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The Ni-Pr phase diagram on the Pr-rich side was revised using differential thermal analysis,
differential scanning calorimetry, and scanning electron microscopy. The existence of four
stoichiometric compounds, Ni2Pr, NiPr, Ni3Pr7, and NiPr3, was confirmed; however, the melting
temperatures of 766 °C (NiPr), 566 °C (Ni3Pr7), and 562 °C (NiPr3) are considerably different
from the previously reported values. The same was true for the four eutectic reactions, which
were determined to be as follows: liquid (L) (45 ± 1 at.% Pr) ↔ Ni2Pr + NiPr at a mean
temperature of 732 ± 5 °C; L (65 ± 1 at.% Pr) ↔ NiPr + Ni3Pr7 at a mean temperature of 550
± 2 °C; L (72 ± 2 at.% Pr) ↔ Ni3Pr7 + NiPr3 at a mean temperature of 557 ± 2 °C; and L (77
± 1 at.% Pr) ↔ NiPr3 + Pr.

1. Introduction

The results of an investigation[1] of the magnetic prop-
erties of some Ni-Pr-Si alloys were of sufficient import to
warrant an investigation of the phase diagram equilibria in
the Ni-Pr-Si ternary system. Such phase equilibria data
could be used to guide future magnetic measurements to-
ward compositional changes that would produce desirable
magnetic changes. To accomplish this goal, it was decided
to start with investigations of the phase equilibria in the
limiting binary systems. Due to the availability of high-
purity Pr at this laboratory, it was decided that the initial
study should be on one of the binary Pr boundaries, and the
Ni-Pr boundary was chosen. A literature search showed that
Pan and Nash[2] had evaluated the phase relationships in the
Ni-Pr system with all information that was available prior to
1989. The data included two determinations of the Ni-Pr
phase diagram: one by Vogel and Fülling[3]; and the other
by Pan and Cheng.[4] In both investigations, the proposed
diagram was produced primarily from data generated by a
combination of differential thermal analysis (DTA) and x-
ray diffraction (XRD).

The Vogel-Fülling[3] diagram was based on data from
only nine alloys with Pr purity of 98 to 99 mass%. Four
intermediate phases were established with the possibility of
two more. The Pan-Cheng[4] diagram was based upon a
more extensive study with Pr purity being somewhat better
than 99.9 mass%. Their diagram was of the same general
form as the Vogel-Fülling[3] diagram, but now with seven
rather than four to six intermediate phases, and with corre-
sponding melting temperatures and invariant reaction tem-
peratures of the two investigations agreeing only in the most
Ni-rich region of the system. In their evaluation of Ni-Pr
data, Pan and Nash[2] preferred the Pan-Cheng[4] diagram.

The current study began with an attempt to verify the
Pan-Cheng[4] diagram before moving on to the Ni-Pr-Si
ternary system. This was done with DTA measurements on
five alloys at differing compositions across the system. The

results were compatible with the Pan-Cheng[4] diagram to
the extent that the diagram contains seven intermediate
phases, five eutectic reactions, and four peritectic reactions.
Indeed, in the Ni-rich region of the diagram even the melt-
ing temperature and the temperatures of the eutectic and
peritectic were in good accord with the Pan-Cheng[4] values,
but as the mole fraction of Pr increased the new measure-
ments yielded values for the invariant temperatures that
were consistently higher than the Pan-Cheng[4] values. The
degree of difference tended to increase with increasing Pr
content, with some values being as much as 30 to 90 °C
higher. On the basis of these preliminary results, a more
extensive investigation was undertaken for the region 0.3 <
XPr <1, with XPr being the mole fraction of Pr.

2. Experimental Procedures

Alloys were prepared from high-purity elements that
were supplied by the Materials Preparation Center at the
Ames Laboratory. The major impurities in Ni, as measured
by glow discharge mass spectroscopy, are as follows: C,
∼247 atomic ppm; O, ∼94 atomic ppm; Si, ∼60 atomic ppm;
Cl, ∼45 atomic ppm; and F, ∼36 atomic ppm. This indicates
Ni purity to be ∼99.96 at.%, which transforms to ∼99.986
mass%. The impurities in Pr, as measured by the same
technique, are as follows: O, ∼787 atomic ppm; C, ∼268
atomic ppm; H, ∼189 atomic ppm; N, ∼200 atomic ppm;
Gd, ∼13 atomic ppm; Si, ∼428 atomic ppm; and Nd, ∼28
atomic ppm. The analytical data indicate a Pr purity of
99.81 at.%, which converts to 99.98 mass%. These analyses
indicate an Ni purity that was quite comparable to that used
by Pan and Cheng,[4]but the Pr purity is almost an order of
magnitude more pure. All alloys were formed by arc-
melting appropriate amounts of the constituent elements.
Mass losses during melting were <0.5%. Part of each ingot
was cut and wrapped with tantalum (Ta) foil, sealed in
quartz tubes filled with 99.998% Ar, homogenized in a fur-
nace at 500 °C for two weeks, and then it was furnace-
cooled.

The microstructures of the as-cast and annealed samples
were investigated by optical microscopy or scanning elec-
tron microscopy (SEM). The quantitative analysis of indi-
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vidual phases was done by energy-dispersive spectroscopy
(EDS) on a JEOL 7830F Auger Microprobe (JEOL, Japan).
An analytical uncertainty of no greater than ±1% was ob-
tained by the removal of the oxide layer on the sample
surface by ion sputtering and by using single crystals of
Ni-Pr-Si ternary alloys as standards. The DTA investiga-
tions were carried out in a Perkin Elmer DTA 7 (Perkin
Elmer, Wellsley, MA), which can operate to a maximum
temperature of 1500 °C. The thermocouples were calibrated
at the transition temperature of high-purity K2SO4 and at the
melting point of Au, and the temperature measurements
were accurate to within ±5 °C. For the measurements,
samples weighing 20 to 60 mg were cycled at heating and
cooling rates of 10 °C/min in Ta crucibles under an Ar
atmosphere gettered by Zr at 600 °C with a flow rate of 50
cm3/min. The Ta crucibles were sealed by arc welding[5] to
prevent Pr loss by oxidation or vaporization. Congruent
melting temperatures for the stoichiometric compounds
Ni3Pr7 and NiPr3 could not be resolved from the DTA since
they were very close to the invariant temperatures. There-
fore, some of the alloys were analyzed in a differential
scanning calorimeter (DSC). The thermocouples used in the
DSC were calibrated against the melting points of pure In
and Al, and the accuracy of the temperature was estimated
to be within ±2 °C. DSC measurements for the alloys
wrapped with Ta foils were carried out in copper (Cu) pans,
which had been crimp-sealed in an Ar glove box. The mea-
surements were conducted at temperatures between room
temperature and 700 °C.

3. Results and Discussion

The Pr-rich portion of the Ni-Pr phase diagram resulting
from this study is shown in Fig. 1. The existence of com-
pounds NiPr, Ni3Pr7, and NiPr3, and the four eutectic reac-
tions were confirmed by EDS and XRD. However, the in-
variant temperatures are 30 to 90 °C higher than those found
in previous studies,[3,4] as listed in Table 1.

The difference in invariant temperatures found in this
study and in the previous study by Vogel and Fülling[3] is
possibly due to the experimental methods that were used.
While some of the discrepancies can be attributed to the
higher purity of the Pr metal used in this study, most of the
difference is believed to be related to the high propensity for
liquid undercooling in this alloy system. In the current
study, invariant temperatures were determined from the on-
set temperatures of peaks during heating in the DTA or DSC
measurements. However, the temperatures determined by
Vogel and Fülling[3] were from cooling curves, which are
usually lower than those on heating due to undercooling,
especially on the Pr-rich side. For example, the onset tem-
perature on heating is about 30 °C higher than that on cool-
ing, as shown in the DSC trace for Ni-85 at.% Pr with a
heating/cooling rate of 10 °C/min. The undercooling would
be even larger than 30 °C with a cooling rate of 60 °C/min,
as used by Vogel and Fülling,[3] which explains the differ-
ence of 50 and 74 °C between the current study and that of
Vogel and Fülling[3] for the two eutectic reactions on the
Pr-rich side. Given the propensity for a large degree of
undercooling of the Pr-rich alloys, the as-cast microstruc-
tures in this region will not reflect equilibrium solidification
structures. In particular, stoichiometric NiPr3 and Ni3Pr7
alloys were found to have two phases in the as-cast state, as
indicated in Fig. 1. Only following annealing did the struc-
tures reflect single-phase stoichiometric compounds.

Figure 2 is a SEM micrograph (taken by backscattered
electron [BSE] imaging) of an as-cast Ni-40at.%Pr alloy,
which shows primary Ni2Pr plus Ni2Pr and NiPr eutectic
compositions. The light phase is NiPr, and the dark phase is
Ni2Pr. The eutectic composition was determined by EDS as
45 at.% Pr (66.3 wt.% Pr). The eutectic reaction temperature
for L ↔ Ni2Pr + NiPr at 732 ± 5 °C (±SE) was determined
by DTA, as shown in Fig. 3.

The congruent melting temperature of NiPr was deter-
mined by DTA at 766 ± 5 °C, as shown in Fig. 4.

Figure 5 shows a BSE micrograph of an as-cast Ni-
60at.%Pr alloy with a characteristic eutectic structure cor-
responding to liquid (L) ↔ NiPr + Ni3Pr7. The composition
of the eutectic reaction was determined as 65 ± 1 at.% Pr
(81.7 wt.% Pr). The eutectic temperature was determined by
DTA and DSC to be 550 ± 2 °C, as shown in Fig. 6.

Figure 7 shows a BSE micrograph of as-cast alloy NiPr3.
A primary NiPr3 phase surrounded by the Ni3Pr7 and NiPr3

Fig. 1 Pr-rich part of the Ni-Pr phase diagram. The nature of the
as-cast microstructure (single or two phase) is indicated.

Table 1 Invariant reactions in the Pr-rich part of the
Ni-Pr system

Reaction Temperature, °C (at.% Pr in liquid)

Liquid ↔ Ni2Pr + NiPr 732 (45 ± 1)(a), 680 (∼47)(b), 705 (47)(c)
Liquid ↔ NiPr 766(a), 730(b,c)
Liquid ↔ NiPr + Ni3Pr7 550(a) (65 ± 1), 510 (∼67.5)(b)
Liquid ↔ Ni3Pr7 566(a), 535(b)
Liquid ↔ Ni3Pr7 + NiPr3 557 (72 ± 1)(a), 490 (∼73)(b)
Liquid ↔ NiPr3 562(a), 525(b), 530(c)
Liquid ↔ NiPr3 + Pr 554 (77 ± 1)(a), 460 (∼80)(b), 480 (85)(c)

Note: ±SE
(a) This work; (b) Refs 2 and 4; (c) Ref 3
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eutectic compositions was observed. The unexpected pres-
ence of primary NiPr3 likely resulted from the high degree
of undercooling, leading to metastable solidification condi-
tions resembling an off-eutectic phase distribution rather
than single-phase solidification. The composition of the eu-
tectic reaction L ↔ Ni3Pr7 + NiPr3 was determined at 72 ±
1 at.% Pr (86.1 wt.% Pr). A eutectic temperature of 557 ±
2 °C was determined by DSC, as shown in Fig. 8.

Figure 9 shows a BSE micrograph of an as-cast Ni-
85at.%Pr alloy, and a microstructure of primary Pr dendrites
surrounded by a eutectic structure was found. EDS results
showed the eutectic reaction L ↔ NiPr3 + Pr at 77 ± 1 at.%
Pr (88.9 wt.% Pr). The eutectic temperature of 554 ± 2 °C
was determined using a DSC, as shown in Fig. 10.

The major disagreement between the present work and

that of Vogel and Fülling[3] and Pan and Cheng[4] concerns
the reaction temperatures. The temperature of the eutectic
reaction L ↔ NiPr + Ni2Pr was reported as 705, 680, and
732 ± 5 °C, respectively, by Vogel and Fülling,[3]Pan and
Cheng,[4] and this investigation. The current measurements
indicate the congruent melting point of NiPr to be 766 ±
5 °C, which is 36 °C higher than the value of 730 °C re-
ported by both of the earlier investigations. For three eutec-
tic reactions, L ↔ NiPr + Ni3Pr7, L ↔ Ni3Pr7 + NiPr3, and
L ↔ NiPr3 + Pr, respective values of 510, 490, and 460 °C
were reported by Pan and Cheng,[4] while the values of 550 ±
2, 557 ± 2, 554 ± 2 °C were found in the current study by DSC

Fig. 2 BSE micrograph of an as-cast Ni-40at.%Pr alloy showing
primary Ni2Pr (gray) surrounded by the Ni2Pr + NiPr (light) eu-
tectic composition

Fig. 3 DTA result of an as-cast Ni-40at.%Pr alloy showing the
eutectic reaction of L ↔ Ni2Pr + NiPr at a mean temperature of
732 ± 5 °C

Fig. 4 DTA trace of annealed NiPr alloy

Fig. 5 BSE micrograph of an as-cast Ni-60at.%Pr sample show-
ing primary NiPr surrounded by a NiPr + Ni3Pr7 eutectic compo-
sition
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measurements. Due to the limited number of samples used
by Vogel and Fulling,[3] they did not find the phase
NiPr3Pr7, so for the region between NiPr and Pr they re-
ported a temperature of 500 °C for what they believed was
the eutectic reaction L ↔ NiPr + NiPr3, and a temperature
of 480 °C for the eutectic reaction L ↔ NiPr3 + Pr, with
both values being well below the currently measured values
for this composition region.

The determination of the congruent melting points of the
compounds Ni3Pr7 (566 ± 2 °C) and NiPr3 (562 ± 2 °C) is
challenging. Due to the small difference in composition
between the two phases, very small changes in stoichiom-
etry result in large amounts of the second phase, leading to
the observation of more than one thermal event. Second, the
large degree of undercooling in Pr-rich alloys leads to non-

equilibrium as-cast structures, which in turn leads to mis-
leading melting behavior. In addition, the melting tempera-
tures could not be resolved from the DTA due to their close
proximity to the invariant temperature (557 °C). DSC mea-
surements with a heating rate of 10 °C /min were then
carried out on the annealed compounds Ni3Pr7 and NiPr3 to
determine the melting points. Despite the higher resolution
of the DSC measurements, it was found that the thermal
signal associated with congruent melting overlapped with
the eutectic reaction, resulting in the peak position of the
combined thermal event to shift with heating/cooling cycles
due to the oxidation of Pr during heating, despite the fact

Fig. 6 DTA and DSC results of the as-cast Ni-60at.%Pr and
Ni-67.5at.%Pr alloys showing the eutectic reaction L ↔ NiPr +
Ni3Pr7 at a mean temperature of 550 ± 2 °C

Fig. 7 BSE micrograph of an as-cast NiPr3 alloy showing the
primary NiPr3 phase surrounded by the Ni3Pr7 + NiPr3 eutectic
composition

Fig. 8 DSC trace of an NiPr3 alloy at a heating rate of 1 °C/min.
The first peak is associated with the eutectic reaction, the second
tiny peak is due to the dissolving of the NiPr3 into the liquid, and
the third peak is associated with the melting of NiPr3 alloy.

Fig. 9 An optical micrograph of an as-cast Ni-85at.%Pr sample
showing a primary Pr and the NiPr3 and Pr eutectic structure
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that the samples were wrapped in Ta foil and crimp-sealed
in Cu pans in an Ar glovebox. For example, during the
heating of the NiPr3 alloys in the DSC, three thermal events
occurring very close in temperature (557, 562, and 566 °C)
were found, overlapping each other, in the first heating.
After several heating cycles, the peaks shifted, which made
it difficult to determine which reactions corresponded to
which peaks.

To obtain repeatable results, the composition for NiPr3
alloys should always be Pr-rich (slightly >75 at.% Pr), so
that only two peaks (one for the eutectic phase and one for
the NiPr3 liquidus) can be observed during the measure-
ments. In this case, an alloy of Ni-77at.%Pr was used to
determine the congruent melting point of NiPr3, as shown in
Fig. 11. During the first heating, the biggest peak is asso-
ciated with the eutectic reaction between Pr and NiPr3 at
554 °C, the second hump is due to the dissolution of NiPr3
into liquid, and the third tiny peak is associated with the
melting of remaining NiPr3 (i.e., the liquidus temperature).
Due to the oxidation of Pr during subsequent cycles, the
overall composition is depleted in Pr and the fraction of
NiPr3 is increased, thereby enhancing the peak of melting,
as shown in the second and third heating, and separating the
two thermal events, which correspond to the eutectic reac-
tion and melting from each other.

For Ni3Pr7, repeated cycling was not necessary if the
alloy composition was Ni-rich (i.e., slightly >30 at.% Ni). In
this case, the two thermal signals can be well resolved be-
cause the difference between the melting temperature
(566 °C) and eutectic temperatures is larger on the Ni-rich
side (550 °C) than the Pr-rich side (557 °C). During mea-
surements, the annealed stoichiometric Ni3Pr7 was used as a
starting material, and after several cycles the composition
shifted to the Ni-rich side, and only two peaks at 550 and
566 °C were found in curve 1, as shown in Fig. 12. These
two peaks corresponded to the eutectic reaction between
Ni3Pr7 and NiPr and the congruent melting point of Ni3Pr7,
respectively. The only peak in curve 2 is the congruent
melting point of Ni3Pr7. To obtain this curve, the sample

was first heated through the eutectic temperature and held at
a temperature below the congruent melting point of Ni3Pr7,
such that the eutectic liquid equilibrated with solid Ni3Pr7,
then cooled to a temperature just above the eutectic invari-
ant freezing, and heated again through the congruent melt-
ing temperature.

The determination of liquidus curves is problematic for
an experimental phase diagram study because multiple

Fig. 10 DTA result of an as-cast Ni-85at.%Pr alloy
Fig. 11 DSC results of as-cast Ni-77at.%Pr alloy. The first peak
is associated with the eutectic reaction, the hump is associated the
dissolving of the NiPr3 into the liquid, and the third peak is asso-
ciated with the melting of NiPr3. It can be seen that the peak for the
eutectic reaction decreased and that for the melting of NiPr3 in-
creased due to oxidation of Pr with cycles.

Fig. 12 DSC results of Ni3Pr7 alloy. The first peak in curve 1 is
associated with the eutectic reaction L ↔ NiPr + Ni3Pr7, and the
second peak is associated with the melting of Ni3Pr7. Curve 2 was
obtained by heating the sample to 560 °C and holding for 10 min,
then cooling to 550 °C, and then reheating to 580 °C.
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samples are required to get adequate results, especially
within small compositional ranges like those associated
with NiPr3 and Ni3Pr7. Further, it is often impossible to
gather accurate temperature measurements from DTA or
DSC traces because there are insufficient thermal signatures
for the dissolution of the trace remaining solid. Thermody-
namic modeling, on the other hand, is a good tool for phase
diagram study if some experimental data are available. In
the current study, the liquidus curves shown in Fig. 1 were
predicted by thermodynamic modeling carried out using
WinPhad (Computherm LLC, Madison, WI), a computer
program developed by Y. Austin Chang and coworkers for
the calculation of a phase diagram. During modeling, the
phase equilibria and available thermodynamic data for the
Ni-Pr system were optimized to produce thermodynamic
functions to describe the Gibbs energies of individual
phases. The liquid phase was treated as a subregular solu-
tion. The intermetallic phases were regarded as line com-
pounds. Details of the optimization process with the result-
ant parameters have been discussed by Huang and
Lograsso.[6]

4. Conclusions

The Ni-Pr alloy phase diagram on the Pr-rich side was
reinvestigated by DTA, DSC, SEM, and thermodynamic
modeling. The melting temperatures for three compounds
have been adjusted to 766 °C for NiPr, 566 °C for Ni3Pr7,
and 562 °C for NiPr3. The four eutectic reactions were
revised as follows: L ↔ Ni2Pr + NiPr at 45 ± 1 at.% Pr
(66.3 wt.% Pr) at a temperature of 732 ± 5 °C; L ↔ NiPr +
Ni3Pr7 at 65 ± 1 at.% Pr (81.7 wt.% Pr) at a temperature of
550 ± 2 °C; L ↔ Ni3Pr7 + NiPr3 at 72 ± 1 at.% Pr (86.1
wt.% Pr) at a temperature of 557 ± 2 °C; and L ↔ NiPr3 +

Pr at 77 ± 1 at.% Pr (88.9 wt.% Pr) at a temperature of 554
± 2 °C.
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