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Introduction 

The need for cleanliness and tighter control over the content and size 
of nonmetallic particulates (inclusions) in superalloys is a real and severe 
one. The newer, advanced superalloys for jet engines are continually being 
subjected to significantly higher stresses and service temperatures than 
their earlier predecessors. As a result, the tolerance levels for defects 
in these alloys has markedly decreased in recent years. Defects ranging 
from 0.05 - 0.76 mm (0.002-0.03 inches) can be of critical size in highly 
alloyed superalloys operating under highly stressed LCF conditions. Such 
defects are one to two orders of magnitude smaller than those tolerated by 
the conventionally processed wrought alloys (1). 

Defects in superalloys may manifest themselves as microporosity, inter- 
metallic segregates, nitride and carbide stringers, and other nonmetallic 
inclusions (2-4). The first two types of defects can be controlled by 
improved processing methods (i.e., better solidification control). The 
latter types can be better controlled by composition modifications (i.e., 
lower carbon contents), and by improved melt and refractory practices. In 
characterizing the defects in directionally solidified (DS) superalloy 
castings, Narder and Kortovich (4) indicated that the dross (oxide) inclu- 
sions were found to be the single most frequent cause for casting rejections. 
Studies on P/M nickel-base superalloy materials have shown that the minimum 
low cycle fatigue life (LCF) is set by the presence of small, nonmetallic 
oxide inclusions in the material (5,6). Oxide inclusions having cross sec- 
tional areas as small as 8 mils2 (0.005 mm2), or less, have caused LCF 
failures in test. specimens of P/M alloys (7). 

The need for cleaner superalloys is approaching the limits of cleanliness 
by the conventional VIM processing route. Metal filtration using various 
types of ceramic filter media has been found to be an effective means of 
controlling the level and particle size of inclusions. It is interesting to 
note that melt refining.via filtration has been an effective and well estab- 
lished commercial process in the aluminum industry (8) for over 15 years. 
The difficulty however has been to quantitatively assess the level of refine- 
ment. The electron-beam (EB) cleanliness evaluation test has been found to 
be a reproducible and a reliable method of assessing the level of melt cleanli- 
ness. Ceramic foam filters having a relatively high, open-pore volume have been 
utilized to produce clean melts of 713LC; 718; 738; and MM200 containing Hf. 
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Metal Filtration Technology and Principles 

Removal of inclusions from the melt by the use of ceramic filters occurs 
not because of physical separation alone, but rather due to impingement and 
to the "manipulation" of the fluid flow within the porous medium. Essentially 
the process is a serial one in that the following two phenomena must take 
place: 

l fluid flow conditions are manipulated such that the inclusions and 
the particulates to be removed are brought in contact with the filter 
walls, and subsequently 

. capture at the filter wall occurs due to secondary forces as well as 
sintering of the inclusions. 

Some newer developments in high-temperature ceramic filters have 
resulted in: 1) extruded, continuous, fixed-pore geometry ceramic monoliths 
and, 2) reticulated (foam), open-pore ceramic foams (9,lO). The ceramic 
foams are currently available in a variety of refractory compositions and 
pore sizes, and genrally contain 75 to 90 percent of volume of open pores. 
In this paper the emphasis has been placed on the use of the ceramic foams 
because of their greater open porosity and because the pores are intercon- 
nected in such a manner that the melt must proceed through the filter by a 
tortuous path (which favors greater particle contact with the filter wall or 
web). Alumina ceramic foam filters (11) have recently been developed which 
resist crumbling due to handling, resist spalling due to thermal shock, and 
also resist creep deformation under the load of metal flowing at temperatures 
as high as 1700°C. An additional advantage of these new filters is that they 
do not have to be preheated prior to contact with the hot metal because of 
the high open porosity (75-90 vol.%) and because of the thinness of the cell 
walls. 

Ceramic foams are classified in terms of the number of pores per linear 
inch (ppi) and a variation in the pore diameters throughout the foam exists. 
For a 10 ppi foam the average diameter is about 1778um with a range of 584 - 
3708um; for a 30 ppi foam, the average diameter is 711pm, with a range of 
229 - 1422pm. 

The ability of a filter to capture (remove) particles from melt depends 
on many factors, such as: the connection and type of particles in the melt; 
the melt characteristics (composition, viscosity, surface tension); the 
temperature,; and the filter characteristics (composition, structure, poros- 
ity, permeability, etc.). A discussion of these factors is beyond the scope 
of this paper. However, for a given filter and cross sectional area, the 
flow rate of the metal passing through the filter and the thickness of the 
filter are two major factors affecting particle removal. 

A relationship between the concentration of particles in a melt, the 
flow rate of the melt through a filter, and the reduced concentration of 
particles leaving a filter has been discussed in detail by Apelian and co- 
workers (9,10), which is shown as follows: 

ci - co -KoL 
n= c 

i 
=l-exp r 

1 I m 

where: n = the efficiency of particle removal 
Ci = concentration of particles before filtration 
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Co = concentration of particles after filtration 

Ko = kinetic parameter coefficient 

L = length of the filter 

U m = melt approach velocity. 

On increasin.g the melt velocity, the filtration efficiency, n, will 
decrease from hig,h to low values as shown by the curve in Figure 1. While 
experimental curves have been developed for aluminum, they have yet to be 
demonstrated for superalloys. Also, the relationship between the thickness 
of the filter nec.essary to produce a desired filtration efficiency for a 
given melt velocity needs to be established for high temperature alloys. 

Two mechanisms predominate in the removal of particles when melts pass 
through ceramic filters, as shown in Figure 2. The first is a simple 
mechanical screening or blockage of coarse particles at the surface of the 
filter. The second involves the entrapment of smaller particles on the inte- 
rior surfaces of the filter. The ability of a filter to entrap particles 
depends on the relative interfacial surface energies between the melt and 
the particles. IIf the interfacial energy is high (non-wetting), the particles 
will be "pushed out" of the melt when they contact another solid surface, 
such as that of other particles, crucible walls, or the surface of filter 
materials. Once the particles come in contact with a solid surface, they 
become attached and bond to that surface. The thermal energy of the melt is 
sufficient for the particles to "sinter" to the walls of the filter, or 
I'sinter" to the other particles already bonded to the filter. Thus, even if 
the web structure is totally covered with attached particles, the filter will 
continue to be active, since the attached particles will continue to capture 
other particles in the melt when they come in contact. 

Melt Velocity - 

c-- Filter Thickness 
CERAMIC FOAM FILTER 

Figure 1: Effect of Melt Velocity and Figure 2: Particle Removal Mechan- 
Filter Thickness on Filter Efficiency. isms from Melt by 1) Blockage and, 

2) Adhesion to Filter. 

Filtration Experiments 

Several Ni-base superalloys were melted using scrap material, most 
of which purposely contained hot tops, end crops and other pieces which 
were known to contain a relatively high non-metallic particle content. 
Over 50 13.5 kg (30-lb.) heats were melted and poured, with or without 
using filters, into ingot molds. Duplicate heats were made of each test 
condition, and the melting sequence was randomized with regards to filter 
material, alloly, and filtered and unfiltered heats, in order to minimize 
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the effects of any systematic variables. The cleanliness of the ingots 
was determined semiquantitatively from measurements of the area occupied 
by nonmetallic particles concentrated in electron beam melted specimens, 
which will be described later. Based on this cleanliness data, the 
effect of several variables (such as alloy composition and initial par- 
ticle concentration, and filter composition) on the effectiveness of a 
given filter to remove particles from the melt could be assessed. 

Materials 

Alloys. Four nickel-base superalloys, which are typically used by 
the investment casting industry, were selected for this study, and their 
compositions are shown in Table I. 

Table I - Composition of Alloys 
AlloyjNi Co Cr Fe MO W Ta Al Ti Nb C B Zr Hf 

I 
713LC(75 -- 12.0 -- 4.5 -- -- 5.8 0.6 2.0 0.05 0.010 0.10 -- 
718 153 -- 19.0 18.2 3.0 -- -- 0.5 0.9 5.2 0.04 0.006 -- -- 
738 161 8.5 16.0 -- 1.8 2.6 1.7 3.5 3.5 0.9 0.17 0.010 0.10 -- 
MM200160 9.5 8.5 -- -- 12.0 -- 5.0 2.0 1.0 0.10 -- -- 1.8 
+ Hf 1 

Filter Materials. Ceramic foams, which were especially developed 
for high temperature applications(ll),were used as the filter media, Such 
foams have a relatively high, open-pore volume, and can be fabricated in 
a variety of pore sizes. In this study, most of the filters contained 
about 20 pore per inch (ppi); the average pore diameter being about 
1016pm (0.040 in.). Because of their open structure, the coarser foams 
(including 20 ppi) offer little resistance to metal flow, and at the 
same time force the melt to follow a tortuous path through the filter, 
which greatly enhances filtration efficiency. Four different filter 
compositions were used in the experiments (Table II). 

Table II. Composition and Properties of Foam Filters (20 ppi) 

I I Unit [ Unit I 
I * 1 Bulk 1 P or- ITransverse 

I Composition (w/o) I CTExlO-6 IDensity ositylstrength 
Material ~Al203~SiO2~MgO~Zr02~Y203[(cm/cm/"C)~(gm/cc)/ (X) I(MPa)l(Psi) 

I III I I I I 
NCL-Mullitel 65 I 35 I-- I -- 4.30 1 0.56 1 79 12.34 1340 
Zr02(stab.)l -- I -- I-- I 97 I 3 I 4.92 1 0.59 1 89 1 nd I nd 
ZrSiO4 1;2 - 1331--1671--I 4.40 1 0.58 1 81 (0.34 1 50 
A1203 I7111 -- -- ’ 

I I I 1 I 
7.89 1 0.58 

f 
80 12.62 1380 

I I I 
*CTE = Coeff. of thermal expansion. 

Experimental Filtration Procedure 

The 13.6 kg heats were melted inductively in a vacuum furance under 
pressures of 0.4-l microns (10q3 torr). The pouring temperature was 
standardized at 1510°C (2750°F) for all heats. 

Prior to the pour, a 76 mm (3 in.) diameter ingot mold, which had 
been thoroughly cleaned and dried at 315°C (600°F) was placed in an 
isolated mold chamber located below the furnace. Ceramic pour cups, 
containing 25mm-thick filters, were peheated to 1090°C (2000'F) in a 
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nearby furnace, and immediately before a pour, the cup/filter unit would 
be transferred to the top of the mold in 6-8 sec. Pour cups, without 
filters for the control heats, were also heated and transferred in a 
similar manner. After the pour cup had been placed on top of the mold, 
the mold chamber would be immediately closed and pumped down to about 10 
microns pressure before opening the valve to the furnace. The mold would 
then be raised hydraulically through the valve and into the furnace, so 
that the pour cup would be located about 300 mm (12 in.) below the cru- 
cible lip. The time from the transfer of the pour cup to the time of the 
pour would typically require 130 to 150 seconds. A sequence of the 
pouring events are shown in Figure 3. 

After cooling, samples would be cut (Figure 3) from the ingot, and 
then would be remelted in an electron 
evaluation. 

beam (EB) furnace for a cleanliness 

A 

METAL FILTRATION - DIRECT CASTING 
(VERTICAL METAL FLOW) 

Figure 3: Procedure Used to Filter 13.6 Kg (30 lb.) Heats. Note Retention 
of Dross on Filter Surface (D). (Ref. 11) 
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Ingot Cleanliness Evaluation 

The electron beam (EB) cleanliness test was used in this study 
because it provides a means to determine the non-metallic particle (in- 
clusion) content within the volume of a sample. This test is proving to 
be especially effective for superalloys, where the inclusion levels are 
typically in the very low ppm (parts per million by weight) range(6,12-,14). 

The technique involves the drip-melting of a 1.4-2 kg (3-4 lb.) 
sample under a vacuum using an electron beam, and collecting the molten 
metal in a hemispherical, water-cooled copper mold. The procedure elimi- 
nates any further contamination from crucible materials. During the 
melting and solidification of the EB-specimen (button), the nonmetallic 
particles rise to the surface and are subsequently concentrated in a 
central floating raft. The particles in the raft can be removed chemical- 
ly for a quantitative analysis, or can be observed directly using optical, 
SEM, image-analysis or other techniques. In this study, estimates of the 
nonmetallic particle content were made from area measurements of magnified 
photos of the rafts. The cleanliness was then determined by the size of 
the specific raft area (i.e., cm2 per kg of sample); the smaller the 
specific area, the cleaner the sample. The details of the sample prepara- 
tion, EB-melting, and evaluation are discussed in Reference13. 

The composition, shape and size of the particles were examined using 
SEM analysis. The EB-buttons, which weighed 0.68 kg (1.5 lb.) could be 
placed directly into the SEM, so that there was no need to remove or alter 
the raft of particles by further preparation. Figure 4A shows a typical 
EB-button, with a central raft of particles on the top surface. In this 
sample, the raft consisted of two regions; an outer zone of very fine Ti 
(C, N) particles surrounding a cluster of oxides (Figure 4B). This becomes 
evident from the Ti and Al x-ray maps of the same area (Figure 4C & D). 
Cross sections through this raft also indicated that not all of the very 
fine Ti(C,N) particles had floated (Figure 4E). However, the coarser 
oxide particles were effectively collected at the surface (Figure 4F). 

Experimental Results 

The data for the filtered and unfiltered heats are summarized in 
Table III and Figure 5, and are based on duplicate heats for each test 
condition. Two samples, one top and one bottom, were taken from each 
ingot; which represents about 10% of the ingot volume being anaylzed for 
the nonmetallic particle content. 

The pour rates through 'the 20 ppi filters varied over a wide range 
(0.34 to 1.16 kg/set.), which resulted largely from variations in the pore 
size between different compositions (due to different firing shrinkage) 
and in the plugging of pores by captured particles. In general, the pour 
rates through IN-718 and MM-200+Hf were slightly greater than for IN-713LC 
and IN-738. The variations in the pour rates for the 20 ppi filters did 
not appear to have an effect on filter efficiency. However, the slowing 
down of the pour rate to 0.11 kg/set. for IN-738 by using a throttle or 
choke (with a 5 nun hole) below the filter significantly increased the 
filter efficiency from 83-84% to 96% (Table III). Also, the 30 ppi filter 
(with a smaller pore diameter of 711 pm or 0.028 in.) reduced the flow 
rate to 0.08 kg/set. for the MM-200+Hf heat, and coupled with the finer 
pore size and greater surface area of the filter, the filtration efficien- 
cy was increased from 74-77% to 92% (Table III). 
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Figure 4: Photos of Particle Rafts on Top of IN-718 EB-Buttons. Photos B, 
C, D Show SEM Image, Ti and Al X-ray Maps, Respectively. Photos E & F Show 
Ti and Al Map of Cross Section Through Ti(C,N) and Al203 Rafts (Ref. 13). 
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Table III. Data on Filtered and Unfiltered Heats of Various Superalloys 

f I 
I Specific I Filter 

Pour Rate [ Oxide Area 1 Efficiency 

Alloy 1 Filter Type \(kg/sec.>\(lb./sec.)I (cm2/kg) 1 (%) 
I I I I I 

IN-713LC 1 NCL-20 ppi t 0.91 I 2.01 I 0.23 I 43 
I Al2O3-ZO ppi 0.85 1 1.87 1 0.18 55 
I Control I 
I (No Filter) I 0.79 I 1.76 I 0.40 1 -- 

IN-738 I NCL-20 ppi I 0.86 I 1.90 I 0.20 83 
I ZrSiO4 0.34 I 0.76 1 0.18 

; 
84 

I NCL+Throttle I 0.11 I 0.26 I 0.05 96 
I Control I 0.36 1 0.81 I 1.15 1 -- 

IN-718 1 NCL-20 ppi 1.11 I 2.44 1 0.03 97 
I Control 

I 
0.84 I 1.84 I 1.05 

; 
-- 

I ZrSi04-20 ppi I 1.16 1 2.55 1 0.03 
I Zr02-20 ppi I 0.87 1 1.91 I 0.04 t 

96 
94 

I Control 0.74 I 1.62 I 0.74 I NCL-20 ppi 

t 

1.00 I 2.20 I 0.07 I 76 

1 Monolithic I (264 cells/in2)l 
I 

1.28 I 2.81 1 0.11 / 62 
I Control 

I 
0.96 I 2.11 I 0.28 

MM-200+Hf I ZrSi04-20 ppi 0.97 I 2.14 I 0.71 I 74 
I NCL-20 ppi 

I 
1.16 I 2.55 I 0.62 77 

I Control 0.29 I 0.65 I 2.69 ; -- 
I NCL-30 ppi I 0.08 1 0.18 I 0.47 92 
1 NCL-20 ppi 0.60 1 1.32 1 1.43 

I 
75 

I Control I 0.42 1 0.92 I 5.70 I -- 

IN-713 
I 

IN-718 

zz=lElz 
Filter Type (20 ppi) 

F = Foam Ceramic 

Fl = NCL Mullite 

F2 = CO2 (Stab.) 

F3 = ZrSiO4 

F4 = AllO 

T1.t = NCL + Throttle 

F30 = 30 ppi NCL 

M = Monolithic (Honeycomb) 
U = Unfiltered 
E = Particle Removal 6tlciency(~ 

MAR M-200 + Hf 

Figure 5: Effect of Different Filter Materials and Initial Heat Cleanliness 
on the Filtration Efficiency of Several Superalloy Melts. 
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Discussion 

Figure 5 indicates that the application of ceramic filters to superalloy 
heats can significantly reduce the nonmetallic particle content of the melt. 
Further, the efficiency of the filter to remove particles from the melt is 
dependent on alloy composition, on initial particle concentration in the melt, 
on the pore size of the filter, and on the rate of flow through the melt 
(viz., at rates of 0.08 to 0.11 kg/set vs. 0.3-1.3 kg/set). The composition 
of the foam filter in most cases did not appear to affect filter efficiency 
in these studies. 

With regards to initial particle concentration, the heats of IN-718 with 
specific oxide areas greater than 0.5 cm2/kg (Fig. 5) were efficiently 
filtered, whereas those with a value less than 0.5 cm2/kg (viz., 0.28 cm2/kg) 
were not as efficiently filtered (E = 76% vs. E = 97%-96% for the dirtier 
heats). The monolithic filters did not appear to be as efficient as the 
foam filters in these tests (E = 62% vs. E = 76%). Alloys such as IN-713LC 
were not efficiently filtered by the foam filters, although the Al203 (E = 
55%) composition was more efficient than the mullite (E = 43%). Also, the 
initial particle content of the starting scrap was low (viz., less than 0.5 
cm2/kg), which may also affect the overall filter efficiency. In the case of 
very dirty (high nonmetallic particle content) scrap with specific oxide 
content of above 2 kg/cm2, the filter efficiency is relatively low (E = 77- 
77%) in the case of the MM-200 Hf; the lower efficiency may be also affected 
by the alloy composition, especially since Hf02 particles are present in 
significant quantities. By using the finer 30 ppi pore size filter, which 
also reduces the metal flow rate through the filter, the efficiency of 
filtration for the Hf-bearing alloy was increased from 74-77% to 92%. 

A SEM analysis of the oxides in the EB-button rafts from the various 
alloys showed that the particles were primarily oxides of aluminum, with 
minor and varying amounts of the Si, Mg, Ca oxides. On the other hand, Hf02 
was the primary oxide in the raft of the unfiltered MM-200+Hf, although its 
level was reduced significantly in the rafts from the filtered heats. Exami- 
nation of the used filters showed that a significant concentration of the 
oxides and Ti-rich nitrides in the melt were deposited on the surfaces of 
the filters. Figure 6 shows a layer of these oxides and nitrides on a filter 
through which melt of IN-718 was poured. 

Figure 6: Front Surface of Filter Before (A) and After (B) Filtering 
IN-718. Note Attached Layer of Oxides and Nitrides Removed from the Melt. 
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The ability of a given filter to capture (remove) nonmetallic particles 
from the melt depends on relative surface energies of the filter materials, 
the nonmetallic particles, and on the surface tension (and composition) of 
the melt. Unfortunately, there are very little data on the surface tension 
of the superalloys and on the interfacial energies between the alloys and 
the oxides or nitrides of interest. Such information is necessary in order 
to predict filter efficiencies for a given filter/alloy system. Work is 
under way to determine these parameters both on the modeling and experimental 
fronts. 

This study has shown that while the predominant oxides were Al203 (or 
rich in Al2O3), the ability of the filter to remove these oxides was depen- 
dent on the alloy composition. For example, the filter efficiency (for 20 
ppi pore sizes) decreased in the following order: E718 ' E738 ' EMM200+Hf ' 
E713LCO Only in the case of the MM2OO+Hf, the composition of the filtered 
EB-rafts was significantly different from that of the unfiltered rafts, 
where the former exhibited a high Hf02/A1203 ratio (up to 4O:l) and the latter 
a lower ratio (i.e., 1O:l). 

Also, the amount of Hf+Al oxides in the filtered EB-raft was lower, as 
shown in Figure 7, which also compares the rafts of unfiltered and filtered 
specimens of the alloys investigated. Figure 7B (filtered) shows a small 
raft of oxide particles lying on the surface of the alloy dendrites (MM-200+Hf). 
The unfiltered raft of particles (Figure 7A) is so large that the entire field 
at the same magnification is corrected with Al+Hf oxides. 

nitride film. For IN-713, the filter 
ever, the size of the oxide particles 
heat (B-photo). X-ray maps of Al for 
significant removal of the AlTO?-rich 
that 

The effect of filtration in IN-738 is clearly evident in Figure 7, where 
the (B) SEM photo shows only a few patches of oxides on a smooth, very thin 

efficiency was low (E = 43-55%), how- 
was greatly reduced in the filtered 
718 EB-raft specimens indicate a 
particles, in a filtered heat, and also, 

the size of the remainin; Gartic les was much smaller. 

1. 

2. 

3. 

Conclusions 

Ceramic foam filters have been successfully utilized to remove oxide 
inclusions from superalloy melts. Inclusion removal efficiencies of 
up to 97% have been achieved. 

For a 20 ppi pore size foam filter, the filter efficiency (E) decreased 
in the following order: E718 ' E738 ' EMM200+Hf ' E713LC* 
The ability of the ceramic foam filter to remove and capture inclusions 
depends on the alloy composition and thus on the relative surface 
energies of the filter materials, the nonmetallic particles, and on the 
surface tension of the melt. 

The electron beam cleanliness evaluation test has been found to be a 
reproducible and a reliable method of quantitatively assessing the level 
of melt cleanliness and filter performance. 
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Figure 7: SEM Photo of Particle Rafts on EB-Buttons from Unfiltered (A) 
and Filtered (B) Heats. Photos of 718 are Al-X-ray Maps; Note Reduction 
of Al203 Particles in (B). (All Photos Same Mag.) 
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