu51Zr14,

and Cu5Zr. In 2010, a thermodynamic assessment of the

Zr-Cu system has been carried out by Kang and Jung.[18]

Kang and Jung[18] reported that the stable compounds in

the Zr-Cu system were Cu9Zr2, Cu51Zr14, Cu8Zr3, Cu2Zr,

C10Zr7, CuZr, Cu5Zr8, and CuZr2. Recently, a new exper-

iment work and thermodynamic assessment on the Zr-Cu

system were conducted by Liu et al.[19] Experiment work

from Liu et al. revealed that Cu2Zr and Cu5Zr8 were not the

stable phases. This result is consistent with that in Ref 17.

As discussed by Zeng et al.[17], the existence of Cu5Zr was

supported by XRD results on the extracted precipitate,[20]

and electron diffraction results on the precipitate in spray-

cast Cu-Zr alloys.[21] Recently, results from electron

diffraction confirmed that Cu5Zr was the stable compound

in the Zr-Cu system too.[22,23] It shows that the modeling

work of the Zr-Cu system by Liu et al.[19] is more reliable

than that by Kang and Jung.[18] Summarily, the

stable compounds in Zr-Cu system are Cu5Zr, Cu51Zr14,
Cu8Zr3, C10Zr7, CuZr, and CuZr2. CuZr is a high temper-

ature phase, which decomposes through eutectoid reaction

CuZr $ Cu10Zr7 ? CuZr2 at 717.6 �C.[19]

The Cu-Sn phase diagram was experimentally re-in-

vestigated by Fütauer et al.[24] A new thermodynamic

assessment of this system was carried out by Li et al.[25]

too. According to Fütauer et al.[24] and Li et al.,[25] solid

solution (Cu), Cu17Sn3, Cu3Sn and liquid are stable at

700 �C in the Cu-Sn system. Cu17Sn3 and Cu3Sn (ht),

designated as b and c in Ref 24 respectively, presenting

order–disorder transition with composition change, are

stable in the composition range of 15.0-27.5 Sn at.% at

700 �C respectively. Cu17Sn3 has the bcc W prototype, and

Cu3Sn (c) adopts the fcc BiF3 prototype.

The Zr-Sn system was experimentally updated and

assessed by Pérez et al.[26] Four binary compounds were

found to exist at 700 �C, i.e., ZrSn2, Zr5Sn4, Zr5Sn3, and
Zr4Sn in this system.[26] Zr5Sn3 (Mn5Si3 prototype struc-

ture) and Zr5Sn4 (Ti5Si4 prototype structure) have close

related crystallographic structures.[27] These two phases are

stable up to 1100 �C, and merge into a single phase Zr5-
Sn3?x, with 0\ x\ 1, at higher temperature, due to their

structural similarities.[27] The Zr5Sn3?x phase was referred

as g by Pérez et al.[26]

Two isothermal sections of the Zr-Sn-Cu system at 397

and 497 �C were experimentally determined by Romaka

et al. across the whole composition range.[28] Two new

ternary compounds, ZrCuSn and ZrCuSn2, were identified.

The ZrCuSn compound adopts the TiNiSi structure type

with cell parameters of a = 0.66279(1) nm,

b = 0.43679(9) nm, c = 0.76791(2) nm. The ZrCuSn2
compound has the HfCuSi2 structure type with cell

parameters of a = 0.41350(7) nm, c = 0.9225(3) nm.

Most commercial zirconium-based alloys are thermally

fabricated, for example, by forging and extruding in the

temperature range from 700 to 800 �C. In this work, the

isothermal section of this system at 700 �C was

investigated.

2 Experimental Procedures

Nuclear grade sponge Zr, pure Cu (99.95 wt.%), and Sn

(99.95 wt.%) were used as starting materials. Ingots (4 g)

were arc melted under the environment of pure argon

(99.99%). To reduce contamination by oxygen, a titanium

getter was melted prior to melting. The resultant buttons

were sealed in vacuum quartz tubes. The alloy buttons

were directly annealed at 700 �C for 60 days followed by

water quench.

The alloys were subject to x-ray diffraction (XRD). The

XRD was carried out on the XD-3 diffractometer with

CuKa radiation and graphite monochromator. The metal-

lographic specimens were prepared by mechanical grinding

and polishing, but without etching. Microstructural obser-

vation and compositional analysis were carried out on a

Scanning Electron Microscope (SEM, EVO 18) coupled

with energy dispersive spectrometer (EDS, Bruke). Com-

positions of the alloys and those of the identified phases

were obtained in area scan mode and dot scan mode,

respectively, with ZAF corrections. No standard was used

for the EDS compositional analysis. Chemical composition

for each phase is the average of at least three

measurements.

3 Results and Discussions

Results of the investigated alloys by combining use of

SEM/EDS and XRD are presented in Table 1. Measured

compositions for the investigated alloys and the identified

phases are included. It is noted that phase identification is

mainly based on composition, because of the overlap of

diffraction peak in the Zr-Cu compounds.

The Zr-Sn-Cu phase diagram at 700 �C is given in

Fig. 1. A new ternary compound, designated as s, was

found in this work. The previously reported ternary com-

pounds, ZrCuSn and ZrCuSn2,
[28] were designated as s1

and s2 in Fig. 1, respectively. Tie-triangles with dash lines

were deduced by the adjacent phase relationships and

Gibbs’ phase rule. The end-points of these tie-triangles

were tentatively determined, too. Cu17Sn3 (b) and Cu3Sn

(c) experience order–disorder transition with the compo-

sition change.[24,25] A dash line was drawn to separate two-

phase region of [b ? ZrCuSn] and [c ? ZrCuSn]. For the

convenience of the reader, the composition points for the
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Table 1 Experimental results of the Zr-Cu-Sn alloys by XRD and SEM/EDS

No. Measured and nominal compositions(a) Phase identified Measured compositions

Zr Cu Sn Zr Cu Sn

1 73.9 8.0 18.1 aZr 96.3 0.0 3.5

70 10 20 Zr5Sn3 58.8 8.3 32.9

2 73.0 18.0 9.0 aZr 95.5 1.2 3.3

70 20 10 Zr5Sn3 60.0 10.2 29.8

CuZr2 73.6 22.2 4.2

3 67.1 12.9 20.0 Zr5Sn3 57.8 9.3 32.9

65 15 20 aZr 94.7 0.7 4.7

CuZr2 74.5 24.1 1.3

4 61.6 7.3 31.1 Zr5Sn3 58.9 6.0 35.1

60 10 30 aZr 94.8 0.6 4.7

CuZr2 72.2 26.7 1.1

5 90.8 4.6 4.6 aZr 95.4 0.4 4.2

90 5 5 Zr5Sn3 67.5 9.3 23.1

CuZr2 71.3 27.8 0.9

6(b) 52.2 25.9 21.9 Zr5Sn4 56.1 11.6 32.3

50 25 25 Cu10Zr7 43.5 56.3 0.2

CuZr 52.2 48.7 0.1

7(b) 56.7 25.3 18.0 Zr5Sn4 58.5 11.2 30.3

55 25 20 CuZr2 66.7 33.1 0.2

CuZr 50.5 49.2 0.3

Cu10Zr7 n.d.

8(b) 62.8 28.0 9.2 Zr5Sn4 56.1 12.5 31.5

60 30 10 CuZr2 70.4 29.4 0.2

CuZr 52.7 47.0 0.3

Cu10Zr7 n.d.

9(b) 52.8 38.5 8.7 Zr5Sn4 58.2 11.0 30.9

50 40 10 Cu10Zr7 45.0 54.3 0.7

CuZr 53.1 46.6 0.3

Cu2Zr n.d.

10 45.1 22.2 32.7 Zr5Sn4 58.1 7.8 34.1

43 25 32 s1 (ZrCuSn) 36.2 32.6 31.3

s 25.9 65.4 8.7

11 37.6 16.1 46.3 Zr5Sn4 57.6 3.6 38.8

35 20 45 ZrSn2 33.5 1.0 65.6

s1 (ZrCuSn) 36.7 30.3 33.0

12(c) 9.8 57.7 32.5 s1 (ZrCuSn) 34.7 33.3 32.1

10 60 30 Cu3Sn 0.1 74.1 25.9

Cu6Sn5 1.8 53.1 45.1

(Sn) 0.1 2.3 97.7

13(c) 8.4 48.4 43.2 s1 (ZrCuSn) 36.7 32.4 30.9

10 50 40 Cu3Sn 0.0 74.6 25.4

Cu6Sn5 0.0 53.6 46.4

(Sn) 0.0 3.0 97.0

14 21.4 46.4 32.2 s1(ZrCuSn) 34.3 31.2 34.4

20 50 30 Cu3Sn 0.1 75.3 24.6
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Table 1 continued

No. Measured and nominal compositions(a) Phase identified Measured compositions

Zr Cu Sn Zr Cu Sn

15 32.6 48.3 19.1 Zr5Sn4 56.9 9.4 33.8

30 50 20 s1(ZrCuSn) 34.9 31.5 33.6

s 24.4 67.0 8.7

16 43.0 47.2 9.8 Zr5Sn4 54.9 13.1 32.0

40 50 10 Cu8Zr3 29.6 70.3 0.1

Cu10Zr7 45.2 54.0 0.8

17 24.3 52.4 23.3 s1(ZrCuSn) 34.7 33.1 32.2

20 60 20 (Cu) 0.4 96.4 3.2

18 32.1 57.6 10.3 Zr5Sn4 55.3 12.5 32.2

30 60 10 Cu51Zr14 22.9 76.6 0.5

s 24.8 67.6 7.6

19 22.2 68.1 9.8 s 24.4 66.7 8.9

20 70 10 (Cu) 0.0 99.3 0.7

s1 (ZrCuSn) 35.2 34.2 30.6

20 15.6 38.1 46.3 s1 (ZrCuSn) 35.0 31.3 33.8

20 40 40 Cu3Sn 0.1 72.2 27.7

21 41.5 39.8 18.7 Zr5Sn4 55.8 11.2 33.1

40 40 20 Cu51Zr14 23.0 76.6 0.4

s 25.6 66.8 7.6

22 27.7 15.4 56.9 ZrSn2 35.0 0.6 64.5

25 25 50 s2(ZrCuSn2) 25.7 24.0 50.3

23 43.4 22.8 33.8 Zr5Sn4 55.7 8.5 35.7

35 35 30 s1 (ZrCuSn) 34.3 33.6 32.1

s 26.6 63.3 10.0

(a) To save the space, the measured average and nominal composition of each alloy was included together. The composition in first row for each

alloy is the measured average composition, while the second row is the nominal composition

(b) CuZr was not observed by x-ray

(c) Cu6Sn5, and (Sn) are the products of liquid during solidification

Fig. 1 Isothermal section of the Zr-Sn-Cu system at 700 �C

Fig. 2 BSE image of alloy 18
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investigated alloys were marked in Fig. 1. It is noted that

there are several composition points out of the tie-triangles

defining by the alloys. As an evidence to support the

existence of the related tie-triangles, results from these

alloys are reserved in Table 1 too.

Figure 2 is the backscattered electron (BSE) image of

alloy 18. It is clear that the alloy is composed of three

phases. Composition of the white grey phase is Zr55.3-
Cu12.5Sn32.2 (at.%), which indicates this phase is Zr5Sn4.

The deeply grey phase Zr22.9Cu76.6Sn0.6 was identified as

Cu51Zr14. The composition of the grey phase is Zr24.8-
Cu67.6Sn7.6 (at.%), designated as s.

Alloy 21 consists of Zr5Sn4, Cu51Zr14, and s phase too,

as shown in Fig. 3. Results from alloys 18 and 21 indicate

that the tie-triangle of (Zr5Sn4 ? Cu51Zr14 ? s) is in this

system. The s phase with very similar composition was

observed in alloys 10, 15, 19, and 23, see Table 1. The

average composition of s is calculated to be Zr25.3Cu66.1-
Sn8.6. Co-existence of s and Cu51Zr14 in alloys 18 and 21

reveals that s and Cu51Zr14 are different. This s phase is

identified as a new ternary compound rather than a ternary

phase derived from the nearby Zr-Cu compounds. Further

work needs to be done to clarify the nature of this new

ternary compound.

The tie-triangle of [(Cu) ? s ? ZrCuSn] is supported

by phase identification in alloy 19, as shown in Fig. 4. The

dark phase with composition of Cu99.3Sn0.7 is (Cu). The

grey phase with composition of Zr35.2Cu34.2Sn30.6 is

ZrCuSn. The white grey phase with composition of

Zr24.4Cu66.7Sn8.9 is the new ternary compound s. The color
contract in the BSE image is related to the average atomic

number of the phase. In this alloy, (Cu) with lowest aver-

age atomic number is the darkest.

X-ray diffraction (XRD) observed major CuZr2 and

Zr5Sn4, and minor Cu10Zr7 in alloy 7, as shown in

Fig. 5(a). Figure 5(b) is the BSE image for microstructure

of this alloy. As shown in Fig. 5(b), the white grey phase

with composition of Zr58.5Cu11.2Sn30.3 is Zr5Sn4, which is

confirmed by XRD. Phases between the island Zr5Sn4 have

little color contract in the BSE image. However with the

help of EDS, the deeply grey phase is CuZr with a

Fig. 3 Microstructure of alloy 14

Fig. 4 BSE image of alloy 19

Fig. 5 (a) XRD and (b) BSE image of alloy 7. XRD detects only

strong peaks of Cu10Zr7
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measured composition to be Zr50.5Cu49.2Sn0.3 and the grey

phase is CuZr2 with a composition of Zr66.7Cu33.1Sn0.2.

The boundary between CuZr and CuZr2 is dim, which

imply that CuZr is in the diffusion processing. The com-

position of Cu10Zr7 was not detected. Similar results were

found in alloy 9, where Zr5Sn4 and Cu10Zr7 and CuZr2
were detected by XRD. However, EDS detected only the

composition of Zr5Sn4 and Cu10Zr7 and CuZr. The

boundary between CuZr and Cu10Zr7 is not clear too. The

CuZr phase decomposes via. eutectoid reaction CuZr $
Cu10Zr7 ? CuZr2 at 717.6 �C.[19] The dim boundary of

CuZr phase and Cu2Zr in alloy 7, and Cu10Zr7 in alloy 8

suggested that CuZr is in diffusion decomposition pro-

cessing. Thus, CuZr phase detected in alloys 6-9 is con-

sidered to be metastable. Results in alloys 7 and 8 define

the tie-triangle of [Cu10Zr7 ? Zr5Sn4 ? CuZr2].

The tie-triangle of (Zr5Sn4 ? Cu10Zr7 ? Cu8Zr3) is

supported by alloy 16 as seen in the Fig. 6. The white grey

phase Zr54.9Cu13.1Sn32.0 is Zr5Sn4, and the white light grey

phase Zr29.6Cu70.3Sn0.1 is Cu8Zr3, while the deeply grey

phase Zr45.2Cu54.0Sn0.8 is Cu10Zr7.

Figure 7 is the BSE image of alloy 15. The BSE image

shows that the alloy consists of three phases. These phases

were identified to be Zr5Sn4, s, and ZrCuSn by considering

the results from XRD and SEM/EDS analysis. The com-

position of Zr5Sn4 is Zr56.9Cu9.4Sn33.8, and of s and

ZrCuSn are Zr24.4Cu67.0Sn8.7 and Zr34.9Cu31.5Sn33.6. Co-

existence of Zr5Sn4, s, and ZrCuSn was observed in alloy

23 too. Results from alloys 15 and 23 confirmed the tie-

triangle of (Zr5Sn4 ? s ? ZrCuSn).

At 700 �C, liquid was present in the alloys close to the

Cu-Sn side. In this work, liquid phase was observed in

alloys 12 and 13. Figure 8 is the BSE image of alloy 12.

The large island phase is the ZrCuSn ternary compound.

The grey phase is Cu3Sn (c) at 700 �C. As shown in Fig. 8,

the light grey phase is Cu6Sn5, which is the product of

liquid during quenching. After the precipitate of Cu6Sn5,

the retained liquid solidified into a mixture Cu6Sn5 and

(Sn). These two phases could not be distinguished in the

current image resolution. Results from alloy 12 define a tie-

triangle [Cu3Sn ? ZrCuSn ? Liquid]. Since Zr has a small

solubility (5 at.% at 700 �C) in liquid Sn,[26] it is believed

that Zr has small solubility in Cu-Sn liquid too. Thus, the

liquid point in the tie-triangle [Cu3Sn ? ZrCuSn ? Liq-

uid] is assigned to be the point in liquidus of the Cu-Sn

system at 700 �C. Figure 9 is the BSE image of alloy 13.

Liquid and ZrCuSn were confirmed to exist together at

700 �C. No alloys contained [ZrCuSn ? ZrCuSn2 ? Liq-

uid] and [Zr2Sn ? ZrCuSn2 ? Liquid] were found in this

work. Tie-triangles [ZrCuSn ? ZrCuSn2 ? Liquid] and

[Zr2Sn ? ZrCuSn2 ? Liquid] are determined based on the

adjacent phase relationships. The liquid points in the these

two tie-triangles are arbitrary tentative.

The ZrCuSn2 phase was observed to co-exist with ZrSn2
in alloy 22. This result shows that ZrCuSn2 is stable at

700 �C. Taking into account the data listed in Table 1, it is

Fig. 6 Microstructure of alloy 16

Fig. 7 BSE image of alloy 15

Fig. 8 BSE image of alloy 12
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noted that the measured content of Sn in the Zr-Cu side

binary compounds is very small. This fact means that the

solubility of Sn in the Zr-Cu binary compounds is

negligible.

4 Conclusions

1. A new ternary compound, designated as s with com-

position of about Zr25.3Cu66.1Sn8.6 was identified. The

previously reported ternary compound ZrCuSn and

ZrCuSn2 are confirmed to be stable at 700 �C.
2. Phase relationships in the Zr-rich corner, of interested

in nuclear industrial applications, are (Zr5Sn3 ?

aZr ? CuZr2) and (Zr5Sn3 ? Zr4Sn ? aZr).
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