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ABSTRACT

A powder-metallurgical molybdenum alloy was developed which, in
wrought form, has properties as good as or better than those of
arc-cast Mo=0.5Ti. The alloy, Mo=0.5Ti=-0.03C (MTC), was selected

after screening 15 molybdenum-alloy systems.

Process specifications for 4O-mil MIC sheet were developed. 1In
the as-rolled condition the sheet has an ultimate tensile strength
at 1200 ¢ of about 60 ksi. It 1s approximately 504 recrystallized
after one hour at 1210 C, and i1ts ductile=brittle transition

temperature 18 below room temperature.

MIC seems to be responsive to strain-induced precipitation
investigators to certain arc-cast molybdenum alloys. Sintering
at »1850 C 1is necessary to develop the best properties in MIC

sheet.

A process was also developed for rolling molybdenum powder directly
to sheet. This work was summarized in a report issued March 31,

1961, and is not discussed further.
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1.0

When contract NOas=60-6018-=c for the development of improved
powder-metallurgical molybdenum sheet commenced, arc-cast
molybdenum alloys for high-temperature load-bearing appli=
cations were already in an advanced state of development.
Arc=cast molybdenum alloys with ultimate tensile strengths
above 50,000 psi at 1200 C existed. No powder-metallurgical
molybdenum alloy of comparable density came close to

achieving that strength.

The powder-metallurgical approach to high-temperature
molybdenum alloys has several inherent advantages. It 1s
shorter and therefore less expensive than that of arec=casting.
By the former process the volatilization of alloy constituents
18 less. Therefore, it was envisioned that the powder-metal-
lurgical approach could result in substantial gains in the

technology of molybdenum and its alloys.

The original objectives of this contract were:

a. To investigate and develop alloy compositions and
processing conditions for the production of molybdenum-
alloy sheet with improved properties and quality.

b. To determine the feasibility of rolling molybdenum sheet

directly from powder.



¢. To produce 8000 pounds of the alloy sheet in various sizes.

The degree of improvement to be obtained in the properties and
quality of the alloyed sheet was not specified. However,
during the contract the Material Advisory Board's Refractory
Metal Sheet Rolling Panel recommerded target properties for
fabricable molybdenum-alloy sheet (see Appendix I). These

recommended properties then became the inferred goal of
Sylvania's program. It soon became evident that the develop-
ment of a powder-metallurgical alloy with properties approach-
ing these targets would involve a major developmental effort.
The objectives of our program were subsequently modified by
the Bureau of Weapons to exclude the production of all but a

sample quantity of sheet.

Work under contract NOas 60-6018-¢c was conducted from
October, 1959, through September, 1962. Seventeen interim
reports were issued. The contents of those reports are
outlined in Table I as a guide to the details of the entire

investigation.

This final report summarizes our work leading to the improved
powder-metaliurgical molybdenum-alloy sheet, Mo-0.5T1-0.03C.
Our work on the rolling of molybdenum powder directly to

sheet appears in a prior summary report.
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2.0 EVALUATION OF BASE

_MATERTALS
To measure our progiress in the development of a suitable
powder-metallurgical molybdenum alloy, we initially
determined pertinent properties on commercially avallable
materials using our testing facilities and methods. We
sélected 40-mil unalloyed molybdenum sheet produced by
powder-metallurgical techniques at Sylvania, and 40-mil
arc-cast Mo=0.5T1 sheet produced by four suppliers. We

aluated the sheets for composition, strueture, recrystal-
lization temperature; tensile properties, and ductile=brittle
transition temperature. Our testing procedures, outlined in
Appendix II, generally followed those in "Recommended
Procedures for the Testing of Refractory Metal Sheet Material",
issued by the Subpanel on Standardization of Test Methods,
MAB Refractory Metals Sheet Rolling Panel.

Our evaluation of the two base materials appears in Table IT
with correspondlng values from the literature for arc-cast
Mo-0.5T1 sheet. Our carbon, oxygen, nitrogen, and hydrogen
analyses of the arc-cast Mo-0.571 sheets agree well with those
reported in the literature. Qur values for the recrystalli-
zatlon temperatures and 1200 C tenslle properties are somewhat

lower than those reported in the literature, whereas our

room-temperature strengths are somewhat higher.



TABLE II
PROPERTIES OF 40-MIL BASE SHEET

p Qﬁdxef‘ =Met,
Molybdenum(2) _Arc-cast Mo=0.5T1
Sylvani? : a ,_M;:‘ 1Te
rop _Values(b) Values(b)(c) Values
Composition, ppm 7
Carbon 21(=23) 280/(4 100-400(8)
Oxygen J242s 28 44 2518
Nitrogen 38(23 1444 20(8
dydrogen 4 (2s 5(¢ 5(&
Recrystallization o S N
Téemp., C 1010-1035(22)  1370-1220(¢)  1200-1315(f)

(50% in one hour)

Ductile=Brittle . i
Transition <=75(s) ~42(4)
Temperature, C( )

Tensile Properties(d)

C .
528, ket la7(2s 128(4) 110(e)
¥s,0. 2% offset,ksi 1023 104 (¢ 955?3
Elongation; % 10 1504, 221e,

980 ¢ ,
UTS, ksi Es & - -
YS,C.2% Offset,ksi C\y8y - -
Elongation, % 10\e - =

1095 C ,
U7s, ksi , 18(2) - 58{e
Y5,0.2% Offset,ksl 14{l3 - 52(e
Elongation, % 3112 - 11(¢€

1200 G B ,
UTs, ksi 12(2) 33f4§ y5(e)
YS,0.2% Offset,ksi 6§?§ 25 (¢ 42 e;
Elongation, % 312 13(*) 151e,

1315 ¢
'Ugs, ksi - - 20(f) ~30(e)
Ys,0.2% Offset,ksi - - 10?f)
Elongation, % - - 20(f)

a As-rolled.

b Numbers in parentheses indicate the number of sheets evaluated to

determine values.

¢ Stress-relleved.

d Longitudinal properties.

e Levy, A. V., "Use of Refractory Metals in Air-Breathing Engines",

Refracto;y Metals and Alloys, Interscience Publishers, 1961,

Mol~bdenum-Base Allo s, Climax Molybdenum Company or M j;gan,
’ Tt 59-280, October, 1959, page 83, specimens
1597, 1622 and 2527.
g Climax Molybdenum Company of Michigan, Specification CMX-WB-T-1
for Climelt Molybdenum -0.5 per cent Titanium wWrought Bars.
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Typical microstructures of the two base materials appear in
Figure 1. Ultimate tensile strengths and tensile elongations
are plotted as functions of temperature in Figure 2. The
high strength of arc-cast Mo=C.571 is obtained at thée expense
of duetlility. The recrystallization ecurves are in Figire 3.
Arc-cast Mc=0.571 sheet 1s about 50% reerystallized after one
hour at 1200 C, whereas powder=metallurgical molybdenum sheet

is about 50% recrystallized after one hour at 1020 C.

were investigated. All sheets which could be fabricated were
evaluated at 40 mils, usually in the as-rolled condition.

The criteria for screening the alloys were rollability,
tensile strength at 1200 C, and ductile-brittle transition

temperature.

The selection of trial compositions followed two basic ideas.

Initlally, we attempted to translate to sheet our experience

and tungsten wire. Thils was done by adding various amounts

of Ti0z, ZrCz, AlzCz, ThOz, and CroCs to either the molybdenum
powder or the molybdic oxide, which was then reduced to
molybdenum powder. A billet was then pressed from each type

of powder, sintered in hydrogen at 1800 C, and rolled to



MIRCOSTRUCTURE OF BASE MATERIALS

T - g - > _ :

POWDER-METALLURGICAL MOLYBDENUM

_ .. _______ - -

ARC-CAST Mo-0,5Ti

Fig. 1. Microstructure of 40-mil sheets of powde

molybdenum and arc-cast Mo-0.5T1,
Photomicrographs are lonmitudinal at 1000X.

r-metallurpgical
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40-mil sheet for evaluation. The Mo-ThOz billets falled during
rolling. Though the physical character of most of the alloys
was similar to that of dispersion=strengthened wire, the
magnitudes of the increases in high-temperature properties

fell far short of those obtalned in wire.

The oxlde coneentrations, within the ranges we investigated,
that imparted the best high-temperature properties to
molybdenum were 1.0% Crs;0s, 0.5%7102, and 0.5%Zr0s. The
additions were made in the following ways. Chromic oxide was
dissolved in nitric acid and zirconium nitrate was dissolved
in water. Each solution was then added to a separate water
glurry of MoO> and evaporated to dryness. The calcined
products were then reduced in hydrogen to the respective
powders. Titania powder was simply dry-mixed with molybdenum
powder to obtain the Mo-Ti0O> ccmpositions.

The test data for these three alloys appear in Table IV.

The 1200 C ultimate tensile strengths, the ductile-brittle
transition temperatures, and the recrystallization tempera-
tures are between those respective values for unalloyed
molybdenum and arc-cast Mo-2.57i. The Mo-1.04Crz0s alloy has
the highest ultimate tensile strength, 18 ksi.

Our second approacl. involved tiie preparation and evaluation of

alloys that duplicated the compositions of several arc-cast
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molybdenum alloys. This approach, which was ultimately very
successful, included the following powder compositions.

(1) Mo-0.5T1

(2) Mo=0.5T1<0.05C

(3) Mo=0.5T1~0.084ZrHs=0.08¢C

(4) Mo=1.2771-0.29ZrH2-0.4C

(5) Mo-1.45Nb-0.25C

(6) Mo=30uW

(7) Mo=25W-0.11Zr0z-0.05C

The first five compositions were prepared by dry-mixing the
constituent powders. The sixth composition was prepared by
co-reducing a mixture of molybdenum and tungsten oxides,
while the seventh was made by a co-precipitation technique.
During hydrogen sintering; hydrogen evolved from the ZrHs

and the carbon content decreased.

The rollability of these compositions varied. Billets from
compositions (6) and (7) rolled well, those from (1) and (2)

rolled fairly well, and those from (4) and (5) rolled poorly.

No sheet could be produced from billets of composition (3).

The microstructures of compositions (1), (2), (%), and (5)
contained agglomerates, presumably reactive-metal oxides and

carbides. The structure of the Mo-30W alloy was a solid
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solution of molybdenum and tungsten, while that of
Mo=25W=0.11Z105=0.05C was a solid solution of molybdenum and
tungsten containing dispersed ZrC». The carbon was probably

in solid solution with the molybdenum and tungsten.

The ductlle-brittle transition temperatures and the tensile

properties at 12C0 C are compared in Table V to those of
thelr arc-cast ecounterparts. The ductile-brittle transition
temperatures of thé sheets from compositions (2), (4) and (5)
were greater than 250 C while those of Mo-30W and Mo=-25W-
0.11Z2r02<0.04C were <50 C and 12 C respectively.

The 1200 C ultimate tensile strengths range from 28 ksi for
Mo-0.5T1 to 56 ksi for Mo=1.2701=C.29Zr-0.3C. All but the
Mo-0.5T1 alloy (no earbon) have higher 1200 C strengths than
that of arc-cast Mo-0.5Ti-C. However, only the powder-
metallurgical Mo=C.50T1-C.C43C alloy was stronger than its
arc=-cast counterpart. Therefore, subsequent investigations
involved molybdenum alloyed with titanium and carbon.
CHARACTERIZATION CF POWDER-MET:

F T
in -

LIRGICAL No-T1-C

This section of the report summarizes a literature survey
and many experiments conducted to determine the effects of

process and compositional variations on the character of
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powder-metallurgical molybdénum sheet dilutely alloyed with
titanium and carbon. The results led ultimately to the
selection of Mo=C.5T1=0.03; which has properties that compare

well with those of arc¢-cast Mo=0.5Ti.

Sintering eonditions, titanium and carbon concentrations,

in-process thermal treatments, and rolling parameters were

investigated.

4.1 of Sintering Conditions

The originally prepared powder-metallurgical Mo=0.5T1-

0.043C sheet (Table V) had an ultimate tensile strength
of 42 ksi at 1200 C compared to 33 ksi for the arc=cast
M6-0.571-0.028C sheet. The powder-metallurgical sheet

was rclled from a billet sintered at 1800 C in a

hydrogen atmosphere.

To determine the effects of sintering time at temperature,

sintering atmosphere, and the amount and chemical form of the

titanium addition on the 1200 C tensile properties of
manner. Thirty-three rolling billets were isostatically
pressed from several powder mixes of molybdenum, titanium
or titanium hydride, and carbon. They were then sintered
at various temperatures from 1800 to 2300 C. Time at

temperature ranged from 7.5 to 22 hours at 1800 C to



0.5 to 6.0 hours at 2300 C. Wet and dry hydrogen,
dissociated ammonia, and vacuum were used for sintering
atmospheres. Most of the sintered billets were from

89 to 95% dense and were about 1l.2<inches thick. Most
of them were analyzed for titanium, carbon, oxygen, and
nitrogen. They were then rolled to 40-mil sheet by a

common schedule.

The rolled sheets were analyzed for carbon, oxygen, and
nitrogen, and as-rolled hardness and 1200 C tensile
properties were determined. The sintering conditions,

compositions, and sheet properties are in Table VI.

From the chemical analyses of the billets and sheets,
oxygen, and nitrogen shown below.

Element

Titanium, %
Carbon, ppm 380 150-660
Cxygen, ppm 98 39-270
Nitrogen, ppm 130 12-630

The room-temperature dilamond pyramid hardness averaged

325 and ranged from 273 to 367.
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The 1200 C tenslle properties were as shown below.

YS (0.2% offset), ksi

Elongation, %

The most significant observation from this work 1is that

the 1200 C strengths of sheets processed by sintering at

1800 ¢ are significantly lower than the 1200 C strengths
2

of those processed by sintering at 1850 to 2300 C.

Sintering Temp. 1200 ¢ UES 1200 C YS, O
- ksl ksi

1800 40 33
1850 5l 42
1900 52 41
1950 56 43
2000 56 43
2150 54 4o
2300 56 43

Ultimate tensile strengths of individual sheets are
plotted as a function of sintering temperature in
Figure 4 which shows that sintering at or above 1850 C

tensile strengths ranging from 49 to 60 ksi.
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The room=-temperature hardness reflects this dependence
on sintering temperature to a lesser degree than does

the 1200 C strength.

Carbon, oxygen, and nitrogen contents were affected to
various degrees by the imposed variations in sintering
eonditions, but not to an extent to influence the
hardness and 1200 C strength propertles. Materials
processed by sintering in dry hydrogen or in vacuum have
the lowest oxygen and nitrogen contents. Material
processed by sintering in wet hydrogen are relatively

high in oxygen, and material processed by sintering in

dissociated ammonia or dry hydrogen contaminated with

Sheets made from mixes of molybdenum and carbon with

either titanium or titanium hydride powders have similar

properties.

In subsequent experiments, £30C C was frequently used
as the sintering temperature because adequate densities

could be obtained in & relatively short time.

Effects of Carbon Content

Our first work (Table V) incicated that the high-temper-
ature strength of Mo-Ti-C alliocys 1s dependerit on the

carbon content. To investigate this effect several
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rolling billets were isostatically pressed from several
powder mixes of molybdenum, titanium or titanium hydride,
and variable amounts of carbon. The billets were sintered
at various temperatures from 1850 to 230C C, the temper=
ature range used to process sheet with consistently high
strength at 1200 C. Dry hydrogen, dissociated ammonia,
and vacuum were used for sintering atmospheres. The
billets were analyzed chemically and rolled to 40-mil
sheet as in the previous experiment. Theé sheets were
evaluated for composition, room-temperature hardness,

and 1200 C tensile properties. The sintering conditions,
compositions,; and sheet properties are listed in Table
VII according to increasing carbon content. Those sheets
in the previous experiment which were processed by sinter-
ing at 1850 to 2300 C are als¢ listed in the same manner,
making a total of 44 sheets. Carbon contents range from

20 to 660 ppm.

The most significant observation from these data is that
uniformly high strengths at 1200 C are consistently
obtained for sheets containing at least 200 ppm of

carbon. The ultimate tensile and yleld strengths of

the individual sheets are plotted as a function of

carbon content in Figures 5 and 6, respectively. Figure 5

shows that the ultimate tensile strength increases from
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about 2% ksi to a range of 50 to 60 ksi as the carbon
content increases from 2C to 2CC ppm. Increasing the
carbon content from 200 to 660 ppm does not significantly
alter the strength. The yleld strength follows a similar
trend. However, increasing the carbon content from 200
to 660 ppm results in a gradual increase of the average

yield strength.

The ultimate tensile- and yleld-strength ranges are
compared in Figure 7. It 1s interesting to note that
the solubility limit of earbon in molybdenum in the

range of sintering temperatures we used is about 200 ppm(l)a

Most of the tensile elongatisns fall in the 6 to 12%
range. They are not affected by carbon content. Room=
temperature hardness is plotted as a function of carbon
content in Figure 8. The hardness increases with in-

creasing carbon.

hydrogen or in a vacuum have oxygen contents ranging
from 44 to 650 ppm. Low Oxygen values are usually asso-
ciated witk high carbon contents and vice versa. Appar-
the titanium from oxidizing during the sintering cycle.
The nitrogen contents in these same materials range from

8 to 65 ppm. They were nct affected by carbon content.
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Another significant observation is that sheets containing
at least 200 ppm carbon have good strengths regardless
of the fact that some of them contain substantial amounts

of elther oxygen or nitrogen.

Effects of Titanium Content

The following work was done to determine the effect of

variations in titanium content on strength.

Sheets containing 0.33, 0.54, and 0.86% titanium, and
at least 200 ppm carbon were processed by sintering at

either 2150 or 2300 C.

The results of tensile tests at 1200 ¢ are shown below.

_Composition

1200 C Tengile Properties
€3 1 T ;"ﬁg o '» "”

0.33 0.030 29 23 26

0.86 0.027 54 37 11
a 0.2% offset.

A titanium concentration of 0.5% is adequate.

At this stage of our development work, we specified the
following conditions for the molybdenum alloy that we
developed.
1. Sintering temperature, 1850 to 2300 C.
2. Composition
A. Titanium, 0.50 + 0.05%
B. Carbon, 0.03 + 0,01%
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The composition 6f this powder-metallurgical alloy,
designated MIC, is similar to that for the arc-cast

The sensitivity of the high-temperature strength of MTC

to changes in sintering temperatire and carbon content
clearly showed the need for a knowledge of the

strengthening mechanism.

Definition of the mechanism required information on the
effects of interstitial elements, in-process heat
treatments; and rolling schedule variations on the micro-
Structure, hardness, and high-temperature strength of
the alloy. Part of the necessary experimental work was
conducted at Towanda(é), and part was subcontracted to
the General Telephone and Electronics Laboratories(s,4),
At the latter location a survey of the literature was
made on strengthening in arc-cast molybdenum-titanium
alloys. The significant portions of that survey are

presented below.

4.4.1 Literature Survey

Increased strengths for the Mo-Ti alloys were
reported to be dependent on dispersions formed

by solld-state reactions between titanium and
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the interstitial elements. Bufferd et a1(s) and
Jaffee(é) found that high-temperature stress-
rupture strengths were improved when finely
dispersed TiC» was present. A disperaion of TiN
was formed by Mukherjee and Martin(7) by diffusion
of nitrogen into arc-casat Mo=1.0Ti. An investi-
gation of surficial contamination of Mo=0.5Ti
sheet at Universal Cyciops(é) indicated that
nitrogen ralsed the recrystallization temperature
of the contaminated layer. From strength data

on various arc-cast alloys, Semchyshen and Barp(®)
concluded that & eritical C/Ti ratio is necessary

for optimum strengthening of Mo-Ti=C alloys.

The influence of heat treatment and composition
on the microstructure and properties of arc-cast
Mo-T1 alloys was studied in detail by Chang(2°).
Electron metallography, X-ray diffraction, and
chemical analyses were used to determine the
interrelationships among the reacting phases over
a wide temperature range. For Mo-1Ti-0.1Zr-C.14C,
hardening was caused by the precipitation of TiC
accompanied by dissolution of MozC, which was
stable only at high temperatures. Also, tre
titanlum appeared to ilncrease the high-temperature

solubility of carbon in the alloy.



For a Mo-0.5T1-C.035C alloy, Chang found that TiC
existed at temperatures below 1650 C. The alloy

in the recrystallized form did not show an aging
responsé to heat treatment, but the 120 €
strength of the alloy in the worked form was
significantly higher (58-62 ksi) than that
normally obtained (37 ksi).(2,10) He suggested
that the higher than normal strengths resulted
from strain-induced precipitation of TiC during
final working after a 1650 C heat treatment.
Chang described the alloy as not age-hardenable
by thermal treatmeat alone because of "restricted
carbide solutioning at high temperatures" rather

than because of any deficiency of carbide.

Experiments performed by the General Telephone
and Electronics Laboratories indicated that large
concentrations of nitrogen and oxygen do not
significantly influence the 12C0 C strength of
the powder-metallurgical Mo-Ti-C alloys. Results

in Table VIiI. There is considerable
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variance in the strength values. NO6 correlation
with the changes in any particular interstitial
impurity is apparent. The strengths of samples
90 and 92 are higher than those of the others,

presumably because of thelr higher carbon content.

3=k 78 2500 100 38 i2
37 8l 1900 200 24 15
ko 56 1100 540 37 21
1-4 29 1500 90 34 10

High Nitrogen

90 480 260 930 4o 12
92 410 250 930 49 1¢

High Oxygen and Nitrogen

34 67 13090 hie 39 T
67 ks 66C gho 32 26

ﬁontrol

106
107

220 £Q 42

. =

53
73 330 by 43

i\
WO

[ ot

a The sintering temperature was 1700 C. Strength properties would
have been higher if sintering had been done at or
above 1850 C. The titanium content was O. .5% and no in-process
heat treatment was used.
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The materials, for which the data are presented
in Table VIII, were all processed similarly by
presintering at 1.00-112C C in vaeuum, sintering
one=half hour at 170C C to a density of about 85%,
then canning in molybdenum prior to forging at
170C ¢, and rolling to sheet at 135C €. All but
samples 106 and 1C7 were exposed to a nitrogen=
contalning atmosphere at temperatures between

1500 and 1700 C.

Titanium Carbide Dispersion

The lack of significant effects from oxygen and
nitrogen and the obvious influence of carbon,
presented in section 4.2, indilcate that carbon 1s
the interstitial element which 1is active in the
strengthening of the MIY alloy. Carbon ailone 1s
not sufficient to provide the observed strengt::
increases. Thig 18 indicated by a 1200 C tensile
strength of 13 ksi, which was determined for a
Mo-G.UT4C alloy as compared with 12 ksi for

unalloyed molybdenum.

The indispensable role of titanium found in our

investigation and others(é’lQ), and the large

influence of carbon indicate that titanium carbide
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is the strengthening agent. The presence of a
titanium carbide precipitate was verified by Chang
in Mo=1T1-0.1%Zr=0.14C, as mentioned previously.

He also showed that molybdenum carbides are
stable only at high temperatures, ruling them

out as strengtheners at 1200 C.

While the dispersed TiAC phase 18 presumed to be
the strengthening agent, the actual mechanism for
obtaining the TiC dispersion remains to be
determined. Temperature-induced precipitation
is not aétive in forming the strengthening
dispersion in the annealed alloy as was demon=
strated by Chang and 1s indicated vy the plots
of Figure 9 from the G. T. and E. investigation,.
In the figure, room-temperature hardness is
plotted as a function of heat-treatment tempecra-=
ture for powder-metallurgical Mo-0.5T1-0.08C and
Mo~C.5T1-0.16C and for arc-cast Mo-Ti-zZr-c(20).
Cnly the last composition shows an age-hardening

response.

While heat treatment alone does not result in the
formation of a precipitate, 1t 1s possible that
the application of strain in the appropriate
temperature range may alter the kinetics of

precipitation by providing an lncreased number of
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nucleation sites8. Tme rilliing operations during
processing of MIC sheet probably provide tre
necessary conditions for suech strain-induced
precipitation, making possible the formation of

a dispersed phase of titanium carbide.

Theoretically, the fineness of a Strain-induced
precipitate and the resultant matrix strengthening
are determined by the arount Of strain and the
temperature at whick strain occurs. Accordingly,
gheet propertles skould be enhanced by the
appropriate selection of rolling schedule,

rolling temperature, and in-process heat “reatment.
The experiments described irn trne following section

were designed to test tl.ese possibilities.

The response cf MJ r-slied sheet to an in-process
keat treatment was lnvestigated to determine the
effects of aging oz strained material and to
evaluate the possitilitlies cf enhancing final

sheet properties by in-process solutioning of 7'iC

prior to final working(%).

Bagsed on the sintering data presented in section
4.1, MIC billets were sintered at 23CC C.

Apparently, sintering at about that temperature
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facilitates the dissclving of titanium and carbon
by increasing thelr rate of dissolution and
raising their solubilities in the matrix. 4ls0
titanium is a liquid above about 18C0 C. For the
arc-cast alloy the dissolution of titanium and
carbon 18 accomplished during melting, although
excessive precipitate growth during cooling and
extrusion may require re-solutioning to achieve

an optimum dispersing.

One=inch-thick sintered MTC billets were forged
to 4CO mils at 15(C &3 tl.en samples were heat-
treated at 1350, 1350, 170G, 1900 and 215C C.
After rolling to 4C mils at 120C C, the chemlcal
compositions were checked and the tensile
properties at 120C J were measured. The results
are shown in Table IX. The high-temperature
strengths of the s:eets neat-treated at 170C C
and above are obviously improved (67-69 ksi) over
that of the ¢ontrol (56 ksi), while heating below

17GC C resulted in lowered strengths (4#8-5C ksi).

The marked response of the strained sheet to
heat treatment of tre plate is indicative of
strengthening by strain-induced precipitation.

Strengths higher tlan that of the control can be
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attributed to dissolution of TiC followed by
precipitation during subsequent deformation at a
lower temperature (120C C). Strengths lower than

TiC did not dissolve in the matrix at 1350 and
155C €, but instead, coalesced sufficlently to
lessen the effectiveness of the dispersion. The
improvement in final sheet properties by proper
in-process heat treatment, prior to final working,

is amply demonstrated by these results.

Temperature
C

hr =~ _ %  ksi _ ksl

at Temp. Carbon UTS YS,0.2% Offset Elg?%ation

2150
1900
1700
None (Control)
1550
1350

iy s

0.50  0.030 69 64 9
1.6 0.029 67 55 10
2.0 0.031 67 53 12

0.038 56 46 12
7.5 0.037 5C ho 1
18 0.038 48 41 11
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Figure 10 shows the 12CC ¢ strengths of sheets as
& function of carbon content. The sheets were
processed with a re=solution heat treatment

prior to final working as discussed above. Tre
ultimate-strength range for sreet without thte
heat treatment 1s shuwn for comparison. 7The
samples include those nheat-treated at 1700 C and
above in the preceding experiment and samples
22=1CA, 11A, 12A,wrick were discussed in Interim

Report No. 17.

Rolling experiments were selected to evaluate
the effect of strain on stféngthening(é).
Different amounts of strain were introduced into
sheet by similarly rolling plates,which were
either 620 or 400 mils thick, to 4C-mil sheet.
Additional variations of strain were introduced
by rolling the plates to 120 mils at either

11C0 C or MGC C before roliing to 4C mils at
11CC and about 200 . Sheets from plates
sciluticn-treated fcr two hours at 17GC C were

compared with sheets from untreated plates at

comparable strain levels. Tenslle properties of
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the 40-mil sheets were measured at 1200 C and the
ultimate tensile strengths are shown in Table X.

the above procedure is illustrated schematically

in Figure 11.

UTS

~ Rolling . PTate Thic
Temperature (P) Wat ﬂeatWTreatment

None = 1100 48 56

None = 1400 4o (e)

This heat treatment was applied tc the plate prior to inter-
mediate and final rolling.

The material was rolled at this temperature to 120 mils thick,
then rolled to 40 mils at 1100 and about 200 C.

Not rolled to sheet.

The results were agaln consistent with a strain-
induced precipitation mechanlism. The highest
strength (60 ksi) was obtailned for the sheet
rolled at 1100 C from the 40C-mil plate which was
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by

solution heat-treated. Continued coalescence of
the precipitate (over-aging), which we assume
occurred when the solution heat-treatment was
omitted, resulted in decreased effectiveness of
the dispersion and lowered strength (56 ksi).
Increased strailn from rolling a thicker plate
apparently caused over-aging to an even greater
degree (48 ksi), although the solution heat=
treatment still improved the strength (53 vs.

48 Kksi).

Rolling at the higher temperature (1400 C)

permitted more rapid precipitate growth because

60 to 52 ksl. The increased strain, which was a
result of rolling from 620 mils at 1400 C,
increased the rate of precipitate growth nullifying
the effects of re=solution heat-treatment. The
ultimate tenslle strength for both sheets was

49 ksi.

4.4.6 Summar

The strengthening of the MIC alloy by strain-
induced precipitation of TiC has been qualitatively
confirmed by the preceding considerations.
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Conclusive metallographic evidence or other
quantitative data are desirable but were not
obtained. More thorough analysis of the mechanism
awalts additional knowledge of the quantity and
type of phases present at the temperatures and
strain conditions under investigation. The
importance of rolling temperature, ln-process

heat treatment, and amount of deformation have

been amply demonstrated.

Based on our development work, process specifications were

prepared for 4C-mil MIC sheet. These specifications, PF=32,

PF-33, and PF-34, appear in Appendix III. The processing

steps are:

1. Mix required amounts of molybdenum, titanium hydride,
and carbon powders.

2, Press into billets.

3. Sinter to at least 924 of theoretical density at 23CC C
in dry hydrogen.

4, Breakdown-rcll at 1400-143C C from 1.5 inches to
400 mils.

5. Re-solution heat-treat for two hours at 17C0 C (plate
recrystallizes).

6. Cross-roll at 1100 C to 150 mils.
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7. Straight=roll at 1100 C to 6C mils.
8. Eteh to 55 mils.
9. Straight=roll cold to 40 mils.

transition temperature by an average of 25 C. We etched in
a solution, one part by volume 494 IF solution and nine parts

by volume concentrated HNOs.

Breakdown rolling at 1300 C results in split plate at 4GCC mils.
If breakdown rolling is done at or above 1475 C final rolling
must be done at a rather high temperature, ~500 C, to avoid

failure.

It is lmportant that the lead and lag ends of the sheet are
trimmed after crcss-rolling. 'T.ese ends are thinner than the
rest of the sheet, and 1f they are not trimmed the incidence

of edge cracking 1s high upon subsegquent straight-rolling.

During the contract period we had an opportunity to demonstrate
the feasiblility of breaking down sintered MTC by methods

other than rolling. Figure 12 shows, in addition to a rolled
plate, a plate reduced 50% in height by press-forging in one
pressing at 1500 C, and a rod reduced 77% in area by

extrusion in a Dynapak at 1625 C.
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Eight 40-mil MIC sheets were produced and delivered to the
Bureau of Naval Weapons. Six sheets were 6" x 20", and two
sheets were about 7-5/8" x 17-1/8". The sheets were rolled
from eight sintered billets prepared from the same powder
mix. Mixing, pressing, and sintering were done according to
specifications PF=32 and PF-33, and the data appear in
Appendix IV. Two of the eight billets, Nos. 29=15 and 29-16,
were rolled according to specification PF=34. The other six
billets, Nos. 29=3, =7, =9, =10, =11, and =13, were rolled
first and by a somewhat different shcedule. These billets
were broken down at 1475 C instead of at 1400 C, the sheets
were etched from 45 to 40 mils instead of from 60 to 55 mils,
and the final rolling was done at ~500 C instead of at room
temperature. The two sheets rolled according to specifi=
cation PF=34 were more finely fibrous and had a better surface
appearance than those of the other six. The rolling data
appear in Appendix IV.

We performed no exhaustive statistical evaluation of the
properties of MIC sheet. However, we did evaluate some of
the sheets which were sent to the Bureau of Naval Weapons
and others which were produced in a similar manner. The
evaluation consisted of the determination of composition,

recrystallization temperature, tensile properties, and



ductile=brittle transition temperature.
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Some properties were

evaluated enough times to glve an ldea of the degree of

reproducibility. Early in the development work some stress-

rupture data were obtained on sheet processed with no

re=solution heat tieatment.

6.1 Composition

Chemical analyses for &ix of the eight sheets delivered

to the Bureau of Naval Weapons appear in Table XI and

are summarized below.

Titanium

Carbon

Oxygen

Nitrogen
Hydrogen

Molybdenum

220-310 ppm

15-110 ppm
2- 22 ppnm

2 ppm

Changes 1n composition during processing are shown

below:

Oxygen
Nitrogen

Billet

280 ppm

80 ppm
10 ppm

0.50%
260 ppm
33 ppm
12 ppm

* Welght loss of Mo powder in hydrogen.
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The amounts of carbon and oxygen lost during processing
are in the proportion corresponding to the reaction

which took place during tre sintering cycle(*).

We do not know why the oxygen content of the sheet is

The 50%-recrystallization temperature was determined

from hardness measurements on sheet samples annealed for
one hour at various temperatures and was subsequently
verified by metallographic examination. The hardness
values are in Table XII, and they are plotted as &
funetion of annealing temperature in Figure 13. The 50%-

recrystallization temperatiure ranges from 120C-1220 C.

Figure 14 shows photomicrograpns of two of the eight
as-rolled sheets sent to the Bureazu of Naval Weapons.

One sheet was rolled according to specification PF-34.

In this sheet the fibers are finer than those of the other
sheet, which was rolled by the original schedule. Figure
15 shows photomicrographs of sheet annealed for one hour
at 12C0 C and 130C C. The structure resulting from
annealing at 1200 C 1s about 50% recrystallized.
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ROLLED BY ORIGINAL SCHEDULE

ROLLED BY SPEC NO PF—A34

Lon itudinal structures of as
05X. Number on photom iicrog




__ANNEALED MTC

" ONE HOUR AT 1300 C

Longitudinal structure of annealed 40-mil MTC sheet

at 85X. Sheet annealed for one hour a

about 504 recrystallized. Number on photomicrograph

is DPH.
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materials, powder-metallurgical molybdenum and arc-cast
Mo-0.5T1 sheets, in Figure 16. MIC and arc-cast Mo=C.5T1
sheets are about 50% recrystallized within the same
temperature range. This range 1s about 180 C above

that for powder-metallurgical molybdenum sheet. The
hardness of MIC sheet begins to drop sharply at about
1150 C, whereas, that of arc-cast Mo-0.5T1 sheet begins
to drop at about 1020 C.
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Tenslile properties of as-rolled sheets were measured in
the longitudinal direction at 25, 1095, and 120C C, and
in the transverse direction at 25 and 1200 C. In
addition tensille properties of recrystallized sheets
were measured at 25 and 1315 C. The data are in Table
XIII. Strengths and elongations in the transverse
direction were respectively higher and lower than those

in the longitudinal direction.

Tensile properties are plotted as a function of test
temperature in Figure 17. The ultimate tensile strengths
range from 76 ksi at 1095 C in the as-rolled condition

to 19 ksl at 1315 C in the recrystallized condition.

The strengths of MTC sheet are compared to those for the
two base materials in Figure 18. The targets for high-
temperature strength for fabricable molybdenum alloys,
established by the Refractory Metal Sheet Rolling Panel,
are also included. MIC sheet 1s considerably stronger
than arc-cast Mo-C.5Ti sheet at 1095 and 1200 C, but at
1315 C the strengths are about equal. We expect that at
1095 and 1200 C arc-cast Mo-C.5Ti sheet could be as
strong as MIC sheet if a proper re-gsolution heat treatment
was incorporated. At 1095 C, MIC sheet meets the
Refractory Metal Sheet Rolling Panel's target strength.
However, 1t falls far short of the target at 1315 C.
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The ductile-brittle transition temperature of as-rolled
MTC sheet was determined in both theée longitudinal and
transverse directions by the bend test. The results are
in Table XIV and are summarized below.

Direction Range

Longitudinal <=75 to =25C
Transverse -25 to 0C >-17¢C
Additional development of the rolling schedule is

necessary to obtain similar values in both directions.

TABLE XIV

Re-solution Time
Sheet No. _at 17C0 C, hr

n)
\O
|
=t
ON
=N =N N NN

Data on stress-rupture at 1200 C were obtained for MIC
sheets and for the base sheets. No re=gsolution heat

treatment was used in processing the MIC sheets, which
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were rolled from billets sintered at 2150 ¢. The data
appear in Table XV and are plotted in Figure 19. From
this plot the following one= and ten=hour rupture
stresses were determined.

Material

a by extrapolation

MTC sheet ruptures at a higher stress for a given time
than does arc-cast Mo-0.5T1 sheet. The rupture stress
of MTC sheet decreases at a faster rate than does that

of arc=cast Mo-0.5T1 sheet.

The properties of powder-metallurgical molybdenum,
arc-cast Mo-0.5T1, and MIC sheet are compared in
Table XVI. The Refractory Metal Sheet Rolling Panel's
target values are also included. The composition,
recrystallization temperature, and ductile-brittle
transition temperature of MIC sheet are about the same
as those of arc-cast Mo-0.5T1 sheet. At 25, 1095, and
1200 C the ultimate tensile strength and the yield
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TABLE XV

DATA_AF_OE, STRESS RUPTURE AT_ 1200 ¢
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a No re-solution heat treatment.
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7.0 CONCLUSIONS
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strength of MIC sheet 1s higher than those of are¢-cast
Mo=0.5T1 sheet. At 1315 C the strengtha are about the
same.

The tensile elongations of arc-cast Mo-0.5T1 sheet are
higher than those of MIC sheet at 25; 1095, and 1200 ¢
and considerably lower than that of MIC sheet at 1315 C.

MIC sheet meets the Refractory Metal Sheet Rolling
Panel's target properties for ductile=brittle transition
temperature and ultimate tensile strength at 1095 C.

It almost meets the target for yleld strength at 1095 C.
However, it does not meet the targets for recrystalli=
zation temperature, room-temperature tensile elongation,

and strength at 1315 C.

Powder-metallurgical molybdenum-metal oxlde sheets,
prepared during attempts to translate to sheet our
experience gained from developing dispersion-strengthened
molybdenum and tungsten wire, showed increases in high-
temperature properties over those of molybdenum sheet.
However, these increases fell short of those obtained

in wire. The highest increases were obtained for

Mo-1.0CrzCs, Mo-0.5T10z, and Mo-0.5ZrO0z.



compositions duplicated those of several commerclal and
developmental arc-cast alloys, also showed increases in
high-temperature properties over those of molybdenum

sheet. However, only Mo-=0.5T1-C.03C, ultimately designated
MIC, had high-temperature properties which were similar

to those of its arc-cast counterpart.

The best combination of high~ and low-temperature
properties was obtained for 4C-mil MIC sheet by a process-
ing sequence which included:

A. adding an amount of carbon to a powder mix of
molybdenum and 0.52¢ titaniium hydride such that
resultant sheet c¢ontained C.02=0.04%.

B. sintering green sheet billets at or above 1850 C in
dry hydrogen to a density of at least 92% of that of
theoretical.

C. heat-treating rolled plates at or above 170C C
prior to rolling to the final thickness at lower
temperatures.

D. etching the surficial layers from the sheets Just
before rolling cold to 4C mils.

The composition, recrystallization temperature, and the

ductile=brittle transition temperature of MIC sheet are
simllar to those of arc-cast Mo-0.5Ti. MIC's tensile
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strength and tenslle elongation are respectively higher
and lower than those of arc-cast Mo-0.5Ti up to 126C C.

The properties of MIC sheet are marginal when compared
to the target properties established by the Refractory
Metal Sheet Rolling Panel for a fabricable molybdenum
alloy. MIC sheet meets the targets for ductile=brittle
1095 ¢. It almost meets tre target for yleld strength
at 1095 C. Iowever, it doces not meet the targets for
room-temperature tensile elongation, recrystallization
temperature, and strength at 1315 C. Additional process
development will probably never result in achieving the

last two targets.

Improvements in strength and recrystallization tempera-
ture of MIC sheet relative to those of molybdenum sheet
are attributed to the precipitation of TiC induced by

straln during rolling.
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APPENDIX I

TARGET PROPERTIES FOR FABRICABLE MOLYBDENUM-ALLOY SHEET(2)

Room-Temp. Tensile -
Ultimate Tenslle Strength, ksi
?ield Stféngth 0. 2% Offset, ksi

Ultimate Tensile Strength, ksi
Yield Strength, 0.2% Offset, ksi
Elongation, per cent

Creep-Rupture (State Stress and Elong.)
at

Temperature, F

Rupture=Time, hr

. Recrystallization (in opt. condition)

504 by metallographic observation
Time B
Temperature, F

Notch Sensitivity = ratio(b)

Transition Temperature (In opt.
condition)
in bending 4T
tensile, notched
smooth
Impact, Charpy

Bend ductility (Room Temperature)
Base metal
Welded (Weld transverse to bend axis)

. STATE FOLLOWING:

Density

Melting Point

Emissivity

Modulus of Elasticity

Thermal Shock Resistance

Creep Properties

Oxidation Resistance & Contamination
Coatabllity

Experience with 45° Brittleness
Lamination Tendency

To be furnished

Activities R by Materials Advisory Board's Refractory Metal Sheet

Rolling Panel, May 22, 1961.

Condition

In Optimum

* *
¥* %*
10 10
2000 2400
75 5C
6 35
+* *
2000 2400
1|10 ‘1]10
1l hr
2600
1.0 (RT)
<40
State
"
1]
1T
4

Kt 6.0, PA 404 (See ASTM Bulletin, January 1960, p 29)
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APPENDIX IZ

ZESTING PROCEDURES

1.

Sampling - Samples of powder mixes and rolled sheets were

taken at random. Samplés of sintered billets were cut from a

given end, consistent with sintering-furnace orientation.

Determinations

A.

Titanium - Determinations were made by a wet chemical
method. A l-4-g sample was dissolved in aqua regia. The
solution was evaporated to a low volume and diluted with
water. It was made ammonical and Ti02+H20 precipitated.
The precipitate was filtered, washed, ignited, and weighed
as Ti0z.

method in a Leco apparatus. A C.1-0.4-g sample was used.
Oxygen - Determinations were made by either the vacuum-
fusion method with a Fisher's Serfass Gas Analyzer or the
inert-gas-fusion method with a Lecc conductometric
apparatus. A C.1-0.4-g samrie was used.

Nitrogen -~ Leterminations were made by elther the vacuum-
fusion method or the micro-fjeldahl method with an all-
glass system. A 0.1-0.5-g sample was used.

Hydrogen - Leterminations were made by the vacuum-fusion

method. A G.1-C.4-g sample was used.
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PHYSICAL TESTING

Room-Temperature Tensile. Tests were done on either an Instron
or Riehle testing machine. In most caseés, tensile test data
for a given sheét represent averages of two tests. Either a

]

=

gstandard ASTM specimen or a smaller specimen with a 1/4" x
gage section was used. The strailn rate was 0.005/min to the
0.6% offset. From the 0.6% offset to fracture, a strain rate
of 0.05/min was used, except for s few specimens for which a
straln rate of (.02/min was used. 3In most cases the strain
rate was determined by the ratée cf crosshead separation.
Elongation was computed from gage marks on the specimen.
Yield strength was determined at the (.2% offset on a stress-
strain curve where the strain was obtalned from orosshead

movement .

Kigh-Temperature Tensile. Specimens with a 1/4" x 1" gage
section and pin-type gripping enés were used. The strain
rate, as determined by the rate of crosshead separation, was
0.005/min to the 0.6% offset. From the 0.6% offset to
fracture, the strain rate was ©.C2/min. Tests were done at
980, 1095, 12CC and 1315 C by an Znstron testing machine
equipped with a Brew vacuum furnace with tantalum heating
elements. A vacuum of 10™* mm of mercury or better was
obtalned for each test. Specimens tested at 1315 C were
previously recrystallized by heating at 1450 C for one hour

in a hydrogen atmosphere.
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Tests at the other temperatures used specimens in the as-
rolled condition. Specimens were heated to the testing
temperatures in 8=10 minutes and held 5 minutes at tempera=
ture before starting the test. The testing temperature,
controlled within + 5 C, was measured by a platinum vs
platinum-10% rhodilum thermocouple attached to the specimen
from a Leeds and Northrup potentiocmeter. The yleld strength
with the crosshead movement as a measure of the strain.
Elongation was determined by gage marks. Most 1200 C tests

were done in duplicate.

Stress-Rupture. Stress-ruptire tests were done with a
6000-pound capacity Tatnall stress-rupture tester with lever
ratio of 4.5:1. Machined sheet specimens were heated in a
Kanthol-wound reslstance furnace eqguipped with a vacuum retort.
The vacuum ranged from 25 to 5C @ of mercury. The testing
temperature of 120C C was reacheid in four to five hours and
was held for one=half hour before applying the load.
Temperature was measured by three platinum vs platinum-10%
rhodium thermccouples attached one to each end and one to the
center of the gage length. The temperature was controlled
within + 6 C. The specimens had a 1/2 x 2-1/4" reduced

section with a 2" gage length. Fin-type grips were used.
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Recrystallization Temperature. Test coupons, approximately
1/2-inch square, were heated at various temperatures for one
hour in hydrogen. They reached temperature in five minutes.
The temperature, measured either by a thermocouple located
near the boat containing the specimens or by a micro-optical
pyrometer sighted on a carbon bléck in the boat, was controlled
within + 10 ¢. The diamond pyramld hardness was determined
for each specimen from the average of three impressions made
by a 20-kg welght. Ilardness versus annealing temperature
curves were drawn. From these the temperature at which a
given sheet was recrystallized 50% in one hour was determined
as that temperature corresponding to 2/3 of the hardness drop
from the as~rolled to the fully annealed condition. This

temperature was then confirmed by metallographlic examination.

Ductile-Brittle Transition Temperature. This was determined
by bending as-rolled sheet specimens, 1" x 3", through an
angle of 105° at various temperatures in increments of 25 C
until the transition temperature was bracketed. The edges of
each specimer. were rounded by grinding in a direction parallel
to the major axis on a 120-grit wet belt. The bend-test
equipment consisted of a mated 75° V-punch and die set
operated in conjunction with an Instron testing machine. The
punch, with a C,16C" (4T) radius, was mounted on the movable

crosshead of the testing machine. The punch, moving at
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10 in./min, bent the specimens which were located across the
top of the die. The die was in the bottom of an insulated
chamber which was partlally filled with various liquids for
testing above and below room temperature. Tests above room
temperature were done in either glycerine or mineral oil
heated to various temperatures by an immersion heater. The
maximum testing temperature was 25C C. Tests down to =75 C
were done in isopropanol cooled to various temperatures by
dry ice. Testing temperatures were controlled within +3¢C.
The specimens were held at temperature for three minutes

before bending.

The lowest temperature at which specimens could be bent
without failure (as observed at 16 X) was considered to be the

ductile-brittle transition temperature.
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PROCESS SPECIFICATIONS FOR MIC SHEET
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SPECIFICATION
PREPARATION OF GREEN MTC SHEET BILIJ

A. BAW_MATERIALS

1. Molybdenum powder:
Molybdenum content, % min.based on metals 99.9

Weight 1088 in hydrogen at 950 C for one o
~ hour, % maximum 0.1
Metallic impurities, ppm maximmum, Al 10
Ca (10
Cr 100
Cu 5
Mg 10
Mn 10

Mesh size h =100

Fisher subslevg/size, microns 3.5=5.5

Bulk density, g/in® 20-35
2. Titanium hydride

Grade E, Metals Hydride Inc., sieved through a
325-mesh screen. ,

Fisher Subsieve Size, using density of 3.76 g/cc:
61 maximum. -

3, Carbon

1. Mixing

a. Welgh out molybdenum, titanium hydride, and carbon
such that

?It. of TiHz) = 0.00523 x th. of Mog
(Wt. of C) = 0,00085 x (Wt. of Mo



b, Mix TiHz and C for 0.5 hr by tumbling.

¢. Mix the mixture of TiHz and C with the Mo for
3 hr in a blender.

d. Store under nitrogen. .

Pressing

a. Fill a pliable mold of cross section 2-3/8" x 2-3/8"
with about 2.8 kg of the mixed powder from 1.d4.

b. Press isostatically at 30 kai and round the corners to
a maximum diagonal of 2 inches.

¢. Determine the billet densities.

d. Seal billets in polyethylene with a packet of

desiccant.
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SPECIFTCAfiQHMEEE;i

SINTERING MTC SHEET BILLETS FOR CONTRACT NOas 60-6018-¢

Green MTC sheet billets prepared according to Specification
PF-32.

PROCEDURE

Load a single billet into a 2" ID tungsten susceptor
in a 50=kw induétion furnace.

Close thé furnace and flush with dry hydrogen (dew

point <=35C).

Heat billet to 2300 C in about 75 minutes and hold at
temperatiure for 90 minutes.

Cool while flushing with dry hydrogen.

Submit for rolling all billets with the approximate
dimensions 1.5" x 1.5" x 6.5" which satisfy the following
requirements:

Density, based on a theoretical density

of 10.14 g/ce, % 92 min.
Carbon, ppm 200-4%00
Oxygen, ppm 5200
Nitrogen, ppm <175

The analyses are to be based on samples from a 1/4" slice
cut from one end of each billet.
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ROLLING MIC SHEET BILIETS '9‘40 MILS;FOR _CONTRACT NOas 60—6018—c

MATERTA LS
Sintered MTC sheet billets prepared according to Specification
PF ‘33 .

z
&

1. Breakdown rolling at 1400-1430 C.

a. Straight-roll from ~l1.5=in¢h thick to 590 mils by
reductions of about 174. Five reductions are required.
Heat billet for eight minutes prior to the first
reduetion. Reheat for 3 minutes after each reduction.

b. Cross=roll to 400 mils by reductions of about 7.5%.
Five reductions are required. Reheat for three minutes
after all but the last reduction.

¢. Clean in molten caustic.

d. Trim about 1/2" from each end.
2. Heat-treat for two hours at 1700 C.
3. Intermediate rolling at 1100 C.

a. Cross-roll to 150 mils by reductions of about 15%.
Seven reductions are required. Heat sheet for five
minutes prior to the first reduction. Reheat after
all but the last reduction for three minutes.

b. Trim about 1/2" from the lead and lag ends.

¢. Straight-roll to 60 mils by eight reductions. The

first six reductions are about 12#; the last two are
about 9%. Heat sheet for five minutes prior to the

first reduction. Reheat after all but the last
reduction for three minutes.

d. Clean in molten caustic.
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Eteh to 55 mils in warm solution of 1:9 by volume of 49%
hydrofluoric acid:concentrated nitric acid.

(caution: Solution warms up on c¢ontact with sheet and may
become violent.)

Final rolling at room temperature.
a. Straight=roll to 40 mils by reductions of < 5%.

b. Trim 1/2-1" from lead and lag ends. Sheet measures
0.040" x 6-7" x >3C".



PROCESS DATA FOR MTIC SHEET
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SYLVANIA ELECTRIC PRODUCTS ING. TOWANDA, PENNSYLVANIA
CHEMICAL AND METALLURGICAL DIVISION METALS SECTION

Material:s __M7¢ __ _ ____ _ Program No.

Specification No.: PE=33

__MixNo.:_a9 _ _ Mix Welght:___go kg
PCUDFRS

|Date |  |Absolute| |k
- Pro- |Mesh |Density, |E I
Powder |No. |Source [duced |size | g/ec” | i

MET Sy /62 |<00 | s0.20
Mo o 1990 A (81562 |=po0 | so.20

jpéfrj;eng or kg|
T 6064 |
wo |14 |

¥, FllllMle.s | ) ;5—2?} ;_", . —— ‘ Aladiay ! — Lo - .
Luo £ A2 ADWDE 3 | 3.74  |4./ = 1000Mma%) | = : 0.623 |3ty

'mm —
caGe 523 Sopcomeey | |

2pceco8DIING TO vtnboe

I
|
|
i
i
}

- - | coss |5744

1
H‘
LI

Date kre-mixed: g

svate Mixed: _g-g-62

Absolute Density: .

Analysis: o so%R T\

Remarks:

cc: Project Engineer




SYLVANIA ELECTRIC PRODUCTS INC. _ TOWANDA, PENNSYLVANIA
CHEMICAL AND METALLURGICAL DIVISION METALS SECTION

PRESSING DATA

Materials . Program No.:g-2300-p4 Date:

Specification No.:pPE-32  Mix No.:_ &7_ S

Mo6ld No. H S

" v 2.60 ¢.85 ] 8.2

" o " 4 6/ - _"88 , 1 o 689—,

Density. rioo  CF RS
1fy of Mix =7~

Mix Balance After Pressing: 247 kg

Remarks: GREEN BILLETS HAVE 2" Dinsonmis

na: Project Engineer Approved By: A 247}

Sintering Department = ,, bt
E-91 Date: g-/r-62




SYLi \NIA ELECTRIC PRODCCTS INC,
CHEM.CAL AND METALLURGICAL:

Material:

Specification No.:pg-33

MTC

TOWANDA ; PENNSY: "ANTA

[=7-520N METATS SECTTON

g z ?——:'Q“f“‘ 2' e

Sintering Fee.: &

Time-To-Temp.:
Atmo. Flow Rate: 20 cfh Susceptor Size: . DAES
Theoretical Density:_jo 4 _g/ce

LIS 4o .

_ Billet Shape:syeez 7 Nominal Green Sizegyggoln.

_ Sintering Temp.: 2300 C Time-at-Temp.:__ s o ge.

_ Atmospriere: ppy 187

Cr Stoke Rate: -

ty, eh Sintepred
ef Theoreti a;i_m_

Dew Point, >1 :
C Sg;ze’. - ln oo

qnee' T [

= 4‘7 2. 35 |18 18 x6.0
=45 g 41 |

ﬂ"l-"ﬂ‘E SAMPLING

682
68.3

e84

|

I

bs'a — 2'33 | IR " "
B 682

AIELAGE

-92A

257 | aeo | x| 4 22 |- .
2?’? -2 -997 66./ _40 42.43 | KD " ..

- 29 7 e o= :5%93‘— ,*,?87 s _ - = 12 m—— 83;49‘;, : /«v“., = :0
RA9-10 J'Qy b83 ,42 a?-40 " " "
AG=11 20557 8.7 ~40 2.94 " ' "

. A9-/2 22 683 | =40 244 A ]
29-/3 2.5%6 682 - 40 ) .40 " e
29-14 2.6/ 69 2 | - 40 | <42 oo
A5-1" 2,60 662 | - 2,57 g .-
_Rj-l6 e/ | 82 | — .97 ' “w oo

2.8 =43 2.4

680



SYLVANIA ELECTRIC PRODUCIS INC. TOWANDA, FENNSYLiVANIA
CHEMICAL AND METALLURGICAL DIVISION METALS SECTIUN

SINTERING DATA (Cont.)

ce_ Theoretical _, fAli;”n‘é | ppm l ppm | ppm Other,
93./ 1 &0 a70 | so 26 | |
4.0 | J8° | a0 1o | a&
| 247 | wwo | 370 | e </
d..38.7 do = | /0% | 20 37

744 | = 06 laor | a7 [
9.6 440 | a90 | 1720 | <1
936 | 0 |28 |10 | 8 |
924 | 940 |aeo |10 | 7 "
98./ &BO | 2720 | o4 20

K9-11 7;‘)’1 73.9 j 430 | 2¢0 | 47 o

RG-12 4,65~ 94.2 . 450 | a6 | 62 | 9
‘» 293 | 963 | o | voo | 280 | 93 /3

26-/4 “9.03 | w0 | 390 | g | e | & |
2548 | 9o2 73.9 —_— (704 | 86 L 47

25-/6 | 490 | 97 | — _laoo aor| s | |
4"5846‘ 9, 47 93 A S0 Z;'o* -2 176 0000
MeasuredSintered Densit

*Bquals, ~Smhcoretical Denslty X1G0

Remarks: ¥coul ¢F sPEC. - mug,,‘

ccs Project Engineer

Approved By: i2L8. 0

Date:_9-7-¢g2
2=92B




SYLVANIA ELECTRIC PRODUCTS INC. TOWANDA, PENNSYLVANIA
CHEMICAL AND METALLURGICAL DIVISION METAIS SECTION

Materials _mT¢ _ Date:_

Specification No.:

X‘.S'
126- C Intermediate Temp.: gmc Final Temp.:_~gos6 ¢
Heat Treutﬁents-‘,”'fg'e"" Other TreatMents: oyem .-y

| I a T Density,

Blllet and, ] Per Cent of|  Sheet
Sheet No. |Weight, kg|Size, ii _Theoretical‘“"“"
. 29-3 92.7
2§-7 93.4
;Aﬁaf ‘? . L - 93)
| as-r0 989
29-/1 | 98.9

o R98 | 240 |+ v v | G940
AvERAGE .40 | ' 93.5

T EffigienCY:*

2.8
é4.)
___658
642
66.0
63, 3
‘44

Remarks: BEERKDOWN ~ /8% RADASS To « 0,5¢" (STRMEHT RosL). TEIMMED To ©.040"x¢"X20"
S /2% LA/mss 1o o0.40" (cuess o),
INTERMEDINTE - /6 Pe®R/PNSS TO ~ ©./8" (CRoss Rese),

1-13%LA/PH33 To  ©,060" ( STENCNT Ract).

FINgL - € 10% RA/pyss To ©.045" (37001607 R0cc).

2 Project Engineer Approved By y

E-93 Date:_ 9.



SYLVANIA EIECTRIC PRODUCTS INC. TCh INDA, PENNSYLVANIA
CHEMICAL AND METALLURGICAL DIVISION ME1ATS SECTIUN

Material: MJTE ___ Program No.:0/-2370-04 _ Date:__ 9-2¢-423

Specification No.:pg-z4 Bill

£ . Nominal Sintered ©.ze. oxud in,
3

Breakdown Temp.set ssec. C Intermediate Temp.: JES..C Final Temp.: SE€E s, _C

Heat Treatments:.z¢ spec Other Treatments: «z=&

- X B T :—T)ensity, ! ‘
|Etllet and , 1 , Per Cent of| Sheet  |.uff c.: aey,*

S—— v = - = = e e it =~ e B = = e
— i — — = S e ——— = i i e ———— i =

¢ Project Engineer

E-93
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