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ABSTRACT

Induction melting of titanium alloys using a semi-levitation technique
and bottom pouring in a graphite crucible was evaluated for four titanium
alloys, TI-6A-V, Ti-6A1-2Sn-4Zr-2Mo, Ti-3A1-8V-6Cr-4mo-4Zr (Beta C), and
Ti-llMo-4.5Sn-6Zr (Beta III). Precision investment (lost wax) casting molds
coated with pyrolytic graphite were used with the melting technique to make
castability, tensile specimen, and bearing housing segment castings. Cast-
ability and tensile properties of the alloys were characterized. Bearing
housing segments were subject to porosity, which was extensively studied.
Process capabilities and limitations were Investigated for induction melting
and the pyrolytic graphite coated mold . Properties of castings were deter-
mined, and weldability of the four cast alloys evaluated. Effects of the
casting process on microstructure were Investigated.
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I INTRODUCTION

As demands on aircraft engine performance have increased during the
past two decades, efforts have been Intensified to produce power plants with
improved thrust-to-weight ratios. One of the techniques by which this may
be accomplished Is through the use of low density materials in engine com-
ponents. Because of Its high strength-to-weight ratio, good medium temper-
ature properties, and corrosion resistance, titanium is an attractive material
for aircraft engine parts. Designers have made wide use of forgingsof
titanium alloys both as rotating and as structural members of engine assemblies.
The forging process lacks, however, the versatility of metal casting, and
there is thus great interest In expanding the use of titanium through the ap-
plication of titanium castings in engines.

Titanium castings have not been widely used to date because of pro-
cessing problems which have both limited the quality and resulted in high
production costs of castings. The high reactivity of molten titanium and
its alloys has hindered full utilization of this metal in its cast form.
The difficulty of melting and holding a titanium alloy in a crucible, with-
out dissolving the crucible, has led to the development and use of cold-
crucible melting techniques, such as consumable electrode, and electron
beam melting systems. To these has recently been added electroslag processes
and non-consumable electrode methods.

Currently, the bulk of titanium castings are produced by melting in
a consumable electrode skull furnace. This method has the advantage of
avoiding contamination of the melt with crucible materials. However, it also
has a number of serious disadvantages, some technical, some economic. For
Instance, high operator skill Is required to control the melt, which limits
heat reproducibility.

There is also the difficulty of achieving melt superheat temperatures
and the difficulty of controlling power Input. Because the liquid metal is
in contact with metal frozen against the skull, superheating is limited.
When the arc is turned off to permit pouring, the bath begins to freeze
immediately in the crucible, necessitating a fast pour, which can cause
erosion of the mold and resultant inclusions in the casting. The addition
of electron beam guns to superheat the bath does not affect the temperature
gradient in the crucible. This gradient is a problem itself, lor it means
that the hottest metal is poured into the mold first, while the last metal
poured, which goes into the risor, is the coldest, defeating attempts to
set up favorable temperature gradients for directional solidification in
the casting.

Electron beam melting of titanium also uses a skull to prevent
contamination of the melt. Its main advantage lies in the fact that super-
heat temperatures can be achieved and scrap can be reprocessed without
welding into an electrode. Its main disadvantages are the large power re-
quirements, longer melt cycles, higher vacuums, and more expensive control
equipment. In addition, the very high temperature of the electron beam
volatilizes low melting point alloy constituents (such as aluminum), re-
quiring adjustments in charge composition.



In an attempt to overcome the inherent deficiencies of cold wall melting
techniques, TRW developed a crucible melting process for titanium alloys. The
de)onstration of this process as a commercial production method was one of the
objectives of this program.

A second objective of the program was the demonstration of a mold mate-
rial suitable for titanium casting. Molds used for titanium castings must be
adaptable to precision investment casting methods; they mu,.t be able to be
preheated to temperatures high enough to permit filling of thin sections;
they must be able to resist the attack of liquid titanium long enough to permit
favorable thermal gradients to be set up; and, they should cause no case to
form on the casting as a result of chemical attack. Three approaches have bc-en
taken:

1) use of a very stable oxide mold,

2) use of carbonaceous mold, and

3) use of a refractory metal interface on the surface
of the mold.

The oxide mold approach requires a chemical milling operation to remove a
surface case. The refractory metal mold requires expensive equipment and
processing steps to avoid oxidation of the mold during mold forming and
firing. So far, this mold has not demonstrated the ability to be heated to
temperatures above 700-800°F prior to pouring without causing mold defects.

For these reasons, neither oxide nor refractory metal molds were used
in this study. Instead, the molds used in this work were pyrolytic graphite
coated ceramic, provided by the General Electric Company. These molds are
prepared by making a conventional lost wax ceramic shell mold, employing
ceramic materials and techniques usually used in lost wax casting technology,
and then coating its interior with pyrolytic graphite to form-a nonreactive
barrier between the molten titanium and the mold ceramic.
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I' EXPERI.MENTAL PROGRAM

A. Meltlna Poin-t DetermifnatTons"

Information on liquidus and solidus temperatures of titanium alloys is
generally unknown. Thus information on the range of mushy zone, which influences
such items as alloy castabillty and shrinkage porosity must be guessed at by
foundrymen, hindering their efforts to produce sound castings. For this reason,
TRW undertook to determine the liquidus and solidus temperatures of the four
alloys used in this program.

1. Method

The method used is that of Cadoff and Nielson (1), in which a
0.375" cube of the alloy In question Is placed on a niobium plate within a
test chamber. The plate is heated by resistance and it in turn heats the speci-
men cube. The cube Is viewed optically, and its temperature is monitored by an
optical pyrometer. The solidus temperature is taken as that temperature at
which the corners begin to round, and the liquidus temperature as that tempera-
ture when the specimen slumps and runs along the niokium strip.

The specimens were melted In a dry argon atmosphere (argon was
dried by passing over -titanium chips at 16000F). Twenty minutes was required
to melt each specimen. Their appearance after melting is shown in Figure 1.
Temperature measurements were made by a Pyro-Eye two-color optical automatic
reading pyrometer. This instrument Is a product of Instrument Development
Laboratories of Attleboro, Massachusetts; Its accuracy at 3000OF is +350 F.

2. Results

Resul-ts are given In Table 1. The beta alloys have lower
liquidus and solidus temperatures and shorter mushy zones than the alpha-
beta alloys investigated. Chemical analyses for these alloys are shown in
Table II.

A note of caution should be added on interpretation of the
temperature data. The affinity of liquid titanium for all other materials
is weli known. Thus there was some alloying found with the niobium plate,
as shown in Figure 2, which gives electron beam microprobe photos above, at,
and below the interface between the strip and the cube. Although these photos
are only qualitative, they show that there has been Nb diffusion into the
titanium alloy sample. Nb is expected to raise the alloy liquldus and solidus
temperatures (2).

As a further check on the accuracy of the measurements, the
melting point of pure titanium was determined using the above method. It
was found to be 2900 + 350 F, wbich compares quite we1l wi-th the value reported
recently by Reed (3)W f 2930 + 180 F.

3



Figure 1. Appearance of Mel-ting Point Determination Specimen.
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Ti alloy sample,
.04i Inches above
interface

Interface

Cb strip
.05 inches below

~ I Interface

Figure 2. Columbium Fluorescence above, at, and below Cb-TI Alloy
Interface In Melting Determination. 500X
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B. Casting Process

1. TRW Melting Technique

a. Melting Furnace and Procedure

TRW has developed a system which permits induction
melting and pouring of titanium-base alloys. In view of the history of un-
successful attempts (k-6) tofind a truly non-reactive crucible, and the
inherent limitations of levitation melting (7), we have developed a melting
method which permits a controlled amount of crucible contamination, but limits
this by making use of levitation forces generated during induction melting, in
much the same-way as did Ahearn (8,9), in earlier work at Watertown Arsenal.

The TRW technique minimizes the time which the
molten metal is in contact with a graphite crucible, and provides a rapid
direct pour in.to the mold. A schematic sketch of the process is shown in
Figure 3.

The salient features of the process are:

1) the titanium is brought to a temperature just
below the melting point of the alloy and soaked
at this temperature for several minutes.

2) at this point the power input is markedly increased
to melt the charge,

3) the molten titanium melts the bottom melt-out
disc. (This normally occurs within approximately
one minute of the time the power is increased)
resulting in a direct pour of superheated metal
into the mold.

The charge is suspended from a titanium rod within a
machined high purity graphite crucible. The crucible wall thickness is kept
below 0.100" to minimize its effect as a susceptor of the induction field.
Crucibles are-machined from extruded tubes of Graphitite G, a product of the
Carborundum Co. This material is a high-density, fully graphitized, small
particle size..(.008") graphite. It was selected for its combination of -purity,
density, machinability, and high strength (9500 psi). Power is applied at
about 1/3 - 1/2 maximum melt power to heat the charge to the incipient melting
point, whereupon full power is applied. The charge melts very rapidly and dr6rs
off onto the disc. Because of the high power inputs, (approximately 10 kw per
pound of charge) the melt Is violently stirred and is partially levitated during
melting, and thus does not rest against the crucible walls. The levitation
effect is visibly enhanced by the presence of the suspension rod.

-~ 8
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Figure 3. Diagram of Induction-Melting Furnace for Titanium Alloys.



Because the heat is induction melted, it is at a
uniform temperature, which remains constant during pouring. This may be
demonstrated by referring to Figure 4, which is the output trace from an
infrared pyrometer. Notice that the temperature of the melt remains constant
from the time that it first registers on the pyrometer until it is discharged
from the crucible, a period of a little more than a minute. This behavior
is a feature of the process, and was verified in repeated runs. This means
that melting through the disc in less than a minute (as might be the case if
a thinner disc was used) or keeping the metal in the crucible for longer
periods of time (by using a thicker disc) will have no effect on the final
mrelt temperature. This finding is consistent with present theories of
levitation melting (10), which show that the molten metal reaches a steady-
state configuration which is a function of energy input (frequency, power) and
coil design, radiation losses, and surface tension. Once this steady state Is
reached, longer times at constant power inputs have no effect on bath temperature
Furthermore, increased power inputs will also have no effect, as they will be
balanced by radiation heat loss and energy los-es required to maintain the
stability of the surface. Thus the TRW induction melting method does not permit
superheat control, except by varying coil designs and melong frequencies, a
process which does not lend i-tself to economical production of a product mix
of many different parts.

b. Temperature Measurement of Molten Titanium

Because of the high melting point of titanium alloys,
few bi-metallic thermocouple systems are candidates for immersion pyrometers.
Of these, W-W/Re couples have been used successfully for measuring casting
cooling (11,12) in the mold. These couples are sheathed in tantalum or moly-
bdenum to protect them for the short time the alloy is molten. They are, however,
dissolved by the molten titanium, particularly when placed in heavy sections or
in pouring basins and sprue wells. This -xperience has discouraged the use of
refractory metal sheaths to protect ther,,ocouples immersed in molten metal baths.
Oxide refractory protection tubes cannot be used because of molten metal attack
of those oxides possessing- adequate thermal shock resistance, and lack of ther-
mal shock resistance of those oxides which resist attack by molten titanium.

Optical methods are,therefore, used to monitor melt
temperatures. Two-color pyrometers, operating in the visible portion of the
spectrum, have been adequate for temperature measurements in the vicinity of
30000F. However, problems were encountered when they were used to determine
superheat temperatures during induction melting trials. The instruments
experienced an output instability in the range 3150-3700°F which made reliable
determination of temperatures -impossible. The instability was traced to the
combination-of input signal from-the-violently agitated melt, and the optics
and logic -curcuit,.which were not designed to accommodate the rapidly occurring
temperature fluctuations experienced in this temperature range. As few metals
are melted in the range-3150-3700OF (steels have lower melting temperatures,
columbium alloys and the refractory metals higher temperatures), the problems
encountered in melting titanium alloys do not affect the general usefulness of
these instruments, which, properly used, are valuable metallurgical tools. For
titanium it has been necessary to find another way of measuring the bath temperature.

10
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Infrared pyrometry was suggested as these pyrometers
are similar to optical pyrometers, except that they operate by using the infra-
red spectrum Instead of the visible spectrum. In optical pyrometers, the input
signal Is the radiation from the heated body. This is a function of both the
temperature of the body and its emissivity. Unfortunately, the emissivity is
also a function of the temperature (10). In the infrared range of the spectrum
emissivity varies less with temperature than It does In the visible range. This
means that, in the case of measuring a rapidly fluctuating temperature, as in
a rapidly stirred melt approaching thermal equilibrium, the infrared pyrometer
will read the temperature without being affected by the emissivity changes that
wouldbe a cause-of errors In the optical pyrometer.

In order to evaluate the capability of infrared
pyrometry to record the melting of-tltanium, a Temptron Model IT 7-A infrared
pyrometer, made by Barnes Engineering Co., of Stamford, Conn., was obtained.
The unit Is shown in Figure 5. Four melts were made using this unit, and the
melting arrangement shown in Figure 6. The sensing unit was focused on the
shallow hole drilled in the top of the charge. Results of four heats are given
below:

Pour
Heat Alloy Temperature

G 6927 Ti 6AI-2Sn-4Zr-2Mo 31-28°F

G 6928 Ti 6A1-4V 3200°F

G 6929 Ti 6AI-2Sn-4Zr-2Mo 3146°F

G 6930 Ti 6A1-4V 31100F

(values are + 1.5%)

These values check well with those obtained from a
tungsten-tungsten rhenium couple protected by a molybdenum sheath and placed
in pour cups to record the temperature of the falling stream. Thermocouple
temperatures were as follows:

Pour
Heat Alloy Temperature

G 6027 Ti 6AI-4v 32410 F

G 6047 " 31220F

G 6028 3053°F

G 6055 3077°F

G 6048 Ti 6A1-2Sn-4Zr-2Mo 3056°F

G 6052 " 3065°F

G 6054 31550F

G 6053 30959 F

12
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Electronic Control Unit

Figure ~.Barnes Engineering Co., Temptron Model IT 7-A
Infrared Pyrometer.
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Figure 6. Melting Arrangement for Evaluation of Infrared Pyrometer.
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Pour
Heat Alloy Temperature

G 6065 TI 3AI-8V-6Cr-4Zr-4Mo 2938°F

G 6064 29600 F

G 6081 2817 0 F

G 6080 2839°F

G 6095 2877°F

F 6094 2857°F

A particular advantage of the Barnes pyrometer is
that emissivity corrections can be made on the Instrument during the measure-
ment. These corrections were made by adjusting the emissivity correction control
on the pyrometer until the Indicated temperature on the unit corresponded with
the reading ot the Pt -- Pt 13% Rh thermocouple in the ingot. Emissivity correct-
ions were made at 25000F after the system had reached thermal qquilibrium. Emis-
sivity values obtained were:

Alloy Emissivity

Ti 6AI-4V 0.68

Ti 6AI-2Sn-4Zr-2Mo 0.74

Temperature measurement in the TRW melting system is
tcomplicatedby the.-fact that melting is obscured from view by the charge for
much of the melt cycle. After the charge has been heated for a period of time
incipient melting occurs on the side and bottom of the -ingot. The top surface
of the charge does not reach temperature as fast as the sides, as it is losing
heat to the furnace by radlatiin. The pyrometer, focused just below the top of
the charge, sees a slight drop in temperature when melting begins, because the
hottest part of the ingot melts off, lowering the average temperature of the
metal that is left. Upon application of full power, the temperature rises quickly,
melting the top of the charge, and revealing the melt to the pyrometer which
Indicates tho molten metal temperature. Thus an Instrument having a fast response
is required.

The infrared pyrometer performed satisfactorily through
the evaluation trials, and Its use is recommended to monitor titanium melting.

I
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c. Carbon Pickup During Melting

Although the liquid metal charge is in contact with
a graphite crucible for only a brief time, this time is sufficient to allow
some crucible dissolution and resultant carbon pickup by the melt. One of
the objectives of this program was to determine the extent of this pickup
and whether it affected castability or casting properties.

Carbon content was determined before and after melting.
Carbon levels are consistently held below 0.16% C, and more frequently fall below
0.14% C. Results of analyses of a series of castings are given in Table III
and displayed in Figure 7.

It is of interest to note that although carbon pickup
increases on remelting, the increase is- less than that experienced on the
initial melt. This was demonstrated by melting two heats each of Ti 6AI-4V
and Ti 6AI-2Sn-4Zr-2Mo into a steel ingot mold, machining the ingots obtained
into charges, remelting and pouring into castability molds. The increase
after each melting sequence is shown in Figure 8. Carbon levels increased
to 0.20% C. This indicates that reclamation of sprues, gates, etc., and scrap
castings by remelting is limited to the -preparation of alloys containing a
higher carbon limit than now permitted. As the use of carbon-containing alloys
for castings has not been extensively investigated, despite information that
such alloys may have desirable properties (11,12), there is no present-day dppl-ica-
tion for the remelt material generated by the TRW process, although such material
may be used in the chemical industry.

Semi-levitation induction melting has no effect on oxygen
2nd nitrogen levels, as shown in Table Ill. Hydrogen levels appear to be lowered
in alpha-beta alloys, and incrc.:sed in beta alloys.

2. General Electric Pyrolytic Graphite Mold

Molds used in this program were pyrolytic graphite faced
ethyl silicate bonded zircon based molds supplied by the General Electric
Co.

a. Mold Manufacture

Molds were made by a patented process (16) in whi-ah
conventional lost wax techniques were used to prepare a shell mold, which was
dewaxed and fired to assure complete removal of all wax. The ceramic molds
were then subjected- to the pyrolytic graphite coating process.

The coating -cycle was begun by heating the mold under
a vacuum of approximately 200 microns. Shortly before the mold reached coat-
ing temperature, n-itrogen gas was introduced as a purge system and the vacuum
exhaust line properly adjusted to maintain a slight pressure in the furnace.

16-
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Positive pressure in the furnace surrounding the susceptor was under 50 mm
Hg. The coating gas (any suitable hydrocarbon gas capable of dissociating to
carbon and hydrogen atoms) was introduced in place of the nitrogen gas. The
chamber may be operated on acetylene, methane, ethane or other hydrocarbon
gas, depending on the operating temperature of the coating furnace. Some
gases require higher temperatures for dissociation and yield less carbon
atoms per cubic foot of gas consumed; therefore, it becomes a matter of
economics as to the gas used and cycle time to accomplish a suitable coating.

Successful operation of the coating furnace requires
that the gas flow through the mold be maintained at a rate which did not
cause stagnation, which could form soot on the mold. This varied with each
different mold configuration and the venting system was designed into the
mold. The jas velocity was maintained by control of the incoming gas at a
selected positive pressure and flow rate per hour discharging into the mold
and furnace chamber which were maintained at a lower pressure such that the
gas was accelerated through the mold by its expansion. Inlet gas pressure
varied from 15 to 20 psig and furnace chamber pressure varied from 3 mm Hg to
12 mm Hg, depending upon the mold configuration. When the mold configuration
was changed, the most successful means of achieving good coating distribution
and thickness was by proper selection of the position, number, and s-ize of
vents from the chambers being coated to insure even flow and distribution of
gas.

After the cycle was established on the castability
molds, the surface area being coated was calculated and the relationship
between the flow of gas and the area of the vents was used as a basis for
establishing flow rates for new mold configurations.

An initial problem wa, encountered on the pour cup
and sprue where the -coating thickness was found to be thin compared to the
pattern area on some earlier work. When titanium was poured into -the cup,
the thin pyrolytic coating eroded causing contamination of the casting.
This condition was traced to cold gas entering the mold at the pour cup and
not dissociating until it had flowed through the mold some distance. This
condition was alleviated by preheating the gas before it reached the mold,
staying well below the dissociation temperature. For low gas flows, a
temperature of 550*F was sufficient, but for larger gas flows such as were
used on the bearing housing a preheat temperature of 800°F was used.

b. Characterization of Pyrolytic Graphite Molds

A coated mold is shown in Figure 9. Note the bright
shiny surface characteristic of pyrolytic graphite on the interior surface.
A mold is shown in cross sections in Figure 10. Note that the carbon penetrates
through the entire mold structure. The pyrolytic layer is clearly shown in the
scanning electron microscope-picture of Figure 11. The coating varied in thick-
ness from 0.0014" to 0.0024". It was dense, continuous and impermeable. The
scanning electron microscope picture of Figure 12 shows the cellular nature of
the surface: Scattered- loose particles appear on the surface of the mold.

20



Figure 9. Pyrolytic-Graphite Coated Mold.
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Figure 10. Cross Section- of Pyrolytic Graphite Coated Mold.
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Figure 11. Scanning Electron Microscope Picture of Pyrolytic
Layer Cross Section. IOOOX
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Figure 12. Surface of Pyrolytic Graphite Mold. 100OX
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These particles have the electrical characteristics and scanning response
of amorphous carbon, which would be expected to form during the transient
flow conditions experienced at the termination of coating. They are believed
to be the cause of the slight surface reaction found in castings. An inter-
esting artifact of the coating process is shown in Figure 13, taken on the
pyrolytic surface. No effect on that casting surface was traced to coating
artifacts such as this.

The thermal conductivity of the mold was determined
experimentally with a hollow cylinder specimen. An electri-a1 heating
element was placed in the center of the cylinder and the power input measured
to determine the heat flux through the mold. Thermocouples were placed at the
inner and outer surfaces of the mold to measure the gradient through the wall.
The conductivity was calculated from the relation

r
k = q . I ln.ro

AT 2fI rl

where

k = thermal conductivity
q = measured heat flux

AT = measured temperature gradient
I = cylinder length
r = outside radius of cylinder
r. = inside radius of cylinder

The conductivity was found to be 1.66 BTU

hr. ft 2 (OF/ft)
This value is between the 0.8 to 1.0 1TU found -for ceramic shell

hr.ft 2 (F/ft)
molds and the 3.5 BTU value found for-carbon.

hr.ft (OF/ft)

Mold strength was measured in a three-point bending
test and found to be 2360 psi. This is higher than the value of 1200-1400
psi usually found as a mean value for ceramic shell molds. This high mold
strength made the mold resistant to handling damage.

Venting, required to coat the mold, is also
essential to the production of sound castings, as gas, given off during
solidification, must have a place to escape. Pos-itions of these vents
should be selected so as to facilitate both the coating and the casting
processes. For instance, all risers should be vented, as should all
runner systems.

The pyrolytic graphite coating faithfully reproduces
the surface of the mold. This means that the mold must be free of defects
and loose particles prior to coating. Loose ceramic particles are covered
over by the adherent graphite layer, and cannot be removed subsequently. Such

, areas will become pits on the casting surface and will require weld repair.

25



Figure 13. -Pyrolytic Graphite Artifact on Sur-face of Pyrolytic Mold.
2.OX
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C. Castability Experiments

1. Mold Design and Experimental Procedure

One objective of this program was to determine the casta-
bility of the four subject alloys. Because of the nature of cold crucible
melting, accurate fluidity tests are difficult to carry out and evaluate on
skull melted material. Induction melting, in which metal Is poured at a
uniform temperature, is ideal for fluidity determinations. Since the
fluidity of a reactive metal will, to a large extert, depend upon the
degree of reaction with the mold, it is appropriate that surface area to
volume ratios be varied if an accurate measure of the alloy's ability to
fill thin sections is to be obtained. For this reason, a fluidity or
"castability" mold was da.signed which contained two clusters of four bars
as shown in Figure 14. Each mold had two clusters of four plates 0.75"
wide by 4" long. Plate thicknesses were 0.030", 0.060", 0.090", and 0.250".
One cluster was gated at both top ard bottom of the mold, and the other at
the bottom of the mold only.

Fluidity is normally found to be a function of mold preheat,
increasing as preheat is increased. However, in the case of alloys which
react extensively with molds, the reverse is found. Therefore, one test of
the reactivity of the mold-metal system, and hence the suitability of the
mold for use with the alloy, is the dependence of fluidity on mold preheat
temperature. Three preheat temperatures were used, 10000 F, 1500°F, and 20000 F.
It is expected that a non-reactive mold metal system will show the normal
increase in fluidity as mold preheat temperature increases.

Molds were supported on firebricks within an Inconel can,
which protected the vacuum furnace in the event of mold runout (no runouts
were actually experienced in the program). The mold can was placed within
an induction heated graphite susceptor below the melting crucible. A Pt/Pt-l3%
Rh thermocouple, protected by a silica sheath, was positioned between the down-
sprue and the castability specimen cavities to monitor mold temperature. Molds
were dried overnight at 400*F prior to being placed in the vacuum chamber for
preheating and pouring. Molds were preheated 30 minutes minimum (see Appendix A)
at pressures below 10 microns. Castability molds took six pound charges. All
molds were statically poured.

2. Results of Castability Experiments

The results of the castability experiments are tabulated in
Table IV. There is wide scatter for sections less than 0.250". This is due
to normal variations in pour stream configuration (the ability to fill a thin
section is a function of the stream velocity; in a free-falling bottomrpour
stream, -the configuration of which is not controlled, stream velocity will
vary within the stream cross section from pour to pour), and to the presence
of gas entrapped in the'mold during solidification. This gas exerts a back
pressure on the entering metal stream and limits its flow.
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Figure 14. Castability Mold Design.
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Interpretation of the castability data may be facilitated
by the graphical presentation, Figures 15-18. In Figure 15 are plotted the
relationship between percept fill and section thickness for each of the four
alloys at each mold preheat temperature In the bottom gated clusters. Similar
information is shown in Figure 16 for clusters gated at both top and bottom
of the plates. The data is replotted in Figure 17 as the relationship between
percent fill and mold preheat temperature for each of the four alloys at each
section thickness for bottom gated clusters. Figure 18 shows these relation-
ships for top and bottom gated clusters.

In spite of the experimental scatter of data, the data show
a number of important facts:

1. Castability of the alpha-beta alloys, Ti-6A1-4V
a,,d Ti-6AI-!Sn-4Zr-2Mo is better than that of the beta alloys, Ti-3A1-8V-
6Lr-4Mo-4Zr and Ti-ll.5Mo-4.5Sn-6Zr (Beta III). Beta III had thd least
fluidity of any of the alloys. It was observed during melting and pouring
of the alloy that Beta III melted in a sluggish manner and did not respond
to levitation forces as well as did the other alloys. Its meit behavior and
fluidity may be related.

2. Castability generally tended to increase with
increasing mold preheat temperature, indicating that the mold system is
non-reactive. The one major exception to this was the 0.030" sections of
the top and-bottom gated clusters (Figure 18), which showed no general trend.
As these sections -freeze very quickly because of their high surface area to
volume ratio, scatter due to the above-mentioned causes would be expected to
be more severe than in thicker sections.

3. There is a slight tendency for bottom gated plates
to fill more completely than top and bottom gated plates. This may be
explained by noting that metal entering the vertical plate from the top
will prevent evolved gas from escaping through the riser vents, whereas
in bottom gated-plates, the liquid metal will push the gas ahead of it to
the vents.

4. In alpha-beta alloys no difficulty should be
expected in filling-3/4"x4" sections down to 0.090". Thinner cross
sections, however, may be filled only in less extensive areas, or must
be more generously gated for static pouring.

3. tffect of Carbon Content on Castability

-In order to assess the effect of carbon content of the
alpha-beta alloys on their castability, two molds each were casZ in
Ti-6AI-4V and Ti-6A1-2Sn-4Zr-2Mo from double induction melted stock. These
charges were prepared from ingots induction melted in -a graphite crucible
and solidified in a stainless steel ingot mold. The castabil-ity clusters
were bottom gated only.
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Results are shown in Figure 19. Within the range of experi-
mental error, fluidity decreases with increasing carbon content. This may
be expected as increasing the carbon content increases the liquidus-solidus
zone (17) thus promoting mushy freezing, which decreases fluidity.

D. Tensile Property Characterization

i. Test Bar Preparation

Tensile properties of the four induction melted titanium
alloys were determined from cast-to-size test specimens. Six standard 0.250"
diameter test bars were poured per cluster, three gated from both top and
bottom, and three gated from the bottom only, as shown in Figure 20. Pour-
ing procedure was the same as that used for castability molds.

Initially, one cluster was poured in Ti-6AI-4V alloy at a
2000*F mold preheat. Grips were machined on all bars, but the gage length
surface was not finished. Two bars were tested in this condition, two were
etched in a nitric acid-hydrofluoric acid solution prior to testing, and
two were sandblasted prior to testing. The etching treatment removed a 0.002"
surface layer, while sandblasting removed a layer approximately 0.001" thick.
Test resultL are given in Table V and shown in Figure 21.

The test results- showed an effect of surface condition on
tensile properties. Metallographic examination of the test bar gage section
revealed a 0.0001" thick surface reaction layer. The smoothest surface was
produced by sandbiasting. The -reaction layer was removed by both etching
and sandblasting. The reaction layer was identified by microprobe analysis
as titanium carbide. The formation of titanium carbide may be traced to the
presence of amorphous carbon on the mold surface.

As a result of these findings,tensile bar mold preheat
temperatures were reduced to 1750*F and 1500'F, and bars were sandblasted
prior to test. Ba-s were tested qt a strain rate of 0.005 in/in/min. to
yield and thereafter at a .c'ros~shead" rate of 0.05 iI/mlin.. to fracture.. AlIA
bars were heat treated prior to testing as follows:

Alloy Treatment

64 1300'F - 2 hrs. - rapid furnace cool

6242 1100°F - 8 hrs. - rapid furnace cool

38644 1350°F - 15 min. - rapid cool, 1100°F - 8 hrs. - rapid cool

Beta III 1500°F - 15 min. - rapid cool, ll00'F - 12 hrs. - rapid cool

Beta alloy bars were coated with a proprietary ceramic during
heat treating to prevent oxidation. Tensile tests were run at room tempera-
ture and at 600*F.
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TACLE V

Effect of Surface Treatment
on Properties of TI-6AI-4V

Mold Preheat 2000*F

Ultimate Yield
Surface Strength Strength Elongation R.A.

Condition (Ksi) (Ksi) (% in 4 d) ()

As-Cast 128.5 121.5 1.1 0.8

As-Cast 136.7 121.6 2.9 5.5

Etched 139.6 124.4 7.1 10.2

Etched 133.5 122.5 4.3 2.4

Sandblast 141.0 125.7 8.0 8.6

Sandblast 139.5 120.0 8.8 4.7
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2. Test Results

Results of tests are given in Table VI and Figures 22 and 23.
In the alpha-beta alloys, Ti-6AI-2Sn-4Zr-2io alloy has higher tensile proper-
ties than Ti-6AI-4V alloy at both room temperature and 600*F. The largest
differences were in room temperature tensile ductility, which was in the
range 9.5 to 18.0% elongation for the Ti-6AI-2Sn-4Zr-2Mo alloy, compared to
3.5 to 6.5% elongation for the Ti-6AI-4V alloy, and in the 600°F strength
levels the Ti-6AI-2Sn-4Zr-2Mo yield strength averaged 73,100 psi compared
to 68,200 psi for the Ti-6AI-4V alloy. Ductility levels were also more
uniform for the,'Ti-6AI-2Sn-4Zr-2Mo alloy at 600°F compared to the Ti-6AI-4V
alloy.

For beta alloys, Ti-3AI-8V-6Cr-4Zr-4Mo alloy has appreciably
higher strength values at both room temperature and 600'F than Ti-II.5Mo-4.5Sn-
6.OZr alloy. The ductility or elongation values for both alloys range from
0 to 2.0% at room remperature to values of 1.0 to 4.0% at 600'F. These values
are very low compared to the tensile elongation values obtained for both alpha-
beta Alloys Ti-6AI-4V and Ti-6Al-2Sn-4Zr-2Mo. The low tensile ductili.ty levels
in both beta alloys has been traced to intergranular carbide particles present
in the cast structure. These two highly alloyed beta alloys cannot retain in
solid solution the 0.11 to 0.11% carbon picked up from melting in a graphite
crucible. The carbon content results in griin boundary precipitation of the
carbide phase during cooling.

This may be confirmed by examining the microstructure of a
0.250" thick castability specimen of Ti-3AI-8V-6Cr-4Zr-4Mo alloy in Figure 24.
Note the carbide patticdes present in the center of the section as well as at
the surface. Alpha-beta alloys did not show comparable structures.

The test results show that the alpha-beta alloys have superior
properties at room temperature, while the beta alloys have better strengths
at 600'F. Because of the deleterious effect of the carbon picked up (and
the lower solubility of carbon in the beta phase) on properties, melting in
graphite crucibles is not recommended 4or the beta alloys. However, the
process appears to be quite satisfactory for alpha-beta alloys, and is
probably equally applicable to alpha alloys.

3. Quality of Test Bar Castings

Test results must be viewed in light of the quality of the
test bar cascings. These castings were not completely sound, showing evidence
of center line shrink. Examples are shown in Figure 25. As the strength levels
obtained are generally quite acceptable, it may be concluded that cast titanium
tensile properties are insensitive to reasonable amounts of porosity.
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TABLE VI

Room and 600°F Tensile Properties

Test Ultimate Yield Elong.
Specimen Temp. Strength Strength 1"' G.L. R.A.

Alloy No. (OF) (xlo3psi) (xlO 3psi) () ()

Ti-64 2 Room 134.6 118.0 6.5 9.2
3 135.3 120.5 5.0 7.7
4 133.5 120.4 3.5 4.7
7 135.6 123.5 3.5 3.9
1 600 85.8 65.9 22.0 34.5
6 85.6 66.8 18.0 25.9

- 9 88.5 69.1 12.0 17.7
11 86.0 71.0 5.0 7.0

Ti-6242 16 Room 141.5 123.7 15.0 19.6
19 138.9 125.3 11.0 6.2
20 139.7 122.3 18.0 13.3
22 " 139.0 123.1 9.5 13.8

" 13 600 96.0 74.3 18.5 27.0
17 " 90.8 71.7 10.0 17.0
21 " 94.2 75.1 10.5 16.6
24 " 92.1 71.3 13.0 23.9

Ti-38644 33 Room 143.1 137.9 2 2.0 -
" 43 " 141.7 141.5 2.0 -

44 " 140.5 - 0.0 -

45 " 141.1 139.7 1.0 0.8
31 600 124.4 114.1 2.0 2.7
32 " 128.4 115.7 3.0 3.1
47 " 126.6 114.2 3.5 2.8
48 126.2 114.1 1.0 5.2

Ti-11.5-4.5-6.0 27 Room 120.0 - 0.5 1.2
68 " 120.8 - 0.0 0.0
61 " 124.8 116.6 0.0 -
62 " 122.5 118.2 0.5 2.0
63 600 99.0 83.1 5.0 3.9
64 " 98.2 72.3 5.0 3.9
65 " 95.9 84.5 2.0 3.2
66 " 99.8 82.5 4.5 3.2
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Figure 24. Carbide Network in TI-3AI-8V-6Cr-4Zr-4Mo'AIloy Bars-Unetched. 250X

44'



A

0-ow"C 2

S 3

5

6

~ 7

~ 8

ww 9

Fiqure 25. Soundness Typical of Test Bars-Evaluated in Program.
See Table VI for Prooerties.

415



E. Quarter Bearing Housing Castings

1. Alloy and Part Selection

The evaluation of the castability and mechanical properties of
induction melted alloys indicated that Ti-6A1-2Sn-4Zr-2Mo possessed the best
combination of tensile properties and fluidity. For this reason it was selected
as the alloy to be used in making shaped castings.

The casting selected was the bearing housing shown in Figure 26.
It has an outside diameter of 16.91" and is .4l" high, with a minimum wall thick-
ness of 0.125". Because of melting equipment limitations which limited the charge
weight to 10 pounds, only a one-quarter section of the bearing housing was poured.
Plans to scale the casting up to one-half sections were abandoned when a TRW-
funded program showed that it was not feasible to increase the melt weight above
10.5 pounds on available equipment.

2. Casting Trials

Three gating schemes, with minor modifications, were used in
an attempt to produce sound castings. All castings were poured statically.
The gatings used were designed to be compatible with both the feeding needs of
the alloy and the gas flow requirements of the mold coating system. Some
compromise between the optimum system of both was inevitable.

The first gating system is shown in Figure 27. The casting
was positioned horizontally with the large flange at the bottom, and fed from
three 3/4" square gates into the bottom flange and four 1/2" square gates into
risers above the heavy inner race. This gating permitted metal to enter the
lower casting wall from two directions, effectively trapping evolved gas, much
as would be expected from the results of dastability experiments. The gating
was therefore revised so that the castings filled from the bottom, as shown in
Figure 28. Gates were removed from the inner race and castings poured- from
these molds showed a major area of porosity opposite the center runner. This
runner was choked down to 3/8", to provide a balanced feeding system.

Modification of the third mold design by decreasing the thick-
ness of the center feeder by 50% eliminated shrink in the base of the cast
quarter bearing housing by providing more balanced feeding. However, the large
void areas present in the center portions of the base in -previous castings moved
over a considerable distance to one of the ends of the base in subsequent cast-
ings. Because a balanced feeding system was used in this casting-, it was
expected that the shrink would be symmetrically distributed, and, should have
occurred at both ends. The large movement of the void area- to one of the ends
suggested that it was related primarily to gas and could not be eliminated
.through changes in feeder design alone. The gating was thus modif-ied -to permit
maximum opportunity for evolved gas to escape during solidification by invert-
ing the casting as shown in Figure 29. Four gates were located on the flat
flange (top of casting), and four on the inner circular race. Four 3/8" vents,
shown in Figure 30, were required between the sprue and the casting skirt to
permit coating of the mold. They remained on the final gating system as
auxiliary runners. Note also the extensive venting on upper surfaces-of the
casting, required both for coating and casting purposes.
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Figure 26. Bearing Housing for TF 39 Engine.
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Figure 28. Revised Gating System Using Bottom Filling. Casting G 6509.
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Figure 29. Final Gating System Developed -in Casting Trials. Casting G 6607.
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Figure 30. Vents Attached to Bottom of Sprue for Gas Flow During Coating.
Casting G 6608.
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This gating was most nearly successful in producing sound
castings, although problem areas remained, as discussed below.

3. Pouring Procedure

Quarter bearing housing castings were poured using the same
furnace setup and procedure as used for castability and tensile bar castings,
except that mold preheat times under vacuum were extended and the crucible
was preheated prior to melting. These steps were taken to degas the crucible
and mold, thereby minimizing their contribution to gas porosity in castings.

Although the first casting was poured at a mold preheat of
2000F, a subsequent investigation of the microstructure at the surface of
a 0.250" castabllity sample of Ti-6A1-2Sn-4Zr-2Mo alloy showed that a carbide
layer was formed at this temperature, as shown in Figure 31. The preheat
temperature was thus lowered, first to 1750*F, and then to 1500*F. Two
castings were poured each at preheat temperatures of 1250'F and 1000F to
determine the effect of lower preheat temperatures on mold fill and casting
surface quality.

4. Quarter Bearing -Housing Quality

The quality of castings produced was generally disappointing.
Particular problem areas were in casting surface condition and porosity.

a. Casting Surface Defects

Surface defects, similar to those encountered in
conventional casting processes were prevalent. Four types of surface
defects were encountered and have been:categorized as follows:

1. Hot tears
2. Misruns and cold shuts
3. Inclusions
4. Rattai-ls

A hot tear is shown in Figure 32. It was caused
by mold cracking during solidification as shown in Figure 33,, leaving tears
in the casting. Similar cracks were found in which the casting wall is
locally displaced, but there i-s no tearing of the metal. The defect
indicates that during cooling, and while the casting is still mushy, thermal
stresses cause the mold to crack. Because of the rigidity of the mold, it
deforms the casting as it cracks.

A cold shut defect is shown in Figure 34a at 2.5X mag-

nification. The appearance of this defect is similar to oxide fold type
defects in aluminum and magnesium castings, Metallographic examination
revealed the presence of a 0.00015 -inch thick carbide layer on the cast
surfaces adjacent to the fold area, but no carbide layer was observed in
the fold (Figure 34b). A titanium X-ray photograph (Figure 346) reveals
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(a) Mold Preheat Temperature 1500*F, Casting G 6052
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(b) Mold Preheat Temperature 2000*F, Casting G 6054.

Figure 31. Carbide Network Present in As-Cast Surfaces of 0.250 Inch Thick
Castability Section, Ti-6AI-4Zr-2Mo Alloy, Showing Effect of
2000*F Preheat - Unetched. 250X
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Casting #6108

Figure 32. Hot Tear in Casting.
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Figure 33. Correlation of Pos-i-tion of Hot Tears with Mold Cracks.
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some discontinuity of titanium metal deposited in the defect area. This
defect is formed by reaction between titanium and particles lying on the
pyrolytic surface, to form titanium carbide on the surface of the liquid
as it enters the mold. Because of stream turbulence this layer is folded
at the casting surface.

The cold shut defect results from improper gating
and the use of too cold a mold. No cold shuts were present on the surface
of casting G 6232, poured at a 2000F mold preheat; however, all other quarter
bearing housings,poured at lower mold preheats, showed cold shuts. A typical
example ,i-s heat G 6544, poured at 1000*F preheat, shown In Figure 35. This
casting was made with the second gating system. Note the surface indications
found in the casting wall opposite the gates; indicating that the stream
initially entered at these points, and flowed upward to fill the casting
while the stream edges began to freeze, forming cold shuts.

An inclusion type defect, typical of those found
in castings, is shown In Figure 36a at a 2.5X magnification. Metallographic
analysis, Figures 36b and c, revealed the defect area to contain a pyrolytic
graphite layer on the titanium alloy cast surface. Another graphite inclusion
is shown at lOX in Figure 37. It appears to have broken off of a section of
mold, or to have spalled during pouring.

Figure 38 is an example of a mold defect which
produces a pit in the casting surface. Such defects are similar to those
found in conventional precision casting processes. Typically, they are
caused by mold spalling or improper dipping and drying of the mold. No
inclusions were found which were directly related to the pyrolytic process
of coating the mold. It is essential, however, that molds be thoroughly
cleaned prior to coating, as loose particles will be coated over in situ,
forming an integral part of the-mold .and causing pits of this type.

The fourth -defect encountered is one usually
associated with sand molds. "Rattails", such as the one shown in Figure 39
appear on several of the earlier castings. Microprobe examination of this
defect, Figure 40, showed it to contain mold material. Rattails are caused
by expansion and spalling of the surface of the mold due to radiant heat
trarsfer from the first metal to enter the mold. Revising the gating to
providc a faster fill system eliminated the defect.

b. Casting Porosity

Radiographs -of all quarter bearing housing castings
showed extensive occurrence of porosity in amounts greater than normally
accepted by aircraft engine manufacturers. Figure 41 shows the best casting
produced, G 6608, poured at the end of the initial part of the program. Mold
making and pouring followed the process specification, Appendix B. Porosity
is evident, in spite of re-gating, and an extensive effort to remove sour es
of gas by degassing the charge for 4 hours-at 1800'F at a pressure of 10- torr,
preheating the mold at 1000F for 2.7 hours at 10-2 torr, and preheating the
crucible at 2400F for 2 hours at 10-2 torr. Vacuum conditions were maintained
in the mold and crucible between degassing and pouring. The persistence of sub-
stantial porosity despite these procedures made it necessary to re-direct
program efforts to determine the causes of the porosity.
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Figure 35. Casting G 6544, Poured at 1000*F Preheat.
Note Cold Shuts Opposite Gates.
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b. Defect area etched after microprobe
a. As-cast surface, 2.5X analysis. Square represents unetched

scanned microprobe area. HNO 3-HF Etch,
250X

c. Polarized light photomicrograph of the
area shown in (b) above, revealing pyrolytic
graphite layer, 250X

Figure 36. Inclusion Type Defect in Cast Surface of Ti-6AI-2Sn-4Zr-2Mo Alloy

Quarter Bearing Housing Casting, No. G 6509.
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Figure 37. Large Graphite Mold Inclusion in Casting.
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Figure 38. Pit in Castinig Surface Caused by 7eramic Inclusion
Attached to Mold Face.
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a) As-cast surface, 2.5X

?L

b) Defect area etched after microprobe analysis. Square
represents unetched scanned microprobe area.
HNO 3-HF Etch, 250X.

Figure 39. Rattail Type Defect in Cast Surface of Ti-6A1-2Sn-4Zr-2Mo

Alloy Quarter Bearing Housing. Casting No. G 6509.
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C. Mechanical Properties

Bearing housing casting G 6608 was'sectioned to determine the
mechanical properties. Tensile specimens and notched tensile specimens
were prepared from the bearing housing sidewalls where the casting was
about 1/4" thick. The specimens had a diameter of 0.235" and a gage length
of 0.75". The notched specimens were of the same size with 600 V notches
reducing the diameter to 0.167" with a .007" radius at the base of the 4

notch. All specimens were vacuum stress relieved at 1100*F for 8 hours.

The tensile tests were made at a .005"/"/min strain rate to the
yield poilnt and at .05"/min cross head speed thereafter. Notched speci-
mens were tested at .05"/min to fracture. The data are shown in Table VII.

Two specimens were tested for stability by exposure at 4000 F and
at 600°F at 50,000 psi stress for 300 hours prior to tensile testing at
room temperature.

The results indicate that the strength is acceptable while the
ductility at room temperature is marginal. At elevated temperatures the
properties appear acceptable. The notched to unnotched strength ratios-of
about 1.5 represented by this data indicate that the induction melted and
-cast Ti 6AI-2Sn-4Zr-2Mo alloy is not notch sensitive. The stress stability
tests indicate that the material was not embrittled by exosure under these
conditions.

F. Casting Analys-is

1. Porosity

The extensive occurrence of porosity was the major obstacle
to the production of acceptable castings. There is evidence (12) that
poros-ity is a general problem in titanium casting. The program thus con-
centrated on studying the causes of porosity.

a. Porosity in Titanium Castings

Porosity in titanium castings is frequently present
as a smooth walled cavity within the casting. This has led to an arbitrary
qualification that when the cavity is large and non-spherical, it is due
to solidification shrinkage, whereas when it occurs as dispersed spheres,
it i-s due to gas (18). Such a classification is not entirely accurate,
-because pores are caused by both shrinkage and gas, acting in combination,
as shown by fundamental studies of porosity (19,20). An example of both
types of shrinkage is shown in Figure 42.
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TABLE VII

Mechanical Properties - Ti-6A1-2Sn-4Zr-2Mo Bearing Housing Casting

Test Ult.
Temp. Tens. Str. Yield Str. Elong. Red. of
(OF) (KSi) (0.2%) KSi % in 3 d Area, % Remarks :1

R.T. 143.9 134.1 13.0 17.1

R.T. 132.9 132.0 3.1 5.5 Porosity in fracture

R.T. 140.2 132.1 5.2 13.1

R.T.(1) 140.0 128.1 7.1 11.5

R.T. (2) 138.5 127.9 8.1 9.9

550 101.5 83.9 13.9 24.6

600 98.2 79.3 18.9 26.8

600 97.3 79.9 10.9 21.7

R.T. 205.9 - - - Notched spec.

R.T. 207.1 - - -

R.T. 198.9 - - - " "

Casting G 6608

(1) Specimen exposed at 400F for 300 hours at 50 KSi stress prior

to tensile testing at room temperature - 0.13% creep elong.

(2) Specimen exposed at 600°F for 300 hours at 50 KSi stress prior

to tensi-le testing at room temperature - 0.13% creep elong.
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Figure 42. Porosity Formed by Combination of Gas (Circular Area),
and Interdendritic Shrinkage. Heat G 6910. OOX
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In these studies, it is shown that pores must over-
come metallostatic and external applied or atmospheric pressure heads in
order to form. Thus pouring under vacuum magnifies the effect of gas, as
does the use of a light alloy such as titanium, which lacks the density
required to establish a high metallostatic head. Gas is rejected from the
solid at the liquid-solid interface. If the gas bubble is large enough to
rise at an appreciable rate, and if there is a continuous path of liquid to
the atmosphere, the bubble will float out. However, if the surface of the
casting freezes qui:kly, as in titanium alloy castings (because of the high
melting point), the bubble will be trapped in the liquid, and will be found
located in that part of the casting which is the last to solidify, combined
with solidification shrinkage, which also occurs there.

Shrinkage is a function of the density difference
between the liquid and the solid, and the mode of solidification, which is
governed by the freezing range of the alloy. It has been found (21) that in
titanium alloys with small freezing ranges, shrinkage cavities are smooth
walled, but that as the freezing range increases the cavities become dendritic.
Because of the difficulty in holding liquid titanium in a non-reactive vessel
long enough to obtain accurate liquid density readings, there is little
-information on values of solidification shrinkage for titanium alloys.
-Magnitskili (22) has shown that shrinkage may increase or decrease with
alloying content, depending on the alloy system, and recommends that alloys
with wide freezing ranges not be used to produce complex parts because of
the difficulty of feeding such alloys adequately. He found, however, that the
contribution of gas to total porosity is of greater importance than that-of
shrinkage. This arises from the great difference in gas solubility between
liquid and solid titanium, such that the gas concentration in liquid is
frequently greater than the solubility limit in the solid. Gas is present
in the liquid because it is picked up from the crucible, the mold, or
was present in the original charge material.

Molds can contribute gas to the casting, either
from reaction with molten titanium a]loys (23), or by solution of adsorbed
gases on the mold surface (24). Whi-le the reaction contribution can be
minimized by eliminating silicate binders from ;the system, the adsorption
problem remains, particularly if adsorbent materials, such as carbon, are
used as mold materials. One calculation (23) predicts that 300 cc of gas
can be evolved from a 10 cm x 10 cm plate mold made of MgO if the solidifica-
tion chamber pressure is 1 torr. Whi-le MgO has not been used in this program
the magnitude of gas volume which can be evolved in such systems Is relevant.

The charge may also contribute to gas porosity. As the
solubility of hydrogen decreases with increasing temperature in the solid, charge
ingots used in this program were prepared from vacuum melted billet stock and
were further degassed by holding them at elevated temperatures and reduced
pressures prior to melting. It is not known whether the charge material was
prepared at a pressure lower than the melting pressure as recommended in order
to remove residual dissolved gases (15). Obviously, melting temperatures should
be kept below the point where alloying constituents are volatilized to eliminate
them as a source of gas.
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Because the alloy was selected on the basis of
its combination of fluidity and mechanical properties the magnitude of its
solidification shrinkage is established and cannot be altered. As dis-
cussed above, the response of porosity location to gating changes indicated
that the primary cause of porosity was due to gas trapped in the solidifying
metal. Early experiments adding argon gas to the vacuum chamber after melting
but prior to pouring in order to reduce porosity (heats G 6230, G b231, and
G 6232) did not succeed in significantly reducing the amount of porosity found,
and attention was turned to the elements of the pouring system, i.e., the
charge, the crucible, and the mold.

b. Crucible Investigation

A preliminary experiment, in which an ingot was
poured, radiographed, and the gas in the void pocket analyzed, showed the
gas to be hydrogen. Based on this finding, all subsequent charges were
de-gassed at 1800'F at 10- torr, to remove interstitial hydrogen in the
charge. The pressures measured during this vacuum treatment indicated that
we were removing gas. The occurrence of gas in the castings was, however,
not significantly reduced by this practice.

Suspicion then fell on the crucible. Machined from
high density, high purity graphite, the crucibles could have been a source
of gas, either adsorbed on its surface, or entrapped in its pores. It was
reasoned that holding at 2400°F in vacuum for four hours prior to pouring
should serve to remove any gas present on or in the crucible. It was further
reasoned that if the crucible was coated with pyrolytic graphite on its inner
surface, the coating, which is impermeable (see Figure 43), would prevent any
gas in the pores from entering the melt. In addition, if the gas were being
evolved in a reaction between the molten titanium alloy and trace elements in
the graphite binder, the pyrolytic layer would serve as a mechanical barrier
to this reaction.

In order to eliminate the mold as a source of gas
which would confuse the experiment, "bottle" molds were machined from stain-
less steel (see Figure 44). These molds had an ingot cavity connected to the
riser by a thin neck; when the metal was poured, the neck froze first, trapping
gas in the ingot cavity. The interior surfaces of the molds were lightly
blasted, blown out with air, wiped with a paper towel, and held at 400°F
overnight in air, followed by 400°F in vacuum prior to pouring. Three experi-
ments were run as follows:

1. Machined graphite crucible, no preheat, Heat G 6826.

2. Machined graphite crucible, preheated 4 hours at 2500'F

at 5 microns, Heat G 6884.

3. Pyrolytic graphite coated machined graphite crucible,
preheated 4 hours at 2400'F at 5 microns, Heat G 6885.
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Figure 43. Pyrolytic Graphite Coating on Machined Graphite Crucible.
Note the Dense Impermeable Layer. Polarized Light. 500X
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After cooling, the ingots were removed from their
-x1Js, sectioned, and the gas void measured.

Pressure rise in the furnace chamber was monitored
Juring melting and the results are shown in Figure 45. The heat with the
untreated crucible showed a rise to 45 microns during .elting. However,
the preheated graphite crucible showed a smaller pressure rise (to 7.5
microns), which began at a lower absolute pressure. The pyrolytic coated
crucible pressure rise started at a still lower pressure (just above zero
microns), and the pressure rose to only 1.5 microns during melting. It is
clear that the treatment lowered the gas content of the crucible.

On sectioning the ingots, however, and m-asuring
the actual void volune, it was found that there was little differ,-nce in
the gas content. The results were as follows:

Heat Void Volume

G 6826 .6334 in3

G 6884 .6041 in3

G 6885 .6455 in3

Sections from the bottle mold ingots are shown in
Figures 46, 47 and 48. Note that the voids are smooth walled, a clear
indication of gas.

The above data indicate that there is a contribution
to gas porosity wh ch is not due to the crucible (as the de-gassing treat-
ments did not affect it), nor to the mold (as no gas is expected from the
permanent mold).

k;. Mold Investigation

Although the crucible investigation indicated that
no treatment of mold or crucible would be capable of entirely eliminating
gas from the casting, there still existed the question of the magnitude of
the mold contribution to the total gas content. It was possible that gas
might be adsorbed on the mold surface or entrapped in mold pores that did
not fill with carbon. A long time hold under vacuum at high temperature
prior to pouring was suggested as a way of removing any residual gas that
might remain after conventional dryirg (an overnight bake-out at 400'F).
Thus, the following series of experiments was carried out to determine what
effect moll de-gassing would have on total gas content.
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Figure 47. Sections from Heat G 6884. The Machined Graphite Crucible was Degassed
4 Hou's at 24000F under 10 Microns Pressure.
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Heat Crucible Mold Treatment

G 6910 Machined Graphite 2 hrs. at 2500*F, cool to 400OF

G 6911 Machined Graphite 1/2 hr. at 400'F

G 6912 P G. Coated Machined Graphite 2 hrs. at 2500*F, cool to 400OF

G 6913 P.G. Coated Machined Graphite 1/2 hr. at 400°F

Vacuum levels were under 5 microns. Approximately
four hours were required to cool the mold under vacuum to 400*F; no inert
gas was used to accelerate the cooling. All crucibles were de-gassed for
30 minutes at 2425°F. The pyrolytic coated crucibles were included as a
recheck of the crucible work.

The molds used were re-designed test-bar molds, shown
in Figure 49. All bars are gated from the bottom, vented, and individually
risered. This was done to provide a smooth bottom fill condition, which would
not entrap gas as a result of flow conditions.

Castings were cooled, the mold material removed,
and the test bars cut off, blasted and radiographed. The radiographs are
shown in Figures 50 and 51. As expected, gas is present in all bars. The
mold de-gassing treatment used had no effect on the gas content of the
castings.

d. Charge Material Investigation

It was hypothesized that the gas might be due to
volatilization of an alloy element, specifically aluminum, during melting.
Microprobe examinations were made of the surface of the cavities from the
steel molds, assuming that volatilized aluminum would have plated out on
the mold cavity walls. There was, however, no increase in aluminum content
at the cavity surfaces.

As a further check of this hypothesis a test bar
mold of CP grade (i.e., pure) titanium was poured and radiographed. These
radiographs, Figure 52, show that voids are present in the CP material, and
clearly do not arise from alloying elements.

These radiographs are of interest as they show the
porosity concentrated in the upper portion of the bars and gating system,
where it would be expected to be found if gas rather than shrink. The effect
of mold preheat temperature on gas porosity is compared in Figure 53, which
shows bars from a mold preheated at 2000°F for I hour prior to pour kheat
G 6935) and Figure 54, which shows bars from a mold preheated at 400'F for
I hour p1ior to pour (heat G 6936). There is no significant differencc
in porosity levels.
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Figure 49. Tensile Cluster.
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(a) Heat G 6912

(b) Heat G 6913

Figure 50. Radiographs of Test Bars Poured from Machined Graphite Crucible
Coated with Pyroytic Graphite.

(a) Mold degassed 2 hours at 25000 F, cooled under vacuum to 4000 F.

(b) Mold degassed 20 minutes at 4000 F.
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(a) Heat G 6910

m-

(b) Heat G 6911

Figure 51. Radiographs of Test Bars Poured from Machined Graphite Crucible.

(a) Mold degassed 2 Hours at 2500*F, cooled under vacuum to 4000 F.

(b) Mold degassed 30 minutes at hOOF.
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Figure 52. Radiographs of Test Bars Poured in Pure Titanium. Note the
Presence of Gas Voids within the Bars, Runners, and Vents.
Full Size. G 6937.
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Figure 53. Porosity Occurring in Ti-6AI-2Sn-4Zr-2Mo Test Bars
Poured in a Mold Preheated One Hour at 2000°F below
5 Microns Pressure. Full Size. G 6935.
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Figure 54. Porosity Occurring in Test Bars Poured in a Mold Preheated

One Hour at 400'F below 5 Microns Pressure. Full Size. G 6936.
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e. Summary of Por ity Investigation

The results of these experiments indicate th3t
porosity is primarily due to gas, very probably originating in the charge
material, and most probably hydrogen. While gas porosity can be minimized
by using degassed charge material, and vacuum degassing th# molds and
crucibles prior to pouring according to the proces3 specification,
Appendix B, the only effective method "'ound so far for the elimination
of gas pores is centrifugal or some other non-static form of casting,in
order to exert sufficient pressure to suppress the formation of pores. The
alternative to this method would appear to be the use of massive gating
systems.

2. Microstructure

The alloys evaluated in this program have been developed
for applisation as wrought materials. Two of the alloys can be exoacte,.
to have both alpha and beta phases present at room temperature as a result
of their composition, i.e., Ti 6A1-4V and Ti 6A1-2Sn-4Zr-2Mo. The micro-
structures obtained with these alloys can be varied, however, through
variations In the rates of cooling from the high temperature beta phase
field, and by heat treatment. The effects of post casting heat treatments
were not studied in this program. The cooling rates were varied, as a
reuslt of variations in section thickness and mold temperature.

In Figures 55 and 56, the microstructures obtained in
.090" thick sections of the two alpha-beta alloys whien casZ into molds
at 10 0°F and 2000"F are shown. The inicrostructureb are similar showing
the Widmanstatten plates of alpha and small percentages of beta in the
interstices. The 1000*F mold temperature permitted a more rapid cooiin,
from the beta field resulting in smaller platelets and smaller grain s5z,.
The Ti 6A1-4V microstructure is coarser than that of the Ti 6A1-2.n-4Zr-2Mo
alloy for equivalent mold temperatures indicating that the kinetics of the
transformation and growth processes are slower for the latter alloy. The
finer structure tends to increase the ductility and strength as noted in
the earlier discussions of tensile properties. The solubility limit of the
alpha phase for carbon is approximately 0.13% and since none of these castings
exceeded that limit here are no carbides apparent.

In Figures 57 and 58, the microstructures obtained in 0.090
thick sections of the two beta alloys when cast into molds at 10000 I and

30°F are shown. Both of these alloys are metastable beta alloys in which
the beta phase can be ritained to room temperature. Higher strength proper-
ties can be developed by aging at intermediate temperatures which rebu'ts in
a fine alpha transformation product. The effects of post casi.ing heat
treatments were not studied in this program. The beta alloys differ from
the alpha-beta alloys also in that the solub:lity limit for carbon in the
beta phase is very low. Thus, the carbon contamination from the induction
melting process results in titanium carbide in the microstructure. The beta
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1000*F Mold -G 6010

20000F Mold -G6028'

Figure 55. Ti-6A1-4V Alloy As-Cast .090" Thick Sections from Molds
Preheated to Indicated Temperatures. Etchant 2HF:2HN03:96H20.
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1000 0F mold -G 6049

2000OF Mold -G 6299

Figure 56. Ti-6A1-2Sn-4Zr-2Mo Alloy As-Cast .090"1 Thick Sections from Molds
Preheated to Indicated Temperatures. Etchant 2HF:2HN03:96H20-

1 OOX
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1000'F Mold -G 6065
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~iA!

,1471

V~Z

2000OF - G 6331

Figure 58. Beta III Alloy As-Cast .090"1 Thick Sections from Molds 8H0
Preheated to Indicated Temperatures. Etchant 3HF:12HN03:8H0

1 OOX
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alloys also show higher carbon contents than the alpha beta alloys for
similar casting conditions probably as a result of more contact with the
graphite crucible during melting as a result of the more sluggish behavior
noted earlier. The carbides can be seen in both alloys as grain boundary
and internal particles. The lower mold temperature and the attendant more
rapid cooling rate result in a significantly smaller grain size in both
alloys. The darkened areas in the Beta III alloy cast into the 2000°F
mold are thought to be fine alpha grains from the transformation of the
metastable beta during the longer cooling time as the mold and casting
cooled from 2000*F.

The microstructures of sections of a Ti 6242 bearing
housing casting representing thin (1/8") and thick (3/4") sections are
shown in Figure 59. This casting (G 6608) was made in a mold preheated
to 1250 0F. The microstructure is very similar in these two sections
showing a slightly larger grain size In the thicker section.

One of the persistent problems in producing titanium
castings is the presence of gas porosity and shrinkage. Typical examples
of these types of defects are shown in Figure 60. The defects are
characteristic and are unrelated to the type of alloy. No composition
variations are evident in either alloy with either type of solidification
defect. This subject is discussed in detail in the preceding section.

The evaluation of carbon pickup and its effect on cast-
ability of the two alpha-beta alloys provided further opportunity to
compare the microstructures of the two alloys. In the high carbon Ti
6A1-4V alloy, as shown in Figure 61, alpha plates are consider3bly larger
than in the high carbon Ti 6A1-2Sn-4Zr-2Mo alloy, Figure 62. A very fine
grain boundary precipitate of TiC can be seen in the microstructures of
the three castings (G 6927, G 6928, G 6930). They are more apparent in
the unetched state as shown in Figure 63. No TiC was evident in G 6939
which is consistent with the analytical results which indicated 0.13% carbon
in the latter casting. The other three castings in this group were deter-
mined to be at 0.20% carbon levels.

In evaluating the tensile properties of the bearing housing
casting it was noted that some variability of tensile ductility was obtained.
In seeking to explain the variability on the basis of microstructure it was
observed that the specimens having lower ductility also had some large alpha
phase particles. For example, in Figure 64 the broader than usual alpha
phase at the grain boundary was observed. It is thought, therefore, that
the lower ductility is associated with porosity, as has been discussed
separately, and with microstructures containing fairly massive alpha grains.
No attempt was made to analyze these grains but it is possible that they
represent microsegregation of alpha stabilizing elements which can be
detnimental to the ductility.
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Thin Section

Thick Section

Figure 59. Ti-6A1-2Sn-4Zr-2Mo Bearing Housing Casting As-Cast.
Etchant 2HF:2HN03 :96H2 0'. bOX
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Ti -6A1 -4Zr-2Mo

Beta III Titanium

Figure 60. Gas Porosity In Titanium Alloy Casting. Etchant 2HF:2HN03:96H20.

1 00X
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G 6928

G 6930

Figure 61 Ti-6A-4V Alloy High Carbon Castability Casting Microstructures
As-Cast. Etchant 2HF:2HN03:96H 20. 250X
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G 6927

G 6929

Figure 62. Ti-6A1-2Sn-liZr-2Mo Alloy Castability Casting Microstructures
As-Cast. Etchant 2HF:2HN03:96H 20. 250X
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Figure 63. Ti-6A1-.V Alloy Castability Casting. Unetched. 250X

Figure 64. Ti-6A1-2Sn-4Zr-2Mo Bearing Housing. Casting G 6608 Milcrostructure.
Etchant 2HF:2HN03:96H20. I OOX
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3. Welding Evaluation

One area of Interest in evaluating castings is the amen-
ability of the material for Joining by welding and for re,)air of defects
by welding. A brief study was conducted on the weldability of castings
of the four alloys as produced by this process.

Sections of the castability castings were Joined by
tungsten inert gas welding. Two sections of each alloy, .090" thick
x 0.60" wide x 3.5" long were Joined along the lengths using 2% thorlated
tungsten 3/32" wire in an automatic welder. The sections were prepared
for welding by a brief immersion in 5% HF:45%HNO :50% H 20. In order to
achieve full penetration with the 14 volts - 80 imperes welding current it
was necessary to turn the specimens and weld from the reverse side after the
initial pass. Helium was used in the torch and argon for the trailing shield
and backup gas.

The welded cast sections were evaluated by radiographic
inspection and bend testing. The weld beads were sound even though there
was gas porosity and shrink evident in the castings.

The bend test consisted of three point loading as a beam
supported on 1/4" rods with a 2" span. The tests were conducted at room
temperature at a loading rate of 0.05 inches per minute. The bending was
continued until fracture was initiated as indicated by the drop in load
on the recorder. The welded specimens exhibited the following bending
response:

Max. Bend Max. Load
Degrees Lbs.

Ti 6Al-2Sn-4Zr-2Mo 230 985

Ti 6AI-4V 290 R50

Ti 3AI-8V-6Cr-4Zr-4Mo 280 770

Ti ll.5Mo-4.5Sn-6Zr 130 660

The alpha beta alloys showed ductile fractures while the beta alloys
fractured in a brittle manner. The specimens of Ti 6A1-4V as bend tested
before and after welding are shown in Figure 65. The as-cast Ti 6AI-4V
specimen bent 710 prior to fracture. Both specimens as shown exhibit
lesser bends than the maximum achieved as they relaxed when the load was
removed.

These results have shown that the cast titanium alloys

can be welded to yield sound welds. The ductility of the alpha beta
alloys as welded was superior to the beta alloys; however, the ductility
was decreased significantly by the TIG welding process indicating the
advisability of a post welding heat treatment to restore the ductility.

95

L .. ........ .. .. ...



Figure 65. Bend Tests of TI-6Al-4V As-Cast and as TIG Welded. Plates are
0.090"1 Thick Castability Specimens.
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Figure 66. Stress Corrosion Test Fixture and Specimens for NaCi Environment.
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TABIrP Vl I I

Results of Stress Corrosion Tests

Exposure Conditions Post Exposure Bend Test at R.T.

Term Stress Time Max. Deflection Ult. Load
Specimen (0 F (ksi) (hrs) Condition (In) (ibs)

T Unexposed - as stress relieved. .214 69.6

B " " " .154 68.0

T 1 95 104.8 1000 No exposure to sol'n .277 74.2

T 5 1 none " Aerated 5% NaCl sol'n .325 77.8

T 4 " 104.8 " " " " " .125 63.6

B I of " If 1 .127 67.6

T 2 is i " It I " .148 67.4

T 9 t " " to I of .165 68.6
B 4 500 67.6 " No exposure to NaCJ .098 64.2

B 5 " none " NaCl coated .098 61.6

T 7 " 67.6 " " " .084 56.2

T 8 " s " " as .109 65.8

T 3 .I " 3 " •170 66.6

B 2 " 11 " .085 56.6

Stress levels are 80% of the yield strengths of the Ti 6AI-2Sn-4Zr-2Mo alloy

casting at exposure temperatures.

Post exposure bend tests at room temperature are performed at 0.100 in/min.

crosshead speed, 1" span, .250"1 radius penetrator.

Temperatures were held at 950 - 1/2*F and at 5000 + 30 F.

-9
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III CONCLUSIONS

The following conclusions have been drawn from the work performed In
this program:

I. Pyrolytic coating of lost wax ceramic shell molds produces
molds suitable for use with titanium alloys in the manufacture of precision
Investment castings. These molds may be preheated to 1500*F without pro-
ducing reaction layers with the molten alloy that cannot be removed by sur-
face grit blasting. Holds must be carefully prepared to avoid entrapment
of mold inclusions within the casting, and must be carefully designed to
avoid formation of hot tears during cooling.

2. Induction melting using semi-levitation techniques and bottom
pouring in a machined graphite crucible gives constant, uniform, reprodu-
cible pouring temperatures. The process Increases the carbon content of
the alloy .10 to .15% in 6 to 10 pound melts.

3. Casting fluidity of alpha-beta alloys TI-6AI-4V and TI-6A1-
2Sn-4Zr-2Ho Is superior to beta alloys TI-3A1-8V-6Cr-4Zr-4Mo and Ti-ll.5Mo-
4.5Sn-6Zr (Beta III).

4. Tensile properties of the alpha-beta alloys poured using this
system were acceptable in strength, ductility, and notch sensitivity.
Beta alloys showed excellent strengths but low ductilities, which were
caused by formation of a carbide phase during melting. Induction melting
in graphite crucibles Is thus not recommended for beta alloys.

5. Castings made using this system were subject to unacceptable
amounts of porosity with respect to present specifications. This porosity
was caused by exsolution of dissolved gas contained in the charge material.
Use of heavy gating systems or nonstatic pouring methods is recommended to
reduce gas porosity In titanium casting.

6. Induction melted alloys may be successfully welded. Post
welding heat treatment is recommended to develop full ductility.
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APPENDIX B

Process Speclflcation - Induction Melting and Casting of Titanium Alloys

This specification shall define the process steps and controls required for

the production of shaped casting In pyrolytic graphite molds by Induction melting.

1. Flow Chart

The flow chart is given in Figure 67.

2.0 Molds

2.1 Molds shall be formed by low wax ceramic shell techniques. Either
ethyl silicate or aqueous silica sols may be employed as binders.
Particle size of stucco shall be that which permits the attainment
of acceptable casting surface.

2.2 The use of preformed ceramic cores is permitted.

2.3 Molds shall be fired after conventional wax pattern removal
operations to complete pattern removal.

2.3.1 Molds shall be thoroughly cleaned prior to coating. All loose
particles of ceramic shall be removed from the mold.

2.4 Molds shall be coated in accordance with U.S. Patent No. 3,284,862.

2.4.1 Thickness of pyrolytic graphite shall be limited to 0.002".

2.4.2 Molds shall be properly vented to assure that there is no stagnation
of the gas stream within the mold cavity.

2.5 Molds shall be degassed prior to pouring.

2.5.1 Degassing procedure shall be as follows:

2.5.1.1 Heat 24 hours at 400*F prior to placing in vacuum chamber.

2.5.1.2 Place the mold in the vacuum chamber. Evaluate chamber to
10-2 torr or below.

2.5.1.3 Preheat mold to 1000*F minimum. Hold 30 minutes minimum at
temperature under vacuum. Preheat temperatures above 1500°F
are not recommended.

2.5.2 Molds are not to be removed from high vacuum environment between
degassing and pouring.

3.0 Crucibles

3.1 Cruclbles are to be machined from Graphitite G grade graphite,
product of the Carborundum Co.) or its equivalent, or are
to be formed from pyrolytic graphite.

3.2 Crucible wall thickness shall be 0.100" + .025" - .0".

3.3 Crucibles shall have an orifice in the crucible bottom appropriately
sized for the charge weight and pour rate desired. This orifice
shall have a nozzle attached to direct the pour stream.
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APPENDIX B (cont'd)

3.4 Crucibles shall be degassed prior to pouring.

3.4.1 Degassing procedure shall be as follows:

3.4.1.1 Heat crucibles 24 hours at 400F prior to placing In vacuum chamber.

3.4.1.2 Place crucible in vacuum chamber. Evacuate chamber to 10-2 torr
or below.

3.4.1.3 Preheat crucible to 2400F minimum. Hold 20 minutes at temperature
under vacuum.

3.4.2 Crucibles are not to be removed from high vacuum environment
between degassing and melting.

4.0 Charge

4.1 Charge chemistry shall conform to specifications established by
end users of castings. Melting of beta alloy composition is
not recommended.

4.2 The charge shall consist of three pieces. a rod, a charge slug,
and a melt-out disk.

4.2.1 The purpose of the rod is to support the charge slug. The rod
shall be I" diameter maximum. It is affixed by welding to the
center of the charge slug.

4.2.2 The charge slug contains the bulk of the charge weight. It shall
be cylindrical in shape, and is to be sized such that there is a
minimum clearance between the slug and the crucible of 0.125 inch.

4.2.3 The purpose of the melt-out disk is to retain the molten charge
during superheat. It should have a minimum clearance between
Itself and the crucible of 0.025" and a maximum clearance of 0.050".
The disk Is to be flat on the bottom and m.ay be dished on the top.

4.3 Charge materials shall be degassed before pouring.

4.4 Degassing procedure shall be as follows:

4.4.1 Place charge assembly (disks, and rod and slug assemblies) in
vacuum furnace chamber.

4.4.2 Evacuate chamber to below 1 x 10-5 torr.

4.4.3 Heat charge materials to 1800°F. Hold four hours at temperature
under vacuum.

4.4.4 Furnace cool under vacutm to below 200*F before removing from
furnace.

5.0 Melt Procedure

5.1 Place the disk in the bottom of the crucible.

5.2 Suspend the charge slug from the roof of the vacuum chamber.
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APPENDIX B (cont'd)

5.3 Arrange the crucible such that there Is at least I" clearance
between the bottom of the charge slug and the top of the disk.
The crucible should be long enough to come up over the top of
the charge.

5.4 Arrange the mold beneath the crucible so that the pour cup is
directly beneath (on the same axis) the pouring orifice in the
crucible.

5.5 Evacuate the furnace to a pressure cf less than 10-2 torr.
If the furnace Is not equipped for continuous operation, perform
mold and crucible degassing operations at this time.

5.6 When degassing and mold preheating is completed, apply power to
charge at the rate of 3 to 4 KW per pound of cnarge. Maintain
power level until charge begins to melt around sides. It may be
necessary to Increase the power to 5 KW per pound to achieve
melting.

5.7 When melting begins, increase power to 10 KW per pound of charge.
Maintain this power level until charge melts through the disk
and discharges into the mold.

5.8 When the melt has discharged into the mold, turn off the power.
The furnace may be filled with inert gas to speed cooling of the
cast cluster.

5.9 The casting may be removed to the atmosphere as soon after
pouring as convenient.

6.0 Finishing and Inspection

Castings shall be finished and inspected according to procedures
agreed upon by the casting vendor and the manufacturer.
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