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ERCSION TESTING OF POTENTIAL VALVE MATERIALS FOR COAL
GASIFICATION SYSTEMS '

by

J.'5. Hansen, 1 J. E. Kelley,! and F. W. Wood?2

ABSTRACT

In support of its objective to conserve mineral resources by minimizing
premature failure of materials, the Bureau of Mines conducted a cooperative
study with the U.S. Department of Energy on the erosion and abrasion resist-
ance of hard materials for wvalves in coal conversion systems. This report
describes a newly developed ercsion-testing apparatus and presents data on the
erosion resistance of over 200 materials.

Erosion resistance of most metals was comparatively low. In contrast,
ceramics and cermets such as B,C, WC, SiC, SisN,, and TiB;, when fabricated
to minimize porosity, displayed greater than five times the erosion resistance
of metals. Coatings such as boron diffused into Mo and WC, chemical-vapor-
deposited TiCN, and electrodeposited TiB, were highly erosion resistant if
applied in thicknesses ranging from 60 to 75 um. Erosion resistance of
cemented carbides was inversely related to metal binder content.

INTRODUCTION

Beginning in 1945, the Bureau of Mines constructed a series of pilot
plants to demonstrate various coal gasification technologies (12).° Presently,
a stirred-bed, producer-gas facility (Morgas) is in operation at Morgantown,

W. Va. (10), and a synthetic natural gas facility (Synthane) is in operation
at Brucetom, Pa., (7). Other coal gasification investigations are underway
throughout the world (2). ’

A general problem that has developed in coal gasification is the short
wear life of valves used to transfer solids as dry bulk, slurries, or gas-
borne particulates. The valves are exposed to harsh conditions: temperatures
and pressures are high; gases are reactive; the coal, c¢oal dust, char, and ash

‘Metallurgist, Albany Metallurgy Research Center, Bureau of Mines, Albany, Oreg.

2Supervisory research physicist, Albany Metallurgy Research Center, Bureau of
Mines, Albany, Oreg. (now with the Naval Air Rework Facility, Materials
Engineering Division, Naval Air Station, Jacksonville, Fla.).

2Underlined numbers in parentheses refer to items in the list of references

preceding the appendixes.



are abrasive; and condensed tars cause gritty materials to stick on wear-prone
surfaces. Materials that are currently available in off-the-shelf valves have
proven inadequate to the conditions. An objective of the Bureau of Mines is
to conserve mineral resources by minimizing material wear losses. This study,
conducted in cooperation with the U.S. Department of Energy, supports that
objective. :

The careful selection of available wear-resistant materials and.the
development of improved materials offer partial solutions to wear problems.
In this regard, the Bureau of Mines conducted an investigation which included
both laboratory screening of candidate materials and service testing of the
more promising materials as valve parts in the Morgas gasifier. The labora-
tory tests in one particular wear mode, erosion, are the subject of this
report. Results of other wear tests conducted in the investigation will be
reported separately.

Erosion, according to
an ASTM definition,* is the
progressive loss of original
material froma solid surface
owing to mechanical inter-
action between that surface
and a fluid, a multicomponent
fluid, or impinging liquid
or solid particles. The
316 stainless steel butter-
fly valve liner shown in
figure 1 is an example of
solid particle erosion in a
coal gasifier. The valve,
which was used to regulate
gasifier pressure, was
located in a product gas
line of the Morgas pilot
plant and eroded through in
less than 40 hours of oper-
ation. Another example, an
eroded ball valve which was
used to seal a lock hopper
at 300 psig against atmos-
pheric pressure, is shown in
figures 2 and 3. The erosion

e seees— was caused after a small
L o leak developed (possibly
Scale, cm from an abrasive wear scar)

FIGURE 1. - Erosion damage to a 316 SS butterfly valve “Proposed by Committee G-2

liner caused by hot, dirty product gas from for inclusion in a revi-
the Morgos gasifier, sion of American Society

for Testing and Materials
standard G&40-73.
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and was steadily increased in size by high-velocity ash-laden gases. This
type of failure is .common and is known as the 'wire-drawing effect."”

Although previous researchers have done substantial work, ercosion prob-
lems in gasifier valves and elsewhere remain formidable. The complex nature
of the problem is such that a change in any one of several variables affecting
erosion renders a material satisfactory in one application but unsuitable in
ancther. (The variables are defined in appendix A.) Researchers have devel-
oped several relationships to equate the variables to physical properties
(L, 6, 8-9, 11, 16-17). However, design engineers, needing materials selec-
tion guidance, have found the equations to be of little practical significance
in that they apply only to narrow classes of materials, difficult-to-measure
properties are involved, all variables are not accounted for in any one equa-
tion, and special tests are required for the determination of constants.
Furthermore, useful published erosion data are lacking, and standard erosion
tests are nonexistent. )

In this study, no attempt was made to determine the causes of erosion or
to improve upon established erosion models. 1Instead, an empirical erosion
data bank has been developed.

TEST EQUIPMENT

Room~-temperature erosion tests were performed by using a sandblast-type
tester. The tester incorporated an S. S. White Model H Airbrasive® unit to
mix alumina particles with a gas stream and to control the particle flow rate
and velocity. The mixing was accomplished within the Airbrasive unit by a
pressurized particle container mounted on a vibrator. An orifice in the con-
tainer bottom controlled the flow of particles into the gas stream. The par-
ticle flux was a function of the voltage applied to the vibrator, and the
velocity was a function of the gas stream pressure. All particle velocities
were measured on a two-disk device described by Ruff (13).

The particle delivery nozzle was specially designed to minimize nozzle
wear and to withstand high temperatures. It consisted of a molybdenum shank
about 4 em (1.6 in) long and a 1.3-cm (0.5-in) sapphire tip 0.058 cm (0.023 in)
in inside diameter, which was glued into one of the shank ends. During
elevated-temperature operation, the glue evaporated, but the tip remained
secure because of tip and shank thermal expansion differences.

Elevated-temperature tests were done in one of two high-temperature sys-
tems. The first system (fig. 4) consisted of the Airbrasive unit, a sealed
Kanthal resistance furnace, a specimen stage, a shutter to control the abra-
sive blast duration, and the same particle delivery noczzle that was used in
rocm-temperature tests. A thermocouple was placed behind the specimen, and
the test temperature profile was recorded. A tube to flow a simulated coal
gasifier atmosphere without abrasive or to evacuate the furnace was situated
next to the specimen. A reference specimen that experienced all test

'

®gpecific brand names are used for identification and description only and do
not imply endorsement by the Bureau of Mines.
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Because the one-specimen
system was Inadequate for
the large number of materials
that were to be screened, a
larger apparatus capable of
accommodating multiple
specimens was constructed.
Details are shown in figures 5
and 6. Essentially all
internal equipment from the
first system was duplicated
in the second system, except
that a multifaceted turret was used to secure 12 specimens for testing in one
heating, and an infrared pyrometer was used to monitor the temperature of the
impingement area. The erosion lcsses of reference materials, tested in both
systems, were comparable.

NNANNN \\\&\ \

FIGURE 4. - The one-specimen, high-temperature erosion
test system.

PROCEDURE

Two test procedures were used, one for room-temperature tests and the
other for elevated-temperature tests. Both procedures utilized specimens that
were nominally 1.3 by 1.3 by 0.2 cm (0.5 by 0.5 by 0.063 in). Specimens were
¢leaned and weighed before testing. 1In room-temperature tests, specimens were
positioned 0.952 em (0.375 in) beneath the nozzle tip. The angle of incidence
was adjusted to either 90° or 20°, and a hand-operated shutter was passed
between the nozzle tip and the specimen surface. Subsequently, the particle
blast was started and allowed to reach a steady state, after which the shutter
was removed. The particle blast was stopped after 3 minutes, and the speci=-
mens were recleaned and reweighed.

Parameters were identical for high-temperature tests. Heating was nor-
mally done under a partial vacuum, but in some instances in which specimens
were readily oxidized, heating was done under a small flow of nitrogen. When
the desired test temperature was reached, a stream of nitrogen or other gas
was directed to the specimen surface at a rate equal to that which flowed
through the particle nozzle during a test. Specimen temperatures dropped ini-
tially but rapidly returned to normal. At steady state, a shutter was posi-
tioned between the nozzle and specimen, and the particle blast was started.
As soon as the particle blast was constant, the shutter was manually removed
to begin the test. The impingement area temperature rapidly dropped an aver-
age of 63° C in tests begun at 700° C, remained at about 637° C for the dura-
tion of the 3-minute test, and returned to 700° C upon the automatic test
termination. Another specimen was indexed under the nozzle in the 2Z-minute
period that elapsed prior to the next test. The procedure was repeated for
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the remaining specimens, and at the conclusion, the furnace contents were
cooled under nitrogen. The tested specimens were recleaned, reweighed, and
checked for excessive oxidation, cracking, and spalling.

A control and computation procedure was developed to organize both the
room-temperature and high~temperature weight loss data and to reduce an error
that resulted from particle flux variations caused by the Airbrasive unit
vibratory feeder. In the procedure, three Haynes Stellite alloy 6B wrought
standards from a single source were run at equal intervals with each set of
nine specimens. The erosion tester was adjusted to keep the veolume loss of
the standards within 10 pct of a value established from preliminary tests.

The standard volume loss was 0.00146 cm® at room temperature and 0.00178 cm® at
700° C, both at a 90° impingement angle, and 0.00219 cm® at room temperature and
a 20° impingement angle. A series of tests showed that when the Stellite 6B
erosion losses deviated from these values, the erosion loss of the specimens
deviated a proportional amount; that is, the ratic of the specimen volume loss
to the Stellite 6B erosion loss remained constant over a range of particle
fluxes. Therefore, this ratio was chosen as the means by which all materials
were ranked and is referred to hereafter as the relative erosion factor (REF).

TEST PRECISION

The reference specimens that were run with each elevated-temperature test
in the first erosion tester had weight losses due to oxidation or corrosion of
less than 1.5 pct of total weight in most cases. Some exceptions were Beta
ITI Ti, which gained 13 pct; 316 SS, which gained 4.2 pct; and some of the SiC
and WC materials, which also gained several percent. Because the weight
changes due to oxidation were generally low, reference specimens were not run
in the improved erosion tester.

The erosion factor values referred to in the '"Results' section of the
report are the mean of five tests. One standard deviation of a set of five
tests was typically within 10 pct of the mean. Variations were higher in some
of the most erosion-resistant materials, such as K-714 with 30.24 pct or
Noroc-33 with 21.5 pct, because weighing precision closely approached the
total weight loss of these specimens. Additional error was caused by the
change in impingement angle with time that resulted when the geometry in por-
tions of the developing erosion pit was altered as the test proceeded. This
error was greatest in specimens that lost large volumes.

RESULTS AND DISCUSSION

A large number of materials were subjected to the same test conditions.
The relative erosion factors, chemical compositions, and manufacturing methods
are listed in appendix B. For further clarity, a representative portion of
the information is graphically presented in figures 7 through 12, according to
material type. '

As shown in figure 7, most metals and metallic alloys, except tungsten
and molybdenum, had nearly the same room-temperature REF values with a 90°
impingement. At best, only a 30-pct improvement over Stellite 6B was evident.
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Haynes 93
25Cr iron
Haynes Stellite 6K
Haynes Stellite 3

Haynes Stellite 68 F

304 stainless steel
316 stainless steel
Haynes 188
Haynes 25

430 stainless steel
HK-40

“Incone! 600
RA-330

Incoloy 800H
Beta II Ti
Incoloy 800

RA 333

inconel 671

Mild steel
Mo

W

04 06 08 1.0 .2
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FIGURE 7. - REF’s of commercially available metals (90° impingement),
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- 316 stainless steel (i T T T T
Graph Air
Incoloy 8CO0
Inconel 671
RA-333

Mo

Sc 99.7D
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Wearox
Norbide
ZRBSC-D
Noroc 33
SiC

SizNy
Lucalox
K-602

20° C

| | 1 | [ [ |
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RELATIVE EROSION FACTOR

FIGURE 8, - REF's of several metals and ceramics {20° impingement).

From figure 8, all metallic alloys, except tungsten and molybdenum, again had
similar erosion resistances at a 20° impingement, but in addition all had
lower REF values. . '

Many alloys eroded more at 700° C than at room temperature, but a few
eroded less. No explanation for the mixed high-~temperature behavior was
apparent, although others have noted similar results. Young (19), using 5-um
particles and a 52-m/sec particle velocity, found erosion penetration was
markedly less at 500° C than at 25° C in tests on several stainless steels and
high-Ni-Cr alloys. However, with a 50-um particle size, erosion penetration
was slightly more at 300° C than at 25° C on most of the same materials.

Young postulated that the chromium in the materials rapidly formed an adherent,
self-healing, and protective oxide barrier that had an erosion resistance
greater than that of the underlying metal. Presumably, the barrier was more
protective against bombardment by the 5-um particles than against the 50-um
particles because the larger particles were capable of causing more damage at
an equal velocity. Smeltzer (17) found a related behavior in 2024 Al,
Ti-6A1-4V, and 17-7 PH stainless steel. Because the erosion was greater at
high impingement angles than at lower angles, Smeltzer also surmised that a
ceramic f£ilm was protecting the substrate material underneath.
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FIGURE 11. - REF's of commercially available sintered alumina ceramics (90° impingement).

Lucalox

In contrast with metallic materials, numerous cermets and ceramics, as
illustrated in figures 9 and 10, had REF values that were over twice that of
Stellite 6B at both room and elevated temperatures. Notable among these were
a series of mixed ceramics that were prepared by pressing and sintering; sev-
eral commercially available hot-pressed ceramics such as boron carbide (B,C),
silicon carbide (SiC), silicon nitride (Si;N;), cubic boron nitride (CBN), and
synthetic diamond; and several tungsten carbides (WC).

Several ceramic coatings also had ocutstanding REF values. Data for coat-
ings 'are listed in appendix B, tables B-4 through B-6. (Unlike single-
composition materials, an REF wvalue could not be accurately computed for all
coated samples or samples with a protective laver. Instead, one of three
conditions was noted--the sample was easily penetrated, penetration was
retarded over a similar umprotected sample, or the sample was not penetrated.)

The outstanding coating materials included electrodeposited TiB;, chemi-
cal vapor deposited (CVD) SiC, and boron diffused into Mo and We. Diffused
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FIGURE 13. - Relative wear resistance of cemented car-
bides as a function of metal binder content,

boron improved the erosion
resistance of WC and Mo at
room temperature and a 90°
impingement by more than

80 pct; at a 20° impingement,
the improvement was more than
fivefold. Electrodeposited
TiB, was also exceptional
and completely resisted ero-
sion even after the test
duration was extended to

10 minutes.

The thermal expansion
of many coatings did not
match that of the substrates.
The result was that the coat-
ings cracked in one or two
heating and cooling cyeles.
The cracks exposed substrate
material that was easily
eroded, and the coatings
were undermined. The TiB,
and diffused boron coatings
were noteworthy exceptions.
Additionally, several coat-
ings were inadequate when
thin but were entirely pro-
tective when the thickness
was increased to 50 toe 75 um
(2 to 3 mils).

No easily measured phys-
ical or mechanical property
was found that could be used
as a universal indicator of
erosion resistance for
either ceramic or metallic
materials. There were, how-
ever, generalized correla-
tions between erosion and
binder content in carbides
and porosity in pressed
materials. 1In plotting the
binder contents of various
carbides against relative
wear as shown in figure 13,
a general trend was evident.
With a decrease in binder
content, erosion resistance
was increased. The
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relationship suggested that the less resistant binder was eroded preferen-
tially to the carbide phase. This mechanism was more apparent in several
tests (not shown) on refractories in which the cement binders were eroded but
the hard ceramic particles were not eroded.

The effect of porosity was demonstrated by several alumina ceramics.
Lucalox, which is essentially 100 pct theoretically dense, was more than
1.5 times more erosion resistant than 95~ to 98-pct-dense sintered aluminas.
At an extreme, Lucalox had more than 10 times the erosion resistance of 99P,
a porous alumina that was less than 70 pct of theoretical density. Similarly,
hot-pressed Si,N, had more than 10 times the erosion resistance of reaction-
bonded (and less dense) Si,N, .

CONCLUS TONS

A data bank of erosion information on various materials has been prepared
that can serve as a guide for the selection and application of erosion-
resistant materials for coal gasifier valves. However, the wvariability of
service conditions in any coal gasifier plant precluded general recommenda-
tions. Test procedures and equipment used in this investigation were designed
to approximately simulate the erosion exposure of many valves. In addition to
the erosion data presented, such additional factors as the possibility of cor-
rosion, coxidation, and thermal expansion incompatibility must be considered.

Metallic alloys, other than tungsten and molybdenum, were shown to be at
most no more than 30 pct more erosion resistant than Stellite 6B, which was
used as a standard. Unfortunately, evidence from coal gasifier valve erosion
failures indicates that even a twofold increase in erosion resistance over
Stellite 6B is not adequate.

Certain ceramics and cermets were shown to be highly erosion resistant.
Materials that had more than a fivefold increase in erosion resistance over
metallic alloys included tungsten carbides with low binder contents, SiC, B,C,
Si;N, , and several other ceramics. All were fabricated to nearly theoretical
density. Several adherent ceramic coatings or surface treatments were shown
to have erosion resistance equal to that of solid ceramics. These classes of
materials should develop the greatest acceptance as gasifier valve materials.
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APPENDIX A.--REVIEW OF EROSICN VARIABIES

Knowledge of the variables affecting erosion is necessary to predict the
severity of material loss when the conditions of a set of data do not pre-

cisely duplicate an actual field situation.

Variables are described below.

1. Impingement angle--Erocsion varies in a complex manner with impinge-

ment angle, the angle at which a particle strikes a surface.
For ductile materials, the angle of maxi-

is illustrated in figure A-1 (6).’

The relationship

mum erosion is about 20°, although in a study by Smeltzer (17) using 5-um
alumina abrasive at 152 m/sec (500 ft/sec), the maximum occurred between 30°

and 37.5° depending upon the target material.

In a determination by Head (8)

using rounded glass beads, the maximum occurred at 45°.

For brittle, ceramiclike materials, the angle of maximum erosion is 90°,
but Sheldon (15) found that under certain conditions, the erosion rate-
impingement angle relationship for a brittle material will approximate that of
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FIGURE A-1. - Weightremoved by erosionasa
function of angle of impingement for 1100-0
aluminum and high-density aluminum oxide
(6). Both materials were eroded by 100-um
SiC particles at 152 m/sec.

a ductile material. Sheldon changed
the brittle erosion rate-impingement
angle relationship when he reduced the
size of the bombarding particles. He
produced maxima at increasingly lower
angles until finally, with 1,000-mesh
particles, brittle behavior became
indistinguishable from ductile
behavior.

The correct labeling of a mate-
rial as either ductile or brittle is
necessary. A hardened steel, for
instance, that is normally thought to
behave in a brittle manner in terms
of impact resistance may behave in a
ductile manner in terms of erosion.
Additionally, data given for only one
angle may give a false impression of
the total erosion resistance of a
material.

2. Particle velocity--Through
its motion, a particle has a quantity
of kinetic energy that is available to
do damage to a material upon impact.
Both the kinetic energy and the damage
increase with an increase in particle
velocity. The damage is equatable to
a power function exponent of the

! Underlined numbers in parentheses
refer to items inthe list of refer-
ences preceding the appendixes.
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velocity which is within a range of 2.1 to 2.4 for ductile materials (6). For
brittle materials the power function exponent may be as high as 4.4 (14).

3. Particle flux--In general, an increase in the quantity of abrasive
impinging upon a surface produces a proportional increase in erosion. At high
concentrations, erosion efficiency decreases, presumably because the particles
expend their energy inhitting each other rather than in removing material from
a surface. At low concentrations, Wood (1l8), Smeltzer (17), and Young (19)
all reported greater erosion efficiency per particle.

4. Particle size--Within limits, erosion is directly related to particle
size. However, there is disagreement as to where the maxima develop with
increasing particle size. Finnie (5), for example, found that size had no
effect above 100 um, while Head (8) found that the erosion of carbides
increased with particle size up to 300 ym, and thereafter decreased up to
900 um. Sheldon (16) noted no size effect on aluminum for 51-, 125-, and
250~ym particles, but for smaller particles, he reported decreased erosion.

5. Particle shape-~Sharp particles produce greater erosion in ductile
materials than do rounded particles.

6. Particle hardness--Particle hardness will not influence the erosion
of ductile materials provided the eroding particles are harder than the mate-
rial undergoing erosion.

7. Time=--Time has a linear effect on erosion rates unless the actual
impingement angle is sufficiently altered by the developing crater, in which
case erosion may increase or decrease accordingly.

8. Temperature--The effect of temperature is not well known. A partial
explanation of the effect is included within the text.

9. Material factors--There are no reliable material properties that uni-
versally correlate with erosion resistance. For certain pure materials,
Finnie (6) found that erosion is proportional to Vickers hardness, but the
same researchers also found that erosion is constant for different hardnesses
of the same.steel. Similarly, Smeltzer (17) noted that differing heat treat-
ments on 2024 aluminum, 17-7 PH stainless steel, 410 stainless steel, and
Ti-6A1-4V alleoys had no effect. Finnie (4) suggested flow stress as a univer-
sal indicator of ductile erosion resistance, but his equations require the use
of difficult-to-measure micro flow stress values that are considerably greater
than the easily measured macro flow stress values obtainable from a tensile
test. In addition, melting point and elastic modulus have been shown to have
a rough correlation with erosion (8, 17).
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APPENDIX B.--EROSION TEST DATA

TABLE B-1. - Room-temperature erosion test results=-=-90° impingement, 27-um Al: O
particles, 5~g/min particle flow, 170-m/sec particle velocity,

3-min test duration, Na atmosphere

Test material Fabrication Composition Scource! BRelative
methodt : erosion factor®

SC=99P. . .euivnnn ps T S T Krohn 12.49
ZRBSC=M......... hp ZrB, ~SiC=graphite..... ..o N 6.36
CbC.. ivvinin c Not applicable..... S Unknown 3.56
HEC. o i ivncnanan c Not applicable. ... ivivinnernnnnnrernas Unknown 3.49
5527, .. 0 .an . hp 45MgAL, 0, =55ME0 . s i e NBS 3.39
AlSiMag 840..... ps Modified AlyQy v vrevnrinnnneeneinnnanens 3M 2.94
4310, . 0eiiin s hp G7MEAL 0y =3MBO . .t et NBS 2.56
TaC..veivnnnnnnn c Not applicable.....iiviniiiainnnnennans Unknown 2.48
72 7 B hp 9IMAL, Oy =OMEO. v it NBS 2.44
Chromite........ ps UnkDOWD . ¢ - vv e vennenn e eee e UCAR 2.44
AD-995......... . ps 99581205 c o v i iv i e Coors 2.25
AlgiMag 798..... ps 2 M 2.00
[ =79 PR SN hp Not applicable.....cveisiiinnniiiiinnnns NBS 1.84
SCre=l....vavuuen ps 85.5(T1,Cr)CN=-14.5Ni...cinnnnniniinnnns 0oGe 1.67
5C-99.7D. ... ... Ps L € I Krohn 1.63
SCr=2. iuvannens ps 85.8(T1i,Cr)CN=14.2N1. . cvviinenninnrvnas 0GC 1.58
SCr-3.c. e ps BE(TL,Cr)CN=L4Ni. i iinne i tin e irans 0GC 1.52
SC-95AM......... ps 94AT50; vaeernrnnnns e e . | Krohn 1.41
AlsiMag 838..... ps 99.5A1, 0 c i e et e e 3M 1.41
HR=37...ceuuunn. ¢ 5Cr-1Ti-14W-8vV=~3.9C-13Mn-bal Fe........ 0GC 1.41
KI151A......nvets ps 19N1 binder.esveceerveieesnnnonarsnnnas K 1.37
K162B...vvunnnns ps 25Ni + 6Mo binder......cvevevuvnnenennn K 1.35
5C-98D.....0u.n- Ps 7N Krohn 1.29
Ti-6A1-4V....... c Not applicable........... et saeray Unknown 1.26
Haynes 93....... ¢ 17Cr=16Mo=6.3C0=3C-bal Fe....vvvuun.u..s Stel 1.25
Al-500S......... ps 812 N P Wesgo 1.22
Graph-Air....... w 1.4C-1.9Mn-1.251=1.9Ni-1.5Mo=bal Fe.... | TRB 1.19
25Cr iron...... - c 25Cr=-2Ni~2Mn-0,551-3.5C-bal Fe......... 0GC 1.19
AZ-27Cr..vvinnns ps TiC in Dy die steel.vieveerrrnencrreens 0GC 1.14
AZ-31HF . ps TiC in H-~13 die steel............ Ceena 0GC o L.14
FeTiC=23........ ps TiC=-(Fe ,Ni,Cr,Mo)C........ e s 0GC 1.14
FeTiC-29H510.. ps TiC in M=10 die steel..cuiiieerrnnneasns 0GC 1.12
AZ=20-1......... ps TiC=-(Fe ,Ni,Cr ,Mo)C. ... it iiei i e 0GeC 1.11
AZ-30HS42....... ps TiC in M-42 steel...cciiieriinennnnes 0GC 1.10
Stellite 6K..... A 30Cr-4.5W=-1.5Mo-1.7Cr-bal Co..nvevnnnne Stel 1.08
A1-9958..... . ps 99.541,0; . ..... e e s Wesgo 1.08
Iso A=242....... ps AlgOg evennvennnn. Creer e aie e e Green 1.07
Al=3008.......u. ps 97 . 6A1 05 cie it i ittt e Wesgo 1.04
Stellite 3...... c 31Cr-12.5W=-2.4C-bal COvvvvurvvrnrnnnnsnn Stel 1.04
KIO. i veinnnnns ps 25 binder v erirninir iy K 1.01
Stellite 6B..... w 30Cr=4.5W=-1.5M0-1.2C-bal Co..... RN Stel 1.00
304 88... it w 17Cr-9Ni=2Mn=-18i-bal Fe...,ccvuiieevnnnn Unknown 1.00
Wearox.......... ps 99.5A1,0; - cv ittt e Wesgo 1.00
316 SS.vieinnnan w 17Cr=-12Ni-2Mn=15i-2.5Mo-bal Fe......... Unknown .99
Haynes 188...... A 22Cr-14,.5W~22Ni-0.15C-bal Co.vvevvinnn. Stel .97
Haynes 25....... W 20Cr-15W-10Ni~1.5Mn-0.15C~bal Co....... Stel .96
430 88..... Ve w 17Cr-1Mn-1Si-0.1C-bal Fe..vvvvrrvirnanas Unknown .93
MoTiCN....vuenns ps Not applicable............ e raiaeeas .| TWCA .93
HRK=40. . 0cunnnt, c 260r=20Ni=0.4C-bal Feeevriiriernrranrsos Unknown .93
Inconel 600..... w TONI=15.5Cr=8Fe.ccuinicecrinrsrannnascas HA .92
RA 330.......... w 19Cr-35Ni-1.5Mn-1.35i-bal Fe........... RA .91
Refrax 20C...... Ps SIC-SLgN, bond. ... cvvvievniinivnas Carbor 91
Incoloy 800H.... w 32.5Ni-21Cr-0.07C-46Fe., v inunnnnnnn. HA .91
Beta IIT Ti..... W 11.5Mo=62r=4.58n-bal Ti..oivenueruvaens Unknown .90
SN=bF..ucoaiuns pPs 85(T1i ,Mo)CN=12N{=3M0. . civuriinernnnnss 0GC . .85

See footnotes at end of table.
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TABLE BE-1..- Room- te_gerature erosion test results==90° impingement, :

19"

27-ym ALy Oy

particles, 5-g/min particle flow, 170-m/sec particle velocity,

J-min test duration, N, atmosphere--Continued

Test material Fabrication Composition Source! Relative
method! ' erosion factor®

SN=4F...... e ps 84(Ti,Mo)CN-13NLi=3MO. . civvnvenrerorens 0GC 0.85
Incoloy 800..... oW ‘ 32 .5Ni-46Fe=21Cr. . iiveenieaenn ve..s | HA .83
SN=5F..tnveuunnn ps 85(Ti ,Mc)CN-12Ni-3Mo......... ieervsraas | OGC .82
11S=3.cierncrnss ps 85 (Ti ,Mo)CN=12Hi=3MO. .o cvurivvnansrs v.. | OGC .82
SN=305-1..ce.... ps 94 (T1 ,MO)CN-5NL-IMOuvvsvevsoreaassrness | OGC .80
SN-=309-3........ " ps 89 (T1i,MO)CN=-ONL=2MO. . v v evansarannnnsas 0GC .80
HD 435.¢c000cann MAp Recrystallized SiC....ccvivicecrnvnnnrs N .80
RA=333..00uuenns W 25Cr-1,5Mn-1.38i~3Co-3Mo-3W=-18Fe- .bal Ni | RA .80
MOTiCN.....- e c Not applicable.....viievnaennn, Cheea TWCA .80
KBB.cvivevennnnnn ps 8.8 bindeT.vveivieneivanns Vivesaraacans K 78
Inconel 671..... W 5ONLi=48CT=0.4TL e ivunivnennseasnananann HA .77
LucaloX.s..n-- e NAD Densified Al 0y . vvvruncnnrnoacanroansn GE .76
Mild steel..... . w 0.15C=DaAL Fe.:turanrareanvasrenansanean Unknown .76
Cm2iinnrnrnnns . ps C97(Ti,Mo)CN-2Ni-0.5M0 s v evenrncanrannns 0GC .75
SN=3F2.cviicann. ps 84 (T1,MO)CN=-13Ni=3Mo.. v iiniireceenncans 0GC T4
FeWC-33....00vn ps Not applicable..........cvuninnnns “ees | OGC .73
WelDooervenoennn ps G =10(Ni,Cu,Fe)...cavueevnn. teeersrase | K .70
3109........ Ps 12.2 binder...ccvvrieersnns N oo | K .62
105-3..... ps ] 90W,Cr)C-10Ni. . oe i nn Crr e e 0GC .62
55-3. i ps’ OOWC-5CO0=5N1i. v tarvrsnnarrarsencnss e 0GC .6l
K. ieiivnennnn pPs 11.5 binder. oo rianerseanarsoannnns K .57
VR73...0ivennad ps 71WC~-12TiC~-10TaC,CbC-6.5Co binder...... F .57
SCr=F.verrvnnnsn ps 84(Ti,Cr,Mo)CN=-3Mo-13N1i....vvvurnnnnen . | 0GC .56
MOuuouvans Cheae s W Not applicable....covvvvinereranns v+ .2 | Unknown .52
Carbofrax D..... ps SiC-ceramic bond... vt it anssoians Carbor 49
L W Not applicable..viveivinarernnnnsanaans GE 48
95-3 .t ireninnas ps G2 (W ,CE) CoBNL e et tsencnravonneeennrersns 0GC 46
Ké8....... ps 5.8 binder.ovee e everennannrrnane veees | K 43
3406 .. h i ps 7.8 binder.... vvviiiann vessasasraaes | K 42
HD 430.....00cn. NAP Recrystallized SiC...cvvuivenriiannnnnn N .40
£ T P hp. Not applicable, .. vviinrrnneininiannaas N 40
Norbide......... hp 0 O T N .38
BB3. i Ps WC=6C0 binder i ieennseeennneassiranenes Carb .38
BT-9..... ps IMg0=25T1iB, =3.5WC-bal AL Oy cvuervenenn- 0GC .37
BT-12...00huuvus ps 1.5Mg0=49TiB, -3.5WC~bal A1,0;..... +esse | OGC .35
P S ps WC-6Co binder...vvovnvenanenns vessrsanes | F .33
BT-11.vveunnnen ps 1.7Mg0~38TiB, -3.5WC~bal Algo .......... lolele .33
ZRBSC-Drvuvrnenn. hp ZTBy-SiC..... e eereerar e N .32
VRS . iueeneinns ps WeC-7Co b:.nder......... ................. F .32
BT=24.ccernennn. ps 2Mg0-30TiBy =3.5WC=bal AlyQy «vvevarnenns 0GC .32
KBOL. ..o vvinenn ps BNL binder..iieceoenersnnesssanssasenne K .32
523, e, ps WC-TiC COAtiNE vt vennesrnaorstoanerns . | Carb .31
BT=10. uacarsnas : ps 2Mg0-30TiB, -3 .5WC-bal Al, CI3 cesaes | OGC .30
K7l4, v ieaerannn ps 6Co + 1Cr binder.......... T .26
K701, ....0vvunes PS 10.2Co + 4Cr blnder....... ............. K .25
CA 4...... e ps WC-6Co binder...... e esieaseresesaneran Carmet .25
CA 306..ccvunrenn ps WC=6C0 binder.ieecaseaessesnarscnanncans Carmet .23
Noroe-33........ hp SI N, =810 i e it N .20
TiC=A1;0; «ununns ‘ ps Not applicable............... virssaeres | B and W .19
B95 .t iinninnnnns Ps WC-6Co binders..evsvisacrsaneesrarananss | Carb .19
SiC. . evrennnnsn. . hp MOt BpPLlicablei.cvsvsrnnesneeaseeneaans N .12
K6OZ. v vannnnn, ps €15 DAINdET .t vuvenenerocronesronnsanans K .11
SiCiiisnreennnes NApP 98 PCt deNSe e vemunrttranrnaranscannss GE .05
CBN. cessnvannnns NApD Not applicable.....v.viveunn veerserassss | GE C

GE diamond...... NAp Not applicable i uicsartuiansosoessosnass GE 0

*Abbreviations are explained in table B-7.
vol. loss material

2REF (relative erosion factor) = .
vol. loss Stellite 6B
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TABLE B~2, - Room-temperature erosion test results--20° impingement,
27-um Al, 0, particles, 5-g/min particle flow, 170-m/sec
particle velocity, 3-min test duration, N, atmosphere

Test Fabri- Relative
material cation Composition Source! |erosion
me thod! factor?®
SC-99P...... ps 99+ ALOsevennanrnnnnnaas s+aveseassee | Krohn 16.42
Ti-6Al-4V ‘W Not applicable..... S hee i aaiac s Unknown 1.56
Mild steel w 0.15C-DAl FRuvteerrseonnniassnannss, Unknown 1.19
316 S5...... W 17Cr-12Ni-2Mn-181i-2.5Mo-bal Fe...... Unknown 1.19
Graph-Air... W 1.4C-1.9Mn-1.251-1.9Ni-1.5Mo-bal Fe. | TRB. . 1.16
Incoloy 800. w 32.5N1i-46Fe-21Cr v esvreersnasrssrsr. | HA 1.08
Incoloy 800H W 32.5N1i-21Cr=0.07C=46Fe . uiuviasnn. HA 1.08
Inconel 671. w SONLi-48CE=0ebTi ee.sesrennneanannans HA 1.06
HK-40..... . c 26CT-20Ni-0.4C-bal Feurrrinrsorran .+ | Unknown 1.04
RAa 330., . W 19Cr=-35Ni-1.5Mn=-1.35i~bal Fe........ RA 1.04
RA 333...... W 25Cr-1.5Mn-1.381-3Co-3Mo~18Fe-bal Ni | RA 1.04
Stellite 6B. w 30Cr-4.5W-1.5Mo-1.2C~bal Co.v.uuvss. | Stel 1.00
AlSiMag 840. ps Modified AloOg veeviiieniniinnnnnnnn, 3M .86
AlSiMag 798. ps 85A1,0; «vvun.s eireaaas e reeeeana oo | 3M .64
Mo..... crnee W Not appllcable...................... Unknown .52
W=10..v.0nns ps IOW~1O(NL,CUFe) e envomrennnrncnnnns .| K .48
SC-99.7D.... ps 99.7AL, 05 vovennn veevesesrsaasssnssa. | Krohn .39
Weeeoon e w Not applicable........ e taeste e GE . .37
SC-98D...... Ps 98AL,0; .. vevnvnne cereaaen steressese | Krohn . .30
SC~95AM..... ps L T ceveraan ¢vvees. | Krohn .29
Refrax 20C.. Ps SiC-si;N, bond.......... ereerseans Carbor .27
AlSiMag 614, PS ] 96AL 0, ceeniiiiiiiiieaie B s 1| ' .26
AlSiMag 838. ps 99.54A1,0; ssevvnnnnnns S hetes et esnan 3M .25
Al1-9958..... ps e N N R .| Wesgo .22
WearoX.... .. Ps 99.5A1, 0y v v v i seieasssaesn. | Wesgo .20
Norbide..... hp = T N .16
ZRBSC-D..... hp ZTBs =SiC et antenrennnnnnnnnnnannnnnn N 14
A1-500S..... ps 94A1,0; . vnen eeeraans cesuae vaeees. | Wesgo .11
Al-3008..... ps B7 AL Oy v vttt it ia it aa s Wesgo .09
Noroc 33.... hp SLN,=SiC....cvvvuian. sessnees | N .05
BT-11....... ps 1.7Mg0-38TiB -3.5WC- bal A12 ....... 0GC .05
Carbofrax D. ps SiC-ceramic bond.....{.ceuiiviranen, Carbor .05
SiC..cvun v hp Not applicable.,....veiveivnesesese. | N .05
SLN,eevuunn hp Not applicable.iviviviiinnnennennnn. N .04
Lucalox..... NAp Densified A1 O, c..vnva...t, ¢esnness | GE .03-
K/0L.viununs Ps 10,2Co + 4Cr binderee-eeessvesevieaes | K .02
K7l4ooooo... ps 6Co + 10r binder..ii.iviereenveannnns K - .01
K602, 0ivnnn ps <l.5 binder............ sresrnsaasans | K .01
Abbreviations are explained in table B-7. ‘
2REF (relative erosion factor) = _VOl. loss material

vol. loss Stellite 6B
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TABLE B-3. - 700° C erosion test results--90° impingement, 27-um Al; 0, particles,

5-~g/min particle flow, 170-m/sec particle velocity, 3-min

test duration, N, atmosphere

Fabri- Relative
Test material cation Compositicn Source! | erosion

method!- : factor?
ZRBSC-M.v. .. RN hp Z¥B, -SiC-graphite..vivesenvennesnncnnss N High
AlSiMag B4O....... pe Modified AloOy verererearereannans verere | 3M High
SC-99P.cviuevran ps 99+ AlrOy vvetivernonacnnsennaeninannnan Krohn High
Chromite.......... ps Not applicable...csvivsviosvrnansaranass | UCAR 3.43
5527 cienncnnnrenns hp 45MBALL 0, =55ME0 . « v e e e e aa e NBS 2.84
4879 . i hp 91MgAl, 0, -9Mp0..... eiasuae sesesassasaa ! NBS 2.77
4310. 000 snninans . hp I7MBAL 0, =3ME0. v vt et s e NBS 2.76
MgAL, Q, . PPN hp Not applicable............ vrsavassasses | NBS 2.56
SCr=l.ceiineennnss Ps 85.5(TL,0r)CN-14.5Ni...ccvvvnnnne e lo]elo 1.89
SCr=3.i.cear. e Ps B6(TL,CY)CN-14Ni. ... ... .. et e 0GC 1.75
SC-95AM. cevacvna™, Ps L sesees | Krohn 1.74
SCr=2.eiveisanare. pPs 85.8(T1,Cr)CN=-14,2Nii ittt iennenrnnranan 0GC 1.71
K162Bs.vinnananans ps 25Ni + 6Mo binderci.veerccrnnans. cesred | K 1.67
KIS1A.....eenuns. . ps I9NL binder..c.iceveeeninnn., A I 4 1.62
Stellite 3........ c 31Cr-12.5W=-2.4C-bal COvevnvrenannncennn Stel 1.61
883 .. it . ps WC=6Co binder..cvevvveveneys sa+1.eseees | Carb 1.53
SC-99.7D.... . Ds I N P Krohn 1.49
HR=37 v ceninesns ‘e c 5Cr-1Ti-14W-8V=-3.9C-13Mn-bal Fe.vurenn. 0GC 1.49
WeaToX.tvineenns.- Ps 99.0A100; v it vererse | Wesgo 1.46
Carbofrax D....... Ps SiC-ceramic botd. . vevversrnrssnnnnnnnn Carbor 1.38
BI5.siearanennns e ps WC=6C0 binder.u.veeresoenvennnooacennes Carb 1.32
Moo eotennnnvnn, w Not applicable............ veieseaasasas | Unknown 1.32
X90........ . . Ps 25 binder.sereiiitiieanersennennnannnaan X 1.21
Al-300S........... ps 97 BA1: 05 ¢ cniii it Sh b enenn Wesgo 1.21
SN=5F...... Ceraas Ps 85(T1 ,Mo)CN-12Ni-3M0eerrenrnrrnnanen o | OGC 1.17
25 Cr iron........ o 25Cr-2Ni-2Mn~0.581-3.5C-bal Fe.vovuu... 0GC 1.16
Al5iMag 798....... | ps 7N P P ve- | 3M 1.15
Refrax 20C........ ps SiC-S8iL;N, bond......vu.us. B I P Carbor 1.15
SC-98D..... viveins | Ps TN P Krohn 1.12
Stellite 6K...... . W 30Cr-4.5W-1.5M0~1.7C-bal COuurrercrnnnn Stel 1.06
Al=5008......... ps N veesees | Wesgo 1.04
K86...ovvivnnnns. ps 8.8Co binder....... Vel e tseeeraetaanans K 1.03
Stellite 6B. v, w 30Cr-4.5W=-1.5Mo-1.2C-bal Co..... vrvevass | Stel 1.00
Haynes 93......... ¢ 17Cr-16Mo-6.3C0-3C=-bal Fe.vvvuu. +ressse | Stel 1.00
11S-3........ ps BB (W ,CT)C=10NLs v v sarercnnanenns R 0GC .99
TiCNuveeivanennnas ps Not applicable..... Teerearat ettt tenarenn TWCA .98
108-3..... seriates ps O, Cr)C-10NL v e s i v incienennes sereens | OGC .92
SBN=6F . vvencinacans ps 85 (Ti ,Mo)CN-12Ni=3M0u s vusvvenenneenonan 0GC .91
VR73...... e ps 7IWC-12TiC-10TaC-CbC=6.5C0. . vve. . srerse | F .89
AlSiMag 614....... ps DOAL 0y ivvennnrnnan Vet t i taerei e 3M .87
58-3....... ererea. ps OWC=5C0=0NL s st vt s enaerncrnncnonnnnnsas 0GC .87
9583 tiirirnrennnn ps 92(W,Cr)C-8Ni.uunrnnnnn. e riea e 0GC .86
Haynes 25....40444. w o, 20Cr-15W=-10Ni-0.15C-bal COuvu e sensse | Stel .85
KO, iiiiiiicnnnn, ps 11.5 binder.......... Pt e aarae e K .84
Haynes 188........ W 22Cr=-14.5W-22Ni-0,15C-bal COuvernrnnnnn Stel .83
RA-333...0.iiuann. W 25Cr-1.5Mn-1.381-3Co~3Mo-3W~-18Fe~bal Ni | RA .80
SN-4F.iuiiernonann, ps 84 (T1 ,Mo)CN=13Ni-3M0u s st rarennnenncennn 0GC .80
3109...... PP ps 12.2 binder v vieiiicnencinnees vheeaee K .80
RA-330.. e, w 19CTr-35Ni-1.5Mn~1.38i-bal Fe.vevveurnnn RA .79

See footnotes at end of table.
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TABLE B-3. - 700° C ‘erosion test results--90° impingement, 27-um Al;0, particles,

5-g/min particle flow, 170-m/sec particle velocity, 3-min

test duration, N. atmosphere~--Continued

Fabri=- Relative
Test material cation Composition Sourcel |erosion

method?! factor®
HR=40. v vneurannss c 26C0r-20N1i=0.4C~bal Fevurervrenarnnarss Unknown 0.78
SN=3F2.ceunnnasnse w 83 (T1 ,MO)CN=-13N1=3M0. e nnrnencnnnns 0GC 74
304 SS.eeuaens eans w 17Cr-9Ni-2Mn-1Si~bal Fevivevssusssness. | Unknown .73
Iso A=242. . .cusnn. ps Not applicable....iiieiiinnnacnennnnans Green .73
SN=305~1.svunenns . ps- 94 (T1,MO)CN=SNi=1IMC:sscuinsersssnasssssess | OGC .73
A J ps WC-TIC coating..ecveerinrianniecennasronnan Carb .72
SN=309=3...00eees. Ps 89 (T1 ,MO)CN=9Ni=2M0. v e v nnverene seses | OGC .69
AlSiMag 838....... ps e T 3M .62
Inconel 671....... W S0N1-48Cr=0.4T1l s sesvearasnnssnssanesas | HA . .62
430 SS.viviiannnn w 17Cr-1Mn=-15i-0.1C-bal Fevvvvernvrnnnran Unknown .62
Inconel 600....... W 76N1=15.5Cr=BFeu.nnninnnananans ' 61
Al-9958.. ccvinnnnn ps 99.0A1,0; cverii ittt ittt aas Wesgo .59
LucaloX........... NAp Densified AL, Oy veevnen sesssnvssiesses | GE .27
Beta IIT Ti....ess w .11.5Mo=6Zr-4.58n=bal Tiieeeverrraunasnn Unknown .57
Incoloy 800....... w 32.5Ni-21Cr=-46Fe...cvuu. sesssassraassas | HA .57
316 SS.veninnn e w 17Cr-12Ni-2Mn-15i-2.5Mo-bal Fe..... ++ o | Unknown .56
Ti=6Al-4V...00uuun w Not applicable.iviiiiniiineinnroneanenns Unknown .54
Incoloy 800H...... w 32.,5Ni-21Cr-0.07C-46Fe. . svvernrnransnn. HA .54
SCr=9...... e Ps 84 (T1,Cr ,Mo)CN-3Mo~13Ni st urinevanaran 0GC .54
Ké8..ivvurnnann Ve pS 5.8 binder.ouvevencrancnasns e veeene | K .50
VR-54 teraeas ps WC-7Co binder..... teeanas i aaan F .50
3406, v i i innn e DS 7.8 binder.seensivrascecnnnaneonanns . K .49
2A5..0.0 000 e ps WC=-6Co binder..... et mer it aes e ane e F .48
7 U Ps 10.2C0 + 4Cr binder....c.vievencninn. eea | K A7
CA diiieviianas . ps WC=-6Co binder....eua.. e it ertierae s Carmet 47
c-2.. fherereen ps 97 (T1i ,MO)CN=-2Ni~0.5M0cs e vvvrvennennass .| 0GC 47
510 ps 6Ni binder......oeuve.. el serarabaseene K 46
5 & S hp Not applicable...c.viiniiinnneans, veras | N A
WelDovovnnnns . ps IOW =10 (NL,CU, Fe ) e i ettt rttennneonennnn K A
Noroe 33.......... hp T T 0 eies | N 42
HD 430...........0 NAp Recrystallized SiC.vvuverncnvivnesenns N .38
CA 306.iiivinnrens DS WC-6Co binder.vieieeeareasnnncesans rere | Carmet .36
BTe0uucunnnnnnn. . ps 2Mg0-25TiB; =3.5WC-bal ALy 0y veeernennnns 0GC .36
HD 435, .cvvivenss NAp Recrystallized SiC.vuivevsvennnccnnnaas o | N < .32
TiC-Al, 04 vvnurannn ps Not applicable....vevee.. etiseresereses | B and W .30
BT-1luvvsserisnnas | ps 1.7Mg0~38TiBy -3.5WC-bal Al Oy vuevans.. .| 0ce .26
K7ld......... caras ps 6Co + 1Cr binder..vviuruersannsennnannn X .25
BT-10.seineinnnsnss ps 2Mg0-30TiB; -3 .5WC-bal AL, Oy .vuesenns ees | 'OGC .25
Norbide......... .o hp P frre ettt N .21
BT-24. . 00 inennans Ps 2Mg0-30TiB; -3.5WC-bal Al O3 cvnvueecnne v | OGC .20
Weeinsennn e rcaaea W Not applicable. . s veirsenrsvsnanraneenn GE .17
BT=12,. .. 00ienunnn Ps 1.5Mg0-49TiB, -3.5WC=bal Al Oy vaunna.. <« | OGC .16
K602, evunninn.. . ps <1l.5 binder........ I I TP N K .13
SN vivvniinnnses hp Not applicable..ivicervivinnciennnneana, N .12
ZRBSC=Duvrvvnrnnan NAp ZTBr=SiC.evrenreennnnss R I .07
SiC...... Chraaaeas NAP 98 pet denBe. v rseitisnnreassaaaansnons GE .02
Diamond....cv.cn.. NAp Not applicable.....vievieveeen sersessre | GE 0
CBN. v e vt tenavnenne NAD Not applicable.iiveiesseen Cheesacssisaaas GE 0
tAbbreviations are explained in table B-7.

2REF (relative erosion factor) =

vol. loss material |
vol. loss Stellite 6B
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_"TABLE B-7. - Abbreviations used in tables B-1 through B-6

3M...vev4.re American Lava Corp., Subsidiary of Minnesota Mining &
Manufacturing Co.

B and W..... BRBabcox and Wilcox.

Carb..e.nun Carboloy Systems Dept., General Electric Co.

Carbor...... Carborundum Co.

Carmet...... Carmet Co., Allegheny Ludlum Steel Corp.

Coenncnmnnca Cast.

CVDiv.vsssss Chemical vapor deposited.

CM...vevvnes Climax Molybdenum Co.

CPMRC...on.u College Park Metallurgy Research Center (now Avondale Metallurgy

Research Centér), Bureau of Mines.
Coors....... Coors, USA.
CWS.......-. CWS Corp.
€veinrrreses Electrodeposited.
Fie.o.vvv... Fansteel, Inc.
GE...ce.... « General Electric Co.
Green....... A. P. Green
hpvs.....+... Hot pressed.

BA.......... Huntington Alloy Products Div., Internatiomal Nickel Co.
Keeeeonononan Kennametal, Inc.
Krohn.s.+v.. Krohn Ceramics Corp.
MDC........ .« Materials Development Corp.
NBS......... National Bureau of Standards.
N........e.. DNorton Co.
NMAp.......t Not applicable.
0GC....... ++ QOregon Graduate Center.
PCouvas «s.+. Pack cementation.
PSerannsacas Pressed and sintered.
BMRC........ Rolla Metallurgy Research Center, Bureau of Mines.
RA.......... Rolled Alloys Corp.
Stel........ Stellite Div., Cabot Corp.
Syl...... s+« Sylvania Electric Products Inc.
TWCA........ Teledyne Wah Chang.
TRB...coveun. Timken Roller Bearing Co.
UTesevvsev.s United Technologies Corp.
UCAR........ Unicn Carbide Corp. .
- Wesgo....... Western Gold and Platinum Co.

Weseeoesaaes Wrought.
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