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The A l-N i phase diagram has been investigated in the composition range x Ni =  0.70 to 0.97. Phase 

boundaries were determined by using differential thermal analysis and Knudsen effusion mass 
spectrometry. The measurements were carried out in the temperature range between 1409 and 
1730K. An A l-N i phase diagram is obtained for x Ni Si 0.70 by combining the data from this work 
with selected data from the literature. This diagram deviates from that recommended by phase 
diagram compilations and used generally in the literature to date; it agrees reasonably well with a 
diagram which has been rejected in the literature.

1. Introduction

The nickel-rich part of the A l-N i phase diagram is 
of fundamental interest for nickel-base superalloys 
since the yield strength of the intermetallic compound 
AlNi3 (y' phase) increases anomalously if the tempera­
ture rises [1]. This part of the phase diagram is also of 
key interest for recent research into the development 
of ordered alloys as new structural high-temperature 
materials [2], The nickel-aluminides are considered to 
be important model materials for this research.

In spite of the stated importance of the nickel rich 
part of the A l-N i phase diagram, a decision about 
very contradictory results especially for concentra­
tions of and near the compound AlNi3 [3, 4] has not 
yet been reached. Figure 1 shows a section of the 
phase diagram in the compilation of Hansen and An- 
derko [4], Subsequent critical compilations (e.g. [5-8]) 
confirmed this phase diagram section. It is generally 
used in the literature to date. Recently, however, 
Bremer et al. [9] prepared nickel-rich AlNi3 single 
crystals and made phase studies. Their results support 
the phase diagram proposed by Schramm [10], which
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has essentially been rejected by Hansen and Anderko
[4], According to Schramm the following peritectic 
and eutectic reactions exist:

L +  y[(Ni)] y'[AlNi3] at 1635 K,

L /  [AlNi3] +  /?[AlNi] at 1633K.

These reactions differ substantially from those given 
by Figure 1:

L +  ß[AlNi] ^  y' [AlNi3] at 1668 K,

L y [(Ni)] + y'[AlNi3] at 1658 K.

Fig. 1. Ni rich part of the Al -  Ni phase diagram according to 
Hansen and Anderko [4],
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To clarify the contradictory results, phase bound­
aries were determined for alloys of the compositions 
{.xNi +  (1 — x)Al}, .X =  0.700 to 0.970. High precision 
differential thermal analysis and Knudsen effusion 
mass spectrometry were used for the first time in these 
investigations. Thermodynamic properties deter­
mined additionally for the melts and the solid phases 
of this composition range will be given in a separate 
publication [11].

2. Experimental

2.1 Samples

Alloy samples of different composition were pre­
pared by induction melting in a purified argon atm o­
sphere using the levitation technique. Nickel (purity 
99.98 mass per cent, supplied by Societe Metal- 
lurgique le Nickel-SLN, Paris, France, after vacuum 
degassing 99.997 mass per cent) and aluminium (pu­
rity 99.999 mass per cent, supplied by VAW Alumini­
um, Bonn, Federal Republic of Germany) were used 
as starting materials. Quantitative analysis of the sam­
ples by atomic absorption spectroscopy yielded the 
original weighed-in quantities of the components 
within the uncertainty of the analysis amounting to 
about + 0.5%.

Twenty-one samples with xNi = 0.700, 0.710, 
0.720, ...,0 .850, 0.880, 0.910, 0.940, 0.970, and 0.755 
were thus obtained.

2.2 Differential Thermal Analysis

The thermal analyzer used for the measurements 
(model 429, Netzsch, Selb, Federal Republic of G er­
many) renders possible simultaneous differential ther­
mal analysis and thermogravimetric analysis. The al­
loy samples were heated in alumina crucibles with a 
high-temperature furnace, model 62253-03, Netzsch, 
under flowing helium (purity 99.9999 vol.%) at a flow 
rate of 80nm 3s_1. Traces of moisture and oxygen 
were removed by passing the gas through a molecular 
sieve and calcium at 550 K before it entered the ana­
lyzer. In addition, zirconium foil was arranged near 
the sample as an “in situ” getter for oxygen and mois­
ture. All gas connections were made using 6 mm diam­
eter teflon tubes with high vacuum connectors. The 
temperature measurement with P t/P t + 10% Rh ther­
mocouples was calibrated by the melting points of 
silver, gold, and nickel as given by the International

Practical Temperature Scale [12]. 650 mg of high pu­
rity platinum foil served as a reference during the 
measurements carried out with alloy samples with a 
mass of 200 to 300 mg.

2.3 Knudsen Effusion Mass Spectrometry

The measurements were carried out with a substan­
tially modified [13, 14] Knudsen cell-mass spectrome­
ter system supplied by Finnigan MAT, Bremen, Fed­
eral Republic of Germany. The mass spectrometer is 
a single focusing 90° sector field instrument of the type 
CH5. The vapour species were ionized with an elec­
tron emission current of 82 jiA and an electron energy 
of 17 to 19 eV.

Figure 2 shows the selected cylindrical Knudsen 
cell used in the measurements. The outer molyb­
denum cell contains an inner cell with a crucible, both 
made of high density zirconia stabilized by calcium 
oxide, type ZR23, supplied by Friedrichsfeld, M ann­
heim, Federal Republic of Germany. Inner cells and 
crucibles of alumina or glassy carbon used tentatively 
were rejected. Alumina generates Al+ ion intensities at 
the temperature of the measurements thereby reduc­
ing the sensitivity of the instrument for the detection 
of Al partial pressures. A solution of carbon in solid 
Al/Ni alloys was observed during their vaporization 
in cells made of glassy carbon thereby falsifying the 
results.

Temperatures were measured with an automatic 
optical pyrometer, type: mark II, Leeds & Northrup, 
on the bottom of a black body cavity laterally placed 
close to and below the bottom of the cell (see 
Figure 2). The temperature measurement was cali­
brated using the melting points of silver, gold, nickel, 
and platinum.

Fig. 2. Knudsen cell composed of an outer metallic cell and 
an inner ceramic cell with ceramic crucible.



K. Hilpert et al. • Phase Diagram Studies on the A l-N i  System 1329

3. Results

3.1 Differential Thermal Analysis

Investigations by differential thermal analysis were 
carried out at temperatures above 1600K for all sam­
ples given in Section 2.1. Figure 3 shows a typical 
DTA diagram. With the exception of the sample with 
xNi = 0.760 (Fig. 4), solidus temperatures were ob­
tained by heating the alloy samples at a rate of 2 
and/or 5 K m in - l . The temperature indicating the be­
ginning of melting was evaluated by the determination 
of the intersection of the extrapolated base line and 
the tangent at the point with the greatest slope on the 
leading edge of the endothermic peak. Liquidus tem­
peratures were obtained in an analogous way from the 
exothermic peaks (cf. Fig. 3) after ascertaining that 
there was no detectable supercooling of the melt. This 
was carried out by cooling the same sample at differ­
ent rates between 2 and 0.2 K m in-1 . Only solidus 
temperatures are determined for the compositions 
xNi ^  0.85.

Eutectic temperatures in K were obtained as 1642 
(0.710), 1643 (0.720), 1642 (0.730), 1642 (0.740), 1642 
(0.750), and 1642 (0.755) for the compositions xNi given 
in parenthesis (cf. Figure 7). Peritectic temperatures 
resulted for samples with xNi =  0.755, 0.760, 0.770, 
and 0.780 as 1645, 1646,1645, and 1644K, respective­
ly-

All temperatures determined here by differential 
thermal analysis for alloy samples of different compo­
sitions are shown in Figure 7.

The two methods used for temperature deter­
mination, by heating and by cooling, yielded two val­
ues for the melting point of gold which agree excel­
lently within the precision of these determinations 
(+  0.5 K). This shows the potential of the evaluation 
method employed.

Thermogravimetric analyses were carried out with 
a sensitivity of 50 (ig at the same time as the investiga­
tions by differential thermal analysis. No weight 
change was observed during the measurements.

3.2 Knudsen Effusion Mass Spectrometry

Upon vaporizing the alloy samples of the composi­
tions given in Sect. 2.1 with the exception of those with 
xNi =  0.710,0.720, 0.755, 0.780,0.810, 0.820, and 0.840 
the ions N i+ and Al+ were detected. These ions are 
formed in the ion source from the gaseous species
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Fig. 3. DTA for an alloy with x Ni =  0.720 (---- heating with
a rate of 5 K min -  ----- cooling with a rate of 5 K min -1 ;
sample weight 250 mg).

T/K

Fig. 4. DTA for an alloy with x Ni =  0.760 obtained by cool­
ing with a rate of 0.5 K min - 1.

Ni(g) and Al(g) according to the reactions

Ni(g) +  e~ N i+ +  2 e~ ,

Al(g) +  e" - > A l+ + 2 e ~ .

The N i+ and A l+ ion intensities are proportional to 
the Ni and Al equilibrium partial pressures over the 
alloys [15]. The presence of thermodynamic equilibri­
um in the Knudsen cell was shown by measurements 
with different sample surface area/effusion orifice area 
ratios.
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Ni + /A l+ ion intensity ratios were determined over 
solid alloy samples of different compositions in the 
temperature range between 1409 and 1703K. The es­
sential results for the evaluation in this work are 
shown in Figure 5. According to the phase rule the Ni

T / K

1700 1600 1500 1400

T

Fig. 5. Temperature dependence of the Ni + /A l+ ion intensi­
ty ratio, corrected for isotopic distribution, determined for 
different alloy compositions.

Fig. 6. Ni + /Al~ ion intensity ratios, corrected for isotopic 
distribution, at temperatures of 1525, 1550, and 1600K de­
termined for different alloy compositions (•, obtained by 
extrapolation).

and Al partial pressures and hence also the Ni + /Al + 
ion intensity ratios are independent of xNi if two 
phases (L +  y, y + / ,  /  + ß, L + ß, L + y') are pres­
ent in the alloy at the temperature of the measure­
ment. This is not the case if the alloy consists of only 
one phase (e.g.: y, / ,  ß). The dashed line (Fig. 5) repre­
senting the binary phase fields (L + y), (L +  y '\  and 
(L + ß) results from extrapolation of the ion intensity 
ratios to the solidus temperatures obtained by differ­
ential thermal analysis. The three phase transitions 
shown in Fig. 7 by dots with error bars result from the 
experimental curves (Fig. 5) for xNi =  0.70, 0.74, and
0.75.

The phase boundaries {ß +  y')/y', y'/(y +  /) ,  and 
(y +  y')/y between 1525 and 1600K (Fig. 7) result ac­
cording to the phase law as shown in Figure 6. Three 
isotherms are shown in this diagram as examples. 
Some of the points were obtained by extrapolation 
from log /(N i + )// (Al + ) vs. \ / T plots. The dashed lines 
(Fig. 7) represent estimated uncertainties.

4. Discussion

Figure 7 shows the phase boundaries determined 
here by differential thermal analysis and Knudsen ef­
fusion mass spectrometry. In addition, the vapor­
ization experiments indicate whether the alloys in­
vestigated consist of one or two phases (Section 3.2). 
On the basis of these results, complemented by se­
lected literature data [3, 9], the phase diagram in Fig. 7 
is obtained.

The given errors for the phase boundaries deter­
mined by Knudsen effusion mass spectrometry (Fig. 7) 
represent overall errors estimated from the evaluation 
procedure used (cf. Section 3.2). The overall error for 
the temperatures determined by differential thermal 
analysis is estimated to be smaller than ±  IK , with 
the exception of the peritectic temperature obtained 
from a sample with xNi = 0.760. The overall error for 
this temperature value might be slightly higher than 
i  IK  since it is not obtained by extrapolation to the 
base line (cf. Figure 4).

The DTA diagram obtained by cooling for an alloy 
with xNi =  0.760 (Fig. 4) is of particular interest. It 
clearly shows three exothermic reactions and indicates 
the liquidus, the peritectic and the eutectic tempera­
tures. The values obtained for the eutectic and peritec­
tic temperatures agree well with those resulting from 
the study of other samples (cf. Section 3.1). The two
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Fig. 7. Ni rich part of the A l-N i phase diagram according to 
this work obtained by DTA and Knudsen effusion mass spec­
trometry, KEMS.

neighbouring samples referring to xNi =  0.760 with 
xNi =  0.755 and 0.770 show only two phase reactions 
like all the other samples investigated. This and the 
obvious high agreement between the data determined 
by Knudsen effusion mass spectrometry and differen­
tial thermal analysis (cf. Fig. 7) support the phase dia­
gram of this work.

This phase diagram deviates from that given in the 
compilation by Hansen and Anderko [4] (Fig. 1), 
which was obtained by combining selected data from 
the works of Alexander and Vaughan [16], Taylor and 
Floyd [17], and Schramm [10]. In contrast to the phase 
diagram proposed by Hansen and Anderko, the dia­
gram of this work shows the same phase equilibria 
and fundamental structure as that proposed by 
Schramm and disagrees with the results of Alexander 
and Vaughan as well as the diagram proposed by 
Taylor and Floyd. In this work the temperature for the

beginning of the melting of the ( /  + 7) phase field is 
higher than that of the (ß +  y') phase field as found by 
Schramm but not in [16] and [17].

The peritectic temperature, 1635 K, and the eutectic 
temperature, 1633 K, obtained by Schramm are lower 
by 10 and 9 K, respectively, than those obtained here. 
This difference is reduced by 4 K if one takes into 
account that Schramm took the melting temperature 
of nickel to be 1624K while the value of the Inter­
national Practical Temperature Scale [12] is 1628 K. 
The atom fractions, xNi, for the eutectic and peritectic 
points determined in this work (cf. Fig. 7) are by 0.009 
smaller than those in Schramm’s phase diagram [10]. 
This difference is supported by Schramm’s observa­
tion of three exothermic reactions, corresponding to 
those shown in Fig. 4, for a sample with xNi =  0.775 
(cf. Figure 7).

The ß/{ß +  y'\ (ß +  / ) / / ,  y'/(y' + y), and ( /  +  y)/y 
phase boundaries have so far been determined by the 
analysis of quenched alloy samples at low tempera­
tures (e.g. [10, 16, 17]). In contrast to that, these 
boundaries were determined here by measurements at 
the temperatures at which they exist. Changes in the 
alloy composition, which might happen during 
quenching, are thereby excluded.

The xNi values of the ( /  -I- y)/y phase boundary 
obtained here for temperatures above 1525K are by
0.004 smaller than those of Schramm [10]. They 
deviate from those of Alexander and Vaughan [16] by 
up to 0.03. The homogeneity range of AlNi3 at 1550 K 
in this work, 0.735 < x Ni <  0.760, is shifted compared 
to [16], 0.724 <  xNi < 0.750, and [10] 0.742 <  xNi 
<  0.771. The phase boundaries of the AlNi3 homoge­
neity range at our lowest temperature (1525K) agree 
with those obtained by Taylor and Floyd [17] at their 
highest temperature (1423 K).
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