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NOTICES

Wwhen Government drawings, specifications, or other data are used
for any purpose other than in connection with a definitely related Govern-
ment procurement operation, the United States Government thereby in-
cursnoresponsibility nor any obligation whatsoever; and the fact that
the Government may have formulated, furnished, or in any way supplied
the said drawings, specifications, or other data, is not to be regarded
by implication or otherwise as in any manner licensing the holder or
any other person or corporation,or conveying any rights or permission
to manufacture, use, or sell any patented invention that may in anyway
be related thereto.

The information furnished herewith is made available for study
upon the understanding that the Government’s proprietary interests in
and relating thereto shail not be impaired. It is desired that the Judge
Advocate (WCJ)}, Wright Air Development Center, Wright-Patterson
Air Force Base, Ohio, be promptly rotified of any apparent conflict be-
tween the Government’s proprietary interests and those of others.
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FOREWORD

This report was prepared jointly by the Metallurgical
Kesearch & Development Co., Inc., Washington, D. C., and the
S-¥=C Fesearch Associates, Patterson, New Jersey, under Contract
Mo. *F 33(038)-16032. The contrzct was initiated under Expendi-
ture Order No. 460-36-13 SR3A, vwhich was converted to Research
~nd Development Order No. 463-7, "liigh Temperature Materisls Re-
search." 7Tt vas administered under the direction of the Flight
Research laboratory, Directorate of Research, Wright Air Develop-
ment Center, with Mr. Murray A. Schwartz acting as project engi-
neer, This report summarizes progress made on this contract
.during the period 1 Cctober 1950 through 31 March 1952,
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ABSTRACT

This summary report covering the period from 1 October
1950 through 31 March 1952 includes the historical background
of the flash sintering process, a description of the equip-
ment, and test results. The most favorable conditions of
power input, time and pressure required to produce a nickel-
titanium carbide compact of optimum physical characteristics
was determined. Evaluation of sintered compacts was made
by determination of density, hardness, modulus of rupture and
optical analysis. Recommendations for further work on this

process are made.

PUBLICATION REVIEW

This report has been reviewed and is approved.

FOR THE COMMANDING GENERAL:

Chief, ﬁlight Research Laboratory
Directorate of Research
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SECTION I
INTRODUCTION AND HISTORY

A, Ratlonallzation of Program

Turblne blades are perhaps the most criltical component of the
gas turbline engline., The thermal effliciency of this engine :
Increases rapidly as parts are developed to withstand higher ,
temperatures., Conventional engines provide for blade operating
temperatures in the order of 1500°F maximum, although occaslonally
the temperature may rise to about 1800°F for a few seconds
duration. Manufacturers now provide blades to meet such con-
tingencies, but means are not avallable to examine blades non-
destructively and to establish, prior to application, that they
will perform within close predictable limits.

Zh B

Such materlals as appear to satisfy the drastic requirements
imposed at temperatures over 1800°F do not lend themselves to
easy fabricatlion by the conventional means of casting, forgling,
or machining. Methods of hot pressing powder metals, previously
investigated, are limited by the inability of die materials to
wilthstand the temperatures and pressures Jjolintly involved. Powder
materials offer some advantages in certaln areas of the high
temperature field, but cannot be considered of much value in the
temperature range above 1600°F. Therefore, a method of electric
resistance sintering (called flash sintering, by reason of the

extremely short time required) was considered as a possible means
of solving the problem.

B. Flash Sintering, Defined

Flash sintering, or electric resistance sintering, is defined
as the method wherein current conducting powder or preforms
pressed from powder are sintered in a die by the application, in
a short time 1interval or intervals, of energy supplied by pressure

and current, so regulated and controlled that a predetermined
microstructure is attained after sintering.

3 LA W AR

7
U

C. History of Flash Sintering

e

The process was concelved by Cdr. E. G. Touceda, U.S.N.R.,

while on duty with the Bureau of Ships during World War II. At %?
the time, it had become apparent that conventional methods of 4
sintering metal powder preforms, such as turbine blades, to close i
dimension and high density falled to achleve the requirements %
desired. It was hoped, as a result of preliminary experiments, =
that the process would provide means to: 3
1. Obtain extremely high sintering temperatures. =
2. Sinter metal powders or metal powder preforms to ‘%
close dimension, to uniform metallurgical =3
structure, and to high density. 3
3. Produce blades automatically for gas turbines to if
close predictable limits of performance. o
WADC-52-106 1
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4, Investigate the sintering characteristics of
metal powders having high melting points and
to developr new and useful alloys or sintered
combinations of metal powders thereby.

Preliminary tests conducted in the Welding Laboratory at
Rensselaer Polytechnic Institute prior to 1 July 1946 proved to
be so promising that Contract NObs-31493 was awarded to the
Institute by the Bureau of Ships. Principal objectives of the
contract were to study metallurgical aspects of the process and
to investigate means for regulating and controlling the electrical
and pressure systems 1lncorporated in the mechanism to achieve
desired metallurglical structures in the instance of a wide number
of speclmens of different powder compositions.

During the life of Contract NObs-31493, from 1 July 1946 to
30 November 1950, a number of metal powder combinations were
investigated. Binary powder mixtures such as nickel-chromium
and cobalt-chromlum were sintered under such conditions as to
provide for all stages of element diffusion up to complete melting
and extrusion from the die. Both elemental and pre-alloyed powders
of the composition of alloy 422-19 were also investigated, as
were mixtures of elemental powders with carbides such as silicon
carbide or tungsten carblde. Also, single powders such as
molybdenum and titanlum were sintered to high density and ductility.
Later many mixtures of metal powder and non-metallics were
Investigated as the process was explored as a potential method of
producing the so called "ceramets". Objectives were essentially
explorative and little attention was directed to the investigation
of electrically insulating refractory materials obviously
necessary if the process were to be made automatic. Very little
attention was directed to the 1lnvestigation of methods for pro-
ducing parts of non-uniform sectlon. Conslderable attention,
however, was given to the development of means of control and
instrumentation.

Project Order Nos. 681/47 and 51726/48 were authorized at the
- U, S. Naval Engineering Experiment Station in Annapolls, Maryland,
by the Bureau of Ships to explore the adaptability of the process
as a means of producing parts automatlcally, and to investigate
insulatling refractory materials. Under this contract, a machine
was designed and built, and small cylindrical (1/2" diameter)
preforms of 80% nickel - 20% chromium alloy were sintered and
eJected automatically. Very little progress was realized in the
development of electrically insulating refractories, however.

U. S. Naval Academy Contract N161s19851 and Bureau of Ships
Contract NObs-50110 were awarded to the Lukens Steel Company to
explore the adaptability of the process as a means of producing
large (3" diameter) forgeable 1n§ots from metal powder preforms.
Ingots of molybdenum, titanium, 422-19 alloy, and binary powder
mixtures were sintered and forged. However, further investigations
are necessary to obtain uniform control of microstructure before
the method can be conslidered commerclally acceptable for the
production of these larger sizes.

WADC-52-106 ’ 2



Lack of avallable funds has terminated the projects at the
Englneering Experiment Station and Lukens Steel Company, but the
work at Rensselaer Polytechnic Institute has been extended
through Contract NObs-55219 to explore the adaptability of the
process as a means for producing sintered carblde tool materials.

Certain limlited investigations, conducted under Contract
NObs-31493, indicated the Flash Sintering Process might have merit
as a method of producing ceramets. This would be especlally true
if means could be found to lmprove the electrical conducting
properties of metal powder and ceramlc powder mixtures having
resistance too high to allow for the passage of current at low
voltages, in the order of from 4-40 volts, when compressed under
loads of the order of 10,000-20,000 psi. Consequently, a proposal
to investlgate the foregoling was submitted to the Air Materiel
Command 1n June 1950. Thls was accepted substantlially as presented
and work commenced on 1 October 1950, although at the request of
the Air Force in June 1951, the emphasis of the program was
directed to sintering cemented titanium carblide composltions to
the exclusion of certaln other objectives.

WADC-52-106 3




SECTION II
SINTERING MECHANISM

A, Operational Objectlves

Sintering of metallic powders by rapid heating through direct
passage of electric current of high amperage with simultaneous
application of compressive force was 1nitlially attempted on
conventional spot welding equipment. The results were not too
satisfactory as 1n general, resistances of powders are of a much
higher order than those present in sheet metal and the compression
of a powder compact durlng the sintering process 1s much greater
than 1is experienced in the compresslon of two sheets of metal
being spot welded. Therefore, the flash sintering of powders
required the deslgn of an electric flash sintering machine differ-
ing in a number of ways from the conventional spot welder
although it 1s unquestionably closely related to it in many
respects.

. Since spot welding equipment has been used extensively and
its full description may be found in a number of publications,
such as the Weldlng Handbook published by the American Welding
Soclety, a general familiarity with its construction and method
of operation 1s assumed. It should be sufficient merely to point
out that a spot welder 1s essentially a press, the platens of
which are connected to a low voltage-high amperage transformer,
thus permitting a compressive force and an electrical voltage to
be applied simultaneously to any substance placed within its jaws.
While stlll employlng the baslic elements of the spot welder,
the following objectives were considered to be of greatest
lmportance 1n designing the present flash slintering equipment:

1. Maximum fiexibility in duration and magnitude
of both compressive force and applled voltage.

2. Minimum friction and inertia of movable parts
to assure maxlimum acceleration and maintenance
of pressure (follow-up), even in case of
rapid consolidation of the compact being
sintered,

3. Ability to vary the voltage to be applied to
the compact belng sintered essentlally instan-
taneously (from the first pulse to the second)
in order to compensate for rapid variation
within the compact or between compacts of
different composition.

The desired objectives were presented to Sciaky Brothers, Inc.,
Chicago, Illinols, manufacturers of welding equipment, and a Joint
design was evolved which has satisfied reasonably well the needs
of thils investigation to date. The sintering machine (Figure 1)
consists essentially of a 10 ton alr-actuated four-post press
with one movable and one stationary copper platen connected to
a 440/40-20 volt transformer controlled by means of an electronic
switch,

4
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The movable platen of the press 1s gulded on:
roller bearings and a compressible rubber pad
1/2" thick 1s inserted just back of the copper
platen. Thils pad, when compressed, provides a
source of extremely raplid-acting elastic
energy. The press 1s operated by a double
stroke cylinder providing a total movement of
6". It is controlled by three pressure regulators
which permit admittance of air at two separate
pressures into both top and bottom chambers,
with maintenance of virtually constant pressure
in the bottom chamber throughout the length of
the stroke. Thus, the piston may operate on
the differentlial pressure between the top and
bottom chamber which permlits very fine control
of the compressive force exerted by the press
and renders the system independent of the welght
of the piston and the movable platen. An
addlitional feature 1s provided which permits
rapid exhaust of the bottom chamber at the end
of the stroke or at any desired time, which
results in a two stage force; that is, 1t 1s
possible to apply an 1nitial force of a certaln
magnitude and then, at any desired point in the
sintering cycle, to superimpose upon it a
further predetermined force.

. The electrical system consists of a transformer

with a series-parallel winding on'both primary
and secondary sides connected to a tap changing
switch and providing a total of eight voltage
steps with approximately equal spacings. The
magnetic and electrical capaclty of the trans-
former are such that it will deliver forty volts
on open circuit and a total of 20,000 amperes.
The electrical impedance at sixty cycles of the
secondary circult with the platens short-
circuited is approximately 300 micro-ohms., The
welding transformer is supplied from a 4160

volt line through a 150 KVA transformer and an
alr breaker switch. It 1s controlled through an
ignitron switch and an electronlc clrcult which
permits application of two independently con-
trolled, both in duration and in magnitude,
impulses of voltage, separated by an intermediate
period, also of controlled length. The magnitude
of the secondary voltage 1s accomplished by a
phase shifting device, while the duration of

one impulse and of the intermediate period 1is
accomplished by a mechanical relay, and the
duration of the second 1lmpulse by means of a
thyratron circult. All time periods may be con-

" trolled in one cycle (1/60 second) steps up to

a total of thirty cycles duration. The electronic
control further permits complete application of
the pressure cycle without energizing the
electrical power circult and permits contlnual



application of pressure after sintering or a
release of pressure at a predetermined perlod

after sintering.

A more detalled description of the construction and method of
operation of the equipment may be derived from the diagrams and
detailed specifications appearing in the succeeding portion of this
section.

WADC-52-106 7
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B._Function of Components of Mechanism

ELEMENTS AND THEIR FUNCTION

B A s e

RE MENTS OF ELEMENTS

1. Current Conducting and Pressure Application System
(a) Pressure Control Valves and Gages

Provide means for admitting
compressed air to actuating
piston assembly and control
the pressure sufficiently to
provide a ram load of from
0-20,000 1bs., and to
indicate the pressure.

Alr admission and éxhaust
valves gmust be quick act-
ing. Pressure control
valves must maintain con-
stant prBssure during
entire length of stroke
and pressure conditlons
must be reproducible from
the flash sintering of
one specimen to another.
Gages must have rapid
reaponse and be accurate.

(v) Movable Current Conducting Pressure Head

Provide means for appiying
pressure and current to con-
tact plungers and maintaln-
ing complete alignment
during the pressure cycle,

(¢} Fixed Conducting

Provide a rigid support and

conduct current to the sinter-

ing assembly.

Pressure head must ace.r-
ately follow the compact

as 1ts dimensions change
during flash sintering and -
i1t must maintain perfect
alignment during the com-
plete cycle,

Pressure Head

Fixed head must be rigid and
free of vibration., Current
conducting faces must be

of minimum resistance and
sufficlently strong to pre-
vent diatortion.

(a) Electrical Control

Provide means of applying
voltage to the conducting
heads of the flash sintering
machine, at predetermined
values for predetermined
intervals of time, and co-
ordinate electrical and
mechanical action,

2. Sintering Assembly

Control requirements are
rigid and reproducibility
is of primary importance.
Control must be flexible
and accurate at all
settings.

MEANS USED TO MEET REQUIREMENTS

The pneumatic circuit emploied.
for control is shown as part o.
Fig. 2, Pressure regulators Al
Ap are set to provide the

desired pressures above and
below the piston. The resultant
difference in pressure causes

the ram to move. A pressure
relief valve B prevents build-
up of pressure in the lower part
of the cylinder abpove the setting
of regulator Ao piston when the
head 1s lowereg prior to
initiation of the sintering
cycle, Regulation of the speed
of stroke is thus controlled.
During the sintering operation,
solenoid valves operate so as

to control the head without
restriction on its speed.

Alignment is provided with
roller bearing guides for the
ram to which the movable cur-
pent conducting pressure head

1s attached through a rubber
pad with insulated bolts. The
rubber pad serves to atore
energy and provide for immediate
follow-up during the sintering
cycle, A water cooled removable
electrode of Mallory #3 metal is
attached by screw threads to a
platen fixed to the movable
head of the machine.

A removable water-cooled elec-
trode of Mallory #3 metal is
screwed to a platen rigldly
attached to the main frame of
the machine and insulated from

(1) Main Current Control.

The machine transformer 1s
provided with 8 tap settings
at equal voltage intervals (see

Fig, 2).
(2% control for Time and Heat.

This is 1llustrated diagram-
atically in Fi1g. 2, The heat
control employs a conventional
phase shift circuit using
whichever potential divider
the relays insert. A synchro-
nous timer 1s used for single
pulses, for the first of two
closely spaced pulses, and
for the last of two widely
spaced pulses, whichever is
chosen, Manual switches per-
mit a choice of alternatives,
A hold timer keeps the current
conducting pressure head
closed after current has
ceased to Tlow., Relays can
actuate valves to increase the
pressure at the end of the
first pulse if desired.

(3) Recording System.

The recording system is also
1llustrated dlagramatically in
Fig. 2. It comprises a
DuMont 304-H oscilloscope
having a long persistance screen
and fitted with a DuMont 35 mm
camera. Shielded leads from a
shunt in the main line bring a
signal which triggers the sweep
and records the current during
the pulse. When the movable
pressure head drops past a
switch, the trace intensity
1s changed and this change is
recorded in the picture show-
ing when rapid collapse and
densification of the compact
gccurs.,

(4) Resistance Measuring System.

Circuit used for measuring
resistance is illustrated as
part of Fig, 2. Resistance of
the whole sintering assembly
1s measured before sintering
each specimen. One lead is
attached to the fixed head
and another to a plate insul-
lated from the movable head
and placed between 1t and the
upper plunger.

(a) Current Conducting Plungers and Contact Wafers

Provide means of trans-
mitting current and pressure
heads of the flash sintering
machine to the compact with-
in the sintering die and
liner and confine the compact
material within the die as it
undergoes changes in physical
or chemical state,

Plungers must have suf-
ficlent strength at
operating temperature to
resist deformation and they
must be of high conduct-
ivity and thermal capacity
are advantageous when cool-
ing at the compact-wafer
interface is to be avoided.
In operation, wafer resist-
ance and shape control
temperature distribution
during sintering.

{b) Sintering Die and Liner

Provide means for allowing
current conducting and pres-
sure transmitting plungers to
exert their energy ln a con-
fined area on the compact to
be flash sintered and to do
so without contamination of
the compact; also provide
means of flash sintering a
compact to predetermined
dimensions and to & desired
micro-structure.

Dimensional stability of the
die and its liner 1s of
prinary importance as 1is

the chemical and refractory
inertness of the contact
surface of the liner with
respect to the particular
materials belng flash sin-
tered,
avallable materials must be
choaen which are capable of
being molded or machined to
close dimensions. Liners
should have low thermal and
electrical conductivity and
high resistance to abrasion,

(¢) Sintering Assembly Support

Provide means of holding die
bly 1n & 8 ded pos-

ition until the pressure heads

close upon the current con-
ducting plungers, permit
double action pressure effect
by allowlng rd Mo’ t

Support must be aligned with
the pressure heads and
electrodes to allow the
electrodes to distribute
their pressure equally on
t};e current conducting

P

of die assembly, and support
the assembly upon release of
the pressure heads,

Mallory #100 or Mallory #3
alloy is used for plungers.
They are machined to a dia-
meter slightly less than 1/2"
and are about 1-1/2" long.
wafers are machined to ,500 or
.490" in diameter depending up-
on the requirements to fit a
given liner, They are about
5/16" thick and are made of
tungsten when sintering the
titanium carbide and nickel
powder mixtures. In the sinter-
ing of nickel and alumina com-
pacts, stalnless steel wafers
can be used, To prevent stick-
ing the cnntact face of the
wafer 1s coated with graphite
"Dixonac”.

Clamping dies machined from two
brass blocks are used to grip
the ceramic liners of AlSiMag
35, Some tests have been made
using A1SiMag 202 liners and in
some instances metal dles have
been used with various dielec-
tric surface coatings. In

When liners are used,spite of the fact that liners are

specified to be 1/2" I.D, and
3/4" 0.D, they are many times
elliptical and shims must be
used to provide a proper fit,

The sintering assembly support
consists of a bakelite plate or
table having four corner bear-
ings which slide on 3/4" rods
{Fig. 6). The weight of the
assembly 1s balanced by springa,
Spacer blocks are used to ralse
the die assembly above table
level, if neceasary, to allow
space for the plungers.

PERFORMANCE CHARACTERISTICS

The regulator valves are
over compensated in the
lower part of thelr range
causing a pressure vari-
ation of 3 pal in the ram
chambers, corresponding to
about 750 1lbs. ram load.
Recently gages, accurate to
1/2 psi, have been instal-
led and it 1s now possible
to reset the regulator
valves for each speclmen,

The system appears to be
in good alignment and the
ram moves freely. Elec-
trodes have been replaced
when damaged by expelled
specimens.

The system appears to be
in good alignment. Elec-
trodes have been replaced
when damaged by expelled
specimens.

The main current control
renponse of the equipment
satisfies design require-
menta. Timer calibration
checked each day shows that
the timers falthfully
reproduce thelr settings.
Tests made at heat settings
of 20, 40, 60, and 80% of
full scale show the cur-
rents were reproducible
within 2% of the value on
repeated tests at single
settings and within 4%
when a repeated setting to
the same value was made
from upscale by downscale
(see Fig. 3). Peak cur-
rent values are proportional
to settings as shown in
Curve 1, When the percent-
age duration of current in
the cycle 1s allowed for,
after the methods of
Nippes and Savage,l/ 1t 1s
seen in Curve 2., t the
RMS value is not quilte
linear, With more resist-
ance in the circult and the
resultant smaller current a
more linear relationship is
obtained, The oscilloscope
image appears to be a
faithful record of the cur-
rent variation although
subject to slight distor-
tions when current magni-
tude is increasing
rapidly. The image on

35 mm film was enlarged to
2 ft. high for measurement
and an internal standard
voltage which was conatant
to about 3% was used for
reference (see Fig. 4),
Measurements show that a
variation of about 5% 1is
obtained in the resistance
measuring system employed.
Tests of a number of 20%
titanium carbide - BO%
nickel specimens shown in
Fig. 5, 1llustrate the
amount of scatter, certain-
1y due in part to variatlons
of machine load and varia-
tions 1in the processing of
the compacts to be sintered,

3;5. Nippes and W. Savage -
nstrumentation for Flash
Welding" - Proceedings of
Second Conference on
Resistance Welding -
American Institute of
Electrical Engineers - 1950

Mallory #3 operates well
as plungers with loads up
to BOOO lbs. Over
Mallory #100 must be used.
As plunger ends tend to
soften, they must be re-
machined occasionally.
Plungers must move freely
in the liner to avold
Jamming., At loads up to
12,000 1bs, tungsten
wafers function well. In
excess of 12,000 1lbs. how-
ever they tend to crack
and deform. Since the
sintered material rises
between the wafer and the
1liner, it must be cleaned
from the wafer after each
use.

Ceramic liners vary as much
as .007" in internal dia-
meter so that sorting is
necessary 1in order to pro-
vide liners into which
wafers and compacts will
fit without jamming. Al-
SiMag 202 has been dis-
carded as 1t 1s too porous
and absorbs metal from the
compact during sintering.

The support moves freely.
Die alignment 1is checked
visually.
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FIGURE 4

TYPICAL SINTERING PULSES SHOWING THE EFFECT OF
VARIOUS SEQUENCES IN OPERATION

Flgure A
Short pulse - 100%
heat set. Current
rises rapldly after
establishing conduct-
ion in first two
cycles.,

wigure D
Long pulse - 30%
heat set recorded
with slow sweep.

WADC-52-106

Figure B
Longer pulse - 100%
heat set. Increased
energy caused melting
at about the eighth
cycle. Most of the
compact had been ex-
pelled after the.
eleventh cycle.

Figure E
Short pulse -~ 90%
heat set. Low sinter-
ing pressure of compact
has caused high resist-
ance. Current 1in-
creases 1n this
instance slowly.

11

Flgure C
Two pulses - two cycle
interval between pulses.
First pulse 100% heat
set, second pulse 20%
heat set.

Figure F
Two pulses - 3.5
seconds 1nterval between
pulses. First pulse 65%
heat set (top graph).
Second pulse 35% heat set
(bottom graph). With this
treatment the. temperature
of the compact tends to
equallze between pulses.
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FIGURE 6. ASSEMBLY FOR FLASH SINTERING
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SECTION III
COMPACT PREPARATION PRIOR TO FLASH SINTERING

A, Reslstance Requlrements

In the process, sintering occurs within a sufficiently short
time interval so that the metal in the compact 1s not appreciably
oxidized. Maximum.voltage at the machlne electrodes 1s held to
40 volts based on present design. Theoretically, therefore, with
a current flow of 1000 amperes, compacts of a resistance of 40,000
micro-ohms, could be sintered within these limitations. Means of
producing compacts of minimum resistance were investigated prior
to the arrival of the sintering machine, as 1t was anticipated
that compacts of lower resistance would sinter more uniformly.

Sufficient current to effect sintering can be passed without
difficulty through compacts of pure conductors. However, problems
assoclated with uneven current distribution may arise. Resistance
increases as larger percentages of semi or non-conductors are
added; however, the increase 1n resistance is not directly propor-
tional to the amount of non-conductor present, but increases
either exponentially or in stepwlse fashion. At some point, a
small addition of non-conductor produces a great increase in
resistance. Since many refractory materials are non-conductors,
it 1s desirable to know how much of these may be present without
greatly lowering the conductivity. It is also desirable to know
if there are ways of treatlng compacts so that their resistance can
be lowered to permit passage of sintering current and to promote
more uniform and rapid flash sintering. Compacts with a specific
resistance of as much as 1700 micro-ohm centimeters have been
sintered successfully when the total resistance was over 7000 micro-
ohms. Test results are shown 1in Section IV. It is believed that
research conducted durlng the resistance measuring phase of the
project will be of definite assistance 1in planning the direction
to be taken 1n subsequent investigations. For instance, it
probably will be necessary to employ different techniques to
initiate current flow through different combinations of metals
and refractories,

B. Equipment and Procedure for Measuring Resistance

Apparatus used for measuring resistances in conjunction with
the flash sintering machine 1s shown dlagrammatically in Figure 2,
However, in the earlier work, resistance measurements were taken
with this same apparatus using the 10,000 1b. range of a hydraulic
testing machine for applylng loads to compacts of metal-alumina
compositions. Compacts tested at low loads (of the order of
1000 1bs. and less) were placed between two flat contacts of
Mallory 3 metal insulated from the testing machine. (At these low
loads, support of the compact in a die normally is not needed.)
Compacts whose resilstance was to be measured at higher loads were
confined 1n the sintering assembly (Figure 6) supported loosely
on rubber stoppers on the testing machine. In this instance,
electrodes 1/2" in diameter were inserted in the ends of the die
for use as the contact plungers between the speclimen and the flat
contacts of the reslstance testing apparatus. The mntire assembly
was confined in a standard 1/2" I.D, ceramic die liner,

WAPC-52-106 14



Three identical specimens were tested under the same conditions
for each glven sequence of compact preparation variables. The
compacts tested were 1/2" diameter by 3/8" long and were formed
initially from blended powders by double action pressing at 50 tsi.
Resistance measurements obtalned at various load increments were
generally within * 2-1/2% of the mean value.

C. Experience in Measuring Resistance

Compact Behavior

In the resistance measuring assembly, intimate contact at
the specimen-plunger interface 1s established over the initial
portion of the loading range. Reproducibility of results in thils
range was lmproved by careful preparation of the contact surfaces
of both compact and plungers. As the load was increased to a
range of the order of 1000 1lbs., no significant changes in the
physical structure of the specimen were apparent. However, as the
load was increased further, typical 45° shear failure of the
specimen was found to occur. When confined in a die, however,
following such faillure, the speclmen would be recompacted at
higher loads, still retaining much of the internal structural
characteristlics of the original specimen. Thils was established by
visual examination of numerous specimens. If at any point in the
loading, the load was removed and then re-applied, the load vs.
resistance curve was found to have been shifted to higher values
of resistance for a given load. Successlve reappllications of
loads caused the curve to approach limiting valuss of resistance.

Resistance Change wlith Increasing Load

Flgure 7 shows that in most lnstances, following an inltial
drop, reslstance of metal-alumina combinations decreases very little
with increasing load after application of a preliminary low load,
The measurements deplcted 1n Figure 7 and all other resistance
determinations (except as noted) are the average of three values
which were taken on specimens approximately 0.4" long. Curves for
loading in the lower ranges are shown for 80% titanium carbide -

20% nickel in Figure 8. Figure 9 shows the same effect in the
high load range on a series of 1/2" diameter 80% titanium carbide -
20% nickel specimens made from single compacts of different lengths.

Effect of Compact Length on Reslstance

In Figure 9, it may be seen that the rate at which the
resistance changes with load apparently 1s a function of the length
of specimen. Using the same data shown 1in Figure 9 and plotting
resistance vs. length for a series of loads (see Figure 10), a
straight line relatlionship 1s indicated for lengths up to 1/?".
Departures from a straight line relationship above 1/2" are
probably due to some differences in density between short and long
compacts caused by wall resistance in pressing. (The resistance
at zero length 1s the reslstance of the die assembly alone, ‘which
also varies somewhat with load.) Appreciable checklng has shown
that, in general, resistance 1ls proportional to length. It appears
likely that a direct proportion would exist for one-half inch
diameter specimens with lengths 1in excess of one-half inch if such
specimens consisted of a series of compacts having maximum

WADC-52-106 15
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individual lengths of one-half inch. Measurements with various
currents indicate that, so long as the current does not produce
heating, the resistance 1s independent of the current used in the
measurement .

D. Metal-Ceramlc Systems

Choice of Materials

» Investigations were initiated with metal-alumina systems, for
the following reasons: (a) reaction and transformations are at a
minimum in these systems, (b) alumina powder is conveniently handled,
and (c) alumina 1s a good representative non-conductor as resistances
at room temperatures are not likely to differ with different non-
conductors having particles of the same slze and shape character-
1stics., Nickel, cobalt, molybdenum, and chromlum were chosen as
metals since they are readlly available 1n powder form and

experience has shown them to be of Interest in ceramet compositions.
The characterlstics of the powders used are given in Table I of

the Appendix.

Powder Characterlistics

The most noteworthy property of the powders is size distri-
bution, although one main point of difference between the two
carbonyl nickels 1is in thelr apparent density. Another property
(not tabulated) is the state of oxldation of the powder as received.
Nickel has only a superflclal coating of oxlde whereas the other
powders have all oxldized to a considerable extent. In the
instance of molybdenum and cobalt, the oxygen was readilly removed
by heating in dry hydrogen. An appreclable drop 1n resistance
results therefrom. The powders also differ in compactabllity;

e.g., pure chromium cannot be compacted as received, but first
must be annealed, while other metals differ in the amount of alumina
which may be added and still form a compact strong enough to handle,

Powder Blending

It was decided first to see how far along the composition
scale simple blending methods could be used to prepare mixtures
having reslstances sultable for flash sintering and later to
experiment with more elaborate methods near the limits of this
range. The procedure was to tumble and blend the component powders
for one hour in a Jar equlpped with wire baffles. Other work in
the powder metallurgy fileld had shown that a relatively uniform
mixture 1s obtained by this method of blending. Later, other more
effectlive methods of blending were developed, but were not used
extensively slince 1t was shown that the more effective methods did
not produce any radical change in resistance for most of the
compacted powders nor change the relative order of resistance of
the metals 1nvestigated. Reslstance measurements at 1000 lbs. are
shown in Figures 11, 12, 13, and 14,

WADC-52-106 20
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Effect of Particle Size and Liquld Carrier on Resistance

Comparison of Curves 1 and 2 of Figure 11 with Curves 1 and
2 respectively of Figure 12 will serve to show the beneficial effect
of greater particle surface and lower apparent density of metal
powders on resistance. The "F" nickel powder is fluffy while the "A"
nickel 1s more granular. The lower resistance of "F" nickel mixtures
i1s due to more effective distribution of the nickel over the
alumina surface. In an effort to enhance this effect, the mix was
milled with ceramic balls in the proportions noted 1n Table II of
the Appendix. Two dlametrically opposite effects were observed,.
As shown 1in Figure 15, compact reslstance increases with milling
time apparently due to lncrease 1in relative surface of the alumina
due to the effect of crushing. On the other hand, the use of
carbon tetrachloride as a carrier improves the distribution of
metal particles with a resultant decrease 1n resistance. This 1is
most apparent when the tabulated figures for tumbling and wet
stirring with a spatula are compared. The stirring method, which
1s quite ineffective when accomplished in the dry state, produces
a lower resistance when done wet than does tumbling alone. To
improve mixing beyond that possible to secure with a spatula and
at the same time not produce any appreciable comminution of the
alumina, mixing was carried out with 3/4" dlameter maple rods,
- uslng carbon tetrachloride with the results shown in Table II of
the Appendix. Of the methods tried, it was found that short time
mixing produced the best results, while excesslve mixing resulted
in abrasion of the rods.

The blending of titanium carblde introduced a different
problem. Thls material 1s recelved as a relatively coarse powder
(Table I of the Appendix) and must be milled to small size to produce
a uniform sintered product. Milling increases resistance, as may
be seen in Figure 8, in which a comparison between Curve 1 for
steel ball milling and Curve 2 for mixing with maple rods. can be
observed. The product 1s contaminated with iron, however, due to
abrasion of the balls. The iron content was found to rise from 0.8%
to about 3.8%.

E, Compact Processing

Presintering

Good blending practice will lower resistance, and further
improvement is possible 1f the metal powders are properly processed.
The beneficlal effects of using powder of greater particle surface
have already been noted in comparison of Figures 11 and 12,
Reductlion of oxides in the metal powder produces additional improve-
ment as 1s shown in Figures 13 and 14 for molybdenum and cobalt
respectively. However, still lower resistances result if reduction
1s carried out on green compacts at temperatures high enough to
produce partial sintering. This may be seen by comparison of
Curves 2 and 3, Figures 13 and 14, Even when reduction is not
involved, thls presintering is effective 1n lowering resistance
(compare Curves 1 and 2, Figures 11 and 12, and Curves 2 and 4 of
Figures 13 and 14)., All presintering was conducted at 1100°C in
dry hydrogen. _

The resistance of presintered compacts 1s about the same,
whether the powder 1s freshly reduced before presintering or not.

WADC-52-106 25




(x103)

15

14

13

12

FIGURE 15

THE EFFECT OF MILLING TIME ON THE
RESISTANCE OF COMPACTS OF "F"
NICKEL AND -325 MESH ALUMINA

11

/

LOAD

10

/

/

/ 40% "F|' Nickel

/// 60% Alymina

MICRO-OHMS RESISTANCE AT 1000 LBS.

no

4 10
HOURS - BLENDING TIME

12

15

WADC-52-106

26




As shown in Figure 16, presintering accomplishes its effect

quickly and perhaps independently of mixing method. It is

probable that presintering reduces the resistance by removing

oxide barriers and establishing many more points of metallic contact
within the compact, as well as strengthening the contacts which
were produced during the compacting operation. It may be sig-
nificant that on loading presintered specimens well above failure,
there is no great variation in resistance as might be expected if a
conducting skeleton were being destroyed.

Compact Density

A fairly obvious method of reducing resistance 1s to press the
green compacts to the highest feasible pressure before presintering.
Figure 17 shows that presintered compacts of high green density
have lower resistance, although the relationship between density
and compacting pressure 1s not in direct proportion. The pressure
of 50 tsi, used in most of the current work, 1s the highest at
which reasonable die performance can be expected.

Application of Conducting Salt Solutions to Powder Compacts

The preceeding techniques seem adequate to extend the range of
sinterable compositions to as low as 30% metal in the case of
cobalt, but for higher resistance materials, special treatments
- were considered. It was felt that if metal-ceramlc compacts were
saturated with conducting solutions of salts, it might be possible
to pass enough current to lnitiate heating. Accordingly, the
resistance of saturated solutlions of aluminum nitrate, chromium
nitrate, cobalt nitrate, and nickel nitrate were measured and
found to be 10, 14, 12.5, and 13 ohm-centimeters. Even solid
nickel nitrate (Ni(NO ) 6H,0) compacted at 50 tsi had a resistance
of 5 ohm-centimeters. gonsequently, since publlished tables g/
promised no low resistance values for other salts, this line of
investigation was carried no further in the present program.

Deposition of Metal Binders

Another possible procedure was to wash the non-conductor with
a metal salt solution which was then evaporated and the metal salt
changed to oxlde before final reduction to its elemmntal state.
This method was expected to produce more uniform distribution of
the metal. Using molybdic acid and -325 mesh alumina, 4,L96%
molybdenum metal was precipitated. Using nickel nitrate, 3.78%
nickel was precipitated. 1In nelther case did these low metal
composlitions have a usable reslstance. When metal powders were
added to bring the compositions to 60 and 40% metal respectively,
the resistances of compacts prepared therefrom were much higher
than those made from mixtures prepared by conventlonal blending
technlques.

2/Perry-Chemical Engineers Handbook, 2nd Edition (1941)
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Co-precipitation of Hydroxides

Another method of securing an intimate mixture which would
readily form a ceramet was co-precipitation of nickel and aluminum
hydroxlides from the nitrates, followed by conversion to oxldes and
the subsequent reduction of the nickel oxide at 1600°F for one hour
in hydrogen to metal. This was tried with controlled quantities of
nitrate solution to yield a 40% nickel - 60% alumina mix. When
this mixture was compacted and the compacts glven a presintering
treatment, thelr resistance was about 90,000 micro-ohms, which 1s

.well above the value for sintered "F" nickel-alumina of the same
composition.
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SECTION IV

SINTERING

A. General Consideratlons and Findings

Compact resistance and equipment have been discussed. Compacts
which have been flash sintered must have high density to be well
sintered; however, this requlrement does not by 1tself assure good
strength. It must be established:

1. That compacts have approprilate initial resistance.
v ' to permit satisfactory sintering.

2. If there is a critical set of sintering conditions
. which produce optimum and reproducible properties
in a specific instance.

Sintering properties of powder mixtures were established by
sintering a wide variety of compositions. While time restricted the
number of experiments, sufficient data have been accumulated to
indicate that compacts of (a) metals, (b) metal-carbide combinations,
and (c) metal-refractory ceramic combinations can be sintered
without difficulty.

Nickel compacts were sintered to theoretical density, 1in the
initial stages of the project, to ascertaln the operational character-
istics of the machine. 50% nickel - 50% alumina compacts with a
specific resistance before sintering of about 600 micro-ohm centi-
meters were easily sintered to 98% of theoretical denslity. Compacts
made with cobalt and molybdenum were sintered with equal facllity
even when resistances were considerably higher. Compacts of 80%
titanium carbide - 20% nickel were readily sintered, although their
specific resistance was of the order of 700 micro-ohm centimeters.

B. Nickel-Alumina Compacts

Presintering

Preliminary work on 50% nickel - 50% alumina developed inform-
ation shown in Figure 18 and Table III of the Appendix 1llustrating
the effect of varying sintering conditions. It 1is observed that 1f
heat setting is plotted against pulse duration, the polints for the
successfully sintered specimens fall within a narrow band, quadratic
in shape. This relatlion 1s better deflined for the presintered
specimens than for the non-presintered ones. The densities, appear-

’ ance, and cross-sectional uniformity of the presintered specimens
is superior to those which were not presintered. Superiority of
presintered specimens holds also in the lnstance of titanium carbide-
* nickel mixture., Consequently, the titanlum carbide speclmens were
presintered for 60 minutes at 1100°C, unless otherwise noted. It
is assumed, as a characteristic of the quadratic shape of the curve,
that the followlng equation obtalns:
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'Rt =K

where n is in the order of 2 and

H = heat setting

R - initial resistance

t = number of cycles 1in pulse

K = constant for compacts of identical prior history

This relationship 1s less well followed in the case of the titanium
carbide - nickel, but does serve as a rough gulde to set controls,

Experiments were conducted with nickel-alumina compacts to
study the effect of pressure during sintering. It was found that
the heat setting for sintering could be lowered at higher pressures.
It was demonstrated that within the parameters explored, settings
resulting in equal energy 1input produced equivalent results. The
relative contribution of pressure to total energy was estimated
from its effect on the resistance of compacts. Pressure had the
same effect on the carblde compositions.

Control and Processing Varlables

The variety of available controllable sintering conditions 1s
great. This may be appreclated from the following tabulation:

MACHINE VARIABLES

Pulse 1 Interval Pulse 2 Load Holding
Time * * »* *
Heat Setting * *
Load * *

Other variables, introduced in the preparation of the specimen prilor
to sintering, include compact geometry and mixing or milling,
pressing, and presintering conditions.

C. Titanium Carbide - Nilckel Compacts

Elements Affecting Control of Sintering Programming

Experiments with 80% titanium carbide - 20% nickel compacts
disclosed that at almost any load and pulse sequence, a heat and
time combinatlon could be chosen to produce effective sintering,
with the followlng reservatlions:

1. When a single pulse 1s used, the current rises
exponentially with time; consequently, the
last cycle adds a quantity of heat as great as
several of the early cycles. This may cause a
lack of heat control which can be overcome by
substituting for the last cycle several cycles
of a closely followlng pulse set at a much
lower heat.
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2. Long compacts tend to heat more in the center
than at the ends 1n a single pulse. It has
been possible to minimize thils non-uniformity
by the use of a double pulse.

3. Limitations imposed by the construction of
the equipment and the pressure regulating
system make accurate work at extremes of press-
ure difficult.

4, Most specimens initially were 2.16" long by
1/2" diameter. During sintering, the length
was reduced to about one-half original size.

A plece having a large surface area 1in contact
wilth the die walls, may exhibit substantially
different sintering characteristics from those
of a plece much shorter in helght, since the
long plece must sllp past much greater wall
area as 1t becomes densified.

The results of 18 different sets of conditions are summarized
in Table A and are presented 1in detail in Table IV of the Appendix.
These results support the view that there 1s no single optimum set
of conditions. This may be attributed to one or more of the
following reasons: '

1. It 1is possible that stresses or cracks 1intro-
duced during cooling after sintering weaken
what would otherwlise be good compacts,

2. Unidentifled factors concerned with the
preparation of the powder may affect con-
sistent sintering to high strength.

‘3. The geometry of the specimen may preclude
proper consolidation, for even though many
flash sintered compacts apparently have a
high density, this property 1s not necessarily
reflected in the microstructure or transverse
rupture values. This has been noticed
especlally when the compacts are long with
respect to their diameter,

It was observed early in this investigation that occasionally,
when sintered under conditions assumed to be ldentical, one specimen
sintered perfectly, a second specimen sintered only partially,
while a third specimen became so plastic that material extruded
around the wafer., This 1llustrates the difficulty of correlating
sintering conditions with initlal resistance. Likewlse, there was
found to be no correlation of sintering conditions with final
hardness or density. The relative peak currents, cycle by cycle,
are shown in Figure 19 for a set of supposedly identical specimens.

Revliew of Operatlons

Possible causes for the lack of reproduclibility in the 1nstance
of titanium carbide - nickel compositions were studled by reviewlng
and checking the entlre sequence of compact preparation and flash
sintering operations, which are outlined below:
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TABLE A

SINTERING CONDITIONS AND BEHAVIOR OF SPECIMENS PREPARED
FROM 80% TITANIUM CARBIDE - 20% NICKEL

These specimens were made by sintering compacts prepared
as described in the text, under Review of Operationms.

For details concerning the various specimens, see Table IV
of the Appendix,

Pulse ;1 Pulse #2 Interval Total
ring ring Between Length Number of

Ram load Heat Time, Heat Time, Pulses, (Green), Specimens General Distributlon of Flash Sintering
1bs. Setting Cycles Setting Cycles Cycles inches ° 1in Group Behavior and Results QObtalined
3300 4,5-6.5 38 None - 2.1 5 All specimens in this group appeared to have

been hotter 1n the center than at the ends.
Those which seem to be well sintered at
either location broke when held in a vise
and tapped with a hammer,

3300 10.0 16-18 None - 2.1 3 Specimens broke easily under impact when held
i : in a vise. HRelative densities of speclmens
ranged from 96% - 98%.

. None - 2.1 4 Specimens sintered, some porosity, relative
4100 8.6 o densities ranged from 97% - 9B8%. !

4100 3.0-4.0 16 8.0-8.6 15 210 2,1 3 All specimens bulged in center, Modulus of
. ) rupture value on bar machined from, one
specimen was 75,000 psi.

- .8-6.0 1 210 2.1 [ Center of specimens generally appeared to
4100 8.0-8.9 16 2.8 = have been hotter than the ends, Modulus of
, ruﬁture values ranged from 30,000 to
134,000 psi.

-9. ‘ .8-5.0 15 210 1.5 12 Some specimens bulged in center and many
4100 9.4-9.6 16 3.8-3 . broke under impact when held in a vise.
Relative density was generally over 99%.

4000 4.8 15 6.4-7.8 10 2 2,1 27 Seven specimens were brittle, five were
Pulse #1 . extruded, seven were incompletely sintered,
8000 ten gave modulus of rupture values ranging
Pulse #2 from 32,000 to 63,000 psi. The center densit
of the specimens (density of the rupture barsg

was generally about the same as the overall
density of the original specimens, These
speclmens were flash sintered in four
successive days; those sintered on the first
two days were uniformly poor,

6200 2.0-10.0 6-29 None - 0.7 27 Most of these specimens had heat and time so
balanced that they sintered, but in every
case a crack, transverse to the axis, started
in the center of the compact and split 1t in
two halves,

6200 3.5 15 4,0-6,0 18 186 2.1 21 Eight specimens were brittle, two were
expelled, three were incompletely sintered,
elght gave modulus of rupture values ranging
from 48,000 to 118,000 psi. Relative density
was over 98#% for the rupture bars; over 99%
for the original specimens.

6200 3.5 16 6.8-6.9 15 210 2.1 5 Two specimens were incompletely sintered;
three appeared to be well sintered glving
modulus of rupture values ranging from 80,00
to 173,000 psi.

6200 6.6-7.7 15 3.5 16 222 . 2.1 31 Seven specimens were broken when removed from
die holder, two were expelled violently,
eleven had extruded material, elght gave
modulus of rupture values ranging from 38,000
to 67,000 psi, the balance were incompletely
sintered. Relative density of sintered
specimens usually was over 97%.

- . 1 210 2.1 [ One specimen was expelled, one was incompletely
6200 6.5-6.9 16 3.5 5 sintered, the ends of most of the others
were upset, Modulus of rupture values ranged
from 44,000 to 72,000 psi. Relative density
was about 98,8% for rupture bars and about
99,8% for original specimens, T T
.5-9, 6 1 2,1 19 Two specimens were brittle, three were
6200 5.0 19 6 5 9.0 expelled, nine were incompletely sintered,
8ix gave modulus of rupture values ranging
from 38,000 to 121,000 psi. Relative
density was over 98% for rupture bars; over
99% for original specimens.

7900 4.2 15 5.6-6.4 10 1 2.1 12 Almost all specimens appeared to be sintered;
. four broke easilly under impact when held in
a vise, elght gave modulus of rupture values
ranging from 56,000 to 99,000 psi. Relative
density was about 98% for rupture bars and
99% for original specimens.

N 2.6-3.6 10 1 2.1 T Pive specimens broke on removal from dle
7900 6.0 16 3 holder or under impact when held in a vise;
three specimens were extruded.

j - one - 2.1 3 Specimens appeared to have been hotter in
12,000 4.0-4.5 38 N center than at ends and broke easily under
impact when held in a vise,



6 |
| H
n
FIGURE 19
3
INCREASE OF CURRENT DURING
SINTERING
[Sa)
=
[2a]
e
B 2
(@]
=
B
O
[x]
[
/.
[La]
> 878
= 10 N
C )/
B
=4 / .
.
] 7 /

814

2

HEIGHT OF TRACE - PEAK TO PEAK

5 6 7

9

10 11 12 13

N

15 16

CYCLES ELAPSED SINCE START OF CURRENT FLOW

17

WADC-52-106

36




1. Powders

Powders, as received, are stored in closed con-
talners after having been checked for their
physical and chemical properties and screen
analysis. (To date the powders have been used
in the particle size as received; fubure work
will include the testing of powders which have
been separated into size fractions.) 1In the
current’ program, two samples of titanium carbide,
of the analyses shown 1n Table I of the Appendix,
and one lot of carbonyl nickel (battery type),
also described in Table I, have been used.

2, Milling

WADC-52-106

A mixture of 240 gms. of titanium carbide, 60

gms. of nickel, and 3 gms. of paraffin (dis-
solved in 60 ml. of carbon tetrachloride) was
placed in a 5" long by 5" diameter steel ball mill
with 3 pounds of 5/8" diameter steel balls. The
mixture was milled for a period of 24 hours. At
the end of each 8 hour interval, additional carbon
tetrachloride was added to replace that which
evaporated during milling. When two batches were
milled at the same time, they were blended to-
gether in the same ball mill for one hour
additional to insure homogeneity.

(a) In the initial work, 1t was found that
the rate of evaporation of carbon tetra-
chloride was somewhat critical. To main-
tain the evaporation rate constant,
precautions were taken with the gasketting
~of the mills and the mixture was milled
to a slurry of uniformly thin consistency.

(v) As stated above, steel balls 5/8" dia-
meter were used for all milling; these
balls were rejected when thelr size became
reduced to 1/2" in diameter. No exam-
ination of the uniformity of size and
distribution of carbide and nickel in the
powder mlx was made, but based on an
examlination of the sintered compacts and
the experience with other carbide
materials, it was assumed that the distri-

- bution would be uniform,

.vDrying of Milled Mix

After milling, the powder and steel balls were
poured from the steel jar mill through a 1/4"

- screen; the powder adhering to the mill and steel

balls was scraped off and added to the slurry
which was evaporated at 40°C, leaving a residue
of completely dry powder. The dried powder cake
was then broken into a fine powder, screened and
sieved for use in the preparation of test
speclmens. ’
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4, Compacting

The powder was pressed into 1/2" diameter com-
pacts of selected lengths at a pressure of 50
tsil, using double actlion pressing. A steel die,
lubricated with calcium stearate 1n carbon
tetrachloride solution, was used for the press-
ing operation. It was necessary for the powder
to be completely dry to prevent sticking of the
punches to the top and bottom surface of the
compacts. The compacted material was so fragile
that compacts pressed from dry powder tended to
crumble under normal handling conditions. Pre-
sintered compacts have greater strength and are
thus much more desirable from this standpoint.

5. Presintering

Compacts were presintered in a closed carbon

boat in a hydrogen atmosphere tube furnace. They
were first preheated for 20 minutes at a temp-
erature of the order of 300 to 400°C to volatil-
ize the paraffin. Compacts were then presintered
at 1100°C in hydrogen for one hour. After this,
the carbon boat and compacts were cooled to room
temperature 1n a water Jacketted coollng chamber
under a hydrogen atmosphere for 20 minutes.

(2) Time and temperature values were chosen
as a result of experience with comparable
materials. Table IV of the Appendix shows
the effect of a 5 hour presinter compared
with 1 hour. Time and temperature
relationships were held sufficlently close
so that under comparable conditions no
appreciable difference in resistance or
flash sintering behavior was noted be-
tween different boat loads of presintered
compacts. The advisabllity of using
carbon tetrachloride in the furnace gas
to ellminate titanium oxides 1is suggested
by the work of Fattinger 3/, but this
was not explored. '

(b) It appears that the resistance drop
which results from presintering is pro-
duced by the formatlion of a more con-
ductive skeleton material in the compact
rather than an improvement in the coating
of carblde particles by nickel. Before
the advent of presintering, green
pressed compacts were chosen for the early.
work in preference to loose powder, as
the use of loose powder necessitates the
employment of an excessively long liner
and sintering machine stroke; also the

3/Kingston - "Physics of Powder Metallurgy" - Pg. 297
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problem of securing uniform compaction
is presented since a liner makes a
poor compacting die. Resistance also
increases because of the lesser degree
of compaction obtainable under the
lower loads of the flash sintering
machine

6. Resistance Measurement

WAD" -52-106

Resistance was measured 1In the sintering machine
by loading the compacts in the die assembly and
closing the movable head of the machine on a
contact insulated from the head. Values
obtained should be simllar to those which exist
Just prior to initlal passage of current during
the flash sintering cycle.

(a) The resistance of a considerable number
of compact assemblies are shown 1in
Figure 5. Since an appreclable spread
in values was found, studles were made
of possible sources of variation which
might occur in the determination of
resistance. However, only the tests
described below, which were conducted
in the final month of the period covered
by this report, were fruitful in elimin-
atlng these variations. These tests con-
sisted of check determlinations on both
the hydraulic testing machine and the
flash sintering machine, which were run
as carefully as possible to duplicate
conditions of loading and die assembly
set up. It had been observed that the
presintered compacts had low shear
strength; consequently, it was thought
that they might be fractured in a
heterogeneous fashion upon application
of load 1in the flash sintering machine
inasmuch as air pressure on the ram was
applied suddenly in normal practice.
Therefore, to avold such sudden impact
loading, the movable head of the machine
was first brought to rest gently on the
compact 1In the die assembly, and then
the pneumatic pressure was bled gradually
into the upper piston chamber to
increase ram load to the desired level.
Compacts of different lengths were
employed in these tests. The average
resistance values at various loads for
each length are plotted in Figure 9
which reveals practically no difference
in resistance (for a given load and
specimen length) between the flash sinter-
ing machine and the hydraulic testing
machlne, Moreover, the duplication of
results among the three identical spec-
imens used for each length was excellent,
the spread of values belng narrow and
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approximately the same for each
machine.

(b) When a load was reapplied after
having been once removed, the resist-
ance was higher for the second
application than 1t was initially.
For thls reason, care has been
exerclsed to load each specimen only
twice, once to measure resistance
and once to sinter.

. Compact and Liner Behavior

In the performance of both reslistance measure-
ment and flash slintering operations, presintered
compacts were compressed by the electrode
plungers within ceramlic liners of Al-Si-Mag 35
composition. It was noticed that compacts
above one-half inch long would faill 1n shear

in most instances under 1000 1lb. load and that
the liner usually cracked by mechanical fallure,
due to its internal and external eccentricity.
Both of these effects may independently or in
comblnation be responsible for some of the
remaining occurences of variables in resist-
ance measurements. In flash sintering, how-
ever, another parameter, namely a drastic

and instantaneous temperature rise, is intro-
duced which intensifles liner failure because
of the severe thermal shock conditions imposed
thereby. In the selection initially of
refractory insulating die liners, conslderation
was glven to obtalning commerclally available
materials having good thermal shock resistance
(low coefficient of expansion), dense or
impermeable surface, high softening temperature,
and reasonably good dimensional tolerances.
Certalin Al-Si-Mag ceramics were adopted because
previous experlence indlcated they would meet
these requirements more closely than other
materials known at the time. While Al-Si-Mag
202 possessed most of the foregoing character-
istics, including good thermal shock resistance,
its surface was found to be too porous for use
in flash sintering. Al-Si-Mag 35, on the other
hand, exhibited poor thermal shock resistance,
hav%ng a high coefficient of expansion (8.7 x
107° per °C), but was extremely hard and dense.
It was not thought that the poor thermal shock
characteristies and the attendant cracking
problem would have a bearing on achieving
initial contractual objectives, but would be-
come a limiting factor only at such time when
parts were to be produced to exact dimensions.
Consequently, practically all flash sintering
experiments were conducted using Al-Si-Mag 35
die liners. However, breakage of the liners
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now appears to be more significant as 1t seems
to be one of the unexplored causes for the
present non-uniformity in flash sintering con-
ditions and posslibly for the lack of repro-
ducibility of physlcal properties and micro-
structure in the resultant flash sintered
materials. With regard to further lnvesti-
gations of die liners of the refractory type,
it is.believed that solution of the breakage
problem will not be achieved unless a sultable
materlial of low coefficient of expansion and
high softenling point is found.

8. Current Changes and Head Motion During Sintering

When the current-pressure cycle 1s initlated,
the current at any moment 1is a function of the
instantaneous resistance. The relations
during sintering may be shown by the follow-~
ing diagram:

Pressure
Elapsed Time) Degree of
Chemlical and physical properties of compact) Compaction
Mechanical functioning of equipment
' Current at
Total energy input to "t" - moment "t"
heat lost to wafers and liner

Specific heat of compact Instantaneous
Temperature

(a) The manner in which the current
increases 1s shown 1n Figure 19 1n
which the peak currents of the cycles
of each of several pulses are plotted.
A simple proportionality factor
would convert these peak values to
effective current values. It will be
observed that on the seml-log- ‘
arithmic paper the relation 1is
~approximately linear. 1In effect, then,
over the greater part of the sinter-
ing pulse the material can be con-
sldered as having a negatlive coefficient
of resistance which 1s belleved to
change markedly only at the point of
actual sintering.

(b) Before sintering, the specimen is
compressed by the downward moving
head until it will carry the initial
load. The head remains nearly
stationary until the compact softens
and 1t then moves suddenly downward
to approximately the final position.
If the material is extruded between
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wafer and liner, the head drops
sti1ll further as the extrusion
occurs.

Examination and Test of Flash Sintered Compacts

1.

WADC-52-106

General QObservatilons

After sintering, the liner was broken from the
specimen. A light "Dixonac" (graphite suspen-
sion) wash on the liners and wafers permitted
easy separation. When sintering conditions
were properly chosen, the resulting specimens
were of uniform dimension and smooth. If the
heat was too low, the ends and perliphery of

the specimens were soft. If the heat was
excessive, the surfaces were rough, and molten
metal was occasionally expelled from the liner
assembly. There was generally a soft surface
layer of material from which the heat had been
withdrawn by the liner during sintering. When
insulating coatings were used on metal liners,
this layer was found to be as much as 1/8" deep,
but with ceramic liners and equal energy inputs,
the layer was only a few thousandths of an

inch deep.

Physlcal Tests

Specimens were prepared for test measurements
by grinding off surface imperfections. Con-
ventional Rockwell A hardness measurements were
made and density determined by displacement
with the results shown 1in Table IV of the
Appendix. Numerous speclmens were ground to a
slze sultable for the determination of the
modulus of rupture. For this 1/4" x 3/8" x
1-1/4" specimens, having carefully ground
surfaces, were tested as a simple beam 1/4"
thick and 5/8" span. These tests indicated
that good properties (specimens 660 and 623)
can be obtained over the whole length of the
specimen although it is difficult to reproduce
propertles from one specimen to the next.
Values of strength, hardness, and density which
were determined on the machlned specimens also
are tabulated 1n Table IV of the Appendix.

Metallography

Metallographic examination was conducted on
a number of the modulus specimens. Polishing
was difficult 1In the instance of the poorer
speclimens because they contained many areas
from which constituents were readlily removed.
Typlcal good and bad structures are shown

in Flgures 20 and 21. Examination under
oblique illumination shows the dark areas to
be holes, elther originally present as pores,
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FIGURE 20

Photomicrograph of 80% Titanium
Carbide ~ 20% Nickel. Flash
Sintered (Sample No. 660). High
Modulus of Rupture - Carblde
Particles uniformly distributed
in nickel matrix.

Etched with 10% Nital followed by
45% Ammonium Bisulfite solution

(Magnification 100 X)

FIGURE 21

fhotomicrograph of 80% Titanium
Carbide - 20% Nickel. Flash
Sintered (Sample No. T773). Low

N Modulus of Rupture - Carbilde
Particles non-uniformly
distributed.

Etched with 10% Nital followed by
454 Ammonium Bisulfite solutlon

(Magnification 100 X)
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or probably produced by removal of
titanium carbilde particles on polishing.
Since examination of the fractured surfaces
under magnification falls to show holes,

it 1s probable that there are few pores-

in the speclmens. Comparison of the
densitles of modulus specimens and the
original flash sintered cylinders from
which they were machined (see Table IV of
the Appendix) indicates that with a con-
stant sintering load, the center density 1s
lower than that of the original specimen,
In Figures 22 and 23 the structure 1is shown
at higher magnificatlion. The structure
appears to be formed of a mass of hard
polygonal particles bound together by a
much smaller total amount of matrix. A
core in the polygonal gralns appears to

be different than the outer layers (Figure
22, Jjust discernable). Very few of the
polygonal grains have assumed the
rectangular shape characteristic of
titanium carbide in conventionally
sintered materials, In the poorer spec-
imen, clusters of very small particles are
grouped about an area which has polished

as a hole, but originally may have contained
unsintered material. Examlnation of a
specimen sintered for 7 cycles at 12,000 1b.
load showed fine non-polygonal carbides
well dispersed in a matrix.
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FIGURE 23

Photomicrograph of 80% Titanium
Carbide - 20% Nickel., Flash
Sintered (Sample No. 773). Low
Modulus of Rupture - Carbide
Particles non-uniformly
distributed, '

_Etched with 10% Nital followed by
45¢ Ammonium Bisulfite solution

(Magnification 1000 X)
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FIGURE 22

Photomicrograph of 80% Titanium
Carbide - 20% Nickel. Flash
Sintered (Sample No. 660). High
Modulus of Rupture - Carblde
Particles uniformly distributed
in nickel matrix,

Etched with 10% Nital followed by
45% Ammonium Bisulfite solution

(Magnification 1000 X)




SECTION V
CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

The broad obJective of this investigation has been to develop
flash sintering as a means of producing temperature resistant
components (1.e. turbo Jet engine blades) to close dimension.
Specific attentlon has been directed to obtaining information
regarding the extent and areas of control necessary to produce
sintered specimens from powder mixtures of titanium carbide and
nickel. For purposes of appralsal, density, hardness, and modulus
of rupture values were taken and the microstructure observed. It
was initlally, and 1s still, thought that the factors which must
be considered for successful flash sintering will be identlcal for
all materlals. Depending upon the materlals chosen, however, the
extent of their contribution will have to be determined and sub-
Jected to appropriate control. Where specimens are to be produced.
from green or presintered non-conducting powder mixtures, an
additional parameter 1s involved and means must be found to
-establish initial current flow.

Our investigations of titanlium carbide - nickel mixtures have
identified the factors which must be considered in flash sintering
this materlal to a desired optimum property. Such scatter as occurs
in test results (e.g. modulus of rupture) does not, from the data
presented, seem to result from a single processing variable, but
may well be caused by many or the interaction of but few. It
has been assumed that Al-Si-Mag 35 lilners, which will always crack
due to thermal shock, are significantly responsible. It has been
observed, however, that many presintered specimens crack when
initially loaded over 2000 1bs. prior to passage of the sintering
current. Such cracks may present areas of high resistance and thus
during the sintering cycle cause metallurglical discontinulties and
possibly 1incipient cracks adjacent to such areas. Thus 1t 1s now
bellieved that such a condition may be of greater significance than
liner failure due to thermal shock.

The many factors which have been considered in connection with
the flash sinterlng process fall within slx general categories
described and appralsed as follows:

1. Procurement, Preparation, and Mixing of Powder prior
to Green Compactlng or Green Compacting and Preslintering

It 1s considered that the procedures followed are
adequate and are under control.

2. Green Compacting

Optimum conditions for green compacting have been
established by taking resistance measurements of
compacts. It has been assumed that compacts of the
same compositlon having close resistance values at
room temperature are substantially similar. Pro-
cedures are considered satisfactory.
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The following observations are considered pertinent:

(a) Compact resistance measured at room
temperature decreases with increased
pressure, rapidly at first then slowly.

(b) Resistance increases slowly, then
rapldly as the percentage of non-con-
ducting powder 1s increased in a
mixture containing a conducting powder.

(c) Identical compacts will have identical
resistance at room temperature only
under equivalent conditions of loading.

(d) Increase in relative surface of metal
powder tends to lower compact resistance.

Presintering (Apparatus and Control)

Presintering techniques are assumed to be adequate to
provide speclmens 1identical 1In quality as established
by density measurements and reslstance measurements
taken at room temperature. It 1s concelvable, how-
ever, that were resistances to be taken at varlous
increments of temperature, significant differences

in quality might be observed. Also micro-hardness
surveys and metallurgical examinatlon of presintered
specimens might disclose non-uniformities. Presinter-
ing for short periods of time substantially increases
the conductivity of green compacts, but increasing-
time has 1little additional effect.

. Flash Sintering (Sintering Mechanism and Control --

Processing)

The sintering mechanism 1is generally satisfactory
insofar as mechanical and electrical components are
concerned. It may be, however, that further
instrumentation 1s warranted 1f closer duplication
of metallurgical structure 1s demanded. For example,
it may be desirable to have information regarding
the actual loads 1mposed at each cycle during the
current pulse, Also 1t may be desirable to establish
the percentage of compact deformation at each cycle
during the current pulse. Additional observation
indicates that: '

(a) Minor improvements in sintering assembly
willl assure more precise alignment of
components during sintering.

(b) Improvements are desirable in pneumatic
controls.

(¢) Ram follow-up during sintering may have

to be improved 1f such 1s indicated by
further instrumentation.
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In processing it has been observed that:

(a) Al-Si-Mag 35 liners have far too greag
a coefficlent of expansion (8.7 x 10~
per °C) to be resistant to thermal '
shock. These liners crack irrespective
of the means of support employed.

(b) Al-Si-Mag 35 liners are not available
within the desired dimensional
tolerances, and their lack of concen-
tricity may also contribute to poor
performance.

(¢) Sintering currents at low voltage have
been passed through presintered powder
mixtures of metal-alumlina with metal
content as low as 30% cobalt - 40%
nickel - 60% molybdenum - 90% chromium.

(d) Special methods investigated to a
limited degree to ilmprove the conduc-
tivity of powder compacts high in non-
metallic content were proven to be
unsuccessful.

(e) The fact that compacts are of low
enough resistance to allow the passage
of a sintering current 1s no guarantee
that they willl completely sinter to a
desired metallurglcal structure.

(f) Equal energy inputs should produce
equivalent effects on identical spec-
imens if pressures are the same.

(g) Extension of heating time causes heat
to be lost to liners and wafers.

(h) Energy may not be distributed equally
over the length and diameter of a
speclimen,

(1) Cylindrical specimens .of titanium
carbide - nickel can be produced to
high density and to high uniform hard-
ness.

(j) To obtain maximum strength, densities
should be over 99%.

(k) It has not been possible, as yet, to
produce specimens of 80% titanium
carbide - 20% nickel composition to
uniformly high modulus of rupture values.
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(1) Considerable latitude can be taken
in the cholce of pressures and currents
required to flash sinter specimens to
high hardness and density. As pressure
is increased, the requirements for
electrical energy decrease,

5. Instrumentatlion

Such iInstrumentation as has been employed was con-
sldered adequate for the initial studies undertaken.
It 1s now apparent that further instrumentation will
be necessary 1f the exact causes for variation in
specimen performance are to be established. Means
must be taken to determine resistance changes and
load at each cycle during a pulse., It may also be
necessary to measure compact deformation during each
cycle of each pulse,

6. Methods of Inspection and Test

Such means as were taken to establish control over

raw materlals, mixling and blending, green compacting,
presintering, and flash sintering were, until

recently, considered adequate. It now appears that

if the scatter in test results is to be eliminated,
more must be learned about the integrity of presintered
compacts. Also more attention will have to be given
to the examination of metallurglcal structures pro-
duced as the result of various cycle settings.

B. Recommendations

It is evident that further investigations should be initiated
to establish the causes of variation experienced in specimens flash
sintered from presintered compacts of 80% titanium carbide = 204
nickel mixtures. The recommended areas of investigation include
the following:

1. Determlnation of the effect of liner cracking.

2. Determination of the effect of cracking of
presintered compacts under ram pressure prior
to the passage of current.

3. Determination of the ability of the mechanical
and pneumatic elements of the flash sintering
machine to assure adequate ram follow-up
during the sintering cycle.

Further instrumentation is indicated to establish the load and
resistance values at each cycle of each pulse as only by such means
does 1t appear possible to secure the information necessary to
answer the questions which remain.

It 1s strongly recommended that attention be given to the
significance of the metallographic structures obtained and that
an attempt be made to relate the structures observed with the flash
sintering programming chosen.

WADC=-52-106 49




It 1s suggested that after the 1nformation described in the
above paragraphs have been obtalned, steps be taken to investigate
problems assocliated with the flash sintering of specimens having a
geometry more comparable to the shape of turbine blades.
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TABLE

II

EFFECT OF METHOD OF POWDER BLENDING ON RESISTANCE
OF "F" CARBONYL NICKEL - -325 MESH ALUMINA COMPACTS

Powder Condition

Compacting Pressure

Condition of Compacts

As Recelved
50 ts1i

Sintered at 1100°C for 15 minutes
at temperature in hydrogen

atmosphere
Powder

Blending Dia- Relative Resist-

Composition Procedure Amp. Load meter Helght Density Densit ance
Method Time 1bs. 1n. 1n. g/cc icroOhms

Loz "F" Ni A 1 hr. 10 1000 .507 .375 3.59 T70.0 5770
60% A1503

B 1 hr. Readings over scale of meter

B 5 hr. Readings over scale of meter

C 1 hr. 10 1000 .492  .397 3.69 71.9 3970

c 5 hr. 5 1000 .494  .374 3,65  71.2 5280

C 16 hr. 3 1000 .ho4  .376 3.61 70.4 15,100

D 1 hr. 10 1000 .4g4 .379 3.63 70.8 3190

E 15 min. 10 1000 .493 .,373 3.67 71.6 4000

F 5 hr. 10 1000 ,493 .371 3.65 71.2 2970
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TABLE IT (Continued)
POWDER BLENDING PROCEDURES

. Method Charge .
Deslgnation Mixture Balls gSolvent Description
gms. ° gms. mli,. CClu
A (Standard) 50 none none = Mixed in rotating bottle with
wire to cause tumbling
B 50 4%3) none Mixed in #8 Porcelain Jar Mill
a
C 100 100 none " " " " "
(a)
D 100 100 70 n " " " 1
(a)
E 50 none 35 Mixed with spatula in 4 oz.
bottle
F 85 100 70 Mixed in #8 Porcelain Jar Mill

(b)

Notes:

WADC-52-106

a) Ceramic Balls
b) 3/4" x 1-1/2" Maple Rods
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TABLE III

TEST RESULTS OF FLASH SINTERING OF "F" CARBONYL NICKEL
AND "F" CARBONYL NICKEL « -325 MESH ALUMINA COMPACTS
Powder Mixing Procedures - Nickel Powder used as recelved. "F" Carbonyl
R Nickel - Alumina Powders blended by mixing for
5 hours in #8 Jjar mill with maple rods and carbon
tetrachloride as the liquid carrier,
Compacting Pressure - 50 tsi
Condition of Compact - Ag Pressed (green)
Wafers - Stainless Steel - 5/16" thick each
Ceramic Liners - Al-Si-Mag No. 202
Load Applied for duration of firing pulse plus 10 cycles
Average Length of Compact Before Flash Sintering - .375"
" Relative
Density
by
Specimen Heat Voltage Ram Measure-
No. Composition Setting Tap Time Load ment Behavior and Appearance
(Single Pulse) {eyclesT Tbs. .
344 100% "P" 2 1 5 2500 Slight amount of sintering. Some sticking
Carbonyl . of comPact to wafers.
3“5 Nickel u 5 L) i} n n " " "
3U6 6 5 Slight amount of sintering. Some com-
pression of compact.
347 8 5 Sintered, Compression of compact with
pronounced sticking to wafers,
348 4 15 Substantlally complete sintering pro-
e ducing ductile compact under hammer.
blow. Considerable sticking to wafers.
352 80% "F" 4 1 6 2500 T76.5 Little sintering due to insufficient
Carbonyl heatlng.
353 Ni ckel - L‘ 8 77. 1 t il n " " n ”"
354 20% -325 4 8 76.4 Partial sintering due to insufficient
Mesh Alumina heating. No sticking of compact to wafer,
351 4 10 Expulsion of some of the material.
358 4 12 Expulsion of materlal. Considerable
sticking of flash sintered compact to
wafers.
350 4 15 Expulsion of substantlally all of the
: material.
355 5 8 81.2 Some sintering. No sticking to wafers.
357 3 8 93.5 Sintered. Some sticking of compact to
wafersﬁ
" L " " L] "
gg? g g 5400 g,]; * Z " n " " " " "
360 T 8 Sintered, Considerable sticking of
compact to wafers.
363 2 20 8000 95.4 Some sticking of compact to wafers,
362 6.5 8 94.5 Sintered, Some sticking of compact to
wafers.
364 10 5 Violent expulsion of material.
402 50% "F" 2 1 30 8000 79.2 Partial sintering with slight compaction,
Carbonyl Insufficient heating.
414 Nickel - 6 15 Conduction at single point.
416 50% =325 6 16 Expulsion of material.
415 Mesh Alumina 6 17 93.4 " " " "
381 6 21 " n n "
Loga 7 10 78.5 No Sintering. Slight compression of
compact,
410 7 11 81.0 Little sintering due to insufficient
heating. Some compression of compact.
382 T 11 79.0 Little sintering due to insufficlent
heating.
383-411 7 13 90.0 Appreciable sintering of compact.
ule -' lu 93 . 6 " L . n n " "
409-413 . 7 15 Some expulsion of material,
380 7 21 Expulsion of material
408 7 25 " " " n
Yu6-4u7 8 9 91.5 Sintered.
319 8 10 89.3 " "
Ly 8 12 Expulsion of some of the material.
386 8 16 Expulsion of material,
378 B 21 " " " "
373 9 5 No appreciable passage of current,
: Insuffilclient heating.
376a 9 8 Some sintering. No sticking of compact
to wafers.
375-3717 9 9 Sintered,
376-404-407
i3 g 12 Expulsion of"mater%al.
{(Two Pulses - 2 cycles dwell
between pulses
nzy 9-2 1 8-3 8000 89.1 Partial sintering, I
. . Insuffici
420 9-2.5 8-10  Expulsion of.matgrial. ent heating.
“:18 9-3 -3 94.0 ' Sintered,
19 9-3 8-5 " Uneven distribution of heat through
%0 T . . compact.
1 9-9 12-12 Severe expulsion of material.
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- Specimen Plash
No. Composition Sintering Setting _ Tap

TABLE ITT (Continued)

TEST RESULTS OF FLASH SINTERING OF "F" CARBONYL NICKEL -
~325 MESH ALUMINA COMPACTS

Powder Mixing Procedure -~

C: et Preagure -
Condition of Compact -

Wafers -
Ceramic Liners -
Load Applied for duration
Average
Length of

Compacts
Before

Time  load - ment
{cycles) Tba. —
(Single Pulse)
475 50% "P" .259" 5. 1 8 8000
476 Carbonyl 5, 8
474 Nickel - 6 -8
473 508 -325 6 12
Mesh Alumina
421 .375" 2 1 6
449 2 22
450 2 25
451 4 30 98.3
452 2 35
443 3 26
370 n 9
4 17
338 4 19 98.3
4 4 20
4y2 4 21
443 4 2z
434 5 14
437 5 15
ﬂgﬁ 5 15
435 5 16
326-371 3 9
430 6 10
431 6 11
uga 6 12 97.6
45 6 12
45 6 12
43 (3 13
us% 6.1 12
455 6.3 12
25‘* 67.5 15
27
429 7 9 97.8
428 T 10
424 8 7
425 8 7
426 8 8 9.5
23% g §, 97.5
9
365 9 9
(Two Pulses - 2 cycles
bvetween pulses)
4sg .375"  5.8-2 1 12-6 8000
460 5.8-2 12-7
461 - 5.8-2,5 12-7
462 5.8-2.7 12-7
458 5.8-3 12-7
’ i} (Single Pulse)
463 375" 6 5400
6.1 12
:gg 6.4 12
471 6.6 12
472 6.8 12
466 6.4 1 12 2900
46 T 12
2 12 i
‘t'rg : 12
612" 6 1 18 8000
piss ¢ 28
481 6.2 25
(Two Pulses - 2 cycles
between pulses)
478 612" 6-6 1 18-18 8000

Heat

Blended by mixing for 5 hours in #8 jar mill
with maple rods and carbon tetrachloride as

the liquid carrier.
£0 tsi

Sintered for 15 minutes at temperature of

11009C in hydrogen

Stainless Steel - 5/16" thick each

Al-81-Mag No., 202

of firing pulse plus 10 cycles
Relative
Denslty

by
Voltage Ram Measure-

Behavior and Appearance

Sintered.
L "

Mild expulsioﬁ of material,
Complete expulsion of material,

No sintering. Insufficient
heating.

Partlal sintering. Insufficient
heatin%.
n " " "
Compact appears substantially
sintered.

Expulsion of material.

Slight expulsion of material.

Not sintered. Insufficient
heating.
§1nterﬁd.

" "

81ight expulsion of material,
" n L ”" L]

Sintered., Compact shows
horizontal parting line.
Sintered,

Sintered with mild expulsion
of material.
H " n n ”
Not sintered. Insufficlent
heating.

Sintered, Compact shows
Eorleﬁtal pﬁrtingnline."

Sintered,
" L]

Sintered with mild expulsion
of material,

Expulsion of material,
Sintered with mild expulsion
of material,

wild eﬁpulsiﬂn of Tateriﬁl.

Partially sintered,.

Sintered. Compact shows
horizontal parting line,
Violent expulsion of material,
Not fully sintered. Compact
shows horizontal parting line.
Sintered.

Sintered with slight expulsion
of material.

Sintered,

Slight expulsion of material,
Expulsion of material.

Not sintered.
" " n

Sintered, .
ﬂlld eﬁpulsign of ﬁateriel.

Not sintered. Insufficient
heating, .
§1nterﬁd.

n "

Slight expulaion of material,

Not sintered. Insufficient
hentinﬁ.
L L] n "
Partially sintered.
Sintered,

Mild expulsion of material,
Compact split horizontally.

Not sintered.

Sintered. Slight expulsion of
material,

Slight expulsion of material,

Not sintered.

Note: Samples are arranged in order of increasing
heat and/or time within each group.
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TABLE IV

TEST RESULTS OF FLASH SINTERING OF 80% TITANIUM CARBIDE
- 20% "F" CARBONYL NICKEL COMPACTS

Powder Mixing Procedure

Blended by milling 300 gram charge for 24 hours in
a 5" diameter x 5" long steel ball mill using 3 pounds
of 5/8" diameter steel balls with 1% added lubricant
(paraffin except as noted) and carbon tetrachloride as
the liquld carrier. Dried, milled powder used for prep-
aration of compacts.

Compacting Pressure

50 tsi
Nominal Compact Diameter

1/2"

Condition of Compact

Specimens No. 643 through 654 sintered for 5 hours;
all other speclimens sintered for 1 hour at a temperature
of 1100°C in hydrogen. Specimens No. 513 through 546
sintered in steel boat. All other speclmens sintered in
closed carbon boat.

Wafers
Tungsten 5/16" thick each

Ceramic Liners

Al-Si-Mag No. 35
Load Applied

For duration of flring pulse plus time indlicated
under hold time. '
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8%

TEST RESULTS OF FLASH SINTERING OF 80% TITANIUM CARBIDE
- 20% "F" CARBONYL NICKEL COMPACTS (1 HOUR PRESINTER)

Single )
T > Pulse g
g n ~ : E
0 - =3 a — (7]
RN =) m o
[0 i] [ 1] (] V] ~ o~
R O ] — 0 W o]
[o =%+ (4] ] — Q [} O 2]
ta Ea S —~ <~ — 5 o oo Q
4] 00 + <% . )] ~ [5) (3] ol =1
§ 85 % § i gk < 5 AL %
5 ST n -l [ ST o O Q, g [V] ~ o @~
-4 OB~ QO ~ 03 @ g Q0 oo
Abd « = o oNlo B B B o =0 A
<] ok g n o o £ K » & g S -
Q 4 ot 5 5] GSEO O O ol b —
E dgo~— o L Q Pdd W © % & o o
- £l b £~ o nE E o i 2
(4] - o O -t Q o N~ P + Ll Lo [ =2 —
o EQc E g £ 0 ¥ A w I — £ . o <
=9 of ] o Q < o - o g« o
&Ml =z = = K~ B m ok E / ~ T ached Behavior and Appearance
g/cc
513  .390 4,76 1 8000 1 6.6 7 9 5.27 96.3 Sintered
515 6.8 7 9 3.23 gS.G Extrusion
511 7.0 7 9 .87 89.0 "
512 7.0 7 9 "
516 7.2 7 9 5,31 97.1 Expulsion of material
514 7.4 7 9 5,34 97.6 Extrusion
529 . 380 4,76 3 8000 1 7.0 14 4 Not sintered
530 7.0 18 4 Partially sintered
528 6.5 20 4 Extrusion
534 6.2 22 U4 Ends sintered. Center only
partially sintered
533 6.6 22 4 Minor extrusion. Center only
partlally sintered
532 6.8 22 4 Extrusion
531 7.0 22 4 " and expulsion of
material
553a 410 P 3 8000 2 8,0 14 &4 Not sintered
555 8.6 14 4 Partlally sintered
558 8.6 14 &4 Ends sintered. Center only
partially sintered
557 8 14 14 Expulsion, Center only
partially sintered
556 8 . 8 14 u " 1 1" " L " "
55” 9 . O 14 4 " n " " n [} " n
s42  .390 4.7 3 8000 710.0 T 4 73-83 Sintered. Center flaw on
cutting. (Sectioned hardness
Ry 75-87)
544 8 8,0 7 4 Partially sintered
549 8.3 7 &4 Extrusion
546 8.4 7 &4 Ends sintered. Center only
partially sintered
548 8.4 T &4 Violent extrusion
545 8.6 T 4 75-87 Mild expulsion. éSectioned
hardness Ry 80-87)
547 8,6 T &4 Mild expulsion
543 10.0 7 &4 Violent expulsion
551 410 5.0 3 8006 8 8.0 7 4 84-87 Sintered
552 8.1 7 &4 8o-70 "
553 8,2 7 4 " Crack in specimen
552a 8.& 7 u " " " "
614 .640 T.4 . 2 U100 3720 2 8,8 15 9 Partially sintered
617 3300 9,0 15 9 Extrusion and expulsion of °
materlal
618 3600 9.0 15 9 5.41 98.9 83-86 Sintered e
619 3520 9.1 15 9 5.27 96.3 85-87 Blistered. Shrunken 1
diameter .
615 3600 9.4 15 9 5.37 98.2 83-86 Incompletely sintered
616 3450 10.0 15 9 5.23 95.6 85-85 Sintered
628 . 700 8.2 3 4100 7400 8 8.6 17 9 5.34 97.6 85-85 Sintered
629 5400 8.6 17 9 5.31 97.1 86-87 " Some porosity
631 5200 8.6 17 9 " )
630 4600 8.6 19 9 5.34 97.6 86-83 Expulsion
NOTES:

) (1) Samples are arranged in order of increasing heat
and/or time within each group.

(2) First hardness value - center of compact;
second value taken at ends,
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TABLE IV (Continued)

TRST RESULTS OF
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U T T T TTeees. T T T
5.0 3 8oop 1 6.0 1& 5 6.0 16 g
60 1 60 15 9
60 16 6.0 1. 2
60 16 6.0 16
6.0 16 5.7 15 %
6.2 16 57 15 9§
6.4 16 5.7 15 9
cyeles
8.4 3 79002000 B8 4,0 16 2 S50 10 36
aecs,
5.0 6600 6.5 16 3, 6 1
: & 238 B 3
T.2 16 56 15 3
T.8 16 50 15 39
8,76 3 6600 1 7.4 16 35 55 15 9
B
LS I 22 083
8.4 3 63”?388 8 ;g 1% 35 1.0 1 H
B.a 6200 %00 8 6.6 1 T 3. 16
? 3600 6.6 12 3 33 16 3
3200 6.6 15 35 16 9
3400 66 15 35 16 9
SK00 6.6 15 3.5 16
4000 6.6 15 3.5 16 3
3800 6.6 1 5 16
3800 6.6 Jg 3.5 16 3
3500 6.6 15 3.5 16 3
3800 6.6 15 3.5 16
3400 6.6 15 3.5 16 3
3600 .6 15 5 1
3800 .6 15 bt
F 31
° 3600 KA 5
3800 .8 15 5 1
3500 9 25 1
500 9 15 50
100 9 15 51
5000 9 15 bt
4000 9 7 5 1
3800 .9 20 1
3k 9 15 . 1
5000 215 5 1
£200 2 15 T
5600 2 15 W0
a8
8.4 3 6200 4400 B8 2.0 19 :,., 5.0 6 9
400 5 19 50 6 9
aecs.
8.8 3 62003700 B8 3.5 15 3.7 6.9 16 9
8.4 3 6200 A¥OO B 3.5 16 3.5 6.8 1
5000 516 .8
4200 .5 18 .8 1
4200 516 .8 1
4000 35 16 .9 )
1
8.4 3 62003200 8 50 19 :".;.o 6 9
2600 5.0 19 60 6 9
3800 5.0 19 65 6 9
3200 5.¢ 19 65 6 9
4000 50 19 7.0 6 9
3600 s0 19 70 6 3§
2800 5.0 19 7.0 6 H
3000 5.0 19 7.0 &
3000 50 19 7.0 6 10
3000 5.0 19 7.0 6 11
3400 5.0 19 T4 6 9
3600 5.0 19 7.8 6 ¢
00 5.0 L 6 6
4600 50 xg s & 3
3600 5.0 13 8.2 6 9
3600 5.0 19 82 6 5
3600 .0 1 8.2 [
zggg g.o 13 86 6 3
5.0 13 8.6 6 2l
3600 5.0 19 8.6
3800 50 19 9.0 2 S
necs
8.4 3 62003600 8 6.5 16 3.5 3.5 15 9
3600 6.7 16 5 15 9
400 6.7 16 35 15 9
5000 6.1 16 35 15 9
5000 6.7 16 3.5 15
200 6.9 16 35 15 g
7.5 2 a0 194 16 3.5 3.8 15 9
. 9.h 16 3.g 15 9
94 16 38 15 9
9.4 16 3.8 15 39
500 9.8 16 3.8 15
4550 9.4 16 38 15 3
2530 .9k 16 38 15 9
5.0 3 Moo 1 96 16 3.5 3.0 15 9
9.6 16 2.8 15 9
9.6 16 .0 15 9§
9.6 16 4.0 1
9.6 16 5.0 :g g
9.6 16 506 15 9
8.4 3 4005400 8 3.0 16 3.5 8.4 1
! 30 16 8.6 1% 3
4600 4.0 16 8.0 15
& 8.0 16 56 15 ;
8.6 16 51 15 9
6200 8.9 16 28 15 9
5200 8.9 5.0 15
8.9 16 A 15 9
5000 8.3 g.o it

n order of unmnu heat
T time of lst. pulu within sach group

(2) cirvowax Wo. 400 {Union Carbide and-Carbon
Sorporation) used as powder lubricsat instead of
peraffin in Sasples Mo. 570 through 579,

3 lm»uuto transverse rupture tests were run where
was of sufficient length.
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Rockwell Hardness
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83-87

85-83

82-81
85-85
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ot
83-87
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81-81

81
80-81
80-82

B0-84

&5

86-85

83-86
85-85
B5-85
78-85

73-80

83-85
8165

08687
2

i85
83-87
85-89

A.Ml! sxmtm orP M T’I'I‘MUI CARBIDE
L COMPACTS (1 HOUR PRESINTER)

Transverse Rupture

Specimens
>
H
14
¢ -
: 8 i
B = 8
g B %
wZ b3 E
) <
-
87 2 v
=% - i
30 % —
= £ 3=
Behavior and Appearsnce § 2 2£
wee BT

Partially sintered
Sintered, Broksn in center
Split specimen
Minor expulsion. Crack in liner
Sintered, Cracked on ejection
Split in center
Rxtrusion. Cnelud liner

Sintered 74,000 5.37 98.2 B8-89

Not sintered
1 "

Broken in oenter
Sintered

Expulsion
Sintered
!!t:ﬂlon

Sintered
Bxpulsion

Sintered
s . Slight extrusion
" g
" M " . Badly
cracked liner
Sintered 55,700 5.40 98.7 80-86
Extrusion, Broken during
extraction from die
Rt S bt S
Sintered 67,000 5.42 99.1 84-86
Extruaion. Due to loose fit in
iiner
Sintered
Slight extrusion, Broken on
ejection
Sln&.ﬂd
»
" Some extrusion
Parsial cxtmion Broken on
#«jection
Partial extrusion
Sintered
Expulaion of material
fartially sintered
Sintered, Ends only partially
eintered

Expulsion

" . Cracked specimen
Partial extrusion. Porous apecimen
Sintsred. Liner broken

Y
888
an
28R
g2s

38,600 5.33 97,4 B6-67

62,000 5.47 100 =
5.23 95.6 gg-%
Partial extrusion

Not sintered
" ]

Viclent expulsion with arcing

Wot sintered

87,000-80,000 5.38 87-88
87-89

Sinﬁtnd
. 143,000-173,000 5.39

Not sintered. Only slightly
comesied L x W v

Partizily sintered

. Folds lengthwise E“‘aw 5.39 98.5 89-B9

in compact 83,100
Partlally Iimnd
. Broken on
hamesr b
Sintered, Pormu. Ends soft
Not sintered
Slntlnd Ends ”xt 56,700 5.37 98.2 83-84
.
" . h)d. lqmmu in 84,500 5.40 98.7 86-88
ot T 5.35 97.8 B5-87
{7355
PIrElllli I\nEeNd
* " . Broken at
11ght hammer blow
Sintered 3 87.% 5.37 98.2 85-87
116,000
Expulaion

Sintered. Broken at joint
Mnor expulsion through crack
in liner

Expulsion

Blistered

Center sintered. Knds only
partially sintered. Too cold
Centar sintared. Bnds ups

121,000 5.40 98.7 B4-86

4,500 5.41 98.9 68-83

58, 500
Sintered 3 5.42 99.1 67
nare 71,600
- . S11ght extrusion at
endsy 62,300 5.37 98.2 88-88
R

Expulsion of material
Si.h?!‘d

Partially sintered
Sintersd. Bliatered
Sintered. Ends soft
. . Broken by nammer
blow
Siftered. Bulge at center
-

. 3ome bulging
Sintered. 3ome bulging
. . Partially bulged Esa.soo 5.28 87-87
74,900
cnnsar D“:Mlnd
Sintered 88-88
" . Some bul, :e
ot &g o ar7-8y
sintered. Mowsh surface 87-89
Bxpulsion

5.36 98.0 (Specimen cracked)
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|Spec1men Number

(in.)

Before Flash Sintering
Nominal Weight
(gms.)

Nominal Length .of
Presintered Compacts

-3
n
o

.720

720

. 720

.720

8.4

8.4

4.2

8.4

8.4

INumber of Compacts Used
(micro ohms)

Resistance of Asaembly

IRam Load (1bs.)
(At Ram Load)

3 12000 3200
3400

1 6200 3000

2 6200 3000

3000
3 3300 5200
4800
5400
6400
4900
4800
5000
5400

1 6200

NOTES:

TABLE IV {Continued)

TEST RESULTS OF FLASH SINTERING OF BO% TITANIUM CARBIDE
- 20% "F" CARBONYL NICKEL COMPACTS {1 HOUR PRESINTER)
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|Heat Setting (1)

|Voltage Tap
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7.4
7.4
7.8

W |F1ring Time (cycles)

|Hold Time (cycles

Density (by Displacement)

(5.47 g/cc = 100%)

Behavior and Appearance

13

N
o
o

AGIASA0) ]

[~
V&0
\D\O\D

%

0 o

o

Not sintered

Not sintered

Not sintered

Center sintered. Ends soft
Center blistered

Center extruded

Not sintered

Not sintered

Sintered EM;
Sintered (4
Expulsion
Vielent expulsion

Not sintered
Not sintered
Sintered. Split in center

Sintered, Split in center
Sintered

Sintered

Sintered. Split in center
Sintered. Split in center
Sintered. Split in center
Sintered. Partial extrusion
Sintered. Split in center
Sintered

Extrusion

Expulsion

Extrusion and expulsion
Soft ends. No wafers
Sintered, 3Split in center
Sintered center. Soft ends
Sintered. Center split
Sintered. Center aplit
Sintered

Sintered

Sintered. Blistered
Extrusion
Extrusion
Sintered
Sintered. Blistered

Not sintered

Center sintered. Ends soft
Sintered

Center sintered, Ends soft
Sintered. Frilable

Not sintered

Sintered. Friable
Sintered. Friable

Violent expulsion

"Siconl' coated (2). Eroded brass
liner at wafers

"Sicor' coated. Eroded brass liner
at wafers

A120€ / EC969 coated (3). Compact
80ft but could be ejected

Harder than Compact 804, Otherwise e ————

the same

Same coating. Soft on outside and
ends. Good in center

Same coating., Extrusion

(1) Samples are arranged in order of inecreasing

heat and/or time within each group.

(2) "Sicon" Plastic - Midland Industrial Finishes
Company.

(3) EC-369 Plastic - Minnesota Mining & Mernufacturing
Company.

(4) Transverse Rupture Specimens

Specimen
No. 880

Specimen
No. 881
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Specimen
paraffin

PRESINTER)
1ot 2na -

b‘pu Pulse F]

1
Ty 3. i
3 k i1 g% :
2 £ 2 3 A%
< = B B
a g 3 E ~— B !
£ L i3 0y &
- - 8 } ::
? LI [ ] w @ »

P B |
o @« ¥ g w = 3 a2 Bx
£ 2 & 8 2 T 2 AL 2E
- _e,_nYn_ — = ﬂcc ,

8 100 5 2 20 25 56

0.0 7 1.0 45 56

0.0 7 1.0 45 56 5.8 9.5

0.0 7 2.0 B2 % 5.2: gg.s

0.0 7 20 25 5 5 .7

0.0 7 4.0 5 5 532 971.3
B el ® Bl & s ems sy

8o 16 50 10 6 5.'20 987  89-85

4.2 10 5.6 15 &4 5.38 98.4 83-86

4.2 10 5.6 15 64 5.29 9.7 83-89

4.2 10 5.6 1! 64 S5.42 99.1 84-90

a2 10 56 15 64

42 10 57 15 64 543 99.3 80-87

a2 10 57 15 64

&2 10 5.7 15 68

10 57 15 64

4,2 10 51 1 64 5,42 .1 83-88

A2 10 5.7 15 64 539 98.5 8-

4.2 10 5.7 15 & 5.“3 99,3  84-87

a2 10 6.4 15 64 5. 99.5 79-83

a6 10 56 15 6k

6.0 16 2.6 15 64

6.0 16 2.6 10 64

6.0 16 2.6 10 64

6.0 16 2.6 10 6k

€0 16 3.0 10 6k

.0 16 32 10 64

6.0 16 36 10 6k

secs
8 3.5 15 3.1 40 18 23

B4 83

5 15 5.2 18 23 5.0 98.7

gg 15 5.6 18 23 541 989

3.5 15 s.6 18 23 5.0 98.7

3.5 15 s.6 18 23 5.43 99.3

35 15 56 18 23 5, 9.9

3.5 15 56 18 23 542 .1

BE BEL oo

35 15 OB % R Bl

3.5 15 18 23 5.4 99.5

.5 15 .8 18 23 S 98.4

gg 15 o 18 @3 5.23 98.7

5015 0 18 23 s.a2 991

g.s 15 60 18 23 538 a.h

! 0 18 2 & .

e g8 00 o

35 15 &5 18 2 3y &l

3.5 15 6.9 18 23

cycies
8 A0 16 2 50 10 64

4.0 16 5g 2 64 5.39 98.5 65-88

5.0 16 .8 1 6

9 16 6.8 64 82-89

0 16 4o 10 6k

6.0 16 40 10 64 5, 98.2 84-85

6.0 16 40 10 64 5. . az-gz

6.0 16 50 10 64 5. 99.1 B~

6.0 16 4.0 10 64

6.0 16 4,2 10 68 538 984 7883

6.0 16 5.8 7 64

6.0 16 58 71 64

6.0 16 5.8 7 64

6.0 16 58 7 6

secs .
8 7.215 3.8 3.5 16 10

7.6 15 35 16 10

7.7 15 3,5 16 10

7.7 15 3.5 36 10 529 9%.7

cycles

8 42 10 2 56 15 64 54 9.1 BI-8
Fulse .
Pulse
8 ha 15 2 o 10 68

4 15 & 10 64 5.43 99.3

L ig 5 10 g .. .

510 .

A8 15 2 10 6 23 %Z

48 15 6 10 64 525 gz

48 15 6 10 64 .9

4.8 15 6 10 68 5':2 9.1

48 15 € 10 64

A8 15 6 1o & 535 9.8

& 15 6 10 &4 5.h2 93.1

&8 15 6 10 68 5.29 98.5

48 15 7 10 64 35.87 1000

4.8 15 6. 10 & 5.32  97.3

4.8 15 6.3 10 64

%8 13 .9 10 a s s

8.8 1 .9 10 . 5

I8 13 3 16 & 3 96.;

88 15 0 10 &k s.? a7.

4.8 15 .1 10 64 5h3 993

8.8 15 2 10 6k

a8 15 2 10 64 5.0 98.7

4.8 15 .3 10 6 5.28 98.5

4.8 15 .3 10 & 5, 9.7

8.8 15 3 10 6 5 99.2

48 15 5 10 64 5. %

4.8 15 g 10 64 5.39 .5

A8 15 B 10 64

5.0 15 0 10 64

BE OHBE sw oo

50 15 66 12 64 )

5.0 15 .0 10 64

5.0 15 .0 10 68

30 13 SR a

5.8 15 0 10 6

LD iV

{vonwinueq,

TEST RESULTS OF FLASH SINTERING OF
80% TITANIUM CARBIDE - 20% "F"

CARBONYL NICKEL COMPACTS (1 HOUR

r of incressing

are arranged in
't and/or time of 1st. p\u.n within eagh

were run

Paraffin added to carbon tetrachleride

sarrier before milling in all cases exeept
wos, 856 865 for which

added after milling and before

Transverse Rupture

(2)

(pe1)

b
jmnney (by Displacement)

Behavior and Appearance

Modulus of Rupture

Not sintered
Sintered. Extrusion through liner cracks 56,700
Sintered. Priable

58,000

Not sintered
Ends not sintered 65
Sintered 3

Sintered, Center rough 8u,
Sintered

Ends not sintered, Center rough
ov'rmned Cracked on approval
Sintere 77,600
snnureu. Friable -
Sintered. Priable

Sintered. Priable

Sintered, Enda not sintered
3intered. Center rough. Cold ends 75,200
Slight extrusion

Cracked liner. Jintered

Broken on removal from holder

Broken on removal from holder

Broken on removal from holder

Bxgrusion

S1ight extrusion. Broken on hammer blow

811ght extrusion. Broken on hammer blow

Not sintered
Not sintered
Not sintered
Sintered

Sintersd 63,
?sv,%

Sintersd A

Sintered
Sintered, End broken on hammer blow

Not guite mintared. Broken on hammer blow
Sintered. Broken on hamser blow
Sintered. Broken on hammer blow
3intered. End chipped on hammer blow 90,000
.102,200
92,500
sxntend su;n: flow hole on end. Broken

slntend. m-olnn on hammer blow

Bxtruded through fiow hole 59'383
5
Sintered, Broken on hasmer blow
Expulsion 118,000
5500

Sintered., Broken on hammer dlow

Sintered

Sintered, Brokwn on hammer blow

Sintered 110,500
101,900

Violent expulsion

Mot sintered

sintered 4,000

Sintered, Broke on removal from holder

Ends not sintered 77,000

Sintered. Liner cracked

Sintered 50,600

Extrusion through cracked liner 112,000

Sintered o4,
63,500

Broken on removal from holder

Sintered, Some expulsion near snd of heat
Ends sintered. Center rougl

Some sxpulsilon. Crecked liner

Ends not sintered

Singered. Mild expulmiom

cnck-d. Partly sintered
Sintere

crlcked Viient expulaion
Violent expulsion on first pulse

Sintered. Center rough

Mot sintered

Sintere:

Ends fairly sintered. Broken on hammer blow
Rxtrusion

Sintered

Ends not fully sintered

S8intered. Broken on hammer blow

Extrusion. Broken on machining

Sinterad 48,500
Sintered

l.ndl mt fully sintered. Broken on hammer

lxtmion Brokwn on machining
Not fully sintered. Broken on hammer
blow

Sintered. Broken at glassy sxtrusion
Sintered ua
Sintered

. Extrusion in proken liner

. Ends not fully sinterec

. Cracked 1n center. Soft enda

. Broke with aifficulty

Ends sintered. Center blistered. Glassy
extrusion. New liner stuck

Not sintered

Very mild sxtrusion 62,000
Rxtruded at end of last pulse. Specimen
eracked
Extrusion
Cracked specimen
Expulsion. Glas:
Not sintersd
Cold .MI = hot center. Extruded into liner
erack

axtrusion
extrusion st break

5.
5.39
5.39

5.38

5.37

5.40
5,28
5.37

5.36
5.36

2%

5.33

e
555 4y bagE
288 B8 9882

5.36

98.0
98.5
58.5

98.4

96.2

587

96.5

98.2

98.0
98.0

?57

63,400 5.37 98.2

97.5

G50 MR meoo
IFT 37 3939

Rockwell Hardness

(Ra)

4

3

88

B6.5

88.5

89-90

Ginin

w

g



