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Experimental Liquidus Points and Invariant
Reactions in the Cu-Zr System

In the Cu-Zr system, especially  between 025 <

X(Zr) < 1, experimental liquidus points are missing and
many doubts srise concerning the invariaul puints, In
1986, Kneller et al, [1) pointed out the existence of three
phases and (wo eutectoid reactions which had not yet
been reported. This work has been questioned by other
authors (2, 3], Differential Thermal Analysis (DTA) experi-
ments have been done in almost the whole range of com-
positions of the Cu-Zr system, especially where the work
of Kneller et al, [1] is ambiguous; results are compared
with the previous ones,

1 Introduction

The phase diagram of the Cu-Zr system was firstly and
essentially based on the work of Lundin et al, [4]. In their
work thermal analysis was used to determine cutectic and
peritectic isotherms as well as compound melting points,
Metallographic examination was used 10 reveal the phases
present at the cquilibrium. Lundin el al. [4] reported the
existence of five eutectics ¢t the concentrations/iempera-
tures x(Zr) = 0.065 / 1283 K. x(Zr) = (L3827 1160 K,
HZs) = 0440 | 1163K, x(Zr) = 0540 / 1200 K.
XZe) = 0724/ 1268 K, four congruently melting intes-
metallic phases with stoichiometrics/melting femperaturcs
CusZr 1 1373 K, CusZes / 1168 K. CuZr / 1208 K. CuZr,
f1273K and one phasc that is formed pentectically at
1343 K.

In subsequent works, two more phases were reported,
CuaZsy 5] and CusZr [6 to 9), Further, it was pointed
out that the compositions of some of the phases are differ-
ent from those originally proposed and should be correc-
ted, Cu;?; —t CUs!ZI'H llm. CusZr;- - CI.I!;ZI'_] l”],
(‘I}]Zrz - Cllel] “2].

Structurcs were reported for the phases CusZr [13),
CuﬂZr... [l"]; Cllu?l; “I. l‘“. Cuer-; “2] (the authors
made intensity calculations with the positional parameters
for NiZs; from [15)), CuZr [16] and CuZr; [17].

Moreover, it hits been shown by Carvalho and Harris [16]
that the B2-type phase, CuZr, is stable only above
985 + 5K below this lemperature, it decomposes by
an eutectoid reaction into the neighbouring phases, presum-
ably CuyyZr5 and CuZr;. These authors also concluded from
magnetic susceptibility measurements, metallography and
X-ray diffraction evidence that, at rapid cooling from the
stability range, CuZs transforms martensitically ido a
metastable phase with unknown structure; the transforma-
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tion temperature i3 440 + S K. They stated that a clear X-
ray diffraction pattesn of the equilibrium phase CuZr was
not obtained hy ansealing stoichiomctric alluy samples
Just below the melting point and subsequent quenching,
but only in a sample quenched from the liquid state.

Kneller et al, [1] studied the system in the range
020 < x(zZr) < 0.70, reported the existence of three
new phases and gave their Xeray data, CupZr,s,
Curyio(z = 3), CusZey, and 2 superstructure of CuZr,,
Phase stabilities were established for lemperatures above
BOO K. They reported that all new intermetallic phases in
this system have equal sphere packing densities and their
lattice parameters are commensurable, i e, connected by
simple geometrical ratios. As a consequence of such univer-
sal geometrical compatibility, structural coherency may
play an important role in phase reactions. Further, they con-
cluded that the DTA measurements indicate at least two
high-temperature phases, one at xZr) = 033, tentatively
tesmed CuZr, and one at x{Zr) 0.35, tentatively termed
CuzZry5. None of these phases could be retained at room
femperature by annealing  and subsequent  quenching.
Nevertheless, alloys  with (.36 < xZr) < 038,
quenched from the mekt, yielded the clear X-ray pattern
of a new phase which was ascribed to CuzyZryy. They
found the work of Carvalho and Harris [16] for the struc-
re and stability range of the phase CuZr campatihie
with thelr resilis. However, they measured the lattice
stability to be slightly higher and concladed that CuZsr
appears 1o be formed by a peritectic reaction rather thag
having a congruent melting temperature, according to their
DTA curves, and that its composition seemed to be not ex-
actly x(Zr) = .50 but somewhat higher, x(Zr) =~ 0515,
Knefler et al. [ 1) also proposed the existence of two more ew-
tectoid reactions CugZry — Cuy,Zriy + CujoZry (at 885 K)
and CusZey — CuipZiy + CuZrs (below ~ 970 K) and
for CuZr; a low-temperature phase modification, CuZr;-L,
and a high temperature modification, CuZr;-H, stable above
~ 1200 K.

The Cu-Zr system has alrcady been assessed by several
authors [2, 3] and [18]. Zeng et al. [3] considered the exis-
lence of the phases Cus Zr, Cusy Zryy. CugZn,, CuoZry, CuZr
and CuZrz but omitted, as Arias and Abrigia [2). the pew
phases and eutectoid reactions observed by Kneller et al,
[1]. In their opinion. the existence of thesc new phases
should be confirmed independently by other authors. On
the other hand, they questioned the experimental pro-
cedures used by Kneller et al. ).

Braga et al, [18] assessed the Qu-Zr system taking into
account the work of Kneller et al, I1]. The present work
aims to clear some doubts still remaining.
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Table 1. DTA experimental points.
Concentration x(Zr) Temperature (K) | Heating Rate (K/min) Concentration x(Zr) Temperature (K) |Heating Rate (K/m-=

0.800 1124 5 0.406 1194 2
0.800 1240 5 0.406 1197 2
0.800 1300 5 0.406 1198 2
0.785 1240 10 0.406 1202 ‘
0.785 1286 2 0.395 1195 2
0.663 1204 2 0376 1196 2
0.663 1234 2 0376 1201 2
0663 1299 . 0376 1233 .
0652 1192 10 0.360 1191 2
0.652 1194 10 0.360 1195 N 2
0652 1221 10 0.360 1229 2
0652 1279 5 0.360 1238 2
0.640 1191 2 0.360 1272 2
0.640 1195 2 0339 1196 2
0.640 1224 2 0339 1232 2
0.640 1282 2 0.339 1241 2
' 10 0339 1273 2
0.0 :?23 p 0339 1310 .
0.608 1188 5 0.335 1203 10
0.608 1219 5 0335 1241 10
0.608 1265 5 0335 1251 10
. ) 0.335 1277 10
0800 1186 2 033 i "
0.600 1218 2 0.303 1187 5
0.600 1257 . 0.303 1218 5
0.581 1006 10 0.303 e 3
0.581 1489 5 0303 1299 3
0.581 1219 5 0.303 1341 5
0.581 1243 5 0.300 1187 5
0.573 1005 10 0.300 1218 5
0.573 1185 5 0.300 1262 5
0.573 1186 s 0.300 1299 3
0573 120 5 0.300 1351 5
0.573 1234 5 0.286 1184 2
0.550 1184 2 0.286 1219 2
0.550 1215 2 0.286 1269 2
0.550 1229 2 0.286 1296 2
0.286 1367 .
0.543 1177 25
0.543 1181 25 0239 1275 3
0.543 1202 25 0.259 1304 5
0.543 1220 25 0.259 1385 5
0537 999 10 0.246 1270 5
0537 1193 2 0.246 1306 3
0.537 1196 2 0.246 1382 5
0.537 1228 2 0.23) 1270 10
0.537 1242 . 0.231 1306 10
0.515 1006 10 0.231 1376 10
0.515 1187 2 0.153 1270 10
0.515 1190 2 0.153 1309 10
0.515 1224 2 0.153 1359 10
0515 1239 2 0.139 1266 10
0.500 171 i0 0.139 1313 10
0.500 1183 10 0.139 1331 10
0.500 1195 10
0.128 1275 10
0.500 1233 2 0.128 1311 10
0.485 1169 5 0.128 1320 10
0485 1218 H 0106 1272 lo
' 0.100 1273 10
0.470 1174 10
i Hee 10 0.100 1287 10
0470 1206 10 0.060 1271 10
0439 999 10 0.060 1310 10
0439 1172 2
0.439 1204 2

* These points were extrapolated for a heating rate equal to “zero”.
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Fig. 1. Assessed phase diagram [18); DTA experimental points. DTA
curve (first heating) for a composition corresponding to the dotted ar-
row. The open circles are the experimental points, obtained for the
samples annealed for 96 h at 1103 K.

2 Experimental

For each composition to be investigated, a master alloy of
1 g or 2 g was prepared from pure elements, 99.99 wt.% Cu
and 99.9 wt.% Zr, by melting in an arc furnace under a puri-
fied argon atmosphere; prior to the introduction of the
argon, primary vacuum was made in the chamber of the
furnace. Each alloy was homogenised by remelting.

Some of the samples were annealed at 1103 K for 24 h
under vacuum and the samples with compositions
0.215 < x(Zr) < 0.273 were annealed at the same tempera-
ture for 24 h and 96 h under a purified argon atmosphere.

Some focus was put on the compositions that might solve
some questions, so, the most scanned range of concentra-
tions was 0.22 < x(Zr) < 0.67.

The chemical composition of the master alloys was de-
termined in an X-ray fluorescence spectrometer X-UNIC I,
with an average accuracy of 5.6 %. Some samples were ana-
lysed by energy-dispersive spectroscopy (EDS).
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Fig. 3. Assessed phase diagram [18]; DTA experimental points. DTA
curve for a composition corresponding to the dotted arrow.
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Fig. 2. Assessed phase diagram [18]; DTA experimental points. DTA
curve for a composition corresponding to the dotted arrow.

DTA (differential thermal analysis) measurements took
place in three different apparatus, DTA Shimadzu, DTA/
TGA Setaram, DTA/TGA TA Instruments SDT 2960 (all
three from room temperature to 1773 K) under a purified
argon atmosphere.

The DTA measurements were carried out in Al,O;5 cru-
cibles. SEM (scanning electron microscopy) — EDS (en-
ergy-dispersive spectroscopy) measurements were made
to ensure that the samples did not react with the crucibles.

For each concentration, the heating was performed at
least four times with four different samples with heating
rates of 2 K/min, 5 K/min, 10 K/min and 20 K/min. For
some compositions two cycles of heating/cooling were
done. The reactivity of copper and zirconium with oxy-
gen, at high temperatures, did not allow us to consider,
mainly for samples rich in Cu, the DTA curve for a heating
rate of 2 K/min.

Liquidus points were extrapolated to a heating rate of
“0 K/min”, when possible, with the values for at least
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Fig. 4. Comparison between Zeng et al. [3] assessed phase diagram

(taken from COST 507 database [19] for Thermo Calc [20]) and the
experimental points of this work.
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Fig. 5. Comparison between Kneller et al. [1]
assessed phase diagram and the experimental
points of this work (superimposed to the phase
diagram scanned from Kneller et al. [1]).
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min. The invariant temperatures were taken from the 2 K/
min curve (when it was possible).

The accuracy is + 5 K and sometimes higher for lower
temperatures.
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Conclusions

None of the phase diagrams already published is totally
coherent with the experimental DTA points obtained in
this work.

2. For compositions 0 < x(Zr) < 0.2, the assessed phase
3 Phase Diagram diagram which is closer to the experimental points,
here presented, is the one from Kneller et al. [1]. The
DTA results arc presented in Table 1. reactions L + fcc-Al CusZr and L + Cus;Zry
Comparisons were made between the DTA values ob- « CusZr have in [1] (Fig.5) more accurate tempera-
tained in this work, the published assessed phase diagrams ture and composition values. Nevertheless, the liquidus
[1,3, 18] (Figs 1 to 5) and the published experimental points curve L / L + Cus Zrn4 is in agreement with experi-
(Fig. 6). mental points in the three works [1,3,18]. It should
Figures 1,2 and 3 show the DTA heating curves for com- be emphasised that, to prevent the oxidation of the
positions where there arc doubts concerning the phase dia- Cu, these points were taken from experimental curves
gram. obtained with a heating rate of 10 K/min,
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3. For compositions 0.2 < x(Zr) < 0.45 the assessment of
Kneller et al. [1] is still the closest one, although in our
experiments the temperature of the peritectic decom-
position of CugZr; seems to be lower than in [1],
when considering the experimental points for samples
with compositions x(Zr) = 0.231, x(Zr) = 0.246
and x(Zr) = 0.259. The DTA measurements were per-
formed with these samples, after being annealed for 24 h
and 96 h at 1103 K (samples with ~ 150mg weight) un-
der a purified argon atmosphere. The experiments made
with the samples annealed during 96 h still reveal the
existence of the points represented by open circles in
the phase diagram of Fig. 1. These points can only be
confirmed by X-ray diffraction at high temperatures.

4, From the analysis of *DTA experiments, for composi-
tions of 0.273 < x(Zr) < 0.335, it can be inferred that
at least another phase is stable between ~ 1190 K
and ~ 1300 K. This phase could be CuysZrj3 or/and
CuyZr as suggested by Kneller et al. [1].

5. In the range 0.47 < x(Zr) < 0.55 the liquidus curve is
very different from other works [1,3,18]. The shape
of the curve seems to indicate the presence of a
phase, with congruent melting, for x(Zr) = 0.50.

6. For compositions (.55 < x(Zr) < 0.67 the experimental
liquidus curve is too different from the one from Kneller
et al. [1] but very similar to those in [3] and [18].

7. Taking into account the peaks for samples with com-
positions 0.439 < x(Zr) < 00667, x(Zr) = 0.785 and
x(Zr) 0.800, it can be inferred that the transforma-
tion CuZr;-L < CuZr-H occurs at ~ 1230 K and
not at 1200 K.

8. The peak corresponding to the eutectoid reaction
CugZry «— CusyZriy 4+ CuyoZr; at 885 K could not
be observed. However, SEM/EDS measurements, after
DTA mecasurements, in samples with compositions
0.231 < x(Zr) £ 0.335, showed the existence of the
phases Cus Zr;s and CujoZr; indicating that the
reaction occurred.

9. A peak at ~ 523 K was observed for samples with
compositions 0.439 < x(Zr) < 0.667 that could corre-
spond, as it was proposed by Carvalho and Harris
[16], to the CuZr martensitic transformation into a
metastable phase of unknown structure.

10.At ~ 1000 K a peak occurs in the DTA curves of
the samples with compositions 0.55 < x(Zr) < 0.67,
that could be interpreted as the reaction CuZr «
CuypZr; 4+ CuZr, — L. No evidences of a second
peak were detected. Thus, the existence of the reaction
CusZrg < CuypZr; + CuZr-L is not confirmed.
To clear away some doubts left concerning the phases

present in the phase diagram the authors are currently study-

ing the system using SEM/EDS and X-ray diffraction.
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