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ZIRCONIUM OXIDE MOLDS FOR SMALL MOLYBDENUM 
INVESTMENT CASTINGS 

By E. D. Calvert 1 and H. W. Leavenworth, Jr, 2 

ABSTRACT 

As part of its goal to minimize the 
requirements for critical and strategic 
minerals, the Bureau of Mines is conduct­
ing research to foster the use of domes­
tically abundant materials such as 
molybdenum, This report describes the 
development of an investment shell mold­
ing technique that can be used to make 
castings of molybdenum and its alloys. 
The mold material is cubic Zr02 with a 
monoclinic Zr0 2 binder, The shell, 
formed by standard investment mold­
ing techniques described in the text, is 

prepared for molybdenum casting by fir­
ing for 6 hours at 1,550° C (2,822° F) or 
for 4 hours at 1,650° C (3,002° F). The 
resulting castings have predictable and 
reproducible dimensions with good detail, 
As-cast strength is poorer than the 
strength of wrought materials below 
1,600° F. At and above this temperature, 
tensile strengths of cast and wrought 
materials are nearly equal, Aqueous cor­
rosion of the castings in most media is 
insignificant. 

INTRODUCTION 

One of the goals of the Bureau of 
Mines is to minimize the requirements for 
critical and strategic mineral commodi­
ties through conservation and substitu­
tion. As a part of this effort, the 
Bureau conducted research to develop 
molybdenum as a potential substitute for 
alloys containing the critical and stra­
tegic metals nickel, chromium, or cobalt. 
As expressed in Iron Age (~),3 this 
Nation has an adequate supply of molybde­
num, but it has experienced a series of 
shortages in nickel, chromium, and cobalt 
during the last decade. 

1Metallurgist, Albany Research Center, 
Bureau of Mines, Albany, Oreg. 

2Research supervisor, Albany Research 
Center, Bureau of Mines, Albany, Oreg. 

3underlined numbers in parentheses refer 
to items in the list of references at 
the end of this report. 

Although a plentiful supply of mo­
lybdenum is available, technology has not 
been fully developed for it to be used as 
a substitute for critical and strategic 
material in most applications. For exam­
ple, it needs a coating to protect it 
from oxidation at elevated temperatures. 
The Bureau of Mines investigated poten­
tial coatings, and this research has been 
reported elsewhere (_!1). Another reason 
why molybdenum has not been more widely 
used as a substitute or alternate mate­
rial is the high cost and difficulty of 
fabricating useful shapes from ingot or 
powder. A foundry process has not yet 
emerged that is suitable for the prepara­
tion of sound cast shapes. The need for 
a cast molybdenum or TZM (Mo-0.5 Ti-
0,08 Zr) turbine to operate at high tem­
peratures has been discussed by Burman 
(!_), who also described applications for 
cast molybdenum or TZM in diecasting, 
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nuclear fusion components, hot gas valves 
and seals, pump equipment, and in tools 
for metalworking. Because of these 
stated needs, the Bureau of Mines under­
took the task of investigating a casting 
technology to prepare useful shapes of 
molybdenum and molybdenum-base alloys. 

Statement of Status 

The most significant advances in 
forming molybdenum shapes were made in 
the 15-year period from the mid-1940's to 
1960's. Prior to the mid-1940's, powder 
metallurgy was the only process available 
for making molybdenum components. Puri­
fied molybdenum powder was pressed into 
suitably shaped blocks and sintered in 
vacuum or hydrogen to about 2,000° C 
(3,632° F). The sintered blocks were 
subsequently forged or rolled into plate 
or sheet, or drawn to wire. Sizes were 
limited, and uses were confined mostly to 
small electrical components. In 1946, 
Parke and Ham (20) announced the applica­
tion of consumable-electrode arc melting 
for preparing large molybdenum ingots. 
Arc-cast molybdenum ingo.ts could be 
forged to produce commercial hardware, 
and the use of molybdenum as a structural 
material was advanced. However, only 
simple shapes could be made because mo­
lybdenum is impossible to form at ordi­
nary temperatures, and it is rapidly 
oxidized when hot worked in air. 

The next significant advancement 
came 14 years later, and it was made by 
the Bureau of Mines. In January 1959, 
the Bureau announced the first cast mo­
lybdenum shape. The development emanated 
from research on titanium and zirconium. 
Bureau researchers found that deep, 
large-volume metal pools of these reac­
tive metals could be maintained in a 
water-cooled crucible during consumable­
electrode arc melting, and the liquid 
metal could be poured into molds located 
within the furnace vacuum chamber. From 
this, the skull-casting process for cast­
ing reactive metals was evolved. The 
development has been the subject of 
several reports (2_-2). 

The success of the skull-casting 
technique with reactive metals led to 
experiments with other metals, including 
molybdenum, and the 1959 announcement was 
followed by a publication on molybdenum 
casting (9). Although the development 
discussed Tn this report was significant, 
the castings illustrated in the report 
were relatively simple because of limita­
tions imposed by the type of mold availa­
ble at that time--graphite. Because of 
the high melting temperature of molybde­
num 2,610° C (4,730° F), molds for cast­
ing were machined from extruded high­
density industrial graphite. These molds 
were expensive in terms of labor and ma­
terial costs, and only simple shapes, 
that had no reentrant angles, complex 
curved surfaces, or cored sections could 
be economically cast. It was often only 
by destroying the mold that complex cast­
ings could be freed from the mold. In 
1956, A. L. Field (13) and R. A. Beall 
(4) reported on the development of an ex­
pendable graphite mold for titanium cast­
ing that was analogous to conventional 
foundry sand molds. Later, the Bureau of 
Mines developed a completely water-free 
expendable graphite mold material for 
reactive metal casting (2). Molybdenum, 
however, was shown to -react seriously 
with this material (J), and its use as a 
low-cost expendable mold source was pre­
cluded. As a result, molybdenum casting 
did not develop as an industrial source 
of hardware. 

Nevertheless, industrial research 
continued. This research was spurred on 
by the need for a gas turbine to operate 
above 2,200° F, the theoretical maximum 
limit for usage of superalloys prior to 
the introduction of single crystal tur­
bine blades. Some industrial investment 
casting foundrys tried to make castings 
in molds normally used for casting tita­
nium, but to the best of the authors' 
knowledge, completely satisfactory re­
sults were not realized. Therefore, re­
search on improved turbine materials 
remained directed towards enhancement of 
superalloys, the development of new ce­
ramics, or the use of fiber composite 
materials. 



Statement of the Problem 

A better investment mold had to be 
devised for casting molybdenum. Criteria 
for this material included the following: 

• High strength--sufficient to contain 
molten molybdenum without breaking or 
eroding. 

• Low reactivity--minimal 
with molten metal. 

reactivity 

• Adequate thermal conductivity--suffi­
cient to enhance surface solidification 
to avoid fusion with the mold interface 
("burn in"), but not high enough to cause 
cold laps and casting misruns. 
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• High melting temperature--greater than 
the melting temperature of molybdenum. 

• Sufficient permeability--porous enough 
to pass released gases through the mold 
wall. 

After reviewing the properties of 
refractory materials, zirconium oxide was 
selected as the most likely candi­
date. This choice will be discussed in 
detail in the following section of this 
report, but in general the selection 
was based on the preceding criteria as 
well as cost, availability, and low 
potential for health and environmental 
hazards. 

EXPERIMENTAL PROCEDURES 

Fundamental Process 

The basic process for making invest­
ment molds is essentially the same 
throughout the precision casting indus­
try. The process involves five basic 
steps: (1) making a permanent metal die 
to form a pattern, (2) making a dispos­
able pattern, (3) coating the pattern to 
make a shell, (4) drying the shell and 
removing the pattern, and (5) curing and 
firing the shell. 

Starting at the beginning, a perma­
nent die is made from an easy to machine 
metal (usually aluminum) to conform to 
the exact configuration of the desired 
casting. Into the die cavity, molten 
wax, plastic, or a wax-plastic mixture is 
injected or poured to form a disposable 
pattern. When solidified and cooled, the 
pattern should have the exact shape of 
the casting to be produced, but it must 
be slightly larger to compensate for 
shrinkage of the mold during curing, and 
for shrinkage of the cast metal during 
solidification. 

After forming the basic patterns, 
gates and risers are attached. These 
attachments are also made of disposable 
wax or plastic. The entire pattern 
assembly then is dipped into a slurry 
made of finely ground refractory material 

mixed with a fluid binder. After drain-
ing away the excess slurry, the pattern 
is sprinkled (stuccoed), while still wet, 
with granulated refractory materials. 
The dip, drain, and stucco sequence is 
repeated several times until a self­
supporting shell of desired thickness is 
formed around the pattern. Because per­
meability is important, stuccoing must be 
done with stucco grains of varying parti­
cle sizes as each successive shell layer 
is applied. 

After air drying, the pattern assem­
bly is removed from the shell by heating 
to melt the wax or plastic, or it can be 
removed by chemical dissolution. The 
monolithic molds thus formed are cured in 
air at 200° C (392° F) to 400° C (752° F) 
to remove residual pattern material and 
binder volatiles. This preliminary heat­
ing cycle is followed by firing at high 
temperature to convert the green shell to 
a strong ceramic mold. In this research, 
molds were fired to 1,650° C (3,002° F) 
in vacuum (discussion to follow) to 
achieve good bonding without sacrificing 
permeability. 

Selection of Mold Materials 

A list of candidate mold materials 
having melting temperatures higher than 
that of molybdenum 2,610° C (4,730° F) is 
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given in table 1. This information, plus 
some preliminary experiments and experi­
ence gained from research on investment 
molds for titanium casting (8), was used 
to narrow the choice of candidate mate­
rials to two--Th02 and Zr02• These two 
compounds are thermodynamically stable 

and have very low vapor pressures at tem­
peratures above their respective melting 
points. Both are readily available, but 
Zr02 is less expensive and presents no 
appreciable hazard to health or environ­
ment. Therefore, Zr02 was selected for 
this research.4 

TABLE 1. -Thermal characteristics of inorganic compounds 
considered for investment molds, ° C 

Compound 

Borides: 
ZrB2•••••••••••••• 
TiB2•••••••••••••• 
CbB 2 •••••••••••••• 
WB2 ••••••••• •••••• 

Carbides: 
HfC •• ••••••••••••• 
TaC ••••••••••••••• 
zrc ..•.•.••••••••• 
CbC ••••••••••••••• 
TiC ••••••••••••••• 
WC • ••••••••••••••• 
W 2C ••••••• •••••••• 
vc •.•.•..•.•...•.. 
MoC ••••••••••••••• 

NA Not available. 
lealculated. 
2Questionable data. 

Melting Boiling 
point point 

13,000 NA 
2,900 NA 
2,900 NA 
2,900 NA 

13,890 NA 
3,880 5,500 
3,540 5,100 
3,500 NA 
3,140±90 4,820 
2,870 6,000 
2,860 6,000 
2,810 3,900 
2,692 NA 

The preliminary experiments referred 
to in the previous paragraph included an 
evaluation of the behavior of both the 
monoclinic and cubic (stabilized) forms 
of Zr02. Monoclinic Zr02 was found to be 
unsatisfactory because the inner surface 
of the mold was subject to spalling and 
the mold proper was not dimensionally 
stable. These defects were apparent 
following high-temperature firing. They 
resulted from the large volume expansion 

Compound Melting Boiling 
point point 

Carbides--Continued 
Mo 2C• ••••••••••••• 2,687 NA 
ThC ••••• •••••••••• 2,665±25 1 25,000 

Oxides: 
Th.02 •••••••••••••• 3,050 4,400 
Cao ••••••••••••••• 2,950 NA 
Hf02•••••••••••••• 2,812 2~5,400 
MgO • • • • • • • • • • • • • • • 2,800 3,600 
Zr02•••••••••••••• 2,715 15,ooo 

Nitrides: 
TaN ••••• •••••••••• 3,560±50 NA 
HfN••••••••••••••• 3,305 NA 
BN • ••••••••••••••• 13,000 NA 
ZrN ••••••••••••••• 2,980±50 NA 
TiN ••••••••••••••• 2,930 NA 

that occurs during the transition of Zr02 
from monoclinic to tetragonal during 
heating above 1,000° C (1,832° F) (11). 
Typical analyses of the various particle 
size oxides used to prepare molds for 
this study are given in table 2. 

4 The Bureau of Mines was aware that one 
commercial investment foundry had al­
ready experimented with ceramic oxide 
molds faced with Th02• 



TABLE 2. - Typical analysis of Zr02 used in mold preparation 

Particle size, Major element analysis, pct Total minor 
mesh Zr Ca 1 Si 2 Fe Al impurities, pct 

Minus 325 3 •••••••••• 69.40 3.66 0.21 0.05 0.05 0.05 
Minus so plus 1004 5 68.70 3.92 .57 .06 • 21 .074 
Minus 30 plus 50 5 ••• 67 .10 3.41 .33 .03 .03 .125 
Minus 12 plus 30 5 ••• 68.50 5.27 1.20 .01 .06 .275 
1Present as Cao stabilizer. 
2Present as Si02. 
3used for preparation of slurry for the pattern prime coat and adja­

cent prime coat. 
4Used in backup coat slurries with minus 325-mesh Zr02 and as mold 

stucco. 
5used in mold stucco. 
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The high levels of silicon and alu­
minum were of major concern because of 
their low boiling temperatures. These 
impurities can lead to excessive mold gas 
evolution when contacted by molten molyb­
denum. This can cause porosity and other 
gas related defects in cast metal. The 
gas pressure can be high enough to empty 
the mold of its molten charge and leave 
only a hollow shell of metal in the mold 
cavity. This occurrence was experienced 
early in this research, and the result is 
shown in figure 1. To overcome this dif­
ficulty, volatile impurities had to be 
reduced from the mold during firing as 
discussed later. 

ordinary (nonreactive) metals are formu­
lations of aqueous or alcohol suspensions 
of colloidal Si02• However, these for­
mulations are not suitable for reactive 
metal molds because of mold gas gen­
eration as discussed above. For our 
binder, we chose zirconium acetate 
(Zr(C2H302)30H) after studying a patent 
by R. A. and C. A. Brown (6). It was 
chosen because it converts to ZrOz af­
ter curing and firing and, therefore, 
affords maximum compatability with the 
mold solids. It is mildly acidic 
(pH 3.2), and it gives off a distinct 
acetic odor. The actual composition of 
the binder used in this investigation is 
given in table 3. 

Selection of Binder 

Almost all of the binders 
ceramic investment molds for 

used in 
casting 

TABLE 3. - Metallic elements detected through analysis 
of zirconium acetate binders, 1 pct 

Analytical method and element: 
Qualitative spectrographic: 

Boron........................... 0.001 - 0.01 
Magnesium....................... .0003- .003 
Sodi\JIIl.......................... . 03 . 3 
Silicon......................... .003 - .03 
Titanium........................ .003 - .03 
Zirconium ••••.•••••••••••••••••• 10 -100 

Wet chemical: 
Sod i 1.lID. • ••••••••••••••••••••••••• 

Zirconium • •••.•••••••••••••.•••• 
.16 

38.0 
1Typical concentration of Zr02 in binder solution was 

22.0 pct, according to vendor. 
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FIGURE l. - Loss of casting resulting from large-volume mold-gas evolution. (Largest 
diameter is approximately 10 cm.) 

Slurry Preparation 

Investment slurries were prepared by 
mixing minus 325-mesh fused calcia 
stabilized Zr02 in zirconium acetate. 
These slurries proved to be stable over 
extended periods of time (months) and 
displayed no tendency toward premature 
gellation. A detailed description of 

slurry preparation is presented in the 
section on "Mold Production." 

Preparation of Disposable Patterns 

Expendable patterns were made with 
an injection molding machine that im­
pelled molten wax, via air pressure, into 
permanent metal molds. A wax "casting" 



was thereby formed that duplicated the 
shape of the part to be cast. Sprues, 
gates, and risers were formed separately 
and attached to the pattern by wax 
welding to form a pattern assembly. 

Special waxes are manufactured for 
foundry use that have a constant shrink­
age to insure dimensional accuracy. 
These pattern waxes also must have a min­
imum amount of cavitation during solidi­
fication and have a fairly broad tempera­
ture range over which the wax can be 
injected into the die. The injection 
temperature range for the pattern wax 
used in this research is 132° to 140° F. 

Mold Production 

A general outline of the basic pro­
cess for preparing investment molds was 
given in the first paragraph of the text 
under the heading "Experimental Proce­
dures." Some added details derived from 
recent experiments are given in the next 
paragraphs. Readers who require more 
background information on investment 
molds are referred to an earlier Bureau 
of Mines publication (8). 

The investment cycle should start 
by thoroughly cleaning the wax (or plas­
tic) pattern assemblies to free them of 
any residual parting agent (mold re­
lease). This can be done with a fluori­
nated base solvent, such as trichlortri­
fluoroethane, mixed with an equal volume 
of acetone. If this cleaning step is 
omitted, the first dip coat will not com­
pletely wet the pattern, and good adher­
ence cannot be assured. The investment 
cycle begins by dipping the clean wax 
pattern assemblies into a slurry made up 
of minus 325-mesh Zr02 flour, and aqueous 
Zr02-forming binder (zirconium acetate). 
The binder-to-flour weight ratio of a 
30- to 35-Zahn #4 second slurry mix, for 
example, was approximately 1 to 7. Small 
amounts of various materials were added 
to the slurry to improve the soundness of 
of the mold. These additives are a 
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non-ionic wetting agent (sodium hepta­
decyl sulfate, dioctyl sodium sulfosuc­
cinate, etc.), a plasticizer (methyl cel­
lusolve or glycerin), an antifoaming 
agent (ethyl hexanol or n-octylalcohol), 
a deflocculant (hydrochloric acid or 
water-soluble acrylic polymers), and 
green-strength promoters (polyvinyl alco­
hol). Individual additions ranged from 
0.05 to 0.1 pct of the binder weight, 
except for the polyvinyl alcohol, which 
was varied from 1.0 to 5.0 pct of binder 
weight, and the ethyl hexanol, which was 
added very sparingly drop by drop until 
foaming was eliminated. 

The prime coat slurry was mixed to a 
viscosity of 30 to 35 Zahn #4 seconds. 
Less viscous slurries resulted in inade­
quate pattern coverage and poor adher­
ence. Thicker mixtures caused sags, 
folds, and wrinkles to form. These de­
fects resulted in nonuniform stresses 
that weakened the mold. 

The second and succeeding coats were 
considerably less viscous than the prime 
coat slurry in order to assure complete 
wetting of the dried previous coat and to 
avoid the formation of air pockets. This 
procedure gave added strength to the mold 
and prevented metal penetration through 
the relatively thin prime coat during the 
casting operation. 

After each dipping, the pattern as­
semblies were drained of excess slurry, 
and then while still wet, sprinkled 
(stuccoed) with size graded grains of 
Zro2 • The grain size of the first stucco 
was minus SO plus 100 mesh. Larger size 
particles of Zr02 were used on succeeding 
coats to enhance shell properties. In 
order to prevent the previous coating 
from being dissolved by a subsequent dip 
coat, each stuccoed coat was allowed to 
dry to a solvent content below 20 vol­
pct before redipping. We found that this 
took approximately 1 hour under con­
trolled conditions of temperature and 
humidity in the laboratory. 
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Mold strength and permeability de­
pend upon the number of coatings applied 
to a pattern, and upon the particle size 
and concentration of the oxide grains in 
the slurry and stucco. A slurry-stucco 

formula that appeared best for casting 
molybdenum or TZM is shown in table 4. 
The particle size range and distribution 
are shown in table 5. 

TABLE 4. - Formulation for fused and fully stabilized Zr02 
investment shell mold 

Slurry Stucco composition 
Dip coat Composition (Zr02 Viscosity, (Zr02 particle 

particle size), mesh 1 Zahn /14 Sec mesh 
Prime • •••••••••••••• Minus 325 • .•.............•. 35 Minus 50 plus 
Adjacent prime •••••• • •••• do • ••••••••••••••••••• 15 Do. 
1st backup ....•..•.. Minus 325 (50 pct) and 25 Minus 30 plus 

minus 50 plus 100 (50 pct) 
2d backup .•••••..••• ••••• do •••••••••••••••••••• 25 Do. 
3d backup .••.•.••••• ••••• do •••••••••••••••••••• 25 Minus 12 plus 
4th backup .••••••.•• •••• • do • ••••••••••••••••••• 25 Minus 30 plus 
5th backup ••.•••••.. • •••• do • ••••••••••••••••••• 25 Do. 
6th backup ....•.••.• .•.. • do • •.••........•...••. 25 Do. 
Seal •••••••••••••••• .... • do • •...•.••....••.•••. 15 None. 
1zirconium acetate was used as the binder and slurry vehicle for all coats. 

TABLE 5. - Particle size range and distribution of Zr02 used 
in preparation of investment shell molds 

U.S. standard Particle size, Screen opening, Sample retained on 
sieve number mesh inch screen, pct 

MINUS 12 PLUS 30 1 

12 10 0.0661 0.80 
14 12 .0555 20.35 
16 14 .0469 15.20 
18 16 .0349 11.35 
20 20 .0331 12.90 
25 24 .0278 12.00 
30 28 .0234 10.45 
Pan NAp NAp 16.95 

MINUS 30 PLUS so 1 

30 28 0.0234 0.47 
35 32 .0197 .38 
40 35 .0165 7.75 
45 42 .0139 53.05 
50 48 .0117 34.55 
Pan NAp NAp 3.80 

MINUS 50 PLUS 1001 

50 48 0.0117 7.27 
60 60 .0098 36.90 
70 65 .0088 23.85 
80 80 .0070 17.48 
100 100 .0059 11.80 
Pan NAp NAp 2.70 

NAp Not applicable. 
1u.s. standard sieve number. 

size), 

100. 

50. 

30. 
50. 



The use of aluminum oxide (A1 20 3), 
zirconium silicate (ZrSi04 ), and olivine 
[(Mg-Fe) 2Si04 ] were evaluated as backup 
layers over the Zr02 inner layer in order 
to lower cost of molds. This work was 
not successful; molds backed with A1 2o3 
often cracked during firing at high tem­
perature because of the thermal expan­
sion mismatch between Zr02 and A1 2o3 and 
the volumetric changes that occur during 
phase transformations in these materials. 
In addition to this, the frequency of 
misruns in thin casting sections was 
inordinately high because of the high 
thermal conductivity of A1 2o3 • Castings 
made in molds backed by ZrSi04 and 
(Mg-Fe) 2Si04 were characterized by 
gas-caused defects. 

Pattern Removal 

After air drying, the molds were de­
waxed. In a commercial foundry, this is 
normally done by autoclaving or by flash 
firing. These techniques cause the wax 
in contact with the mold to liquefy 
before the bulk of the pattern begins to 
expand and cause the mold to crack. We 
removed the patterns by microwave heat­
ing. In this technique, heat is gener­
ated by the action of microwave energy on 
water molecules in the mold shell. This 
technique heats the mold evenly and melts 
the surface of the wax pattern, causing 
it to separate from the mold before the 
bulk of the pattern is heated and begins 
to expand. Therefore, no stress is ex­
erted on the mold that can cause it to 
crack. The pattern continues to melt 
until it drops from the inverted mold. 

A major advantage of microwave de­
waxing over flash firing is that the bulk 
of the pattern wax can be reclaimed with­
out further processing, whereas flash 
firing burns the pattern to ash and 
recovery is impossible. Pattern removal 
via microwave heating was shown to be 
inexpensive, fast, and clean. 

Mold Curing 

Following removal of the disposable 
patterns, the molds were heated to 200° C 
(392° F) in air to burn off wax residues 
from mold surfaces. Following this, the 
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furnace temperature was gradually raised 
to 400° C (752° F) over a period of 
4 hours and held for 12 hours while the 
mold cured in an oxidizing atmosphere. 
This step in the curing cycle removed 
pattern and binder volatiles, and stabi­
lized and strengthened the mold by form­
ing a bond between the Zr02 in the binder 
and in the shell. 

The bonding mechanism began when 
colloidal Zr02 in the binder was con­
verted to the crystalline form of the 
oxide. This conversion is apparently 
completed after several hours at 400° C 
(752° F), and at this stage the molds 
were strong enough to be handled without 
being damaged. Firing at still higher 
temperatures and for extended times 
resulted in grain growth and stronger 
bonding of mold constituents. 

In order to determine the mechanism 
by which the mold materials coalesced to 
produce strong shells, desiccated samples 
of zirconium acetate were heated in air 
at various temperatures for extended 
periods. Cubic Zr02 was detected by 
X-ray diffraction after the sample had 
been heated for a full 12 hours at 400° C 
(752° F). (No evidence of crystalliza­
tion was observed in samples heated for 
shorter times or at lower temperatures.) 
Cubic Zr02 was not expected because of 
the absence of modifying elements in the 
zirconium acetate and because of the rel­
atively low heat involved in the conver­
sion of amorphous Zr02 to the crystalline 
form. Only monoclinic Zr02 was antici­
pated. However, according to Duwez and 
Odell (12), if the average mean crystal­
lite size of Zr02 is very small, X-ray 
patterns will show cubic Zr02 even when 
no modifiers are present, as is the case 
here. 

Firing 

After curing, the molds were trans­
ferred to a high-temperature furnace for 
firing. As the firing temperature was 
increased and grain growth occurred in 
the binder solids, additional transforma­
tions took place, as shown in table 6. 
These data show that Zr02 in the 



zirconium acetate binder was 
from noncrystalline to cubic, 
mately to the monoclinic form 

converted 
and ulti­

with in-

creasing temperature. 
shown to be retained at 
1,450° C (2,642° F). 

This form 
least up 

was 
to 

TABLE 6. - Effects of temperature on polymorphism of Zr02 in binder 
solids and oxide grains used to prepare 

investment shell molds 

Processing Structure 
temperature, ° C Binder Prime coat slurry 1 

200 ••••••••••••••••••• 100 pct amorphous •••••••• Primary phase, cubic; 
trace, monoclinic2 

300................... . ... . do.................. Do. 
400 ••••••••••••••••••• Cubic, Zr02 only3 •••••••• Do. 

1,450 ••••••••••••••••••• Monoclinic, Zr02 only.... Do. 
1Prime coat slurry formulated with zirconium acetate (Zr02 forming binder) 

and fused Cao-stabilized Zr02 • 
2Primary phase: 40.0 to 100.0 pct; trace: 1.0 to 10.0 pct. 
3The oxide examined had a very small mean crystallite size. 

According to information advanced by 
the Zirconia Products Division of the 
Corning Glass Works (11), monoclinic Zr02 
crystals transform tothe tetragonal form 
at -1,000° C (1,832° F) with a volume 
shrinkage of -7 pct. This transformation 
was confirmed by Garvie (14). Tetragonal 
Zr02 has a lower thermal-expansion than 
does cubic Zr02, and if the two forms 
could be combined (cubic matrix with 
tetragonal binder), the product might be 
useful for molds because there would be a 
low tendency toward dimensional changes 
during thermal cycling. But tetragonal 
Zr02 cannot be retained at room tempera­
ture regardless of quenching procedures 
because it is metastable and transforms 
very quickly to the monoclinic form. 
However, when fully stabilized Zr02 is 
mixed with monoclinic Zr02 , a partially 
stabilized material forms that also has a 
lower thermal expansion than does fully 
stabilized, cubic Zr02 (the expansion 
curve is uniform and nearly linear). 
Thus, the partially stabilized form is 
more useful for molds than is fully sta­
bilized cubic Zr02, which is subject to 
thermal shock. It follows, therefore, 
that when the monoclinic oxide, formed 
from the binder, was mixed with the fully 
stabilized cubic Zr02 used to prepare the 

dip coat slurry, a partially stabilized 
Zr02 mold shell was formed, and it proved 
to be quite resistant to thermal shock. 

The most acceptable firing condi­
tions were achieved by heating the molds 
in vacuum for 6 hours at 1,550° C 
(2,822° F) or for 4 hours at 1,650° C 
(3,002° F).5 All castings made in molds 
fired below 1,450° C (2,640° F), regard­
less of time, were characterized by gross 
defects caused by excessive mold gas 
and/or scabs and buckles caused by mold 
erosion and differential mold expansion. 
No advantage was found for firing the 
molds for more than 6 hours at 1,550° C 
(2,822° F) or for more than 4 hours at 
1,650° C (3,002° F). 

Examples of defects encountered in 
these experiments are shown in figures 2 
through 4. Figure 2 shows porosity 
(blows) caused by mold gases. Figure 3 
illustrates scab caused by mold expansion 

5Firing was done in a vacuum furnace 
because no other furnace was available 
to achieve the desired temperatures. 
Thus, vacuum firing may not be 
necessary. 
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FIGURE 2. - Porosity caused by mold gases from improperly fired molds. 

and face coat separation. Finally, fig­
ure 4 shows scab caused by erosion of the 
mold face by molten metal. 

Melting and Casting 

A brief summary of the melting and 
casting procedures used in this research 
follows in this section. Readers requir­
ing more detail are referred to previous 
Bureau of Mines publications (l_-2_). 

The only system suitable 
ing molybdenum is consumable 
arc melting in a vacuum. In 
polarity arc melting using 

for melt­
electrode 
straight 

direct 

current power,6 the metal to be melted is 
the cathode (negatively charged). The 
water-cooled copper crucible and its con­
tents are the anode (positively charged). 
Power was provided from a bank of sele­
nium welding rectifiers connected in par­
allel to a common bus bar. 

With the 
the electrodes 
ready to begin. 

power turned 
separated, a 

The cathode 

on and 
melt is 

is lowered 

6Alternating current can also be used for 
consumable electrode arc melting, but 
it does not produce the large, deep 
molten metal pools needed for skull 
casting. 
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Scale, cm 

FIGURE 3. - Scab on TZM casting due to expan­
sion mismatch between face coat and 
backup coats. Mismatch resulted in 
face coat buckling and separation. 

Sca le tnches 
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Sea e :T 

FIGURE 4. - Scab caused by erosion of mold face 
coat. 

until it strikes an arc and begins to 
melt. Constant voltage is maintained by 
advancing the electrode downward as 
it is consumed. The current is adjusted 
at a level necessary to maintain a 
desirable melting rate with a deep, 
large-volume molten pool. Our experi­
ence with molybdenum indicated that 
this current should be from 1,600 to 
1,800 amp/in2 of electrode cross section 
at about 40 volts potential to obtain 
satisfactory results. During skull cast­
ing, the cathode is melted rapidly and 
the metal that contacts the cold crucible 
wall immediately freezes to form a skull. 
During casting, the liquid portion of the 
metal, which comprises about 85 pct of 
the charge, is poured from this skull. 
The metal is teemed into molds located in 
a lower chamber of the furnace. For this 
research, both static and centrifugal 
castings were poured. 

Feed Material for Melting 

Consumable electrodes were prepared 
from TZM, a high-strength molybdenum-base 
alloy that contains nominally 0.5 pct Ti, 
0.08 pct Zr, and 0.02 pct C. The melting 
temperature of this alloy is very nearly 
the same as that of unalloyed molybdenum 
2,610° C (4,730° F). For stress applica­
tions, it is used in preference to unal­
loyed molybdenum because of its higher 
recrystallization temperature and its 
superior toughness. These benefits re­
sult from finely dispersed complex car­
bides in the molybdenum matrix. However, 
the presence of these carbides tend to 
increase the alloy's reactivity with 
ceramic oxide molds. 

Rectangular laminated bars (2-1/2-
inch by 2-1/2-inch in cross sections) 
were fabricated by TIG welding strips of 
TZM that had been sheared from 3/16-
inch-thick plate. The plate had been 
obtained from Government surplus. A typ­
ical analysis of the TZM used is pre­
sented in table 7. For comparative pur­
poses, several melts were made with 
previously melted unalloyed molybdenum. 
We found no significant differences in 
melting and casting characteristics 



between the TZM and the unalloyed molyb­
denum. A small increase in mold metal 
reaction occurred with TZM, but it was 
not significant. The reaction was attri­
buted to a partial reduction of ZrO2 by 
carbon in the alloy to form CO gas. 

TABLE 7. Typical analysis of TZM used 
for consumable electrode 

melt stock 1 

Alloy elements, pct: 
Carbon........................ 0.021 
Molybdenum •••••••••••••••••••• Balance 
Titaniu.m...................... 0.50 
Zirconium..................... 0.079 

Interstitial impurities, ppm: 
Hydrogen ••••.•.••.••.•.•...•.. 
Nitrogen •••••••••••••••••••••• 
Oxygen • ••••••••••••••••••••••• 

Other impurities, 2 ppm: 

1. 1 
<S 
21 

Aluminum • ••••••••••••••••••••• 
Silicon ...................... . 

10-100 
30-300 

10nly detected elements are reported. 
2values for aluminum and silicon were 

estimated from spectrographic 
qualitative analysis. 

A few heats were made to deter­
mine if pressed and sintered compacts 
of unalloyed molybdenum powder could 
be used for casting. We found the pow­
powder metal electrodes to be too 
gassy. Gases adsorbed on the surface 
of the numerous small grains of powder 
were desorbed when the compacts were 
melted. When the molten metal was 
poured, gases were entrained in the 
fluid stream of metal and became trapped 
at the interface between the mold and 
the molten metal. Thus, surface gas poc­
kets and some internal porosity were 
formed in the solidified metal as 
shown in figure 5. These defects did 
not occur when the electrodes were 
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FIGURE 5. - Surface defects caused by desorb­
tion of gases from pressed and sin­
tered powder meta I electrodes. 

formed from previously 
metal electrodes. 

melted powder 
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CASTING EVALUATION 

TZM castings comprising both single 
complex shapes and clusters of simple 
shapes, were made to evaluate molds 
developed in this research, and to deter­
mine the properties of the castings 
prepared therein. 

The complex shape was a turbine im­
pellar. Castings of this configuration 
weighed about 16 pounds each, and had 
both thin and heavy sections with se­
verely constricted flow areas. They were 
used to determine the interrelated 
effects of mold preheating, centrifugal 
versus static casting, the ability of the 
molds to vent gases through the mold 
shell, and to assess the degree of mold 
erosion caused by high-velocity entry of 
superheated TZM through constricted flow 
areas. 

The other castings comprised 
clusters of four 5/8-inch-diameter rods. 
The rods were 5 inches long and were 
centrifugally cast to minimize the 
occurrence of internal defects and mis­
runs. The sole purpose of these castings 
was to provide blanks for preparing spec­
imens to evaluate mechanical properties 
of cast TZM. 

Effects of Mold Preheat and of Static 
Versus Centrifugal Casting 

The effects of preheating molds was 
determined with a series of statically 
poured impeller castings. Preheat tem­
peratures ranged from 100° C (212° F) up, 
to 500° C (932° F). As expected, metal 
fluid life was increased with increased 
mold temperature, and the misruns com­
mon in thin sections of unheated molds 
were eliminated. However, the amount of 
mold-metal reaction was markedly in­
creased as the mold preheat temperature 
was increased. 

Figure 6 shows a typical example of 
a statically poured TZM impeller cast in 
a Zr02 ceramic shell mold that was cured 
under optimum conditions and subsequently 
preheated to 200° C (392° F) prior to 
casting. Figure 7 shows a TZM casting 
that was produced in an identical mold 
that was not preheated. Note the misruns 
in vane sections of the casting in 
figure 7 and the evidence of mold-metal 
reaction in figure 6. It is apparent 
from these photographs that preheating, 
even to the relatively low temperature of 
200° C (392° F), does much to minimize 
misruns in thin mold sections caused by 
premature freezing of cast metal, but at 
the same time, preheating seriously in­
creases the amount of mold-metal 
reaction. 

0 2 

FIGURE 6. -

4 6 8 10 

Scale, cm 
TZM static costing showing effects 
of mold preheat on mold-metal reac­

tion and improved mold fi 11 ing. 
(Note roughness on disk surface.) 
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FIGURE 7. - TZM static castings showing misruns caused by chilling. 

To circumvent these problems, cen­
trifugal casting practices were adopted. 
We found that good-quality castings were 
produced when molds were cast at 14 g 
centrifugal force. Figure 8 shows a TZM 
impeller, and figure 9 shows TZM test bar 
clusters. Both of these shapes were pre­
pared by centrifugal casting into un­
heated molds. The slightly roughened 
surface shown in these two photographs is 
equivalent to the surface characteristics 
of good-quality ferrous alloy castings 
produced in rammed sand molds. We assume 
that this surface texture results from 
incipient melting of the mold inner-face 
coat when it is initially contacted by 
molten TZM [estimated to be superheated 
to approximately 2,750° C (4,882° F)]. 

When this occurs, the softened mold face 
coat appears to be superficially 
penetrated by superheated metal. 

The absence of serious gas-caused 
surface defects indicates that the molds 
were sufficiently permeable to relieve 
normal amounts of gas through the mold 
shell. Centrifugal casting enhanced this 
condition. Excessive amounts of mold 
gas, such as results from mold-metal 
reaction in preheated molds, and large 
volumes of gas from powder metal elec­
trodes could not be eliminated in this 
manner, 
sulted. 

and serious casting defects re­
These conditions were discussed 

previously. 
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Mold Metal Reaction 

Metal samples were removed for anal­
yses from five randomly selected impeller 
castings at several locations on the 

castings, and at progressively increased 
depths in these sites. The results are 
given in table 8 together with an analy­
sis of a head sample of the melt stock 
for comparison. 

TABLE 8. - Analyses of TZM cast in Zr02 investment molds 

Sample location and depth 
in inches 1 

Head samples: Commercial TZM 
plate (21 ppm O, 1.1 H, 5 N) ••• 

Impeller casting: 
Casting cup section (13 ppm 0, 

1.2 H, 5 N): 
Surface to 0.005 •••••••••••• 
0.005-0.015 ................ . 
0 .015-0.025 ................ . 

Gate (cup to impeller): 
Surface to 0.005 •••••••••••• 
0.005-0.015 ................ . 
0.015-0.025 ................ . 
0 .025-0.035 ................ . 

Impeller: 
Cope side (12 ppm 0, 0.7 H, 

5 N): 
Surface to 0.005 •••••••••• 
0 .005-0.015 .............. . 
0.015-0.025 ..... ......... . 

Drag side (13 ppm 0, 1 H, 
5 N): 

Surface to 0.005 •••••••••• 
0.005-0.015 .............. . 
0.015-0.025 ••••••••••••••• 

Vane (10-100 ppm N): 
Surface to 0.005 •••••••••••• 
0 .005-0.015 ................ . 

Rod cluster casting: 
Runner section (11 ppm 0, 
0.7H,5N): 

Surface to 0.010 •••••••••••• 
0.005-0.020 ................ . 
0.015-0.030 ................ . 

5/8-inch-diam rods (36 ppm 0, 
1. 3 H, 5 N): 
Surface to 0.005 •••••••••••• 
0 . 005-0.015 ................ . 
0.015-0.025 ••••••••••••••••• 

ND Not detected. 

Alloy elements, pct2 

Titanium Zirconium Carbon 

0.50 

.35 
ND 
ND 

.44 

.44 

.45 

.47 

.46 

.089 

.080 

.48 
ND 
ND 

.49 

.47 

.41 
ND 
ND 

.52 
ND 
ND 

0.079 

.118 

.095 

.081 

.114 

.093 

.085 

.086 

.109 

.016 

.020 

.098 

.092 

.082 

.080 

.078 

.106 

.079 

.069 

.111 

.109 
ND 

0.021 

.009 

.016 

.019 

.010 

.015 

.020 

.019 

.0094 

.016 

.020 

.013 

.015 

.020 

.019 

.017 

.011 

.020 

.025 

.013 

.012 
ND 

Impurity elements, ppm 
Aluminum Silicon 

10-100 

10-100 
10-100 
10-100 

10-100 
10-100 
10-100 
10-100 

30- 300 

100-1,000 
30- 300 
10- 100 

100-1,000 
10- 100 
10- 100 
10- 100 

10-100 100-1,000 
ND ND 
ND ND 

10-100 
10-100 
10-100 

ND 
ND 

10-100 
10-100 
10-100 

10-100 
ND 
ND 

100-1,000 
30- 300 
10- 100 

10- 100 
10- 100 

30- 300 
10- 100 
10- 100 

30- 300 
10- 100 
10- 100 

1Values shown in parentheses are atmospheric gases from 0.25-inch cubes, from surface 
to 0.250 inch deep. 

2Values represent averages from 5 individual castings. 



FIGURE 8. - TZM impeller centrifugally cast into 
unheated niolds showing the absence 

of misruns and def~cts. 
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The data show differences in the 
levels of C, Si, and Zr at the casting 
surface compared with levels in the head 
sample. A gradual return in concentra­
tion of these elements to near melt stock 
l e vels with increasing sample depth is 
also evident. These data indicate that 
minor mold-metal reactions occurred at 
the mold-metal interface, and we offer 
the following hypothesis to explain the 
reaction: Superheated TZM, containing 
ZrC, comes into intimate contact with the 
Zr02 mold that contains Si0 2 as a major 
contaminant (tables 2 and 3). This ZrC 
decomposes at the high temperature and 
low pressure (-0.05 mm Hg) to yield free 
zirconium and carbon. The Si0 2 in the 
mold also decomposes under the same con­
ditions to liberate oxygen. Also, excess 
oxygen atoms become available when calcia 
stabilized Zr02 is heated to high temper­
ature at reduced pressure. 

We postulate that free carbon 
from the alloy reacts with the excess 
oxygen to form CO, which evolves as a 
mold gas. The reaction is probably 
diffusion controlled, and the net result, 
a depletion in carbon accompanied by 
corresponding increases in zirconium and 
silicon, is apparent only in a shallow 
layer of the casting surface. The latter 
two elements may combine to form a ZrSi04 
case on the the casting, but this was not 
identified. 

Scale, cm 

FIGURE 9. - TZM test bar clusters centrifugally cast into unheated molds showing the absence 
of m isruns and defects. 
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Macrostructure 

The grain structure of all the TZM 
castings was equiaxed, and individual 
crystals were relatively large compared 
to castings of most other metals and 
alloys. But they were small compared 
with an arc melted TZM ingot where colum­
nar grains, 1/4-inch in cross section and 
2 to 3 inches long, are common. A com­
parison can be seen in figures 10 and 11. 

Figure 10 shows the as-cast macro­
structure of a TZM impeller produced by 
skull casting in a Zr02 investment mold. 
The average grain size is 730 grains/in2 . 
Individual grains range in size from 
0.013 inch to 0.079 inch in diameter. 

Sc1le, lnehH 

0 J 2 

I l I 
I 

I 
I 

1 I I 
0 2 • 6 a to 

FIGURE l O. - As-cast macrostructure of sku I I-cast 
TZM impe Iler showing grain structure ands ize. 

(Note relatively smal I equiaxed grains.) 

Figure 11 shows an as-cast macro­
structure of a TZM cold-mold ingot pro­
duced by arc melting. The photograph is 
of a longitudinal section of a 3 1/2-
inch-diameter ingot. 

0 

Scale, inches 

FIGURE 11 . - As-cast macrostructure of TZM ingot 
prepared by consumab I e-e lectrode­
arc melting in a cold copper crucible. 



Microstructure 

A typical microstructure of TZM cast 
in Zro2 mold is shown in figure 12. 

shown from 
of about 

Figure 13 
X 400. 

Here, the cast structure is 
the casting surface to a depth 
250 µn at X 100 magnification. 
shows the same structure at 
Obviously, the reaction layer is quite 
thin--from 0.01 to 0.0175 mm. An elec­
tron microprobe analysis of this layer 
detected 0.3 pct Si. If titanium or 
zirconium was present in this zone, the 
concentration was below the limit of 
detection for the analytical method used. 
The zone immediately below this zone pen­
etrated to a depth of 1.2 to 1.4 mm. It 
contained 0.1 pct Si and 0.1 pct Ti but 
no zirconium. Apparently, most of the 
titanium and zirconium was precipitated 
out of the molybdenum lattice. 

FIGURE 12. -

.. 

100 µ,.m. 
1-1--11 

Optical micrograph of TZM cost 
in ZrO 2 molds (from surface to 
a depth of 250 µm) (X l 00). A very 
shallow reaction bond is visible. 

, I 
J 

' • I 
I 
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~ :t 
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" 

~ 
~ 

. . 

25 µ.m 
1---=-t 
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FIGURE 13. - Optical micrograph showing TZM 
structure in figure 12 at greater 
magnification (X 400). 

Both titanium and zirconium were 
found to be present near the surface of 
samples both intergranularly and intra­
granularly as small round oxide precipi­
tates. These precipitates contained 
mostly titanium except at their centers, 
where more zirconium than titanium was 
found. Thus, it appears that both zirco­
nium and titanium in the TZM combined 
with excess oxygen from the mold to form 
oxides as did the carbon to form mold 
gas. (This reaction was discussed in the 
previous section.) Zirconium had the 
greater affinity, and it evidently com­
bined first to form nuclei for the preci­
pitates which grew in size by combining 
with the more abundant titanium. From 
this surface layer on into the casting 
interior, the alloy composition and 
microstructure appeared to be normal. 
Titanium and zirconium levels were close 
to those reported for the alloy melt 
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stock. The microstructure of this area 
is shown in figure 14. The most notice­
able features are intragranular acicular 
and globular precipitates, and serrated 
grain boundaries that also contain small 
precipitates. The intragranular materia l 
and the material at grain boundaries 
appear to be identical in composition 
although quantitative microprobe analysis 
was impossible because of the fineness of 
the precipitates. Both contained carbon 
and oxygen. Titanium and zirconium were 
also detected at levels not significantly 
different from the matrix. The data 
indicate that the phases being discussed 
are likely complex carbides and oxides of 
titanium and zirconium. 

Mechanical Properties 

The mechanical properties of molyb­
denum and molybdenum-base alloys depend 
on several factors including the amount 
of work below their recrystallization 
temperatures, temperature of working, 
thermal treatment, strain rate, and 
metal purity. Therefore, it is virtually 

100 µ.m 
~ 

• I 

FIGURE 14. Optical micrograph of casting in-
terna I structure showing i ntragranu I ar and g I ob­

u I ar precipitates and serrated grain borJnda­
ries (X 100). Al I contain complex carbides 
and oxides of titanium and zirconium. 

impossible to relate the as-cast pro­
perties of TZM shapes produced in this 
research with the large amounts of data 
reported from various sourc es that pre­
sent, without exception, the propert i es 
of wrought materials of a variety of 
shapes and sizes produced by diverse 
mechanical and thermal treatments. 
Therefore, the data presented here can 
only be compared with data for as-cast 
material of identical grain size and com­
position. Of interest, however, are dif­
ferences that exist in selected proper­
ties of the castings compared to proper­
ties of wrought and fully recrystallized 
bar stock of similar size. 

Hardness 

According to Ham (16), one of the 
most useful and simplest tests for de­
termining the load carrying capacity 
of an alloy at elevated temperatures is 
the Vickers hot hardness test. It pro­
vides a fast, inexpensive screening 
prior to more definitive tests for evalu­
ating mechanical properties of mate­
rials at elevated temperatures that, 
for the most part, consume a great deal 
of time in specimen preparation and 
actual testing. 

In order to arrive at 
correlation between hardness 

a meaningful 
and tensile 

properties, specimens for both tests were 
prepared from sections of 5/8-inch­
diameter centrifugally cast rods. By 
this selection, comparable structure and 
density were assured. The specimens to 
be tested were subjected to a metallogra­
phic polish through 1-J.lID grit diamond. 
Care was taken to be sure that both top 
and bottom surfaces were parallel so the 
hardness indentor would meet squarely 
with the surface to avoid skidding and 
hence false impressions. 

A Marshall vacuum hot hardness test­
ing machine was used for these tests. 7 

Temperatures to 3,000° F can be readily 

1Reference to specific equipment does not 
imply endorsement by the Bureau of 
Mines. 



attained with this equipment. However, 
because the indentor tip was crade of sap­
phire, which should not be used above 
2,912° F, hot hardness determinations 
were not made at full equipment 
capability. 

Hardness determinations were made at 
temperatures from ambient room tempera­
ture to a maximum of 2,800° Fin 400° F 
increments on three representative speci­
mens. A complete range of temperature 
indentations was made on each specimen in 
order to develop a measure of confidence 
in the data obtained. The test chamber 
was maintained at reduced pressures be­
tween 1 x 10-S and 2 x 10-S mm Hg over 
the entire temperature range. A 1-Kg 
load was applied to the sapphire indentor 
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over a 12-second dwell time for each 
hardness determination. Filar readings 
of each indentation were made at room 
temperature using the optics of a Tukon 
Microhardness Tester, and diamond pyramid 
hardness (DPH) was calculated f rom the 
filar readings. Data from these tests 
are presented in table 9. These data 
show an average value of three determina­
tions at each temperature. Figure 15 is 
a plot of these data, along with pub­
lished hot hardness data developed by 
Climax Molybdenum Co. covering the same 
temperature range (10, p. 3). Similar 
curves are shown; differences in values 
can be attributed to the difference in 
applied load and possibly in testing 
procedures. 

TABLE 9. - Elevated-temperature hardness of 5/8-inch-diameter as-cast TZM rod 
prepared by skull-casting in Zr02 molds 

Target Test 1 Test 2 Test 3 Standard Mean 
test deviation 

temp., Actual Hard- Actual Hard- Actual Hard- Actual Hard- Actual Hard-
o F temp., ness, temp., ness, temp., ness, temp., ness, temp., ness, 

0 F DPH 1 o F DPH1 o F DPH1 o F DPH1 o F DPH1 
Room 63 166.0 64 156.0 76 165.0 7.2 5.5 67.7 162.3 

400 402 129.0 405 146.0 401 117. 0 2.1 14.6 402.7 130.7 
800 802 73.5 805 94.6 799 76.1 3.0 11. 5 802.0 81.4 

1,200 1,208 62.6 1,225 59.4 1,213 61. 0 8.7 1. 6 1,215.3 61.0 
1,600 1,595 59.3 1,650 56.2 1,599 61.6 30.7 2.7 1,614.7 59.0 
2,000 1,997 52.7 2,029 55.5 2,040 57.9 28.2 2.6 2,029.0 55.4 
2,400 2,400 48.6 2,414 52.8 2,426 57.9 13.0 4.7 2,413.3 53.1 
2,800 2,801 31.2 2,810 46.6 2,814 39.6 6.7 7.7 2,808.3 39.0 
1Diamond pyramid hardness (measured using 1-kg load). 
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z 
0 
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I 

0 

0 Skull-cast i - inch-diom TZM 
rod (I-kg load) 

~ t::. Climax-arc-cost TZM 
0~ (5 - kg load) 

o"--o -c:.-e:,.-e:,. 
~ 

- 0-o-o--:::t:i. 
o't:i. 

800 1,600 2,400 3,200 
TEMPERATURE, °F 

FIGURE 15. • Elevated-temperature hardness of 
TZM sku I I-cast by the Bureau and of ore-melted 
TZM produced by Climax Molybdenum Co. of 
America (both in as-cast condition ). 

According to Climax Molybdenum Co. 
(...!.Q, fig. F), hardness values for TZM 
can be converted to approximate tensile 
strength by the same conversion relation­
ship used for unalloyed molybdenum. This 
relationship is shown in figure 16. In 
accordance with this, and data from ta­
ble 9, room-temperature tensile strength 
of our castings should range from 
~59,500 psi to ~74,000 psi. If the rela­
tionship can be extrapolated beyond the 
plotted data, the tensile strength range 
of the castings should be from 
~15,000 psi to ~32,000 psi at 1,600° F. 
At 2,800° F, the range of strength should 
be from ~6,000 psi to ~ 23,500 psi. 
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FIGURE 16. - Relationship between hardness and 
tensile strength of TZM arc-cast bar . 
(Courtesy, Climax Molybdenum Co . of Michigan.) 

Actual data from testing the skull-cast 
rod at the above temperatures show ten­
sile strengths to be at the upper end of 
the predicted range. However, room­
temperature strength was lower than pre­
dicted by hardness measurements. 

Tensile Properties 

Tensile tests were performed on 
standard 1/4-inch-diameter specimens that 
were machined from centrifugally cast 
rods. The reduced section of all speci­
mens was ground to a finish of ~16 rms to 
minimize the possibility of failure from 
surface defects. Room-temperature ten­
sile tests were conducted on a Baldwin 
Universal Testing Machine, using a 

calibrated P53M, 1-inch extensometer to 
measure strain. All elevated-temperature 
tests were conducted on a Marquardt TM-1 
test machine. It was equipped with self­
resistance heating within a controlled 
environment chamber. All tests reported 
here were conducted in vacuum. A Class B 
nonaveraging extensometer was used with 
this machine; consequently, strain mea­
surements were not sufficiently accurate 
to determine the modulus at elevated tem­
peratures. Room-temperature tests were 
conducted with a uniform strain 
rate of 0.05 in• in- 1 • min- 1 • The 
strain rate for elevated-temperature 
tests was 0.005 in• in- 1 • min- 1 through 
yield and then 0.05 in• in- 1 • min- 1 to 
failure of the specimens. 

A summary of the tensile properties 
is presented in table 10. A strength 
versus temperature plot of these data and 
similar published strength values for 
5/8-inch-diameter wrought and fully 
recrystallized Climax arc-cast rod (17), 
are shown in figure 17. This figure 
clearly shows the effect of prior work 
and grain size on the strength of the 
alloy at room temperature. The strength 
of skull cast and wrought materials are 
nearly equal from 1,600° F to the highest 
temperature tested. It is not known 
where they converge because data between 
room temperature and 1,600° F for the 
commercially produced rod were not found 
in the literature. The reason for the 
abrupt increase in both tensile and yield 
strength of the recrystallized commercial 
rod between 1,600° F and 1,800° F is not 
understood. This behavior was not ob­
served on the skull-cast TZM. Further­
more, hardness data presented in table 9 
and shown graphically in figure 15 do not 
indicate this anomaly. 



23 

TABLE 10. - As-cast tensile properties of 5/8-inch-diameter TZM rods 
prepared by centrifugal casting in Zr02 investment molds 

Test Ultimate tensile Yield strength Elongation, Reduction 
temperature, strength, psi (0.2-pct offset), pct in area, 

o F 

Room 47,740 
400 39,144 
800 37,180 

1,200 34,293 
1,600 28,818 
2,000 27,615 
2,400 21,085 
2,800 19,513 

Figure 18, a plot of DPH hardness 
and tensile strength of 5/8-inch-diameter 
skull-cast TZM rod versus temperature, 
clearly shows the relationship that 
exists over a broad temperature range. 
These data indicate that at service tem­
peratures above the recrystallization 
temperature, skull-cast TZM parts may be 
as useful in stress applications as is 
hardware prepared by hot working tech­
niques. Elevated-temperature creep and 
stress rupture data, however, are needed 
to substantiate this premise. 

80 
Cli max recrystallized ro d : 
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◊ Yi e ld st re ngth 
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FIGURE 17. - Tensile properties of 5/ 8-inch-d iam­
eter TZM rod skull-cast by the Bu­
reau and 5/ 8-inch-diameter wrought 
and recrysta 11 ized 1 rod prepared by 
CI imax Molybdenum Co. of America. 

psi pct 
43,920 2 2 
14,724 10 19 
13,213 10 19 
16,533 48 61 
13,924 19 63 
14,165 24 67 
12,270 25 72 
12,965 31 75 

Corrosion Resistance 

The room-temperature corrosion 
resistance of skull cast TZM in various 
aqueous solutions was tested to determine 
the influence of surface condition on 
the rate of corrosion. As-cast specimens 
were conditioned by polishing with a 
120-grit abrasive cloth on a wet belt 
sanding machine. Other as-cast speci­
mens were tested with surfaces not 
conditioned. 

Corrosion tests were conducted with 
test specimens completely immersed in 
aerated distilled water solutions of the 
corrodents, and in the corrodent vapors. 
The test temperature was ambient room 
temperature, which ranged from 18° to 
23° C (64.4° to 73.4° F) over the dura­
tion of the tests (10 days). 

·- 60 r---.....----,....--,---.---r----,---,----,300 
11'1 
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temperature 
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::r: 

FIGURE 18. - DPH hardness and tensile strength 
of skul I-cast TZM rod versus temperature. 
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The corrosion rate in mils penetra­
tion per year (mpy) was calculated 
according to the equation presented in 
ASTM G31-72, which is as follows: 

Corrosion rate (mpy) = 3 • 45 X 106 
X W 

A X T X D 

where W = mass loss in grams to nearest 
1 mg, 

A= area in square centimeters to 
nearest 0.01 cm 2 , 

T time of exposure in hours to 
nearest 0.01 hour, 

D = density in grams per cubic 
centimeter. 

Data presented in table 11 indicate that, 
as a rule, the resistance of cast TZM to 
corrosive attack by most corrodents i s a 
direct function of surface smoothness. 
The polished specimens tended to be 
attacked more slowly than the uncondi­
tioned cast specimens. Exceptions to 
this are seen with both concentrated and 
diluted HN03 and with FeCl3. It seems 
reasonable that the differences in corro­
sion rates between the as-cast and pol­
ished specimens are due to the increased 
surface area of the as-cast over polished 
specimens because of roughness. In addi­
tion we observed changes in the levels of 
C, Si, and Zr near the casting surfaces 
compared to the head sample and samples 
removed from below the surface. Polish­
ing then not only reduced the exposed 
surface area, but also altered the 
composition of the exposed surface. 

TABLE 11. - Room temperature chemical corrosion rate of cast TZM in aqueous 

solutions and vapors of 13 selected corrodents, mpy 1 

As-cast Polished As-cast Polished 
Corrodent specimen specimen Corrodent specimen specimen 

surface surface surface surface 
H2S04: C5Hs07: 

10-pct solution: 10-pct solution: 
Liquid •••...••••• 0.6 0.1 Liquid ••••••••••• 0.6 0.1 
Vapor •••••••••••• .s NT Vapor •••••••••••• .6 NT 

Concentrated: NH40H: 
Liquid ••••••••••• .2 • 1 Concentrated: 
Vapor •••••••••••• .2 NT Liquid ••••••••••• 1.2 1. 5 

HN03: Vapor •••••••••••• 11.4 NT 
10-pct solution: Na0H: 

Liquid ••••••••••• 374.7 408.0 40-pct solution: 
Vapor •••••••••••• 134. 2 NT Liquid ••••••••••• .3 .o 

Concentrated: Vapor •••••••••••• .3 NT 
Liquid ••••••••••• 16.8 30.2 FeCl3: 
Vapor •••••••••••• 8.3 NT 6-pct solution: 

HCl: Liquid ••••••••••• 82.6 117 .2 
5-pct solution: Vapor •••••••••••• 64.4 NT 

Liquid ••••••••••• .s .2 Tapwater: 
Vapor • ••••••••••. .6 NT Liquid ••••••••••••• 1. 2 .2 

HC2H302: Vapor • ••••••••••••• 1. 2 NT 
10-pct solution: Seawater: 

Liquid •••••••••.• .4 .1 Liquid ••••••••••••• 1.2 .3 
Vapor •••••••••••• .6 NT Vapor • ••••••••••••• 1. 7 NT 

Glacial: 
Liquid ••••••••••• .4 .1 
Vapor •••••••••••• .2 NT 

NT Not tested. 
1Mils penetration per year. 



All the solutions tested, with the 
exceptions of sea water and concentrated 
NH40H, were more corrosive as liquids 
than as vapors. The corrosion rate of 
cast TZM was relatively insignificant in 
all corrodents tested except FeCl3 (1), 
NH40H (g), and HN03 (l,g). 

Data from these tests are supported 
by information published by the National 
Association of Corrosion Engineers (19) 
that shows molybdenum to be quite resis­
tant to chemical attack by most common 
industrial acids and alkalies except oxi­
dizing acids such as HN03. The relative­
ly low resistance to low concentrations 
of FeCl3 shown in our tests is confirmed 
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by W. L. Acherman (!_), who reported that 
the rate of corrosion of TZM by HCl is 
increased substantially with the addition 
of iron ions (present as FeC1 3 ). 

Results of corrosion tests in alka­
line solutions show low corrosion rates 
in concentrated NH40H and in 40-pct solu­
tions of NaOH. However, attack appears 
to be significantly increased if NH40H 
is present as a gas. Acherman (1) re­
ports that TZM is slowly attacked -in the 
above named bases, but the rates were 
significantly higher at lower concentra­
tions and higher temperatures than 
examined in our tests. 

CONCLUSIONS 

The results of this study show that 
small molybdenum and molybdenum-base 
alloy castfngs can be successfully made 
in stabilized Zr02 investment molds. 

A satisfactory mold formula com­
prised dip-coat slurries of minus 
325-mesh, fused, calcia-stabilized Zro2 
in zirconium acetate. Patterns coated 
with these slurries, when stuccoed with 
size-graded particles of stabilized ZrOz 
(also fused), were found to form sound, 
dimensionally and thermodynamically 
stable shells when properly cured and 
adequately fired. These molds are 
sufficiently strong and erosion resistant 
to permit castings weighing at least 
16 pounds to be centrifugally cast at 
14 g centrifugal force. 

The minimum firing parameters re­
quired to stabilize ZrOz molds for molyb­
denum alloy casting appear to be 1,550° C 
(2,822° F) for 6 hours, or 1,650° C 
(3,002° F) for 4 hours. Firing at lower 
temperatures or shorter time periods fail 
to produce adequate strength and/or 
stability. 

The surface quality of TZM and 
unalloyed molybdenum is not as good as is 
characteristic of the more common 
investment-molded metal castings. This 
somewhat undesirable feature appears to 

result from superficial fusion of the 
mold innerface during contact with molten 
TZM. Casting dimensions and details are, 
however, predictable and reproducible. 

The room-temperature tensile 
strength of investment cast TZM in the 
as-cast condition is in no way comparable 
to the tensile strength of the wrought 
alloy in the recrystallized condi­
tion. With increasing temperatures, the 
strengths of the two begin to converge 
until they are nearly equal at 1,600° F. 
The higher strength values for the 
wrought alloy appears to result from the 
fine grain size and the effects of prior 
work. Our data show that castings of TZM 
should be equally as good as wrought and 
recrystallized TZM for applications at 
and above 1,600° F. Where complicated 
shapes are required, the use of castings 
at these temperatures should be economi­
cally and practically more desirable. 

The corrosion characteristics of 
cast TZM, in general, were found to be 
quite similar to those found in the lit­
erature for both TZM and unalloyed molyb­
denum. Our data indicate that castings, 
probably because of shallow surface 
roughness, tend to be less resistant than 
wrought materials to attack by corro­
dents. Exceptions to this characteristic 
were indicated for HN0 3 and FeCl3. 
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