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ABSTRACT

This report describes studies to determine the nature of the
interactions between nickel and various refractory containers encountered in
high-temperature Knudsen cell vaporization systems, High-temperature mass
spectrometric measurements, in conjunction with metallographic studies, were
used to determine how these interactions influenced the vaporization
thermodynamics of nickel, Quch information is essential to permit the
determination of valid high-temperature thermodynamic activity data in multi-
component alloy systems, «

The studies revealed that graphite is an unsujtable container for
molten nickel, Due to a substantial solubhility of graphite in nickel, under
these circumstances the nickel activity and its enthalpy of vaporization are
significantly reduced in comparison to pure nickel, Recrystallized alumina
and stabilized zirconia refractories did not react with molten nickel, bhut
only zirconia was stable towards the molybdenum and tunasten Knudsen cell
jackets,

Recommendations are made for suitable containers for studies of the
thermodynamic properties of nickel-aluminium and nickel-aluminium-platinum
alloys. These alloy systems are important because they constitute the
aluminide protective coatings applied to hot end components of military gas
turbines.
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INFLUENCE OF CONTAINER INTERACTIONS ON THE

VAPORIZATION THERMODYNAMICS OF NICKEL

1. INTRODUCTION

Basic thermodynamic properties of high-temperature alloys are of
fundamental importance to our understanding of their behaviour under
operational conditions. Because of the lack of reliable thermodynamic data,
the development of structural superalloys and protective coatings used in the
fabrication of components in gas turbine engines has proceeded somewhat
empirically, and there is little doubt that the development has been
inefficient,

One of the Tasks of High Temperature Properties (HTP) Group, Task
No. DST 82/129 entitled "High Temperature Properties of Metals", has as its
objectives:

(1) to carry out basic research into the thermodynamic, kinetic and
mechanistic aspects of high-temperature degradative phenomena such
as oxidation and hot corrosion in metals and alloys of current and
potential relevance to the Australian Defence Force; and

(2) to investigate and develop methods whereby the high-temperature
corrosion resistance of such metals and alloys can be enhanced,

To facilitate the study of high-temperature thermodynamics, a
rotatable, four-compartment Knudsen cell (quad-cell) has been developed at MRL
as an effusion source for the mass spectrometric study of high temperature
systems, In a previous report [1] of the thermodynamic properties of the
nickel-aluminium system, using the quad-cell mass spectrometry technique,
difficulties were reported with the containment of liquid aluminium and
aluminium-rich alloys. This prevented the determination of aluminium
activities, but nickel activities were reported for the high nickel
compositions with nickel atom fractions, Xyir greater than 0.54.




The present study was undertaken as a preliminary to the
determination of the activities of bhoth nickel and aluminium over the complete
range of compositions.

It is well established [2,3] that vapour pressure measurements by
Knudsen cell effusion are very susceptible to interactions between the sample
and the container, Where possible, the selection of a chemically inert
container is desirable, although a reactive container may be used if a
protective layer of reaction products is formed that provides kinetic
stability {4,5). A guide to the suitability of a particular container for
metallic alloys is to examine its interaction with the separate components of
the alloy. The absence of interaction with the pure elements indicates that
reliable thermodynamic properties are likely to be obtainable for the alloys
in the same container. Conversely, interaction with either or both of the
component elements is likely to prevent the collection of reliable
thermodynamic data. If the nature and the extent of the interaction can be
well characterized, then it may be possible to correct the thermodynamic data
derived for the alloy, but such a procedure is best avoided if a non-
interactive system can be found.

Accordingly, a study was made of the interactior of nickel and
aluminium with a number of potentially suitable container materials. The
present paper primarily reports on the interaction with nickel; results of the
investigations into the interaction with aluminium, and the detailed study of
the nickel-aluminium alloys, will be reported in a future paper.

There are numerous literature reports on the vaporization
thermodynamics of nickel by a variety of techniques, including Knudsen mass
effusion, Knudsen effusion mass spectrometry, Langmuir vaporization {(both mass
loss and mass spectrometry), and gas transport. The earlier work has been
reviewed by Hultgren et al. [6] and the value selected for the enthalpy of
vaporization of nickel was AH29 = 430.1 ¢ 2.1 kJ mol~ . This value
(calculated by the Third Law me%hod) was based mainly on gas transport
measurements. Hultgren et al, disregarded the high values obtained from mass
spectrometry because of "the low absolute accuracy of this method” [6]. It
should be noted, however, that these were Lamgmuir vaporization mass
spectrometry measurements rathen than Knudsen effusion mass spectrometry,
Hultgren et al. also considered that the Knudsen mass effusion results of
Nesmeyanov and Man [7,8] should be rejected due to the orifice area dependenrce
of the nickel vapour pressures. However Man and Nesmeyanov [8] calculated
nickel vapour pressures inconsistent with their observed mass losses. The
correct pressures {calculated in the present work from their original results)
are approximately two orders of magritude lower than those they reported, but
still about twenty times higher than fthe accepted literature values [6]. The
recalculated pressures produce a mean enthalpy of vaporization (Third Law
method) which is significantly higher than than calculated by the authors and
also reported by Hultgren et al. (6] in their review,

Rutner and Haury [14) also performed a statistical analysis of
literature data on the vapour pressure of nickel, they too rejecting the
(incorrect) data of Nesmeyanov and Man [7,8]. They calculated by the Third
Law method a hest value for the enthalpy of vaporization,




~1 . .
AHD = 424.5 t 2.6 kJ mol . Using the enthalpy funcg*ons of Hultgren et al.

[6? this yields the vaiue AH(;98 = 426.5 t 2.6 kJ mol .,

Since non-~identical sets of experimental data were analyzed by the
above reviewers, the two best values are not strictly comparable. However,
they are in agreement within their respective error limits, and for ]

convenience have been averaged to yield the value AH298 = 428.,3 + 4 kJ mol .

In Table 1 the Knudsen effusion data from these reviews are
summarized, together with subsequent literature data., Third Law enthalpies of
vaporization of nickel have been calculated from the data of Alcock and Kubik
[10], and recalculated from the data of Man and Nesmeyanov [8]., With the
exception of the results of the latter authors [7,8]), the remaining literature
Knudsen effusion data agree reasonably well with the above averaged value for
the enthalpy of vaporization of nickel., 1In particular, the agreement obtained
by Knudsen effusion mass spectrometry [12] is satisfactory. This indicates
that, with suitable containment, it should be possible to obtain reliable
thermodynamic data for nickel using this technique,

TABLT 1. Knudsen Effusion Measurements of the Enthalpy of Vaporization
of Nickel
Sample/Cell AHO
e 298__

Material Method Temperature (kJ mol ) Ref .
Ni/Mo Mass loss 1400-1527K 341.1 + 0.8 7
Ni /Mo Mass loss 1320-1550K *393,1 + 4.2 8
Ni/Alumina Mass loss 1463-1628K 430.0 9
Ni/Alumina Mass loss 1835-1882K *429.5 + 0.3 10
Ni/Alumina Mass loss 1723-1873K -—— 11

and
Torsion
NiO and Ni/ Mass 1575~1709K **425,8 + 2.0 12
Alumina spectrometric
Ni83/Unknown Mass loss 1440-1600K 421.7 £ 0.3 13
* calculated in this work ** recalculated value [14)]
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2. EXPERIMENTAL CONSIDFRATIONS

2.1 Apparatus

In the present study a multiple Knudsen-cell mass spectrometry
technique was used. 1In this a rotatable four-compartment Knuisen cell (quad-
cell), developed at MRL, was the effusion source for a time-of-tflight mass
spectrometer [15,16].

The schematic diagram of the quad-cell is shown in Fig., la. The
geometry of the high vacuum chamber, and of the pre-machined refractory metal
quad-cells, limited the size of the crucible liners *ha* rcculd be used, which,
in turn, limited the ratio of the evaporating surface area to effusion hole
area. The internal diameter of the cell compartment was 8 mm, the internal
diameter of cell liners was typically 5 mm, and effusion orifice Aiameter was
1 mm. This lead to ratios of the evaporating surface area (taken as
arometrical cross sectional area of the cell) to effusion orifice area of 64
for the cell alone, and 25 for the cell containing a crucible., While the
former figure is similar to that used by Ward [2], the latter figure 1s lower
rthan is desirable (by a factor of four). However, it is generally accepted
that the value for the coefficient of vaporization of nickel is close to nnity
'#], so that equilibrium conditions should have been maintained within the
=211 even at a lower ratio,

As a result of the initial experiments, a second desian of quad--ell
was manufactured, as shown in Fig, 1b, In this desian the effusion orifice
(1 mm diameter) was ultrasonically drilled in the ceramic liner (1.5 mm wall
thickness), and the hole in the guad-cell was countersunk such that none of
the effusing beam could contact the quad-cell, A ceramic lid was lapped and
polished to ensure a good seal to the top of the ceramic line., thus
crevanting escape of vapour within the quad-ceil.

The choice of electron bombardment heating of the Knudsen cell to
attain the high temperatures required (up to 2000K) necessitated that the
talls were made of, Jr surrounded by, electrically conductive materials. Thic
limited the choice of cell materials to the more commonly available refractory
metals (tunusten, molybdenum and tantalum), as well as high density
graphite. Refractory cell liners of recrystallized alumina and calria-
stabilized zirconia were available in the form »f small crucibles, and wore
also machined from boron nitride and graphite.

2.2 ouad-Cell Selection

2.2.,17 Refractory Metal Quad-Cells

Choice of refractory metal crucibles to contain ligquid ninkel 1s
governed by the mutual solubility of the nickel and refractory metal,
Molybdenum, tungsten and tantalum all show substantial solid solubility 1n
nickel [17,18], and are therefore unacceptable as crucibles and auad-cells
without liners.,




The low values for the enthalpy of vaporization of nickel meagsured
by Nesmeyanov and Man [7,8] may be due to their use of molybdenum Knudsen
cells., Chatillon et al, [3] have shown that other 'parasitic' sources may
contribute to the molecular beam emitted from the ¥nudsen cell and sampled by
the mass spectrometer. These include climhing of the liquid sample up the
cell walls, when the liquid wets the cell material, allowing free evaporation
to take place from the external surface surrounding the effusion hole, This
non-equilibrium evaporation can cause the sampled flux to be much higher than
that due to effusion alone, and may be partly respcnsible for the erroneously
high nickel vapour pressures calculated from the data of Nesmeyanov and Man
[7,8]. Surface diffusion of the sample along the cell walls and through the
effusion hole can also contribute significantly to the evaporated material
[31.

Refractory metals may be suitable for use as unad-cells if the
nickel is contained in an inert crucible liner, which will prevent the molten
nickel from climbing the cell walls. fThe possibility still remains for
interaction bhetween the nickel vapour and the exposed refractory metal surfac
(for instance at the effusion hole), The solubility of nickel in mclybdenum,
tungsten and tantalum is about one atomic percent at 1700K [i17,18] and is
therefore likely to have little effect on the measured vapour pressure,
Notwithstanding the use of inert crucible liners, surface diffusion of nickel
may still contribute to the evaporation process and produce erroneously high
nickel vapour pressures,

2.2.2 Graphite Quad-Cells

It is known that molten nickel can dissolve substantial amounts of
carbon [17], which indicates that graphite crucibles are unlikely to be good
containers for nickel. The activity and solubility of carbon in Ni-C alloys
has been reported by numerous investigators over the temperature interval
1200-1500K, and these results are critically discussed by Bradley et al.
[19]. However, there are no reports on the activity of nickel in liguid
nickel saturated with carbon, and there is contention as to the stability of
the Ni3C phase which intersects this liquidus curve [17},

2.2.3 Ceramic Crucibles and Graphite Quad-Cells

Either of the ceramics alumina or zirconia is suitable to contain
molten nickel since the free energy of formation of nickel oxide is
considerably less than that of the ceramic oxide [20]. However, the
interaction between the ceramic crucible and a graphite gquad-cell is
considerable, as discussed by Jansson [21]. At 1800K in vacuaum alumina will
react with carbon to form A14C3 via the equation

2 AJ,203 + 9 C —— al + /CO () (1)

473

with pCO = 427Pa. Oxycarbides may also be formed [22]. =Similar thermodynami
calculations using the data of Kubaschewski and Alcock [23) indicate that

e

<




zirconia will be even more unstable in respect v, corbide formation, and t}..
non-stoichiometry of zirconia also permits formation of redaced 7ro, . with
evolution of CO. U

2.2.4 Boron Nitride Crucibles ani Sraphite Quad-Cells

RBoron nitride is of marginal snitabhility as a container for liaquid
nickel, since it decomposes inconaruently to solid bhoron and agaseous nitrnaen
at these temperatures. From JANAF thermochemical tables [24] the pressure of
nitrogen from this dissociation is quite high (ahont 1072Pa) at 2000K, and the
boron formed reacts with the nickel to form NiR ahove 1700K [25].

Furthermore, thermodynamic calculations bhased on the thermodvnamic data of
Bockris et al. [26] indicate that boron nitride should be auite unstable with
respect to carbon, and react to form bhoron carhide and nitroaen gas at
temperatures as low as 1000K.

2.2.5 Ceramic Crucibles and Refractory Metal Quad-Cells

The thermodynamics of the reaction of alumina and zir- 1ia with the
refractory metals molyhdenum, tungsten and tantalum has bheen r cted
[27,28]. Under a vacuum of 10'2Pa, alumina is egually stable molybhdenun
and tungsten with no interaction occurrina below ahout 2200K, L. tantalum
is fairly unstable and forms gaseous tantalum oxides. Zircon- s slightly
more stable than alumina, with no interaction occurring below Ke 2300K for
molybdenum and tungsten, and about 2100K for tantalum. The Cat .abilizing

additive in zirconia mav react with refractory metals and reduce the reaction
resistance of the zirconia ceramic, but the volatility of the Ca0 ensures that
no reaction occurs with molybdenum and tungsten below 2300K [27].

2.2.6 Summary

From the above considerations, it was decided that refractarv metal
quad-cells used alone would he unsuitable for containina liguid nickel. The
use of an inert crucible liner was essential, and the combination of alumina
or stabilized zirconia crucibles with molvbdenum or tunagsten aquad-cells seemed
worthy of investigation.

In the case of graphite gquad-cells, it was decided to check, hv
experiment, the validity of the thermodynamic considerations, and the
possibility of achieving kinetic stabilitv with various crucible liner
materials. Accordingly, crucibles fabricated from graphite, alumina,
stabilized zirconia and boron nitride were used as liners in araphite aquad-
cells.

2.3 ﬁgterials

Nickel shot of nominal purity 99,95 wt % for Ni was used throughout,

and was spectroscopically and chemicallyv analvzed at MRI,., Tt contained 0.06q
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2.5 Mass Spectrometry
Ion currents were monltored for the ?“Nzl Lo e (68,38 ndarira,

I |

abundance) during nickel vaporization experiments, and for the gjﬁu* T100% )
during gold vaporization experiments to check the calibration of the
apparatus. Electron ener:ies of 50 eV and 40 eV were used 1n the ion source
of the mass spectrometer in the first two experimentc resoectively, thereafter
35 eV was used in all azperiments. A reqnlated trap cariont of 005 A was
used throughant.

Ion currents wers corrected for backaround Yo osubtract ioar the 1o

current measured when the ot oheam was Jirested Coaway from o the 1on

source. This compensated for spurious re-evaporations “rom the heat shields




and other hot surtaces adjacent to the gquad-cell. However, it does not
distinguish possible surface-creep of material from the cell orifice; a
shutter between the cell and the ion source would be required to achieve

this., Such a shutter would i1ncrease the distance between the quad-cell and
ion source, reducina the amount of effusate entering the inon source, and hen<e
reducing the sensitivity of detection by the mass spectrometer,

2.6 Thermodynamic Calculations

For vaporization of nickel from different crucibles and guad-cells,
and for calibration experiments using gold, the enthalpy of vaporization was
measured since this provides a clear indication of possible changes in
thermodynamic activity of the nickel due to interaction with the container, or
changes 1n the vapour pressure due to temperature nonuniforaity.

The second-law enthalpy of vaporization is derived from the
expression

d 1n KV
AHT = - R *"—*T‘ﬁ (3)
d(=)
T

where K is the equilibrium constant for the vaporization reaction and T is
the absolute temperature,

d in Pi
Hence AH = - R ———— (4)
T 1
a{=)
T

where P; is the equilibrium vapour pressure of species i inside the Knudsen
cell, Thg relationship between this and the mass spectrometric ion
current Ii is

P, =k. I, 7T (5)

where ¥. is a calibration factor depending on the relative ionization cross
spftlﬂn: the gain ot the electron multiplier in the mass spectrometer, and the
isotope abundance, for the particular isotope of species i being measured. It
alsn includes a geometry-dependent sensitivity factor which is independent of
species. The latter factcr incorporates the Clausing factor, Koo which
depends on the physical dimensions of the effusion orifice and corrects for
the reduced 1on intensity due to collisions between the effusing molecules and
the orifice walls. While the calibration factor can be calculated, enabling
Jetermination of absolute pressures Pi, this 1is unnecessary in the second-law
method.

d In (1: )
Thug AH = - R --————-—— 4+ constant (6)
T 1
d(=)
T

+ 1
AHT is calculated from the slope of a plot of 1n(IiT) versus T and as such
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2.7 _Gold Caiibratinﬂ

Before carrying out gquantitative measurements of nickel
vaporization, A transmission calibration experiment was performed to determine
the relative sensitivity factors for the four effusion holes of the aguad-cell
[15]. Gold was selected as the reference material, and contained in graphite
crucibles in a graphite quad-cell (Fig. la), in accordance with accepted
procedure for gold standard vapour pressure measurements [29]), since gold does
not react with graphite,




The second-law enthaipy of vaporization of gold was also determined
for each compartment of the guad-cell. Since the laragest circumferential
temperature gradients 1n the present system were obtained with graphite quad-
cells, compariscon of the ralculated AH values with the accepted literature
value would enable a check on the relidhility of the system under "worst-case"
conditions,

3. RESILTS

3.1 Container Interactions

3.1.1 Graphite cuad-Cells

Liaguid nickel contained in graphite crucibles at about 1770K reacted
with the graphite, and when cooled the bond was sufficiently strong that the
solidified nickel could not be removed without hreakina the crucible, als~,
the surface of the nickel lost its shiny metallic appearance, and became dull
grey in colour, Very little nickel vavour was found to have condensed on the

cell walls,

A cross-sectional view of such a crucible is shown in Fiag. 2a, where
a reaction zone 1s visible in the underlying graphite. Figs. 2b and 2c of the
same specimen under parallel illumination show more clearly the erosion of the
crucible by the melt, the graphite precipitated from the melt, and graphite on
the surface of the melt. Chemical analysis of the nickel residues was not
considered feasible due to the difficulty of removing and analysing a very
small amount of material from the crucible. Electron probe microanalysis
could bhe carried out on a sectioned and polished sample, but the existing MRIL
facility is unable to gquantitatively determine carbon composition., Compa~iasor.
with pure nickel standards might enable an estimate of carbon composition by
iifference, but was not attempted.

Attempts were made to measure the lattice parameter of the f.c.c.
nickel residue from melts in graphite crucibles, so that the carbon
concentration could be determined from the relationship between lattice
parameter and carbon content [30]. However, Debyve-Scherrer X-ray powder
diffraction patterns using Cu-Ka radiatinn produced very diffuse high angle
f.c.c., reflections which could not be indexed.

3.1.2 Graphite Cells and Alumina Crucibles

Several experiments were conducted with a graphite quad-cell in
which the walls of some cells were covered with a coating of alumina powder,
deposited from a slurry in methanol and then dried at about 420K, The
underside of the graphite lid was similarly coated so that no graphite was
directly exposed within the cell, Nickel was placed directly in the cell or
in alumina crucibles, A cell with exposed graphite walls and nickel in a
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graphlte crucinle was nsed as 1 reference, At 1573K al! the cells containinag
alumina displayed a posifion~desendent mass spectrum peak at % = 28,
corresponding to oo ating fyom the orifice, No such peak was observed
from the alumina-treo oell, S.milarly, peaks corresponding to

co,_, Alo" and Al 0 were idenr.“iea only for rhe cells containing alumina.
Furthermore, the CO evolution woa. sufficiently qgreat rthat all background peaks
were increased for the cells containing aluaminag, indicating that Knudsen
conditions nn longer prevailed and nat no reljable thermodyrnamic data could

be obtained trouin such cells, Cell residues showed signs of reaction, with a
thin light blue coating on the nickel reg:dues and the aluamina crucibles,
irrespective of whether the cell walls were aluminae anarted or left exposed.
In addition, there was a thick grey reaction taver on the nicke! shot placed
directly in the alumina-coated -—eil (¥iqg, 3), A fine metal!lic lacewordk had
grown beneath the alumina-coated lids of two cells wi1aq, 4) and SEM
examination revealed a dendritic structure (Fig. 5). Tnergy dispersive X-ray
analysis (¥iag. %) showed the presence of nickel and aluminiam, and area scans
and spot analyses indicated rhat the aluminium was fairly uritormly
distributed throughout the lacework, and was not the result of liscrete
particles of alurina adhering *~ the nickel, “verall, there was evidence of

substantial metaili - fransnars within 2ach ceil compartment a* semperarures
well below the melfing nornt of nioekel,

In contra=t, there was o sign of metallic transport in the all-
graphite cell, althouah the nisxe’ shot nad melred,  Reference to the Ni-C
phase diagram [17] shows that the nickel compositionn mist be close to that of
the eutectic ~omposition at ibheoas o at 7 and 1591¥, bat the residue was not
chemically anaiyzned,

-~

3.1.3 Graphite O

1ls ard Boron Nitride , Z1rcoeniy Crucibles

Boron nitride was found to be unsuiltable ay a rontainer for nickel
at temperatures above 1900K, both because the boron nitride adhered to the
graphite, and becauvee there was 3 significant amount of nitraaen Jecomposition
product derected by the mass spectrometer, which 1ed o wrratics Nit
intensities and high backuaround levels, A cross-section of the boron nitride
crucible which was broken away from tl.: graphite cell base is shown in Fig. 6,
Some reaction with the nickel melt is evident in this cross-section,

Zirconia crucibles were also unsatisfactory as containers for nickel
in graphite guad-cells, even though there was no visible reaction with the
nickel (Fiqg, 7). Reaction hetween the zirconia and graphite occcurred,
however, because substantial 0 was evolved at temperatures above 1800K, the
crucibles turned qgrey indicating snhstoichiometric Zrﬂz_x, and the crucibles
often developed cracks which allewed leakage of the molten nickel, The
reaction bhetween the zirconia and graphite could be minimirzed by inserting a
molybdenum foil between them, allowing some mass spectrometric measurements to
be made.
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3.1.4 Refractory Meral Quad-Cells and Ceramic crucihles

Both alumina and zirconia were found to be suitable containers for
molten nickel in molybdenum quad-cells, with no visible reaction with the
nickel (Fig, 8) or with the molybdenum interior of the cell, However, the
cell design shown in Fig, 1a was unsaticfactory since the eqguilibrium vapour
pressure of nickel produces condensation of nickel throughout the cell, which
subsequently reacts with the molybdenum, is transportel by surface creep into
and through the effusion orifice, which leads to the eventual blockaqge »of the
orifice,

The cell design shown in Fig. 'b was successful in overcoming the
above problems. However, when held for extended periods at temperatures above
1800K, vaporization of the alumina occurred from the external surface
surrounding the orifice, where the alumina was not covered by the molybdenum
quad-cell. This resulted in a gradual shortening of the length of the
effusion hole, and a consequent change in the transmission properties of the
cell. There was no substantial improvement by replacing the molybdenum quad-
cell with one made from tungsten.

When comparative tests were conducted using alumina and calcia-
stahilized zirconia crucibles in adjacent compartments of a tungsten quad-
cell, the zirconia crucibles were significantly more resistant to vaporization
in the temperature range where alumina vaporized appreciably,

3.2 Gold Calibration

As described in Section 2,7, a transmission calibration experiment
was performed using gold to determine the relative sensitivity factors for the
four effusion holes of a graphite quad cell, The sensitivity factors were
found to all fall within the range 1.00 + 0.05, and this held for most of the
quad-cells used in this study.

A second-law plot of 1n(I+ T) versus l—is shown in Fig. 9 for one of
the four effusion holes, and the ca%gulated AH Tand AHOg enthalpies of
vaporization for all four effusion holes are shown in %ahle 2. The enthalpy
functions of Hultaren et al, [6] were used. The close agreement betwgen the
four compartments, and with the recommended literature value [29], AHq =
367.02 + 0.88 kJ mol—1, indicates that reliable second-law thermodynamic data

can be obtained from the system, provided that apprcpriate temperature
corrections are applied,

A further gold calibration was carried out during the course of the
nickel vaporization experiments, to verify that the enthalpies of vaporization
for nickel were free from substantial temperature errors. Attempts to carry
out simultaneous measurements on nickel and gold in adjacent compartments of a
qraphite quad-cell were unsuccessful due to the vapour pressure of gold being
abhout five times that of nickel in the temperature range 1800-2000K. This
caused rapid depletion of the gold and condensation problems within the
furnace., Therefore the nickel vaporization and calibration experiments were
~arried out sequentially, with minimal disturbance to the system when the gold




was added to the quad-cell. The second-law plot is shown in Fig, 10 and the
enthalpy of vaporization is given in Table 2, in gcod agreement with the
literature value.

3.3 Nickel Mass Spectrometry

3.3.1 Appearance Potentials

Electron energies usually are chosen to be only a few volts above
the appearance potential (A.P.) of the ion in question (A.P. for Ni' is 7.633
ev [31]), to minimise possible fragmentation effects. 1In the present work,
the ionization efficiency curve of Ni* for nickel in a graphite cell at
1973K was quite complex at electron energies between 9 eV and 20 eV (Figqg.
11). A similar curve was obtained for nickel in an alumina cell at 1973K,
indicating that the complex behaviour is probably not dictated by the
interaction of nickel with its container, At ambient temperature, the 40Ar+
ionization efficiency curve had the usual shape (Fig. 12) and yielded an
appearance potential of 15.2 + 0.5 eV, in good agreement with the literature
ionization potential of 15,755 eV [31]. When the electron energy scale is
corrected by 0,5 eV, the linearly extrapolated appearance potential for Nit
obtained from Fig. 11 is 7.3 + 0.5 eV, in reasonable agreement with the
literature value.

The cause of the complex ionization efficiency curves is at present
unknown, and warrants further investigation, One possibility, that energetic
ions were formed in the vicinity of the cell by electron bombardment of the
effusing beam, was eliminated by appropriate experimentation, The nickel ion
current monitored with the cell at 1973K did not change appreciably when the
electron beam heating was switched off momentarily, indicatina that there was
little contribution of energetic ions to the measured ion current,

However, for the purpose of the present study, it was possible to
avoid the complex region by using electron energies of ~35 ev, where the ion
current is fairly insensitive to slight changes in electron energy. The
measured Ni't signal may therefore contain some contribution from
fragmentation of nickel vapour species other than Ni(g). A survey of the
literature on gaseous positive nickel ions [31) indicates that Nin(g) and
Ni(CO)4 (g) are the only two likely sources of fragment ions, and could arise
from the relatively high carbon and oxygen impurity levels of the nickel
(Section 2.2).

The appearance potential of Nit formed by fragmentation of
Ni(CO), (g) is 16.0 £ 0.3 eV which is attributed [32] to the probable process

Ni (CO), (g) —= Nit + 4 o (q) (10)

The appearance potential of Nit formed by fragmentation of Ni0O (g) can be
estimated from the relationship




. L . . N
where IP (Ni ) is the ionizaticn porential of nickel, 7.633% »

Y, inA h()/ (M)
is the dissociation eneray of Ni @ (qg', 4.02 + 0 03 <V, recaleniated by Botrer
and Haury [14] from the data % Griml.oy, Rurns and Tnabrar [12)1. The
caleulated apnearanc:: notential, 11,60 oV, corresponae ciogely wrth o the onsed
of an increased Nit imn ~uarrent observed in the present ionization efficierny
curve (Fig. 11). The Ni't from Ni(cn) | franmentation wonld have an appearance
potential which corresponds closely with the next onset % neroased Nit ion
current. Further studies are necegsary rto Jdatermine whathor thoece vapour
species are actually pnresent and in what concentratinn - no sian was observed
in the present work of Nio®T or Ni(CO)n+ ions. Winters and xiser 732] have
reported appearance potentials and abundance as a function of elesctron eneray
for all the sinagly-charqged Ni(CO\n+
From thermodynamic considerations, it is exvected that the pnarc:al pressure o f
Ni0O (g) and Ni(CO), (q) above essentially pure Nilec) shonld be verwv emall at
2000K, and so should their correspondina fragmentation contributions +» the
obhserved Ni+ ion current,

ions, with n varvirn: from one tn four.

3.3.2 Nickel Vaporization

Second-law plots of ]n(I+;T) versas al are showr in Fias., 13-18 ‘or
Experiments 1-6, the details of which ars aiven in Taki- 3. The second-law
plots were analyzed hv the method of least saguar~ss and the calculated
enthalpies of vaporization are also presented in Table 3. The errors aiven
for individual values of AH_ are 95% confidence 11mit-, and the AH values are

) . e}
ascribed ta the mid-point of the stated temperature ranae, The Aqug values
. 2

are calculated by eguation 7.

In Pxperiments 1-3, nickel was contained In avg: Biso crpes Y Tao
insi1de graphite quad-cells. The same cell was nsed in Teooriments 1 gn3
but the relative trarsmissinn factorae were nnt calibrated.  In fxperimess 3
(Fra. 15) compartment R was pre-equilibrated by heating rickel in the grapb e
~rucible for about three henr= at 2050K with the 'id ~n *he ~orpartment, -
the same time, compartment ¢ containing an empty cra~ihle was thervouahly
cleaned by leaving its l1id off. In the subseaguent mass snectroretry run,
fresh nickel was added to compartment ¢, while R was 1ef+ 3lone after ensurina
that sufficient nickel remained in the crucihle. The calecunlated enthalpy of
vaporization of nickel from the pre-eauilibrated compartment was siarificantiv
higher than that from the compartment ~ontainina fresh ararhite and nickel,
Furthermore, the ion current was approximatelyv 2.5 tires areater fror the nre-
equilibrated compartment R. A second anld calibration (nsina compartment =)
was performed to verify the accuracy of the calculated enthalpies, as
described in Section 3.2, and these results are shown 1n Fia, 10 and Tahle 2.

In Experiment 4 (Fia, 16), nickel was rconrtained in an alumina
crucibhle inside a molybdenum quad-cell, with the effusion orifice defined bv
the alumina crucible as in Fia. 1b. The calculated erthalpy is sianificantlvy
hiagher than that for nickel in graphite, both new and pre-eauilibrated. Only
ion currents measured for liguid nickel have been inciaded in the enthalpy
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calculation, although the sensitivity was sufficient to measure strong 1on
currents below the nickel melting point, 1726K (Fiqg, 16). An increased slope
in the second-law piot should be observed for the ion currents from solid
nickel compared to li?uid nickel, reflecting the enthalpy of melting of
nickel, 17.47 kJ mol™ ' [6]. 1Insufficient data pnints were recorded to

verify AHm, and the dashed line shown is an extrapolation of the liquid nickel
data,

The results of Experiment 4 are confirmed in Experiment 5 (Fig, 17)
in which nickel was contained in graphite and alumina crucibles respectively
inside adjacent compartments of a molybdenum gquad-cell. The alumina crucible
arrangement was identical to that used in Fxperiment 4, while the compartment
containing the graphite crucible had the effusion orifice defined by the
molybdenum as in Fig. la, This introduced a possible complication in that the
nickel vapour from the graphite crucible was contained within a molybdenum
quad-~-cell, rather than a wholly graphite cell, The change in enthalpy
observed for this compartment during the experiment will be discussed in
Section 4, Since the relative transmission factors were not measured for the
two effusion holes, it is not possible to accurately compare the magnitudes of
the ion currents from each compartment, However, the observation that the ion
current from the cell with the alumina crucible is three times areater than
that from the compartment containing a graphite crucible is believed to bhe
significant.

Although =zirconia crucibles were unsatisfactory as long-term
containers for nickel in graphite quad-cells {Section 3.1.3), useful
information was obtained from short-term mass spectrometry anneals., Fig. 18
shows second-law plots (Experiment 6) for nickel vaporized from zirconia and
graphite crucibles contained in a single graphite quad-cell, The guad-cell,
of Fig., 1a design, had effusion orifices with identical transmission
factors. The ion currents from the zirconia crucibhles were approximately
three times greater than those observed from the graphite crucible. The
experimental arrangement within the cell was similar to that shown in Fig. 1a,
except that a slot was cut in the extended crucible, opposite the effusion
hole., In cell D the zirconia crucible was fitted with a zirconia 114, while
that in cell B was not, The ion currents observed were marginally higher in
cell D, reflecting the smaller area of graphite exposed to the nickel
vapour, The calculated enthalpies of vaporization are shown in Table 3, and
are significantly greater for the zirconia crucibles compared to the graphite
crucible. In subsequent anneals »f this system, the ion currents from cell C
gradually increased and became closer to those of cells R and D, which
remained essentially constant at any particular temperature. This confirms
the gradual equilibration of nickel and graphite that was observed in
Experiment 3, Insufficient data was collected in these subsequent anneals to
verify whether the enthalpy of vaporization from cell ¢ increased in accord
with the ion current,
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4. DISCUSSTON

4,1 Container Interactions and Vaporization Thermodynam}cs

4.1.1 Graphite Crucibles and Quad-Cells

It is clear from the metallographic evidence that significant
interaction occurs between molten nickel and graphite crucibles. This has a
pronounced effect on the nickel vapour pressure and enthalpy of
vaporization. The mean AR® calculated from Experiments 1-3 for nickel in
fresh graphite crucibles a%ggquad—cells is 366 t 6 kJ mol_1, significantly
lower than the literature average value of 428,3 + 3 kJ mol—1. Pre-
equilibration of the graphite and nickel at a much higher temperature in an
attempt to form a kinetically stable reaction layer was partially successful,
in that the measured AHZQB falls midway between the fresh graphite value and
the literature value,

Although chemical analysis of the nickel residues was not carried
out, estimates of the carbon concentration in ligulid nickel may be made from
the relationship reported by Shunk [17]

-895.7

W“— 0.462 (12)

log NC =

which is valid for the temperature range 1623-2023K, where N is the atom
fraction of carbon. The calculated carbon composition for the average
temperature of each mass spectrometry run is shown in Table 4. There is
insufficient range in the calculated compositions to establish any
relationship between carbon composition and nickel enthalpy of vaporization.
The initially high value of AH_ observed in Fxperiment 5 1s subject to larg.:
errors since it is only based on three data points. Furthermore, ther~ 15 '/
possibility of initial equilibration of the nickel vapour with the malybider o
quad-cell used in this experiment. However the subhsequent AH_ 1s not
significantly different from that obtained from graphite quad-cells, and 1t -
helieved that the interaction with graphite dominates the nickel enthalpy ot
vaporization,

The evidence from Experiment 3 for the establishment of a partiallv
stable pre-equilibrated layer indicates that care must be taken in assiany
the calculated carbon compositinn to the averaqge temperature of each run, o
the assumption of the establishment of rapid equilibrium between the graphi«.
crucible and the melt. No obvious relationship exists between nickel enthaliy
of vaporization and carbon composition calculated from the maximum temperature
reached in each run.

4.1.2 Alumina and Zirconia Crucibles and Cells

Alumina crucibles wer= shown to be incompatible with graphite quad-
cells, through reduction of the alumina and evolution of CNO. The exact nature
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of the reaction was not characterized, but probably follows reaction (1).

Rinehart and Behrens [33] have shown that Al,C, vaporizes incongruently in the
temperature range 1300-1600K to give Al{ag) and graphite as reaction

products. The equilibrium vapour pressure of Al(g) at 1800K extrapolated from

their data is 26 Pa. |

The observation of reacticn products in the cell residues when
nickel was vaporized from A1203/qraphite systems further highligh+*s the
incompatiblility, There was significant metalli< transport throughout the
cell, even though the nickel shot had not melted (anneal temperature was
1573K). Such transport could occur if the M pressare was sufficiently high
to enable volatilization of nickel as Ni(C0)4(q), although this species was
not observed in the mass spectrometric analysis. The ohservation of aluminium
in the dendritic nickel lacework provides evidence for the presence of Al(g)
in the vapour, from reduction of the alumina by the -rauvhite, as diszussed
above,

The metallographic evidence indicates that there is no interaction
between molten nickel and alumina or zirconia crucihles, With appropriate
quad-cell design, it has heen shown (Table 3) that the calculated enthalpy of
vaporization from alumina cells is in excellent adreement with the literatur.
value, However, the vaporization of alumina from the vicinity 2f the effusion
orifice, when held for extended periods at high temperature, does provide a
limitation to accurate vapour pressure and hence activity measurements, due to
the changing transmission factor for the orifice. The availahle evidence
indicates that calcia stabilized zirconia crucibles will rot show this
limitation, A detailed study of the vaporization of nickel from z:irconia
crucibles, utilising both the second-and third-law methods, has not yet heen
possible, It awaits the availability of crucibles of the required geometry
and density.

4.2 Frrors in Enthalpies of Vaporization

The errors given in Tables 2 and 3 for the individual valaes

of AH_ are 95% confidence limits, calculated from the slope of the

In(1, T) versus 1/T least-squares plot. This gives a measure of the

uncertainties caused by random errors. The errors attributed to the mean

values are the standard deviations, Johnston and Burley {1/} have discussed

the role of temperature measurement as the maior source of systematic errors,

and the effect of a uniform temperature uncertainty across the range of

temperature measurement, It can be shown that the percentage error in the

calculated second-law enthalpy is approximately twice the percentage error in

the true temperature, and about equal to the differential error in temperature
' divided by the temperature interval (x100) [34]., The differential temprerature
error is the difference between the absolute temperature errors at either end
of the temperature range under study, and is a more important source of error
than a uniform absolnte error across the temperature range, Thus a uniform
10K error in T over the temperature interval 1900 to 2100K produces an error
in AH_ of about 1%, whereas a differential error of 10K over that 200K
interval causes an error of approximately 5%, Although this i3 nf the same
magnitude as the random errors (at the 95% confidence level) 1n Tables 2 and
3, the latter errors can be reduced by measuring a qareater number of data
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points in tndividual determinations of AH_ . Indeed the standard dewy.ooo.

the mean of the combined measurements from four compartments 1= siany: e
lower, The above considerations therefore highlight the need to minim:i .o
differential temperature errors in accurate second-law measurements, % -
excellent agreement between the experimentally-measured and literatare vl i
for the enthalpy of vaporization of yold indicates that there were nc 1.ar o
iifferential temperature errors present in this work. ]

4.3 Activity Measurements in Multicomponent Nickel Alloys

As was discussed in the Introduction, the present study was
undertaken as a preliminary to the determination of both nickel and alurmini i
17tivities across the complete compositional range of the nickel-aluminiur
system, In the previous study [1] of the high nickel compasitions
(g, 2 0.54) it was reported rthat materials problems prevented rthe
determination of aluminium activities. 1In the light of the present rosuirs
it is necessary to consider whether the reported nickel activities nmay .= I
~onsiderably in error.

The thermodynamic activity ay; of nickel in a binary alloy 1s yiver

Ly
P .
_ N1 ‘.
aNi = pO \
Ni
~here P . and P i are the vapour pressures of nickel in equilibrium with
ilioy ana nire nickel, respectively. When pure nickel is in one compar-.e:
f the qauad-cell and the alloy in another, and when the effusion hnles .t

compartments have identical transmission factors, then the nickel aorio-
siuon simply by the ratio of the ion currents

T ..
N1
a = -
N1 8]
T
N1
8] oo - ,
where INi ani rN' are the mass~spectrometric ion currents ftor the al: o
) i . . . ;
miire nickel, respectively [15], The ion current for nickel vaporiced t-
irennia crucible (Experiment 6) was approximately three times rthat b
f-r nickel vaporized from a graphite crucible, both crucibles twyir
1n identical compartments of a graphite quad-cell. The activity f ‘v v

ni-kel contained 1in the graphite crucible, therefore, was approxima“. v
tnird that of 'pure’ nickel contained in the adjacent zirconia curecit’
Tnieed, 1t i3 likely that the ion current for nickel vaporized from !
zirconia crucible was somewhat reduced due to the interaction of the v '
w1th the exposed internal graphite walls of the quad-cell. Therefore i,
rii-kel activity of nickel saturated with graphite would be somewhat lro... - .
7,2 at this temperature (~1890K),

The same method was used to determine nickel activities 1in ni *+.
aluminium alloys in graphite quad-cells [1], The activities so determiy
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were in reality psendo-activities, 1n that both the pure nickel and the nickel
in the allov anderwent reaction with the graphite. The actual value of the
pseudo-activity may correspond to that of the alloy in a non-reactive system,
provided that only one component of the alloy (either nickel or aluminium)
reacts with the crucible. However, where both components of the alloy react
with the crucible, as is indicated in the case of nickel-aluminium alloys in
araphite [1], the pseudo-activity for nickel then depends on the complex
interactions between nickel, aluminium and carbon, across the composition
range of the alloy.

The thermodynamic properties of the ternary nickel-aluminium-carbon
system are likely tn be guite different from that of the binary nickel-
aluminium system., The phase boundaries have been determined at 1000°C [35].
No ternary N'13A1Cx phase was found, but Y'-Ni_Al exhibits a solubility for
carbon of up to 7-8 at.%. The phase B-NiAl was also found to dissolve carbon
to about 3 at.%, but no solubility was detected in the phases N12A13 and
NiAaly. A study [36] of the effect of carbon on ordering of y'-Ni_Al in
rapidly selidified Ni3Al—C alloys verifies that only an ordered N13A1Cx
(x = 0~0.34) single phase 1s formed,

The nickel activities reported in [1] refer to the ternary Ni-al-C
system, and, until they can be reproduced using a non-reactive crucible/quad
cell system, their relevance to the binary Ni-Al system is somewhat
uncertain., In such a non-reactive system, aluminium activities should then he
simultaneously calculable. The nickel and aluminium activities should be
self-consistent using the Gibbs-Duhem method of calculating the activity of
one component from that of the other. Such consistency would be evidence of
the absence of spurious container interactions,

The results from the present work indicate that stabilized zirconia
crucibles contained in molybdenum or tungsten quad-cells, with the zirconia
defining the effusion orifice, are likely to be suitabhle containers for
nickel, Preliminary studies also indicate that such a system should be stahle
to liguid aluminium, and hence suitable for the thermodynamic study of the
nickel-aluminium system over the complete range of compositions.

The above quad-cell/crucible combination should also be suitable to
use in the recently commenced study of the nickel-aluminium-platinum system.
This ternary system is of great interest since it constitutes the second-
generation aluminide protective coating that has been applied with
~onsiderable success to the first-stage turbine blades in an Australian
military gas turbine engine [37]. The platinum addition is extremely
efficacious in reducing the degradation of the coating by high temperature
corrosion [37]. Because little is known of the thermodynamic properties of
this important system, the quad-cell mass spectrometry technigue is being used
to determine the individual component activities and hence the thermodynamic
parameters of the Ni-Al-Pt system,




o
.

CONCLUSTONS

In this Report siqnificant interactions have been shown t-
“oroween nickel and variocus refractory containers commonly used in nial-
remperature Knudsen cell vaporization systems, In particular, graphi*s «.
shown to be an unsuiltable container, considerably reducing the nickel ar~-7 - ‘
and enthalpy of vaporization, Recrystallized alumina and stabilized zir-:
refractories were stable to molten nicke', enabling the determinaticn f
rhermodynamic data. Recommendations have been made for a suitable
crucible jnad-cell system for the study of the thermodynamic propertie
nickel-aluminium and nickel-aluminium-platinum allnys,
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Enthalphy of vaporization of Gold from Graphite Quad -Cells

(9

*x
T Range AHT AH298
Compartment .
(K) (k3 mol™") (kJ mol™ )
Calibration No, 1
A 1688 -1933 344.8 + 24.4 270
B 343.4 + 23.9 368
C 345.5 ¢ 24.5 370
D 346.2 + 28.6 371
mean 345.0 ¢+ 1.2 370
Calibration Neo, 2
R 1667 - 1890 345.4 t 23.9 370
* 95% confidence limits on individual values, + standard deviation on mean.
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Frroaipy of vaporicsation of Nickel trom Various rucibles and fuad-Cells

O

Compartment T range AH_~ * .
EXpt. ‘ T o 290
{crucible) (x) (kJ mol™ ') 'kJ mol T )
1. Graphite quad-cell, graphite crucibles
A 1790 - 2015 333.0 + 18,7 367
B 335.0 ¢ 15.5 3649
C 337.1 + 24.4 371
D 339.3 t 24.9 373
mean 336.1 + 2,7 370
2. Graphite quad~cell, graphite crucibles
A 1827-1972 325.% ¢+ 7.A 359
B 325.3 £ 15.6 387
C 329.6 £ 15.6 363
D 339.4 t 14,7 373
mean 330.0 ¢ 6.6 364
3. Graphite guad-cell, qgraphite crucibles
R 1753 -~ 2020 351.5 ¢ 9.6 385
(pre-equilibrated)
C 327.6 ¢ 20.4 161
{new)
4. Mo lvhdenum quad-cell, alumina crucible
A 1734 - 1895 404.2 + 17.4 436
s, Molybdenum quad-cell, alumina and graphite crucibles
n 1736 - 1918 33,1 £ 13,3 424
falurina)
C 1721 - 1825% (400 £ 53) 440
{graphite) (pts. 1-3)
1728 - 1918 332.3 + 13,0 6.4

(pts. 4-~10)

6. Graphite quad-cell, zirconia and graphite crucibles
C 1794 - 1995 331.8 ¢ 20.5 365
(graphite)
B 356.1 + 29.9 390

(zirconia)

D 355.5 + 38.5 389
(zirconia + 1lid)

* 95% confidence limits on individual values, 2 standard deviation on means,




TABILFE 4

Calculated Carbon Composition of Nickel and Enthalpy of

vaporization of Nickel

T average N, AHT *
Expt.

(K) average (xJ mol™ )

Graphite quad-cells, graphite crucibles (new)

1. 1903 0.117 mean 336.1 + 2.7
2. 1900 0.117 mean 330.0 t 6.6
3. 1887 0.116 327.6 t 20.4
6. 1895 0.116 331.9 t 20.5

Molybdenum guad-cell, graphite crucible

5. 1773 0.108 (400 t 59)
(pts. 1-3)
1823 0,111 332.3 ¢ 13.0
(pts. 4-10)
* 95% confidence limits on individual values, t+ standard deviation on means.
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FIG. 3. Nickel in graphite guad-cell annealed at 1573K
{(magnification ™~ 4 X).

Allo3 coating and crucible, metallic lacework,
blue deposit.

Al,O3 coating, metallic deposit, reaction laver
on Ni.

Graphite walls and crucible, Ni melted.

Graphite walls, Al,0, crucible, blue deposit
throughout cell.

rIG. 4. Metallic lacework from beneath 1t (top 1. cell, Fig. 3)
(magnification 4 ¥).
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FIG. 5. Scanning electron micrograph and Enerqgy Dispersive

X-Ray analysis (same area) of metallic lacework in
Fig. 4.
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FIG. 10. Gold calibration No. 2. Second-law plot of 1In (l‘* T) versu:.
1 for gold vaporized from graphite quad-cell.
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