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- ABSTRACT

The reactions which lead to the formation of harmful primary
inclusions in nickel-base alloys are analyzed in this study. Twelve
heaté were melted and cast in a vacuum induction melting unit. Alloys
containing Ni—O.lSC, NiéO.lSC;SAl, Ni-0.15C-1Hf, and Ni-0.,15C-5Al1-1Hf

were melted»in A1203, MgO, and'ZrO2 crucibles. Metallographic and
microprobe analyses were performed on the twelve ingots and the three
crucibles.

Hafniﬁm‘oxide (HfOz)—rich inclusions form on the-bottom surfa;es
of all hafnium-bearing ingots. Alumina (AlZOs)fricﬁ-inclusions form
on the top of all aluminum;bearing ingots. Differences among the skﬁlls
found on the three different types of crucibles were also noted. .Speci-

fically, an HfO, coating formed on the ZrO2 crucible which was present

2
during melting and remained as a tightly adhered skull after pouring.
A nickel base skull which was not present during melting but formed

during pouring adhered to the Al Os'crucible. When melting in MgO, there

2
was no appreciable coating or skull which formed on the MgO crucible.
This phehomenon is explained in terms of the alloy's tendency not to wet
-the MgO crucible.

A summary of the major chemical reactions involved in the forma-

tion.of harmful inclusions is presented.



CHAPTER 1
INTRODUCTION

1.1 Purpose of this Investigation

The chemical reactions which lead to the formation of oxide in-
clusions in nickel-basé superalloys have not been researched'in great
detail. Nickel—baSe‘;uperalloys'have many high-temperature applications
such' as turbine blades in aifcraff engines. Inclusions in such parts
4mgst be kept to a minimum since they lower the strength and fatigue
properties of tﬁe‘alloy and can cause catastrophic failures. Nickel-
~ base superalioyslafe vacuum induction melted primarily because they con-
tain-several reactive elemenfs ahd because impurity gaseous elements
sutﬂ aé'oxygeh,‘hydrogen, and nitrogen can be reduced to levels un-
attainable by standard air-melting techniques. However, it'has been
sﬁggested that cruéiblé décomposition occurs. at very low oXygen pressures,
and this,decomposition is a source for oxygen which enters the melt.
Therefore, thé purpose of this work is to identify an& anélyze the chemi-
cal reactions which cause harmful primar& oxide inclusions to form in

nickel base alloys during vacuum inductioﬁ melting.

1.2 Background Information on
Nickel ‘Base Superalloys

According to Schlatter (1972j, superalloys may be broadly defined .
as alloys with excellent,oxidafion resistance for service at high.stress
levels at temperatures exceeding 650°C' (1200°F). Some of these alloys

1



2
also exhibit resistance to hot corrOsion, and they are‘used extensively
in high-temperature chemical processing equipment. |

The development of nickel-base superalloys began in the late
1930's in Western Europe and the United States. As stated by Fawley
(1972), the Mond Nickel Co. (now INCO) produced Nimonic alloy 75 in
late 1941 for creep resistance fo% a British aircraft company; eventﬁally
they developed other superalloys. These alioys:replaced the austenitic
stainless steeis then used; By the late 1940's, Waspaloy, Incomnel,
;Hastelloy,'René,Aand variogs other alloy sefies were‘being developed.

Vacuum induction melting of ﬁickel?base alloys began in the early
1950's when the KelséyiHayes Company (and somewhat later Special Metals
Co.) dramatically improved the,quality and proﬁerties of the existing
' _nickel;Base alloys with this prqceés. AcCoiding to Fawley (1§72),
vexamples of commercial alloys which are typically vacuum induction melted
include-Waépaioy, René 41, Inconel 718, Udimet 500, D-797 and A-286.
Vacuum induction melting is the geﬂeral'praétice for forging stock and
for investmeﬁt castings of many nickel;baselalloys.

- 1.3 Physical Metallurgy of Nickel
Base Superalloys '

Aluminum, hafnium, and carbon are the alloying elements used in
»vthis wérk. The reasons for adding'thése three alloying elements will be
discussed.

As stated by Harris et al. (1977), superailoys have good high-
temperature stress—ruptufe'properties and relatively low density. The

supefalloys are principally hardened by a relatively high volume fraction
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of NisAl (vy*) precipated in the f.c.c. (y) matrix. This Ni. Al phase is
coherent Qith the nickel. matrix because their lattice parameters are al-
most identical. Such alloys can be used at temperatures up to 80% of
their absolute melting temperaﬁuré range for long periods of>time; this
service temperature range 1is aroupd 1800°F. The stress-rupture propor-

ties of the élloy depend on the volume fraction of the Ni,Al phase;

3
thus, high temperature stress—fupture properties dopend-on the amount of
aluminum in the alloy.

Hafnium is added to superalloys to increase ductility and improve
the consistency of the mechanical properties. Hockin (1972) states that
the effect of cooling rates is reduced to the extent that-goodraﬁd consis-
~:-tent properties can be obtained almost independent of the section thick-

_ )
ness. The addition of hafnium to nickel-base alloys radically changes the
composition of the v~ in the eutectic. This is accomplished by the
substitution of hafnium in the MC carbides for titanium and zirconium re-
sulting in a higher titanium and zirconium content in the Y” than usual.
The addition of hafnium to a high titanium nickel-base alloy produces a
higher or non-optimum titanium content in the Y~ causing a drop in
mechanical propértieé. Thus, when hafﬁium is added, the titanium content
of the overall alloy must be decreased.

Small amounts of carbon are added to each melt in this study; all
superalloys ﬁave small amounfs of carbon added. Carbon combines with -
elements like hafnium, titanium, and‘zirconium to form carbides. These

carbides tend to improve the tensile properties of the superalloys.

Carbon is also added for the purpose-of deoxidizing the melt.



1.4 Vacuum Induction Melting of Superalloys

According to Schlatter (1972), vacuum induction melting has
various advantages over other industrial melting techniques. Vacuum
induction melting provides very flexible operation in absence of air
and the best control over the entire melt chemistry, particularly when
the melts contain reactive elements. Precise compositions can be re-
produced from heat to heat; for some elements, the accuracy approaches
the 1imits ofvpresent analytical techniqués. Control of vacuum pressure
permits exceptional degassing, strong carbon deoxidation, and fayorable
reaction kinetics. The use of induction stirring promotes'rapid’mass
t;ansfer of reactants to the melt-vacuum interface, excellent melt hoﬁog—
enization and quick dissolutioﬁ of alloy:additions, For these reasons,
nickel base superalloys are commercially melted by vacuum induction
melting, and this process was ;electéd to melt the alloys in this study.

1.5 Choice of Crucibles for
Melting Superalloys

Sutton and Maurer (1979) have discussed the mény factors involved
in the selection bf a cruciBle; chemical stability, thermal proﬁerties,V
cogt, and availability are major factofsr Alumina (AIZOS) is widely used
because of its availability, cost, and stability under vacuum. Magnesia
(MgO) is also widely used by primary melters but not by foundries; how-
ever, it dissociates more readily than alumina. Zirconia'(ZrOé) which
is more stable than aluﬁina or magnesia is also used; however, it is very
expehsive. |

- According to Snape and Beeley'(1967), melting refractories

react, to some extent, with the alloy being melted; as a result, the
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“alloy is contaminated. Théy»also state that crucible materials aie Te-
sponsible for a high percentage of noﬁmetallic’inclusions in nickel-base
superalloys; Vaughn and Geiger (1979) state that decomposition of the
crucible is a source of oxygen in the melt. Oxygen reacts with reactive
elements such as aluminum and hafnium in the melt to form A1203 and HfO,

inclusions, respectively.

In this work, A1 0., MgO,.and Zr0

202> crucibles were used to melt a

2
number of nickel-base alloys under vacuum induction melting conditions,
and the characteristics of each crucible under vacuum melting conditions

was studied.

1.6 Inclusions and Harmful Effects.

Inclusions are nonmetallic impurities which exist in a metallic
matrix; they can result during Solidification‘and/or during melting.
Emphaéis in this. study is.on primary inclusions which are'those inclusions
formed prior to the solidifiéation.of the primary solid.

Hockin (1972) states that hafnium oxide is séen, basically, in
three different stages. _The:first stage, where major hafnium oxide in-
clusions are present, may be detected by nondestructive tests normally -
employed on cast components sucﬂ as radiography and penetraﬁts which
fluorésce under ultraviolet 1ight. These are easily detected by radio-
graphy due to their density. The éecond,stage of hafnium oxide is where
platelets are dispersed throughout the microstructure; these fine oxide .
inélusions are not detectable by'normal nondestructive tests carried out

on production castings. The third form of hafnium oxide, which is
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observed'as,a very fine Chinese script-like precipitate, is not normally
considered detrimental.

Flémings (1974) statéé that in steel melts large intgrconnected
clusters of alumina (AIZOS) inclﬁsions form which contain hundreds of
individual inclusions.: Primary alumina inclusions (in steel) are gener-
élly more - angular in appearanéé as opposed to spherical SiO2 inclusions.

Vaughn and Geiger (1979) report that A1203 clusters can also form in

nickel-base melts. In a cluster small primary Al O3 particles appeared

2
to have agglomerated, with the result thét'a much larger volume of metal
is affected than would be if the particles were dispersed. Vaughn and
Geiger (1979) also report that clouds of alumina or scum (dross) formed
on éhe top of the melts as well as, quite logically, on the top of the
;olidified»ingots.

. Inclusions caﬁvbe a severe probleﬁ for the manufacturers of
nickel-base superalloy castings. For example, Marder (1979) states that.
turbine blades cast of directionally—solidified MAR-M200 + Hf.had many
' incluéion3~and dross defects. The author believes that the dross
effects océurred primarily because of refractory-metal reactiéns; this
was the single major cause for rejectioh_of these blades and accounted
for over 90% of castings rejected by a fluorescent penetration inspec-
tion. The tensile and stress-rupture properties were not significantly
affected except at extreme dross levels. However, low-cycle fatigue and
creep-rupture properties were reducea considerably even at mild defect
levels as éhown by Marder (1979) in Table 1. The effect of dross severi-

ty on low-cycle fatigue life is plotted by Mosier (1978) in Figure 1.



7

Table 1. Effect of dross severity on low-cycle fatigue life of direc-
tionally-solidified MAR M200 + Hf (Marder, 1979).

Dross Severity . Maximum Defect Fatigue‘Life @ 1800°F
Rating Size (inches) (982°C) 0-50 ksi (cycles)
None | '-' 0.01 ' 6137
Mild 0.01-0.03 3970 -
Intermediate 0.03-0.5 : : 2342
Severe B 0.5 1500

Another study by Sakakibara and Sekino (1972) showed that the
hot workability of nickel-base alloys is reduced by inclusions. This is

very important because these alloys are often forged into useful products.

1.7 . Overview of This Study

A series of 12 nickel-base melts was made in a vacuum induction
_melting furnace. Alloys with variéus compositioﬁs of nickel, aluminum,
hafnium, and carbon were melted.in crucibles of three different types;
the three crucibles were AléOS, Mg0O, and ZrOz. After melting, the liquid
metal was poured into a silica.sand moidAto form.an ingot. The ingots
and the crucibles were then secfioned; pieces from represenfative sections
of the ingots and crucibles weré prepared for metallographic.examination-
- and microprobe analyses. Microprobe compositions, x-ray distribution
images, as well as secondary electron pictures of primary inclusions
and crucible sections were obtéined by using the'microprobe. From these

results, much was learned about the chemical reactions which take place

to form inclusioms.
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CHAPTER 2
THEORY OF INCLUSION FORMATION

2.1 Overview of Formation of Inclusions

Inclusions are nonmetallic particles in a metallic matrix which
form during melting and/or solidificatioh of castings; The formation of
primary oxide inclusions is emﬁhasized in this chapter, and théfﬁodynamic
data pertinent to inclusion formation are presented to explain the chem-
ical reactions involved in the formation of inclusions.

Oxide inclusions form due to various sources of oxygen which are
present when nickel is proéeésed by vacuum induction melting. Major
sources include the oxides of the refractory materials, oxygenrin the
chamber atmosphere (tyﬁically 1-10 microns pressure), and oxygén in the
charge materials. When these charge materials are heated and melted,
oxygen -from the chamber atmbsphere as well as from the decomposing éruci--
bles can be absorbéd into the melt. AfterAaE least. one melt has been
made in a crucible, other oxide sources_bécome present. The alloy which
remains after pouring and forms a "skull™ on the crucible is a source of
inclusions. Also, the metal condensate above the melt line can oxidize
between melts and introduce oxides in subsequent melts.

- Oxygen from the various sources reacts with deoxidizing elémeﬁts
in the melts such as carbon, aluminum, and hafnium as well as elements A
which are from decomposing refracfories, such as zirconium, magnesium,
'silicon, and caléium. Some of the more stable oxides (e.g.,-Alzos{ MgO,:

9
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and ZrOz) form within the melt and tend to float to the top surface of
castings and form dross defects; these oxides are less dense than the-
nickel-base alloy. ‘Hafnium oxide can also form’in the melt, and because
it is more dense than the nickel-base alloy, it sinks to the bottom of

the melt and is concentrated on the bottom surfaces of castings.

2.2 Thermodynamic Considerations

Chemical reactions in any metal system can be better understood
if tﬁe thermodynamics of the system are analyzed. Data on thermodynamic
pfopertiés‘invnickel—base melts are availgble in a paper by Sigworth et
‘al. (1977). Calculatea deoxidation equilibriarin nickel alloys of in-
© terest are ?resented'in Table '2; the equilibrium constants are for 1550°C
which is the pouring temperature of the melts:in this study. Raoultian
activity.coéfficients.of elements in dilute solution are presented in
Téble 3. The staﬁdard state used for ﬁhe~data in this table is the
Henrian standard state.

These data can be used to predict the direction of chemical re-

actions in nickel-base melts. For example, consider the reaction:
MO_(s) + XN = M + xNO ; | ()

The free energy of this reaction can be calculated by

W)

M
A6 = xAG? - 4G+ RT In 3 2
x N
where AG is the free energy of the reaction. The values AG°MO and AG§O

represent -the standard free energy of formation of the two oxides. The
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Table 2. Calculated deoxidation equilibria in nickel alloys (Sigworth

et al. 1977).
Deoxidation Reaction log X . K1550°C
: : - 14
2 Al + 30 = Alzos(s) , 60,760/T - 18.7 4.262 x 10
¢+ 0=0C0(g . 3,230/T + 2.26 1.075 x 10
Ca + 0 = CaO(s) ' 27,706/T - 6.57 4.246 x 10$
.Mg. + 0 =Mg0O(s) - . 26,324/T - 7.57 7.411 x IO6
Si + 20 = SiOZ(s) 32,980/T-— 10.88 1.625 x 107
Zr  + 20 = ZrOz(s) : 34,000/T - 7.52 1.350 x 1011

~Table 3.  Raoultian activity coefficients of elements in dilute solution
(Sigworth et al. 1977).

Element ' vy 1600°C
Al (1) 0.00025

C (s) 0.31

Ca (1) 0.6

Mg (1) 0.32

Si (1) 0.00014

Zr (s) 0.00007




12

values 2y and ag represent the activity of the metallic element in solu-

tion, Tlis absolute temperature, and R is the gas constant.
The free energy of formation of the oxides can be calculated
using Eq. (3); the values of K at 1550°C (1823°K) are listed in Table 2

for various oxides.
AG® = - RT 1n K (3)

The value K represents the equilibrium constant.
The conversion factor shown below must be used to convert activi-

ties from the Raoultian ‘activity scale to the Henrian scale.

ﬂg Raoult Yﬁ My s
100M . : (4)
wi :

wt %

1<

Care must be taken in ‘the treatment of the data because thermo-
dynamics can only be used to predict the direction of chemical reactions.
The kinetics or rates of reaction cénnot be determined from thermody-
namics.

2.3 Chemical Reactions at the
Melt-Crucible Interface

This discussion of the chemical reactions which form inclusions
is divided into two sections to simplify the explanation. The first sec-
tion.dealsAwith reactions at the melt-crucible interface and the second
section deals with reactions within the melt and at the melt-vacuum inter-

face.
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It is widely known that reduction of the refractory by carbon
takes place during vacuum induction melting. It is theorized that this
- is a two step process; the crucible decomposes and the free oxygen reacts
with carbon to form CO(g). For exampie,‘én MgO crucible decom@oses by

the reaction:

MgO(s) - Mg(g) + O (5)

This free oxygen reacts with carbon to form CO(g) as follows:
"+ 0 - Co(g) o (6.)
It is evident that thé overall reaction is:
MgO(s) + C ~ Mg(g) + CO(g) | (7)

However, bubbles of Mg and CO form only near the melt surfa;e because
the metallostatic head suppresses gas bubbles at greater depths. For
example, Vaughn and Geiger (1979) éalculated that bubbles containing CO
and Mg vapor (MgO crucibles used) could form down to 0.5 cm below the

surface of a melt containing 0.01 wt. % carbon with a total pressure of

e

5 x 107° atm. Reactions (8) - (13) are pther examples of reactions

between carbon in the melt and various vrefractory materials.

2r0,(s) + 2C = Zr + 2C0(g) | ®)

Ca0(s) +C=Ca+ O . (9)
510,(s) + 2C = Si + 2C0(g) - (10)

A1203(s) +.2C = AlZO(g) + 2C0(g) ' (11)
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AL,0,(s) + C = 2A10(g) + CO(g) (12)

A1,0.(s) + 3C = 2Al + 3CO(g) (13)

Although the reaction of éarbon witp a refractory okiderdoes not
‘directly introduce oxygen into the melt, this carbon doe§ not react with--
oxygen already in the melt to form hérmless CO bubbles. Thus, the effect
of carbon as a deoxidizer is diminished by carbon-refractory reactions.

.‘It is evident that rééétions (7) - (10) go in the forward direc-
. tion because initially there is no Mg, Zr, Ca, or §i;(activity = 0) in
the nickel-base melts. Thus, to approach equilibrium, the crucibles
must decompose at least to some slight extent. Calcium and silicon in
the melt are considered becausg there is Ca0-and SiO2 ih the MgO and
ZrO2 cruéibles.

To show how favorable these reactions are at typical vacuum
pressures, reaction (7) was ana;yzed by Vaughn and Geiger (1979). They
state that in the pfesence of as 1ittle-as 0.001 wt. % C or more, the
pressure of CO(g) and Mg(g) from the\reaction are greater than 0.8 torr
‘each for a total preséure of 1.6 torr. This means that the reaction will
proceed to the right when the total pressure is less than 0.6 torr (1600
~ microns) for % C 3_6.001%; typical vacuum melting pressures are 1-10
microns. Thus, the beneficial effects of melting under a strong vacuum
are offset by crucible decomposition and, in fact; Vaughn and Geiger
(1979) suggest that melting shbuld be done at pressures greater than.
-normally used. o

The reaction between AIZO and carbon results in partial pressures

3
of AlZO(g), A10(g), and Al(g); their respective values depend on the
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equilibrium constants for reactions (11) - (13). Meadowcraft and
Elliott (1963) State-thatvthese vapor species which form under vacuum
conditions diminish the effectiyenéss of substituting more stable oxides

for AlZO3 as a crucible material. In other words, the oxygen is not in-

7

troduced into the melt where it can react to form inclusions. Instead,
it is in the form of gases above the melt. .
Also, the crucibles can decompose at low pressures in the

absence of carbon. Examples of these include the reactions listed

below:
MgO(s) = Mg + O : 5)
Alzos(s) = A120(g) + 20 (14)
ZrOz(s) = Zr + 20 : (15)-

These reactions are favored at low pressures (or low g_content) in the
molten metal. Thus, oxygen'supplied to the melt from the decomposing
crucible offsets the oxygen wﬁich leaves the melt surface and is pumped
away by the vacuum pump.

Oxide layers can -form preferehtially on the crucibles in certain
meltjrefractory combiﬁations. These form when an alloy element in the
melt is favored thefmodynamically to reduce the refractory oxides. Snape
and Beeley (1967) state that these compounds may adhere to the crucible
wall and hinder further reaction or may be detached because of large
differenées in specific wvolume between compounds and base refractory and
agitation within the melt. .An.example of this is HfQ2 which is more

stable than-Al-OS_or Zr0,; a free energy of formation chart (Figure 2)

2 2’
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is available for comparison. Thus, from thermodynamic considerations,
HfO2 is expected to form’preferentially on the crucible walls relative
to the origina1 crucible compoéition. .However, the acti&ities of the
alloy elements in thé melt are also factors which must be considered.

Reactions (16) and (17) represent a possible Hf02 layer formation:

SHE + 2A1,0,(s) = 3HEO,(s) + 4AL : o ae)

Bf + Zr0;(s) = HfO,(s) + Zr ' - A7)

Since Ca0 is also a crucible material, Ca near the crucible-

“melt interface will react with HfO2 and AlZO3 according to reactions (18)

and (19).

1}

Ca + Hf0,(s) + 0 = CaHf0,(s) | (18)

xCa + Al

2

O3 + y0 = CaXAIZO(y+3) (19)

‘ These phases are expecteq to form on the crucible walls. Sutton
and Maurer (1979) state that with increasing melt time there is a build—
up of oxide particles within the pores of the crucibles (along with
metal droplets) and at the surface of the crucible. At the surface,

- oxide particles form and are apparently éonnected toggther to form a
network which retains the metal (skull) within the intergtices of the
network, itself, after the melt ﬁas been poured. The metal in future
melts,actualiy "sees this type of a skull layer.'" Since the oxides in
this type of skull layer.are more chemically stable than the original

crucible material, the rate of crucible decomposition is expected to
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decrease with subsequent melts. This oxide layer could effectively act
as a boundary between the'liquid-metal and the original crucible surface
and hinder further reactions. This proceés 1s known as 'conditioning"
thé‘ciucible. | |

2.4 Reactions Within the Melt and at the
' Melt-Vacuum Interface

Inclusions form within the melt from various sources. Dissolved
oxygeﬁvwithin the melt reacts with aluminum and hafnium to form oxide
inclusions; from Figure 2 and Table 2, it is evident that the formations

vof A1203 and HfO2 are thermodynamically very favorable.

2A1 + 30 = AL,0,(s) | (20)

Hf + 20 = HfO, (s) - ’ - o@D

- The major soﬁrcés of the okygen iﬁ_thé melt are oxygen’ffom the
decom?osing crucibles and oxygeh withiﬁ the chamber environment above
‘thé melt.

. Since HfOZ_isvmore stable than the other oxides,.HfOZ'inclusionsv
also form at the expense of these oxidés,j.An example of such a reaction

which. could occur within the melt is:

2A1203(s) + SHE = 3HFO,(s) + 4AL ' (16)

Carbon is used as a deoxidizer invnickel—base melts.  The oxygen
g which reacts with carbon leaves the system as CO(g) instead of reacting

- with AlZO3 or HfO2 tq~form inclusions. -As-the metal melts,'a carbon boil

¢
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reaction takes place as carbon and oxygen combine, and CO(g) is continu-

ously pumped out of the molten metal according to the reaction:
C+0=Co(g) | ON

This reactién is favored When the total pressure 1is decreased
and temperature is increased. This carbon boil reaction decreases the
amount of oxygen available to react with elements éuch as aluminum and
hafnium to form inclusions. However, oxygen levels seldﬁm reach those
- predicted by thermodynmamic theory for thercarbon-oxygén reaction because
the rate at which oxygen enters the melt from the decomposition of the
refractory eventually reaches the rate at which okygen leaves the melt.

.Cremisio (1972) states that the dissolution of refractories and/
-or the inability»of critically siied.Ca(g) bubbles to nucleate (due to
the metallostatic héad)-are Probably the majof reasons for not achieving
.the theoretical le?els of approximately 6-10 ppm. However, prdper chéice
of crucibles, effective stirring, éood control of vacuum and correct use
-and charging of raw materials all help in keeping oxygen levels consis-
tently to approximately 20-30 ppm.

dfher refractory dissociation ﬁioducts within the melt (A1, Hf,
Zr, Ca, and Si) react with dissolved oxygen to fofm oxides. Again, these
all float to the top to form a dross layer except HfO2 which sinks to the
bottom because.of.its,high density. Magnesiﬁm~in'the melt has a high
vapor pressure and is pumped out by the vacuum pump (similar to carbon

monoxide) instead of reacting with oxygen to reform MgO inclusions.



CHAPTER 3
EXPERIMENTAL PROCEDURE

3.1 Experimental Apparatus

The melts were made in crucibles which were‘placed inside the
induction coils of a Stokes-Vacuum Casting (vacuum chamber) unit. Power'
was supplied to the induction coils by a 15 kilowatt Inductotherm
generator.. The temperature of the melt was measured by an optical pyro-
meter, and the pressure of the vacuum chamber was monitored b} a vacuum
ionization gage.

| The crucible induction coii assembly is detailed in Figure 3.
The crucibles were centered inside. the induction coils by packing a fine
alumina insulating powder.as back-up material around the crucible; flexi->
ble asbestos sheet was used to contain the alumina powder along the sides
of the induction coils. Around the top of the crucible assembly, magnesia
powdér, mixed with sodium silicate (''waterglass''), was ﬁsgd as a collar>
material to prevent the fine alumina powder from falling out when ther |
crucible assembly was tipped to the pouring position. The outside support
of the induction coils, as we11>as the top cover plate and the bottom
support were constructed of transite.

A photograph Of the crucible assembly within the vacuum chamber
is shown in Figure 4; the control panel of the 15 k;lowatt generator as
well as the ionization gage is shown in Figure 5.

20
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Melt

3.

Crucible assembly.
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Fig.

4.

Stokes vacuum casting unit.



Fig.

5.

Generator control panel and vacuum ionization gage.
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The liquid metal was poured into a sand mold prepared from silica
mulled with sodium silicate and éllowed to harden in air. An open top
mold cavity was ﬁade using a wood pattern in the shape of an inverted
bowl; the mold is skétched in Figure 6. This mold was set inside the
vacuum chamber at the pfoper posi?ion so it could receive the liquid

‘metal from the crucible during the pouring operation.

3.2 Melt Schedule

A series of 12 nickel-base vacuum melts was melted and cast.
Before any experimental-melts were made in a crucible, a "wash'" heat was
méde. Pure nickel was heated to - 1550°C under vacuum pressures (i-lO
microns) and poured .into ingots. This served to degas the crucibles.
Four alloy compositions were used; these were Ni-0.15C, Ni-0.15C-5Al,
Ni-0.15C-1Hf, and Ni-0.15C-5A1-1Hf. They were melted in three different
crucibles; these were A1203, MgO, and>Zr02 crucibles. The sequence of
melts is shown in Table 4.

| The alloy composition and the crucible type were the only two

intended variables for these éxperiments. However, the preésure in
Melts No. 11 and 12 was approximately 1 torr (1000 microns)} because of
problems with the mechanical pump; the péuring pﬁessure in Melt 5 was an
unexpecﬁed 200 micréns. Thé other nine melts were melted undér 1—16
microns pressure which is typical of industrial melting practice.

A temperature of 1550°C was selected'as the temperature to
which the alloy would be heated and poured. Since nickel melts at 1454°C,
one hundred (100°C) degrees of superheat was used for all melts which is

also typical of industrial practice.
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- Table 4. Melt schedule.
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Melt No. Alloy Crucible ,Condition'
1 Ni-0.15C AlZO3 New (after wash heat)
2 Ni-0.15C-5A1 A1,0, 2nd heat
3 Ni-0.15C-1Hf A1,0, 3rd heat
4 Ni-0,15C-5A1-1HF A1,0, 4th heat
5 Ni-0.15C MgO New (after wash heat)
6 Ni-0.15C-5A1 MgO 2nd heat
7 Ni-0.15C-1Hf MgO - 3rd heat
8 Ni-0.15C-5A1-1Hf  MgO 4th heat
9 Ni-0.15C ZrO2 New (after wash heat)
10 . Ni-0.15C-5A1 210, 2nd heat
11 Ni-0.15C-1Hf ZrO2 - 3rd heat
12 Ni-0.15C-5AI-1Hf 710 4th heat
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The crucibles used in these melts wefe obtained from Norton; the
composition and porosity of each of these crucibles are given in Table 5
(as supplied by the manufacturer). These crucibles are shown in Figure
7; the crucibles were 6 inche5 (15.2 cm) in height with an inside diame-
ter of 2 3/4 inches (6.7 cm) and a wall thickness of 5/16 inches (0.8 cm).

For thé melts, electrolytic nickel, remelted and‘cast into 1 cm
diameter (approx.) spheres, and commercially pure aiuminum were used. The
~ hafnium contained significantramounts of Zr and Fe and was in strip form
approximately 0.8 cm thick. The carbon was spectroscdpically pure and in
the form of graphite rods. The chemical compositions of the charge

materials are given in Table 6.

3.3 Typical Melt Cycle

For each ﬁeit, the.charge materials were carefﬁlly weighed. The
nickel was iﬁlthe~form of smali-spherical pellets while the aluminum was
in small chunks of about 10 grams. . When hafnium was_used;‘it was added
as two small piéces of‘strip of about 8 grams each. The graphite rods
weré crushéd with a mortar and pesfle into a fine carbon powder.. About
1400 grams of charge was used for each melt.

The nickel, aluminum, and hafnium were degreased with trichloro—
ethylene, rinsed in distilled water, and then dryed at 140°C for 30
minutes. The metal was then charged into the crucible with thelcarbon
- powder sprinkled throughout the charge. |

The crucible assembly was then placed inside the vacuum chamber
and conne;ted.ta the power lea&s. After closing the door, the chamber

was pumped down with a mechanical pump to approximately 0.5 torr and then



Table 5. Chemical analysis of the crucibles.

O3 Crucible (Porosity = 21%)

‘Alz
AlZO3 - 99.01 wt. %
SiO2 - 0.58 wt. %
.FeZOS - 0.11 W?i %
‘Na,0 - 0.17 wt. %

2

Mg0O Crucible (Porosity = 22%)

99.00 wt. %

MgO -

Ca0 - 0.10 wt. %
SiO2 - 0.50 wt. %
A1203 - 0.35 wt. %
FeZO3 - 0.10 wt. %

ZrO2 Crucible ' (Porosity = 25%)

Zr02 - 92.00 wt. %
Ca0 - 4.5 wt. %
.HfO2 - 1.5 'wt. %
SiO2 - 0.9 wt. %
Ale3 - 0.6 wt. %
| TiO2 - 0.3 wt. %
" Fe 0, - 0.2 wt. %

2




Fig. 7. The MgO, Al"0", and ZrO" crucibles.



Table 6, Chemical compositions of charge materials.

" Nickel

Ni - 99.988 wt. %

.C - 0.002 wt. %

Co - 0.010 wt. %
Aluminum

Al - 99.79 wt. %
Cv -  0.01 wt. %
Fe - 0.15 wt. %
Si - 0.05 Qt. %

Hafnium
Hf - Balance
Fe - 1.02 wt. %
Zr - 3.8 wt. %
c - 30 Ppm

0 - '1620.', ppm
Al - 170 ppm-

g - 4.1 ppm
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pumped down to the range of 1-10 microns pressure with a diffusion pump.
When the lowest pressuré was achieved thé metal charge was heated and
melted; during this period, the teﬁperature was measuyed with an optical
pyrometer appfoximately every‘two minutes. The pressure was also moni-
tored and recorded every minute or two. The melt was heated to approx1—
mately 1550°C, held for about two‘mlnutes, and then poured into the silica
~sand mold to form an ingdt. This melting sequence, starting with genera-
tor power turned om, usually tobk 15-20 minutes. ,The»pressure in the
chamber was kept low by.fhe vacuum pumps-for two more hours before
bleeding in aif to fefurn'the system to atmospheric pressure. This was
-done to»minimize the oxidation of the ingots at the high temperatures.
The ingots were then removed from the sand molds.for subsequent opera-
tions. A typical ingot sectioned in two (top fortion cut off on left

side) is shown in Figure 8.

3.4 Metallography

Metallographic.preparation wés'performe& so“that the ingots and
the cruciblés could be.anaiyzed by optical hicroscopy and by mi;roprobe
analyses. .

Thé ingots Qere sectioned into many piécés With an ébrasive fype
cut-off wheel flooded with Qater for cooling. Specimens from the top.
énd bottom surfaces were cut from thé ingots and mountéd in bakelite.
G?inaing and poliéhing were aCcompliéhed'by first grinding successively
on 240, 320, 400, and 6004grit papers énd then polishiﬁg Qitﬁ diamond
pastes on a very low nap.nylonkcloth (as recommended by Buehler |

Metallographic»Supplnyo; for polishing withbthe,idea of retaining~



Fig. 8. Typical ingot (sectioned in half).
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inciusions). The two diamond pastes had partiéle sizes of 1 micron and _
0.25 microns for coarse and fine polish, reSpectively. Kérosene was
gsed as a lubricant during the polishing operation.

The crucibles were cut with a diamond cut-off wheel into sec-
tionsAsmall enough for 1 inch diameter mounts of epoxy. Two samples
from each crucible were'mounted; ; top View of the bottom surface ana a
croés sectional view of the bottom surface of each crucible were mounted.
The edge views of these sections are shown in Figure 9.

” To prepare fhe epoxy'mounts; the samples of the crucibles were
heated on a hot plate to approximately 100°C. A 50-50 mixture of epoxy
resin and hardener was applied to the.cfucible.surface to be examined.
These pieces were set on a piece of aluminum foil which had been sprayed
with mold release; the aluminum foil was set on a very smooth, flat
board. A one inch tubular mold was set around‘this sample, and then more
epoxy was added until it completely submerged the sample and filled the
mold. This was allowed to set overﬁight, énd then.it was cured at 60°C
for 4 hours. These crucible mounts weré then ground with 400 and 600
grit papers followed by the same polishing operation that was pgrformed

on the specimens of ingot material.

3.5 Optical Microscopy and Microprobe Analysis
The ingots were examined under a Versamet Unitron 5096 metallo-
graph for eViaence of inclusions throﬁghout the solid ingot and oxide
skins (dross) on the top and bottom surfaces of these same ingots. The
 crucible surfaces and ”skuliﬁ.material which adhered to the crucibles

were also examined. Areas of interest were marked with either two or



©

Fig. 9. Edge view of crucible sections.

1. Top surface of bottom of crucible.
2. Cross section of bottom of crucible.
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three Vickers hardness indentationsrand then photographed oﬁ the metallo-
graph. This was done as a convenience to locate these areéas of interest
in the microprobe unit.

.The microprobe,~or Scanning Electron Microprobe Quantometer
(SEMQ), was used to obtain the ch?mical composition of samples. Thé‘wave—
length dispersion method was employed in these chemical énalyses. The
micfoprobe used x-ray spectrometers to identify, and count x-rays based
_on their wavelength. The results were presented in two different manners.
A numerical computer printout of the chemical composition of a probed
region down to a size of 1 micron in diameter was obtained. The numerical
value reported was the ratio of the x-ray intensity of each element in the
specimen divided by the intensity of x-rays obtained from the pure stan-
dards; this ratio is often referred to as the "K-ratio." An oxide Was
used as the standard for oxygen.

Also, x-ray distribution-imageé-of certain key elemehts were ob-
tained. These were very useful in determining the composition of various
phases which appeared on the photomicrographs. Secondary electron pic-
tures were also taken; these identify the ‘exact location in which the

composition data were obtained.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 General Qutline of Presentation

Twelve nickel-base heats were induction melted under'vacuum and
then cast into small open-top ingot molds. During the melting and
pouring of the ingbts, observatidné on the presence or absence of a
surface scum or dross (i.e., oxides) were noted. These ingots were sub-
sequently sectioned for metalloéraphic and microprobe analyses. The
results are.discussed in terms of four aifferent series of alloys.
Ingqts 1, 5, and 9 were analyzed together because these contain Ni-0.15C.
Simiiarly, series of alloys cohtaining Ni-0.15C-5A1 (Ingots 2, 6, and
10), Ni-Q.lSC-le (Ingots 3, 7, an& 11), and Ni-0.15C-5A1-1Hf (Ingots 4,
8, and 12), reépectively, are analyzed; In addition, samples removed
from the melting crucibles wefe analyzed using the microprobe with em-
phasis on reaction products found on or near.the melt surface of the
crucibles after they had been used for four heats. Based upon these
observations, a discussion of the inclusion or dross-forming reactions

is presented.

. 4.2 Observations of Expefimental Melts

The twelve nickel-base melts made in this study are shown in
Table 5. The general plan was to melt and superheat the charge materials
to 1550°C while under a vacuﬁm of 1-10 microns, then to pour into sand
molds to form the ingots. Nine melts, in fact, were prepared in this

36
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manner, but fhe last two heats (11 and 12) were melted and poured under
a vacuum of approximately 1 torr dﬁe to problems with the mechanical
pump. The chémber pressure unexpectedly rose to 200 microns in Melt S.
This was probably due to incomplete outgaséing.in the wash heat. Com-
plete details_are shown in Table 7.

The logs of the twelve meits are recorded in Appendix A; the
logs include'chamber pressure,; melt temperature, and observations of
melting and formation of surface scum and the time of pour. -For example,
in the aluminum-bearing melts, a heavy dross layer or scum was noticed
"on the melt surféce and on the top surface of .the solidifying ingot,
This dross layér formed during the later stages of the melting process.
Figure 10 shows an example of the dross which formed on top of the
solidified: ingot. .A carbon boil reaction was noticed in the early stages
“of all melts; during the boil, the melt surface was free of dfoss.
VMelt.6 was allowed to stay molten for 31 minutes (see Table 7)
in order to observe whether dross fose.to'the top suiface when the power
was turned off tno‘induction stiriing). It was observed that dross rose

to the top surface and collected near the crucible wall.

4,3 The Ni-0.15C Melts

Melté 1, 5, and 9 contained Ni-0.15C and were melted in A1203,
Mg0O and Zr02 cruciblés{'respectively. For theée melts, the crucibles
were newly installed. In Ingot 9, grains of ZrO2 from the melting cruci-
ble were found on the top surface; The x-ray distribution images of Ni

and Zr on the top surface of this ingot are shown in Figure 11. In these

images, the presence of white dots indicates the presence of the given



Table 7. Melt data.

Time

Pressure Pressure

Crucible at Maintained at
Melt No. Alloy Crucible Condition Meltdown ' Molten Pour .

: ‘ {Microns) (Minutes) (Microns)
1 Ni-0.15C AL, New 7 . 12
2 Ni-0.15C-5A1 A12_03 2nd heat 6 .5 9
3 Ni-0.15C-1Hf ALO,  3rd heat 4 5 7
4 Ni-0.15C-5A1-1Hf A1203 4th heat 4 - 4 5
5 Ni-0.15C MgO " New ~ 60 4 200
6 Ni-0.15C-5A1 Mg ond heat 4 31 12
7 Ni-0.15C-1Hf MgO 3rd heat 4 6 8
8 Ni-0.15C-5A1-1Hf  MgO 4th heat 4 5 4
-9 Ni-0.15C ' .Zr02‘ New 4 4 5
10 Ni-0.15C-5Al ZI‘O2 2nd heat 2 4 4
11 Ni-0.15C-1Hf - Zr02 3rd heat 1400 5 1200
12 Ni-0.15C-5A1-1Hf " Zr02 4th heat 1200 8 . > 2000

8¢



Fig.

10.

Typical top surfaces of ingots.

Notice the dross layer present
on the top surface.
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Fig. 11. Distribution of nickel and zirconium on the top surface of

Ingot 9.

(@ Nickel image.

(o) Zirconium image. The concentration of white dots is

roughly proportional to the concentration of the respec-
tive element. The upper left hand comer contains
appreciable amounts of SiO”. Magnification is 200x.
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element. ,Convérsely the dark areas represent an absence of thé given
element. To complement the images of Figure»ll, the microprobe beam was
fixed on a nickel rich area (métailic matrix) and on a ziréénium rich
area- (oxide matrix), respectively. Table 8 gives the K-ratios found in
~ these two areas. The K-ratio is Fhe intensity ratio defined as the
X-ray intensity of the-element in the matrix divided by the intensity
of that element in its pure form; an oxide is used as a standard for
oxygen. The metallic matrix appéafs to be relatively pure Ni, but it
should be noted that the‘microprdbe used does not detect carbén’at the
composition of the alloys studied. The reported K-rafios for the.nickel
was greater than one. The fact that'K;ratios were greafer than one
throughout this study suggests that the probe was ﬁot:properly'calibrated.
However, since oniy a semi—quantitative analysis is performed, the
meaning of the results is not affected. 1In the oxide matrix, the inten-
sity ratios for zirconium:and oxygén are very high which.suggesfs that
these Zr-rich'regions are ZrO2 grains. Calcium, silicon, and hafnium

are reported because the Zr0, crucible contains 4-5% CaO, 0.9% SiO, and

2 2
1.5% HfOZ; the crucible wés the only soﬁrcerof zirconium, calcium and
hafnium in the system. In fact, the région in the upper left hand corner
of Figure 11 is rich in;SiOZ. Tﬁereforg, it appears that grains of ZrO2
have eroded or fallen from the crucible into the melt.

.No appréciable amounts (5 0.001) of any element other fhan
nickel (carbon not reﬁortéd) was foun@ on the top surfaces of Ingots 1.

and 5. This suggests that no significant oxide phase forms on the top
. 3

surfaces of these melts; this agrees with visual observations. Thus, no
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Table 8. Microprobe analysis of dross of Ingot 9.

K-ratios
Metallic Matrix ZrO2 Grains
Ni > 1.0 0.020
Hf < 0.001 0.004
Ca 0.001 0.094
Si - 0.001 0.22
Zr < 0.001 0.30
0 0.004 0.50

A1203 or MgO crucible decomposition is evident from the results of the

examinations of the top surface of these melts with -Ni-0.15C.
In this series of melts, the most significant finding was that
some ZrO2 grains have eroded from the crucible. However, no AlZO3 or

MgO crucible decomposition is evident by analyzing these Ni-0.15C melts.

4.4 The Ni-0.15C-5A1 Melts

Three Ni-0.15C-5A1 melts (Melts 2, 6, and iO) were cast iﬁ this
study. The major finding of the probe'rgsults was that the inclusions
on the top surfaces of all three ingots were rich in aluminum (presumably
as A1203 and/or alumino-silicates). In these drosses relatively large
concentrations of silicon were usually present. It also appears that the
Mg0O crucible deéomposed as is evident from the K-ratios of Mg and Ca

given in Table 9 for Ingot 6. More evidence of ZrO, crucible erosion

2

" was noticed in that ZrO2 grains were found on the top surface of Ingot 10;
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Table 9. Microprobe analyses of dross areas on Ingot 6.

K-Ratios
A1203-rich area  MgO-rich area Metallic matrix
(Ingot 2)
Ni- 0.040 0.014 > 1.0
Al 0.83 0.35 0.016
Ca 0.24 0.036 0.000
Mg 0.20 0.27 - 0.000
Si d.lQ 0.017 0.001
0 0.59 - > 1.0 ' 0.004

these graiﬁs were coated with'a‘nonmetallic.phase rich in aluminum,
silicon, and oxygen (prObablyAmullite).

Evidence for the foregoing results is given in Figures 12-17 and
Tables 9-12. Figu?es 12 and 13 are a phdtomicrégraph and a back-
scattered electron image, respectively, of oxides (dross) found on the.
top surface of Ingot 6. Figures 14 and 15 show that there are signifi-
cant concentrations of Al, Mg, and Si in this dross. The Al X-ray
distribution image (Figure 1l4a) shows regions of heavy concentration of
aluminum. It can be deduced that this Al—rich region does indeed contain
AlZO3 from the equilibrium constant for Alzo3 in nickel melﬁs at ele-
vated temperatures (see Table 2). Using similar reasoning, the,relative—
ly rich concentrations of Mg and Si in Figures 14(b) and 15, respectively,

are interpfeted.to be Mg0O and SiOZ. The obvious presence of Mg in Figure

14 (b) is convincing evidence of MgO crucible decomposition. The MgO is



Fig. 12. Dross rich area on top of Ingot 6.

Magnification is 150x.



Fig.

13.

Back-scattered electron image of area in Fig.

Magnification is 200x.

12.
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Fig.

14.

©)

Distribution of aluminum and magnesium on the top surface of
Ingot 6.

(@ Aluminum distribution.
() Magnesium distribution. Notice that the Mg is always
within an Al rich region. Magnification is 200x.
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Fig.

15.

Silicon x-ray distribution image of area in Fig.

White dots represent SiO”. Magnification is 200x.

14.
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Fig.

1e.

o\

%

ZrO” grains on the top surface of Ingot 10.

Magnification is 150x.
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Fig.

17.

(o)

Distribution of zirconium and aluminum on the top surface of
Ingot 10.

(@ Zirconium distribution.
() Aluminum distribution. Notice that the A1"0" coats the
crumbs. Magnification is 200x.
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Table 10. Microprobe'analysis‘of top surface of Ingot 2.

K-Ratios
A1203—rich area Metallic matrix
Ni ) 0.18 > 1.0
Al 0.77 _ . 0.016
Si , 0.29 | 0.001

0 ' . 0.33 0.004

Table 11. Microprobe analysis of a ZrO, grain on'the top surface of

Ingot 10. 2
K-Ratios
ZrOz—rich area A Metallic matrix
Ni 0.003 - > 1.0
Al 0.002 : 0.027
HE 0.017 | ‘ 0.000
Ca 0.24 0.000
Si 0.010 < 0.001
Zr 0.77 < 0.001
0 0.22 0.004
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Table 12. Micfoprobe.analysis of Al,0z-rich coating on a Zr0, grain on

the top surface of Ingot 10. 2

K-Ratios

AlZOS—rich area

Ni 0.32
Al 0.16

HE 0.001

Ca 0.011

Si 0.33

Ir | - < 0.001
1 0.19

coincidental with Ale3 probably as a result of combining with the A1203

to form a spinei (MgAl 04) phase within the dross. Silica (SiOz) is also

2

noticed (Figure 15) in the aluminum rich areas. In fact, it was noticed

in all three ingots that SiO2 rich regions were always within A1203 rich

was never separate from the A1203. Microprobé analyses

of these various regions of Ingot 6 are shown in Table 9. The first

regions; the 8i0,
analysis was performed in the Al-rich reéion in the upper right hand
corner of Figure 14(a) while the secénd analysis was performed in the
area richer in Mg near the bottom of Figure 14(b). The comparison of the
oxygen K-ratios in these regions with the ratio in the metallic matrix
shows that an oxide. dross definitely formed. High aluminum contents.

(relative to the metallic matrix) are reported in this dross layer; this
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ié.@bvibus evidence of AIZOB,rich‘dross on thé t0p surface of thelingot.
Notice that there appears to be more aluminum than any other elemént
(except oxygeﬁ) iﬁvthis dross. In this AlZO3 rich area, there are sig-
nificant concentrations of Ca and Mg, and in the MgO rich area thgre is
Mg and a lesser coﬁcentratioﬁ.qf Ca. Therefore, the significant Mg and
" Ca compositions in this dross is élear evidence of MgO crucible decéﬁpo-
sition. The Si K;ratios were also much higher in the dross than in the
metallic matrix,which indicates that the dross is bartiélly comprisea of
SiOZ.ilThis,siliéon can originéte from any of three sources. Silicon is
pfesent in the original charge aluminum, the MgO crucible, and the sand
mold. If_is doubtful that the silicon in the dross is from sand graiﬁs
of the mold because such grains would probably aﬁpear as relatively
" large cﬁunks of virtually pure Sib2 whicﬁ is not evident in Figures 14
and 15. The silicon most likely originates from both the trace amounts
in the original aluminum charge and from the MgO crucible. The apﬁrecia—
ble concentration of calcium in thé dross is. further evidence of MgO
crucible deéomposition since the érucible, itself,‘is the only source of
calcium. This is also consistent with the findings of Sutton and Maurer
(1979) who predict that calcium aluminates form in aluminum-bearing
nickel-base melts contained in MgO crucibles. |

The top surface of Ingot 2 aiso had an AlZO3 rich dross layer
with significant amountS'of SiO2 contained within. A microprobe analysis
of the dross layer as compared with a metallic matrix samﬁle of this in-

got is shown inm Table 10. Again, from the aluminum;>silicon, and oxygen

K-ratio data, it is evident that A1,0; and Si0, are present on the surface.
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of Ingot 2. It can not be definitely determined whether the A} O3 cruci-
ble decbmposes-because there is 5% Al in the alloy and small amouﬁts of
silicon in'fhe‘aluminum charge mefall |

The analysis of Ingot 10 once again shows clear evidence of Z_rO2
crucible erosion.A Figure 16 shows grains of ZrO2 on the top surface»of
the ingot. An x-Tay distribution'image of Zr (Figure 17a) clearly'shows
thése grains.are indeed rich in Zr. A microprobe analysis of a grain is
shown in Table 11; the detection of an appreciable amount of Ca and’
lesser amounts of Hf and Si algo suggests that these grains originated

from the Zr0, crucible. It appears that the 710 gréins crumbled as a

2 2

whole Without'appréciably breaking up in the melt.

An interesting observation about the ZrO2 grains is that an oxide
layer rich in aluminum_and silicon (Figure 17b and Table 12) coats the
| ZrOé grains. It is deducedvthat the ZrO2 grains are partially reduced by
‘the aluminum to form AlZOS»énd elemental Zr which goes into the metallic
solution. Alumina (A1203) ié-more}stable than ZrOZ in nickel-base melts
as shown by the equilibriuh'¢onstants in Table 2. Also, there is 5% Al
and initiall& no Zr (initial activity of Ir = O).in the melt; thése fac-
to?s_favor the reduction of ZrO2 by the glUminum. However, since the
silicon K-ratio is so high, iﬁ'is also possible that a silicate élag wets
these ZrO2 grains causing a silicate coating to forﬁ.

The analyses of the Ni-0.15C-5A1 melts show considerable evidence
of A1203 rich dross layers on the'top surface of all three ingots. Clear
evidence df MgO crucible -decomposition was established by the faét»that
Mg, Ca, aﬁd Si were presenf in the dross on the toﬁ surface of Ingot 6.

Again, it is noticed that ZrOZ grains break off of the crucible as in
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Incot lO A 1ayer rich in A12 and SlO coateditheee ZrO grains ';No

"clear ev1dence of AlZOS crucible decomp051t10n could be establlshed in

. Melt 2 since.5% Al whlch'contalns trace amounts of silicon 1is$ added to

'the melt.

4.5 The Ni-0.15C-1Hf Melts

'Thetmest.significantafindinglfrom the probe resulte'of the Ni-
0.15C-1Hf melts is that‘eppreeiable améuhts of thz'drose ferm on ther
bottom'surfeceS'of the three'ingots It is beiieved;that silica ﬁSiOé}
' comblnes w1th the HfO to form a fo02 . ySiOthhase.in much the same
‘manner as: it comblnes with alumlnum 1n the Ni-0.15C-5A1 melts to form a
"mulllte_phese | -Once again, con51derab1e ev1dence of ZrO2 cruc1b1e ero-
 sion'was obServed-whlle-only;sllght evidence of MgO crucible decomposi-
tion wasrnoeieed. On - the Zr02~cr1icib1"e»grains‘,.g_HfO2 ceating hefy

"similar in'neture to the Al'OS‘coating on the Zr0

5 , grains in thele-

‘:O.lSC—SAi-meite is present. =

| Hafnium oxide dross was found on the bottom surface of Ingot 3.
A phohomicrograph and a Hf-xfray distribution image of such a fegion are’
~ shown inﬁFigureSIIS(a) and 18(b), respecfively. A hicroprobe analysis of
this dross region is compared with almetéllic matrix region in TableVIS.
The relatifely high Ni K—rafie inrthe’HfO2 droés*regien is probablyﬁdue
-to the eleetrens from the beam striking the Surroﬁndinv metallic matrix.
The apprec1able Si and Zr K-ratios in the HfO dross 1is clearvevidence of
: 8102 and ZrO phases in the HfO rlch dross. It is theorlzed that ‘the

-llghter SlO and ZrO2 partlcles agglomerate with the HfO TlCh clusters‘

2
and sink to the bottom of the melt with it. -The source of this Zr
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Fig. 18. HfO" dross on the bottom surface of Ingot 3.

(@ Photomicrograph.
() Hafnium x-ray distribution image. Magnifi-
cation is 300x.
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Table 13.: Microprobe analysis of HfO, dross.on Ingot 3. .

2
K-Ratios
HfO2 Dross ' Metallic Matfix

CNi - 0.39 0.90
T AL 0.009 0.004

Hf 0.56 0.008

Si 0.16 : 7 ©0.001

Zr " 0.009 - < 0.001

0 0.23 0.002

-was the hafnium charge metal. It is believed that tﬁe Si originates from»
"-the re;ained nickelifich skull from the previous (Ni—O.lSC-SAljimelt; |
The aluminum retained in this skull.ﬁad~trace amounts of silicon within
it. _This>is diséqsséd in more detail iﬁ section 4.7. Althoeugh no binafy
phase diégfam data,involving_HfQé are apparéntly évailable,Ait appears

that many. different phases involving HfO Zr0,, and SiO, are present in

2’2 2’ 2
this dross on the bottom surfaces of the ingots. .’

‘.Microproﬁe analyses bf Ingot 7ialso show thistO2 rich dross oﬁ
the bottom surface. A photdmicrograph aﬁd a Hf x-ray distribution imagé
of a drOSS»regioﬁ are shown.in‘Figurés 19(5) and‘lg(b). Micfoprobe
analysesldf the Hf02 rich areas'and the metallic matrix are shown in
Table 14. Oxideé from the decomposed.MgO-crugibie,tended‘to combine with
-thé‘HfOZ fd fqrm a dross cdhéisﬁing‘dfﬁméﬁy phases:involving these com-

~ pounds. - This'is evident by the appreéiable Mg, Ca, and Si K-ratios in
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Fig. 19. HfO" dross on the bottom surface of Ingot 7.

(@ Photomicrograph.
() Hf x-ray distribution image.

Magnifications

are 150x and 200x for (a) and () respectively.

The large black area in (@) is believed to be a cavity.
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Table 14. Microprobe analysis of HfO2 on Ingot 7.

KfRatios

HfOz—rich dross HfOZ—rich dross Metallic

area no. 1 . area no. 2 matrix

Ni 0.26 0.023 0.87
Al - < 0.001 0.001 0.003
HE 0.34 0.73 0.006
Ca 0.000 0.011 0.005
Mg 0.006 0.009 0.001 -
si 0.015 0.007 0.008
7r 0.007 0:020 < 0.001
0 0.19 0.30 0.009

the dross. It‘should be noted that particles of CaHfO, (Ca0-Hf0,) were
found by Sutton and Maurer (1979).

The bottom surface of Ingot 11 was also covered with this HfO2
dross. A much larger portion of the bottom sufface was covered with this
dross which is expected since the vacuum pressure during melting was
approximately 1 torr (1000 micromns).

On the top surface of Ingot 11, ZrO, grains were again found. A

2

comparison of the composition of these grains, the grains from Ingot 10,

and a ZrO, crucible matrix sample is shown in Table 15. Since these

2

compositions are mearly identical, it is theorized that the Zr02 grains

erode and rise to the top of the melt without appreciable dissolution in

the melt. In other words, the ZrO, rich areas on the top surface of the

2

ingot are believed to be grains from the original Zr0O, crucible as opposed

2
to reaction products that form within the melt and float to the top.
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Table 15. Microprobe analyses of Zr02 crucible grains.

K-Ratios
Ingot No. 11 - Ingot No. 10 ZrO2 Crucible
"Matrix
Ni - 0.002 0.003 < 0.001 -
Al » < 0.001 0.002 1 0.001
HE 0.015 0.017 0.018
Ca - 0.15 0.24 - 0.19
si 0.002 0.010 0.000
Zr 0.65 0.77 0.79
0 0.29 0.22 0.29

~Hafnium oxide coated the outside of these grains in.much the same

273

believed that hafnium in the melt reduces the Zr0

manner as the Al O, coated the outside of the grainsvin Ingot 10. It is
| 2 crumbs just as alumi-
num did in Ingot 10. A microﬁrobelanalysis of this coating is shown in
.Téble 16. | |

The major finding of the probe work on the Ni-0.15C-1Hf ingots is
that HfO2 rich dross defects form on the bottom surface of the three
ingots. ‘Zirconia (Zroz) crucible erosion was again found as well as MgO
crucible decomposition. Again,vno_positive evidence of Ale3 crucible

decomposition could be established by analyzing these ingots; note the

low Al K-ratios in all of these microprobe results.
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- Table 16.- Microprobe analysis of HfOz coating on Zr02 grains on the top
surface of Ingot 11.

K-Ratios

HfOz Coating

Ni 0.018
Al 0.002
Hf 0.24
Ca 0.016
Si 0.15
Zr 0.004
0 0

.12

4.6 The Ni-0.15C-5A1-1HF Melt

‘The probe results for thié series of alloys could be described as
- the "summation" of the fesults of the three previous-alloy series.” Of
course this is an oversimplification, but the results found in this series
are strikingly similar to the combined results of the other three series
of alloys. Again, alumina rich dross collectéd at the top of all three
ingots while hafnium oxide rich dross covered the bottom of the three
ingots.  The Zr02 grgins were evident.in'IngotVIZ while appreciable
amounts of MgO crucible decomposition were noticed when analyzing ingot
8. Alumina cruciblevdecomposiéion again could.not be established since
5% Al containing trace amounts of siiicon was édded'to the melt.

Examples of the AlZO3 rich and HfO2 rich dross on the top.and
boftom'surfaces, rés?ectively, of various ingots are shown in Tables 17

and 18. Notice that the ratio of aluminum to hafnium is much higher in
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dross on bottom surface of

- Table 17. Microprobe analysis of HfO2
: Ingot 4.
- K-Ratios
Metallic Matrix - . HfO,-rich HEO,-Tich
area no. 1 : area no. 2
Ni > 1.0 0.43 : 0.86
Al , 0.028 0.14 ‘ 0.048
Hf 0.003 0.24 0.17
Si < 0.001 0.001 0.021
ir " < 0.001 . < 0.001 0.002
0. "~ 0.005 0.056. _ 0.092

03 dross on top surface of Ingot 12.

Table 18. Microprobe analysis of Al,
K-Ratios
Metallic Matrix A1203—r1ch : _A1203-r1ch

area no. 1 area no. 2

.25

Ni > 1.0 0 0.093
Al 0.030 0.23 0.78
HE 0.002 0.12 0.14
Ca < 0.001 0.011 0.002
si ‘ 0.005 1 0.005 - < 0.001
7r < 0.001 0.012 | 0.014
o 0.01062 0.56 0 |

.42
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the top surface dross on Ingot 12 than on the bottom surface dross on

Ingot 4.

273

4,7 The A1.0,, MgO, and ZrO2 Crucibles

Much information about the cheﬁical'reactiOns leading to the
formation of inclusions and dross defects was learned by analyzing the
crucible surfaces. Both top views aﬁd cross—sectional views of the
bottom surface ;f the three crucibles (see Figure 9) were analyzed
under the microprobe. The three crucibles-were analyzed only\after all
four melts had been made.

The Zr02 crucible was éoated with a layer of HfOZ; nickel
base metal dropleté were scattered throughout this layer. A back-
scattered electron image of such a region is shown in Figure 20(a) while
x-ray distribution images of zirconium, hafnium, énd nicke]l are shown in
Figures 20(b), Zi(a), énd 21(b), respectively. Comparisons of the chemi-
cal analyses of the interior of the ZrO2 cruciblé, hafnium oxide coating,
and nickel droplets'aie shown iﬁ Table 19. These x-ray distribution
images and microprobe analyses definitely show that a Hf02 coating formed
on the ZrO2 crucible. However, the melting pressure in the two hafniuﬁ—

bearing melts in the ZrO

5 crucible was approXimately 1-2 torr (1000-2000

microns). It is not known whether a much thinner'HfO2 coating would form
if the melt had been made under the prescribed-l«lo‘microns. Sutton'and
Green (1977) reported that HfO2 f;rms at the drop base during sessile
drop studies of a hafnium-bearing nickel-base élloy on a Zr02 subsﬁréte.
Also, Sﬁtton and Maurer (1979) reported large quantities of HfO

5 in tae

skull of their ZrOZ—Prefire crucible. The nickel droplets probably formed
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Fig. 20. Side view of Zr0O" crucible sample.

(@ Back-scattered electron photograph.
(b) Zirconium x-ray distribution image.

Magnification is 200x.
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(o)

21. Distribution of hafnium and nickel in the view shown in Fig.
20 (a).

Fig.

(@ Hafnium distribution.
() Nickel distribution. Notice the HfC” coating on the ZrC*
surface and the nickel droplets within the HfC” coating.

Magnification is 200x.



65

Table 19. Microprobe analysis of ZrO, crucible surface.

2
K-Ratios
ZrO2 crucible ' Hf02 : Nickel-base
matTix coating metal droplets

Ni < 0.001 . < 0.001 0.91
Al 0.002 0.013 0.022

HE 0.012 0.55 < 0.001
Ca 0.17 0.039 10.002

Si . < 0.001 < 0.001 0. 006

Zr 0.66 0.038 < 0.001

0 0.23 0.23 0.009

during and after'the pouring operation; the nickel had a slight tendency

to wet the-Hf02 coating.

2

solid oxide 1ayer;f It is believed to be solid instead of porous because

The HfO2 layer on the ZrO, crucible appears to be a continuous,

very little nickel  (K-ratio < 0.001) was contained in this layer; the

small amounts of aluminum, calcium, and zirconium are probably in the

form of’AlZOB, Ca0, and MgO respectively.
Some A1203 was also noted on a section of the top surface of the
bottom of the crucible. The microprobe results of this A1,0, rich re-

273

gion along with a Zrozrcrucible matrix sémple are shown in Table 20.

These data show that there is some'Ale3 on the surface of this crucible.

Sutton and Green (1977) state that a continuous Al7O layer forms on the

3

ZrO2 crucible in which Ni-9.4A1 is melted. It is believed that this

A1203 formed in Melt 10 and was partly reduced by hafnium to form Hf02



Table 20. Micropfobe analysis of Al

0,-rich area on Zr0O, crucible

66

surface. 23 2
K-Ratios
ZrO2 crucible A1203—r1ch
matrix region
Ni < 0.001 < 0.001
Al 0.003 0.24
Hf 0.012 0.076
Ca 0.17 0.18
Si < 0.001 0.005
Zr 0.66 . 0.34
0 0.23 0.17
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(Eq. 16) in Melts 11 and 12. Sutton and Maurer (1979) also stated that

some AlZO3 formed on the crucible walls. Thus, it appears that on this

2
layer was reduced by the hafnium to‘form'HfO2 in Melts 11 and 12.

Zr0, crucible surface, A1203 formed during Melt 10 and that this AlZO3
However, most of the HfO2 coating is believed to be formed by direct

reduction of the ZrO2 by the Hf in the melt as shown in the reaction

below:
2r0,(s) + HE + Zr + HfOZ(s) . (17)

It is predicted from thermodynamic consideration that this reac-
tion goes toward the right (equilibrium constant > 1). Although no
thermodynamic¢ data for hafnium in nickel are available, it is known that

pure HfO2 is more stable than pure Zr0O, at 1550°C as shown in Figure 2.

2
Thus, it is assumed that the free energy of formation of HfO2 in nickel
base melts at 1550°C is-lowér (larger negative value) than the AG®° for
2%02. Also, the activify of Hf (l% Hf in melts) is ob&iously_much higher
than the activity of Zr (initially no Zr in the melt). Also, Zr never |
has ‘a chance to approach equilibrium because of the vacuum pump. By
analyzing Eq. (2), it is clear that a negative value of AG would be ob-
tained because both the AG° values and the activity Vaiues contribute
towards a negative number. Thus, theoretical considerations predict the
reduction of Zr0, by Hf in nickel base melts at 1550°C. This isrbackea
up by these experimental results.

It is believed that this Hf02 coating which forms on the ZrO2

crucible serves to '"condition" the crucible in that the HfO2 coating is
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much more chemically stable than the ZrO2 crucible. It is theorized
that a relatively inert HfO, crucible can effe§tively.be made by'melting
hafnium-bearing nickel-base superalloys in a ZrOz,crucible whereas é
nominally pure-HfO2 crucible would be prohibitively éxpensive. 0f
course, further testing must be performed to determine the extent of
Hf02 coatings at various pressure levels, and oxygen analyses of subse-
quent melts must be made in order to check for the chemical stabilify of
the HfO2 coating.

On the surféce of the AlZOS,crucible, an adherent, continuous
nickel-base skull was found. Figures 22 and 23 show this skull on the
AlZO3 crucible surface. Ca;eful observation shows that the nickel rich
metal is directly adjacent to the A1203 crucible sufface. A layer of
Hf02 is present in the skull, but it does not~appear that this HfO2
directly coats'the A1203 crucible surface as it does the ZrO2 crucible |
surface. A careful comparison of Figures 22(a) and 23 must be made in
order to see that this HfO2 layer is not directly adjacent to the A1203
érucible surface. This observation agrees with the observation made by
Sutton and Maurer (1979) who state that virtual}y no HfO2 was attached
to any crucible except their ZrOZ-Pfefirg crucible:

Micféprobe analyses of varioué regions in this cross-sectional
view of the AlZO3 crucible are given in Table 21. The reiativély high
K-ratio of mickel reported in the Hf02 rich area suggests that this is

Hf02 dross which éettled to the bottom of the nickel-base melt. It re-

mains trépped in the solidified nickel-base skull metal after pouring.
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Fig. 22.

Distribution of aluminum and nickel on the A1"0" crucible
(side view) .

(@ Aluminum.

(o) Nickel. Notice that the nickel-base skull is directly

adjacent to the Al 0 crucible matrix. Magnification
is 200x.



Fig.

23.

Hafnium x-ray distribution on the A1"0" crucible

(side view).

Notice that most of this HfO 1is within the nickel skull.

Magnification is 200x.
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. Table 21. Microprobe analysis of HfO2 and skull metal on Al.O, crucible

surface. 23
K-Ratios
Al203 crucible HfO2 ~ Nickel-base
matrix coating - skull metal
Ni . 0.005 0.67 > 1.0
Al . 0.66 0.024 -0.007
Hf < 0.001 0.49 0.029
Ca 0.005 0.012 0.005
Si ' 0.012 0.022 0.046
Zr < 0.001 0.006 < 0.001
0.16 0.010

0 > 1.0

It-is theorized that the reason the skull is attached to the

._A1203 crucible sﬁrface is that the nickel-base metal tends to wet the
crucible. 1In a-sessile drop study by Sutton and Maurer (1979), the

" contact angle between their nickel-base alloy and theif crucible was -78°

- which is very good wetting cbnditions;‘ The skull is believed to have
solidified on the crucible during and after pouring. It is so adherent
to the crucible that it does not fiow out with the majority of the melt
during the pouring operation.

Sutton and Maurer (1979) also stated that a nickel-base skull
layer was very adherent to their A1203-Prefire crucible. When this skull“
was peeléd ffom their crucible, the surface grains were pulled away.‘ A
similar -observation was noted whéﬁ the skull was peeled from this AlZQS

crucible.
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No definite proof of A120 crucible decomposition was established

3
by these probe results because of the 5% Al:in two of the four melts
makes it unclear whether any of the aluminum in the nickel base skull or
ingots originated from the A1203 crucible. However, it is widely known
‘that A1203 crucibles used to melt.nickel-base alloys by vacuum induc;ion
melting do decompose to some slight extent. Vaughn and Geiger (1979),
as well as Sutton and Maurer (1979), have made this observation.
Unfortunately, no decrease in thé AlZO5 crucible decomposition

 rate in subsequent melts can be expected to occur due to this skull

because this skull will probably simply remelt in the next heat. 1In

. other words, it is believed that this skull does not serve as a protec-

tive layer as the HfO2 coating supposedly doces on the ZrO2 crucible.

-Compared to the Al and Zr0 crucible surfaces, not much skull

203 2
'formationvor oxide coating was noticed on the MgO crucible surface.

Only small regions of Ni and A1203 were noticed adhering to the MgO sur;
face as shown in Figures 24 and ZS; Microprobe analyses of these phases
6n the MgO crucible is given in Table 22. It is probable that the alumi-
num x-ray distribution dots in Figurelzs represent A1203 adhering to ther
MgQ crucible; this makes sense conéidefing.thatfspinel (MgA1204) igua
very stable phase. Sutton and Maurer (1979) state that spinel is formed

on the MgO crucible surface by the reactions:

o
N
N

~—~

2Mg(g) + 2AL,0(g) + 302(g) > 2MgAL,0, (s)

2Mg(g) + 2A1,0,(s) + 0,(g) ‘2MgA1204(s) @3



Fig.

24.

Nickel x-ray distribution image of an area on the MgO crucible
surface.

Not much wetting of the surface was noticed. Magnification is
500x.
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Fig.

25.
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Aluminum x-ray distribution image of an area on the MgO crucible
surface.

Only small scattered spots form on this surface. Magnification
is 500x.
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Table 22. Microprobe analysis of MgO crucible surface.

K-Ratios
MgO Matrix Nickel-rich area AlZOS—rich area
Ni < 0.001 0.86 0.001
Al 0.002 0.004 0.45
HE < 0.001 < 0.001 < 0.001
Ca -0.009 - 0.005 0.012
Mg > 1.0 < 0.001 0.011
Si 0.002 0.002 0.003
Zr < 0.001 < 0.001 - < 0.001
0 0.58 0.025 0.55

The probable reason for the lack of a skull or céating on the MgO
crucible surface was the non-wetting characteristics of the alloy on the
refractory.r Sutton and Maurer (1979) studied the effect of contact angle
as a function of crqcible compdsition for a nickel-base alloy by perform-
ing seséile drop experimenfs. The alloy melted on a specimen from their
MgO-Prefire crucible had the highest contact angle (86 = 144°, non-wetting)
while their ZrOz—Prefire and A1203—Prefi?e crucible had contact angles
with the alloy of 100° and 78°, respectively.

‘4.8 Summary of Inclusion and Dross
Forming Chemical Reactions

The information obtained from the ingot results are now combined
with the information obtained from the crucible results to obtain an

understanding of the chemical reactions which take place to cause harmful
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primary inclusions and dross defects to form. This information is
summarized in the three schematic diagrams (Figures 26-28) involving the
_ three crucible systems. These diagrams show, in effect, the inclusion
forming reactions taking plaée in the Ni-0.15C-5A1-1Hf melts. By ig-
noring the reactions involving the additions of aluminum and/or hafnium,
the major reactions taking place in the other nine melts can be obtained.

In all three crucible systems, there are some reactions which
are common; these are discussed first. Alumina and hafnium oxide inclu-
sions form in all of these melts by the reaction of Al and Hf with avail-
able O. Alumina-rich dross rises to the top surface of the melt while
hafnium oxide;rich dross tends fo sink to the bottom of the melt. This
is evident by analyzing the composition of the dross on the top and
bottom.surfaces of the ingots containing aluminum or hafnium or both.
The just poured ingots remain molten long enough for appreciable quanti-
vties of the A1203 and HfO2 rich dross phases to either float to the top
or to sink to the bottom, respectifely. .Other constituents are also in
these dross layers forming at the two surfaces depending on the crucible
used. Some Hf02 is present in the top dross layer while some Al,0O, is in

273

the bottom dross layer. This probably occurs because Al and HfO2

2% |
particles agglomerate to each other and either float or sink depending on
the concentration of each oxide in the particular cluster. It is also
predicted that Hf reacts with Ale3 inclusions to form Hf02 rich inclu-
sions (Eq. 16) because hafnium has a much highgr affinity for oxygen than

aluminum does. The carbon in the melt reacts -with oxygen to form CO near

the melt surface where the metallostatic head is low enough for ‘CO bubbles
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26. Major chemical reactions within the 2ZrO* crucible systems.
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28. Major chemical reactions within the MgO crucible systems.
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to form. Tﬁis CO reaction is beneficial in décreasing the amount of
inclusions and dross defects because the CO leaves as a gas and decfeases
the amount of Qxyéén available to react with aluminum and hafnium.

Reactions pecﬁliar to the ZrO2 crucible system are now discussed;

a schematic diagram,‘which shows the major reactions in the Zr0O, crucible

2

system, is shown in Figure 26. The dross on the>top and bottom surfaces

Ca0, and

of the various ingots contain appreciable quantities of ZrOz,

SiOZ. This is eviderice of ZrO2 crucible decdmpoéitionVor reduction during

melting. The aluminum, hafnium, and carbon in the melt all tend to re-

2

matrix and also as a coating on the ZrO

duce the Zr0, crucible. Alumina (A1203) forms on the ZrO2 crucible

5 grains on the top of Melt 10.

Thus, some A1203 is believed to have formed on the ZrO2 crucible surface

during Melt 10 and perhaps during Melt 12 as well. “In Melt 12; the haf-

nium may have reduced the ZrO, as well as any Al O3 which may have been

2 2

forming on the- surface.

It haé definitely been established that Hf reacts with the ZrO2

to form a relatively thick (approximately 0.12mm) HfO, coating as seen

2

in Figure 21(a). However, the pressure within the system during the two

'hafnium—béaring melts in the Zr0, crucible was 1-2 torr (1000-2000

2
microns) instead of the intended 1-10 microns used widely in industrial
. practice. It cannot be known for sure whether a muﬁh thinner Hf02 éoat-
ing would form when melting these hafnium-bearing nickel-base élléys
-under -the customary 1-10 microns pressure. But Sutton and Maurer (1979)
stated that appreciable amounts oferO2 formed on their ZrOz—Pfefire

crucible when melting under 1-10 microns pressure.- It is believed that
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such a Hf02 coating serves as a chemically stable and protective layer.
Thus, it is theorized that subsequent melts will be cleaner because much
less oxygen would be introduced into the melt when in contact with a

Hf02 refractory coating rather than ZrOZ, itself. However, further work

should be done to substantiate this theory.

The Zr02 crucible is also reduced by carbon. This probably

occurs only near the melt surface where the metallostatic head is low
enough for CO bubbles te form. This Zr is free to react with additional

0 to form ZrO, and become part of the dross phase present in the ingot.

2

ThéAZrO crucible also seldeecomposes"to form Zr and 0. This élso

2
increases the supply of O available to .react with aluminum and hafnium
to form inclusionis and dross defects.

The major dross-forming reactions occurring in the A1203 crucible
. system are shown in Figure 27. The reactions .within the melt, which form
A1203, HfOz, and gaseous CO, are'shown in the figure and have previousiy‘
been discussed. Considerable amouﬁts of SiO2 are .also present in the
dross phases; Although the major sourcé of the silicon may have been
from the original aluminum charge metal, it is possible that some of the
Si may have come from the decomposing A1203 crucible.
It is well established that the Al.0, crucible is reduced by

273
carbon even though this-could'not be established from tﬁe microprobe re-
sults. The reaction pro&ucts'include AIZO(g), AlO(g),’él} and CO(g).
Meadowcraft and Elliott (1963) state that the formation of these volatile
suboxides under vacuum somewhat diminish the effecfiveness of the

substitution of Al O3 crucible for a less inert crucible. In other words,

2
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the oxygén leaves as a gas and is not available to react with Al or Hf
and form inclusions or dross.

It is predicted from thermodynamics that Hf would reduce the
A1203 and perhaps form a coating as it did on the‘ZrO2 crucible surface.
However, no Hf02 coating has definitely been found on the A1203 crucible
surface. The Hf02 shqwn in Figuré 23 does not seem to adhere to thé
Alzo3 crucible surface shown in Figure 22(a). Perhaps the reason for the
lack of a noticeable'HfO2 formation was that the 5% Al in Melt 4 decreaéed
the tendency for formation Qf HfOz. 'Unfortunately, no thermodynamic data
for hafnium in ﬁickel—base melts'are a&ailable so no rigorous calculations
can be done. However, Sutton and Maurer (1979) state that virtually no
HfO2 formed on any of theif crucibles (including the_AIZOS-Prefire cruci-
ble) except their ZrOz—Prefire crucible; all of their melts,were made gt
pressures of 1-10 microns. Instead, a_nickel skull is retained on the
A1203 crucible after pogring} This skull is believed to be fetained be-
cause of the good wetting conditioﬂs between the nickel-base alloy and
Athe crucible as discussed earlier. Tﬁis nickel-base skull is not be-
lieved to be a protective cbating as the HfO2 is éuggested to be on the
Zr02 crucible. it should simply remelt during the.following melt and is

not beneficial in decreasing the amount of A1203 crucible decomposition.

The major reactions which occur during melting in the MgO crucible
system are summarized -in Figure 28. Many of the reactions within these
melts have already been discussed in connection with the ZrO2 and_AlZO3

crucible systems. In other words, aluminum-rich dross formed on the top

'surfaces and hafnium oxide-rich dross formed on the bottom surfaces of
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the appropriate ingots. Considerable quantities of Mgo, Ca0, and SiO2
were also present in the dross layers; these obviously come from the
decomposiﬁg MgO crucible. Also, there is probably more MgO decomposi-
tion than is indicated by the quantities of MgO presen£ in the dross
because apprec1able quantities of Mg( ) are believed to vaporize durlng
the melting process. The Mg cannot compete with the Al and Hf for the
available O so it vaporizes at the melt surface and enters the gas
phase which is continuously pumped out of the system.

The MgO crucible can also be reduced by carbon according to
>reaction 7;‘this'introduces Mg into the melt which isvthen free‘to re-
act with avallable O to form MgO0 in the dross layer as well as form Mb( 3
This fraction of the carbon which reacts with the MgO does not. deoxidize
the melt. |

No appreciable metallic skull or oxide coating formed on the MgO

crucible sﬁrface'as it did on the AlZO3 and ZrOZ crucible surfaces.

However, small amopnts of nickel and A1203 were noted to be scattered
throughéutvthe surface. ’Thé probable reason for the lack of avmetallic
"skull or an oxide coating is thernbn-wetting.conditions'between the
nickel-base alloys and the MgO cfﬁciblé surface as discussed earlier.

Thus, no protective layer, which would decrease the amount of oxygen

pumped into the melt, forms on the MgO crucible surface.



CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

:Conclusions of this study-include the following:
.(1) Dross defects rich in hafnium oxide form on the bottom surfaces
of nickel-base ingots containing 1% héfnium when poured from melts which
are vacuum melted in the pressure range of 1-10 microms.
(2) Alumina-rich dross defects form on the top surfaces of nickel-
base ingots ;ontaining 5% aluminum whén poured from meltS which are vacuum
melted in-the pressure range of 1-10 microns.

(3) An Hf02 coating forms on the Zr0 crucible when melting hafnium-

2
bearing nickel-base alloys under pressures of 1-2 torr. Hafnium reduces
the ZrO2 as well as an& AlZO3 which previously formed on the ZrO2
crucible. This Hf02 coating is more chemically stable and thus this
coating should decrease the amount of oxygen ”pumped” into subsequent
melts by crucible &ecomposition. Thus, it is believed that a more inert,
relatively inexpensive Hf02 crucible can effectively be made by melting
hafnium-bearing nickel-base alloys in_a ZrO2 crucible. A nominally pure
HfOZ_crucible would be prohibitively expensive.

(4) - A very adherent nickel-base skull forms on the AlZO3 crucible.

This “skull is believed to be simply the nickel-base metal remaining in
the crucible after pouring. This skull is adherent because the contact

angle between the nickel-base alloys and the AlZO3 crucible is relatively

low. No decrease in the Alzo3 crucible decomposition rate in subsequent

84
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~ melts can be expected to occur because this nickel-base skull will

simply remelt in future heats.

(5) No appreciable metallic skull or oxide coating formed on the MgO
crucible. This is believed to be due to the relatively high contact
angle between nickel-base alloys and MgO crucibles. Thus, no protective

coating forms on the MgO crucible as it does on the ZrO2 crucible.

Appreciable evidence of MgO and Zr0 crucible decomposition was observed.

2

(6) This decomposition increases the amount of oxygen in the melt.

No positive proof of Al crucible decomposition was observed although

203
it is probable thadt A1203 crucibles decompose slightly.
| It is recommended that more work be done on analyzing for Hf02

coatings on a Zr0, crucible. The effect of pressure on the thickness of

2
the HfOé coating should be analyzed. It should alsovbe_determined‘
whether this,HfO2 coating causes subsequent melts to be much.cleaner.
Further work'cén be oone on analyzing the rate of crucible de-
composition as a function of pressu&e in order to establish an optimum
melting pressure. This could be done by porforming a more quantitative
otudy of inclusion size and-composition as well as decomposition products

r

(ex., Mg0O, Zr0,, CaOQ, SiOZ; etc.) in the ingots when melting under

27
various pressures. .

~The size distribution as well as the morphology of the various
oxide inclusions as a funotion of alloy Composition, crucible, and

pressure should also be studied; these factors heavily influence the

.fatigue streﬁgth of castings.



'APPENDIX A
MELT DATA-

Tables A-1 to A-12 contain data recorded during the melting and

pouring of the twelve nickel-base melts.
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Téble'A—l.-.Record of Melt 1.

Alloy: Ni-0.15C

, Cruc;ble: A12033

~ Previous Heats in Crucible: - None

- Weights of Charge Materials

1447.8 g Ni

2.17 g ¢C
>Time (minutesj.' o . Observations or Events'
)  :1Amicron'j _
0 ' _ R TUrned‘power'on to*ld kW.
5 : 1 o4 microhs:
-9 - ‘ " 4 microns.
‘.,13 :_rj ' - S microns. o
15 " 1475°C  Metal is molten.
16 : - 9 microns o
17 . 1530°
8 oass0%C |
19 . Coem T  ‘Turned power off and poured'mélt

at 12 microns.
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 Table A-2. Record of Melt 2.

Alloy: Ni-0.15C-5A1

~ Crucible: A1203

Previous Heats in Crucible: Melt 1

Weights of Charge Materials

1327.9 g:.Ni
68.5 g Al
2.10 g C
Time (minﬁtes)' o o ’ Observations’of-Eventé
2 microns. ,
0 o I B Turned power on to-lﬁrkW.
4 . » , - 3 microns - '
8 : :" ~ -4 microns-
2 o © 5 microns
15 S 1470°C Metal is molten.
17 _ V o 7 microns.
18 | o 1540°C -
19 | 1855°C
20 ' IR Turned power off and poured melt

at 9 microns.

- .Scum layer notlced on top of the
solidifying ingot.
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~Table A-3. - Record. of Melt 3. -

Alloy: Ni-0.15C-1Hf
Crucible:>'A1203 ’

Previous Heats in_Cruciblé:--Melts 1 and 2
o ,

_.Weights of'Charge'Materials

1370.5 g Ni
2.10 g C
- 27.9 g HEf

 Time (minutes) ;) . _ .Observations or Events
"1 micron

Turned power on to 14 kW.
2 microns
2 microns

2 microns

© N U w o

3 microns

IS - , V S“mi;rons -

13 1450°C Metal is molten.

'15‘ - : . 5 microns  Dross layer noticed
on the top surface of the melt.

A s microms . |

, 1565°C

18 SRR ;‘ 1‘-' T f'_Tﬁrned»power-off'and pouredvm61t
: : ' at 7 microns.




Table,A—4. Record of Melt 4.
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. ‘Alloy: Ni-0.15C-5A1-1Hf

Crucible-: A;ZO3

 Previous Heats in Crucibler

Melts 1, 2, . and -3

Weights of Charge Materials

1126.3 g Ni
1.81 g C
- 6l.4 g Al

13.9 . g Hf

- Time (minufes)

oo O A~ N O

10

S12
14
17

18,

Observations or Events

1

Turned power on to 14 kW. -

3
3
3
3
4
4

1455°C Metal is molten.

4 -microns .

micron

microns

‘microns
microns

microns -

microns

microns

. 1550°C"

. Turned power off.and poured melt

dt 5 microns.

.~Scum layer noticed on top of the

solidifying ingot.
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Table A-5. Record of Melt 5.

“Alloy: Ni-0.15C
Crucible: Mg0 = ,
- Previous Heats in Cruc1ble None

Weights of Charge Materials

1298.0 g Ni
1.95 g C
'Time,(minutes) S »-, . i'._ Obsefvations br;Events,

i .9 microns

0 'JTurned'pQweernbto,14 kW.

1 1 micron o
3 2 microﬁs ,

5 3 micyons

7 5 hicrons
9 _ S "~ 5 microns

11 SRR B ; ~- 20 microns .

13 : 7 ‘ : - 50 microns ‘
14 . . . 1460°C Metal is molten.
7 1545°C |
18 : | T ' Turned power off and poured melt

~at 200 microns.
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 Table A-6. Record of Melt 6.

Alloy: Ni-0.15C-5A1
Crucible: MgO . :
*Previous,Heats in Crucible: " Melt 5

' Weights of Charge Materials

1185.6 g Ni

62.5 g Al
1.87 g C
Time (minutes) . , - ,~J  Observations_of Events
o 1 mlcron » _
0 Turned ‘power on to 14 kw.
4 1 micron-
5 2 microhs
6 4 microns
o 11 . » . o 1470°C . Metal is molten
1z ' . . : . . Power cut to 6 kW.
13 . : ‘ 7" | 5 microns
15 o o 1450°C
18. - L Lo ..+ 5 microns
25 o S " . 6 microns.
31'_' o : - Turned power off. '
33 . S ’ t' -+ Visual dross layer noticed néar
o _ s B the cruc1ble walls.
38 - R - ' Turned power back on to 14 KW.
40 o : . 1525°C

2 S ... 1550°C
' '  Turned power off and poured melt
- at 12 micron

Scum layer noticed on top of the
solidifying ingot.




 Table.A-7. Record of Melt 7.

©Alloy: Ni-0.15C-1HE
Crucible: MgO0
- Previous Heats-in Crucible: Melts 5 and 6

. Weights of Charge Materials

1235.1 g Ni
.. 1.88 g C
- 36.4 g HE
~ Time (minutes) _ Observations or Evehts
9 microns . o .
"_fO' o o s " Turned power ‘on to 14 kW.
4 | T LT .1 micron '
6 o S -2 -microns
10 [ o S 4 microns -
18 : o S : ':4'micron5,

9 - - ' ' 1440° C

' R ‘ It was noticed that when a solldl—,
fied portion of metal near the
top of the crucible remelts,’

dross comes out of. this re-
melted metal. '

22 Lo 1835°%C

23 ' = - 6 microns
24 . 1s45°C .
25 ‘ - Turned power off and poured melt

at 8 mlcrons
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Table A-8. - Record of Melt 8.

Alloy: Ni-0.15C-5A1-1KHf
Crucible: MgO :
Previous. Heats in Crucible: Melts 5, 6, and 7

Weights of Charge Materials

g Ni
g C
g Al
g Hf -

‘Time® (minutes) R . Observations or Events

1 micron o
‘Turned power on to 14 kW.
2 microns. |
2 microns
930°C
k 3 microns
4 microns

1465°C  Metal is molten.

N W 3 VI =~ = O

15 L -+ 4 microns
16 S 1545°C |
Scum layer noticed forming on
the top of the melt.
17 , 4 microns
18 o o Turned power off and poured melt
' ' ' at 4 microns '

Scum iayer noticed on top of the
solidifying ingot.
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Table A-9. ‘Record of Melt 9.

 Alloy: Ni-0.15C
:Crucible: hﬁz

-

‘Previous Heats in Crucible: None

.Weights of Charge Materials

1198.7 g Ni
-1.80-g C

. Time (minutes) -

0 Ul = O

13

15
18
19

" . .Observations or Events

1 micron

‘Turned power on to 14 kW.
. 1 micron |

2 microns

1100°C

3 microns

1200°C

4 microns »

1480°C Metal is molten.

1535°C

Turned power off and poured melt
- at 5 microns.
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Table A-10. Record of Melt 10.

‘ Alloy: Ni-0.15C-5A1
Crucible: ZrO2

Previous Heats in Crucible: Melt 9A 

Weights of Charge Materials

1045.3 g Ni
55.7 g Al
. 1.80 g C

Time (minutes) . 7 : Observations or Events

2 microns _
Turned péwer on to 14 kW.
2 microns

2 microns |

.1200°C

2 microns

2 microns

1450°C  Metal is molten.

11 , . C L 3.microns
12 S 1s45°C

13 : - . Turned power. off and poured:melt'
o . .at 4 microns. '

'Scum layer noticed on top of the
solidifying ingot.
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- Table A-11. Record of Melt 11.

Alloy: Ni-0.15C-1Hf

Crucible: Zr02

Previous Heats in Crucible:

Melts 9 and 10

Weightsiof Charge Materials

1194.3
13.7
1.80

g

g
8

Ni -
Hf
C

Time (minutes)

v 3 B2 N O

12

14
16
17

Observations or Events

0.95 torr (1 torr equals 1000
. microns)

Turned power on to 14 kW.
1.0 torr

1.1 torr

1.1 torr

1.4 torr

1475°C Metal is molten.

Particles collect on the top
surface of the melt and
travel toward the crucible
walls.

1525°C

+.1550°C

Turned power off and poured melt
at 1.2 torr.

Scum layer noticed on top of the
solidifying ingot.
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Table A-12. Record of Melt 12.

Alloy: Ni-0.15C-5A1-1HE

"~ Crucible: Zr0,

2

PreVious Heats in Crucible: Melts 9, 10, and 11

Weights of Charge Materials

1128.6 ¢
60.7

~18.3
1.80

0Q ¢qQ 0Q 09

Ni -
Al
HE
C

~ Time (minutes)

~N RN O

10
13
16
17
19
20
21

Observations or Events

1.0 torr (1 torr equals 1000
microns)

Turned power on to 14 kW.
1.05 torr |

1.10 torr

1.10 torr

1.20 torr

1460°C Metal is molten. .
2 torr ’ ’
1590°C

‘Greater than 2 torr pressure.

- 1625°C

Turned power off and poured melt
above 2 torr.

Thick oxide skin formed on the
entire top surface of the
melt.
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