
UNCLASSIFIED

297 0 3 8ADl

m/e

ARMED SERVICES TECHNICAL iNFORMON AGENCY
ARLN-GTON HALL SATION
ARLINGTON 12, VIRGINIA

UNCLASSIFIED



NOTICE:t When governmert or other drawigts, spec i
firations or other data are used ffor any purvose
other than in connection with a definit ely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern.
ment may have fonnulated, furbished, or in any way
supplied the said drawings, specifications, or other
dAta is not to be regarded by implication or other-
wise as in any fmner licensig the holder or any
other person or corporation, or conveying any rights
or peMission to "nufacture, use or sell any
patented invention that may in any way be related
thereto.



Development and Production of

IMPROVED MOLYBDEN-UM SHEET
by

POWDER METALLURGY TECHNIQUES

Prepared Under

U. S. NAVY.,
C. ~BUREAU OF NAVAL WEAPONS

Contrat NOas 60-6016-c

(C

FNLREPORT

1 October 1959-30 September 1962 A

U SYLVAN IA ELECTRIC PRODUCTS INC.
Chemical & Metoilur leal Division

Towau. Pennsylvania



Development and Production~ of

IMPROVED MYBDEJ SliET]

By

POWSPDER METAIlURGY TECHNIQUES

January 31., 1963

Prepared Under
Bureau of Naval Weapons contract W~as 60-6018-c

Final Report
1 October 1959-30 September 1962

By Sylvania Electric Products Inc.
Chemical and Metallurgical ]Division

Towanda, Pennsylvania

Roger 1B. Bargainnier
Richard F. Cheney
Lauri D. Tiala

Approved By*
_~ ~ h~ieijg ae r

metallurgy

-C hIef g ne



ABSTRACT

A powder-metallurgical molybdenum alloy was developed which, in

wrought form, has properties as good as or better than those of

arccast Mo-05Ti. The alloy, Mo 0.5Ti0.03C (MTc), was selected

after screening 15 molybdenum-alloy systems.

Process specifications for 40 mil KTC sheet were developed. in

the as-rolled condition the sheet has an ultimate tensile strength

at 1200 0 of about 60 ksi. it is approximately 50% recrystallized

after one hour at 1210 C, and its ductile~brittle transition

temperature is below room temperature.

WC seems to be responsive to strain induced precipitation

strengthening in a manner similar to that ascribed by other

investigators to certain arc-cast molybdenum alloys. Sintering

at >1850 C is necessary to develop the best properties in MTC

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 IW['ODUOT1 ON

When contract NOas-60-60i8-c for the development of improved

powder-metallurgical molybdenu 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-metalurgical

molybdenu alloy of comparable density came close to.

achieving that strength.

The powder metallurgical approach to high-temperature

molybdenum alloys has several inherent advantages. It is

shorter and therefore less expensive than that of arc-casting.

By the former process the volatilization of alloy constituents

is 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.
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c. 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 reconiended 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 summar zes our work leading to the improved

powder-metallurglcal molybdenum-alloy sheet, Mo-05TWi-0 03C.

Our work on the rolling of molybdenum powder directly to

sheet appears in a prior summary report.
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TABLE I

SUMARYOF INTERIM REPORTS

___------Report Nu be-_

Evaluation of' Powders X X X X X X

Rolling and Sintering

investigations XX X X XX X X X X X

Rolling Schedule
Investigations x x X x X X

Preparation of' Alloy
Sheet

a. Oxide Additives X X X

b. Elemental "X X X

c. Others X Xx x x X
d. Mo4i- CSystem X X X X X X X X X

Evaluation of' Unalloyed
Mo Sheet X XX XX X

Evaluation of' Mo-O.5TI
Arc-Cast -Sheet X X X

Evaluation of' Powder-
Metallur'gical Alloys

a. Oxide Aditives X X X X X X

b. Elemental" X XX X X

c. Others XX X XX X

d. Mo-Ti-CSystem X X X X X X X

Strengthening Mechanism
in Mo-Ti-C XX X

Rolling Mo Sheet From
Powder* X X XX X

*A final report entitled "Feasibility Study on Powder Rolling of'
Molybdenum Sheet" was issued on March 31,- 1961.



2.0 EVALUAT1ION OF BASE MATERIAI

To measure our progress in the development of a suitable

powder-metallupgical molybdenum alloy, we initially

determined pertinent properties on commercially available

materials using our testing facilities and methods. We

selected 40mil unalloyed molybdenum sheet produced by

powder-metallurgical techniques at Sylvania, and 40-mil

arc-cast Mo-0.5Ti sheet produced by four suppliers. We

evaluated thfe sheets for composition, structure, recrystal-

lization temperature, tensile properties, and ductile-brittle

transition temperature. Our testing procedures, outlined in

Appendix "!, generally followed those in "Recomnended

Procedures for the Testing of Refractory Metal Sheet Material",

issued by the SubDane!L on Standardization of Test Methods,

MAB Refractory Metals Sheet Rolling Panel.

Our evaluation of the two base materials appears in Table II

with corresponding values from the literature for arc-cast

Mo-O.5T! sheet. Our carbon, oxygen, nitrogen, and hydrogen

analyses of the arc-cast Mo-0.T5 sheets agree well with thOse

reported in the literature. Our values for the recrystalli-

zation temperatures and 1200 C tensile properties are somewhat

lower than those reported in the literature, whereas our

room-temperature strengths are somewhat higher.
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TABLE IT

PROP71ES OF 40-'MIL BASE --S-ET

Powder-Met
Molybdenrum?&) Ar-c~ast Mo-5i
Sylvani- Li-teratUR

~'opety3lusb Vales (b) ()Vlues

composition, PPM
Carbon :n23 2804lo40 9
Oxygen

Nitrogen 1411 4 0
Recrystallization o..o51) 10-2() 1 0 43 ()

(Temp., C(0% in one hour)

Ductile-Brittle
Transition d 75 0-24
TeMperature,c(d)<7()-24

Tensile Properties (d)
25 C
UTS, ksi 127 Is ~ 128(4)10(:
Ys,O.2% Offset,kai 102 314 n04 9_ eElongation, % 10±4 15 4)

98o0 C
UTS, ksi6
YS,0.2)% Offset,ksi
Elongation, % 1

10950C
UwS, ksi 18(~ 5_8 e)
Y8,O.2% Offset,ksi e4'
Elongation, % 1r-

1200 C 3 4IrS, ksi 12(2 34) 45(e)
TS,O.2% Offset,Icsi -6( 25(~ 42(e)
Elongation, % 31(a)i U~() 15(e)

1315 Q 0f

YTS,.2% Offset,k~si 20(f-- 1O )

a As-rolled.
b Numbiers in parentheses indicate the number of sheets evaluated to

determine values.
c Stress-relieved.
d Longitudinal Rropertles.

Levy, A. V., 'use of Refractory Metal inArBeathing Engines,
Re- -Yor Metals and Alloys, interscience Publishera, 1961,

f Semchyshen, M., McArdle, G..,and Barr, R.Q., Developent of
Molybdenum-Bae Alloys, Climax Molybdenu Corpa IMih 7,

WAD-Tec a Repot- 59-80, October, 1959, pag 83, specimens
1597, 1622, and 2527.,

g Climax Molybdenum Company of Michigan, Specification CMX-WB-T-l
for Climelt Molybdenum -5 Per cent Titanium Wrought 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-G.5'%i is obtained at the expense

of ductility. The recrystallization curves are in Figure 3.

Arc-cast M-0.•5Ci sheet is about 50% recrystallized after one

hour at 1200 C, whereas powder-metallurgical molybdenum sheet

is about 50% recrystallized after one hour at 1020 0.

3.0 ALLOY SCREENING

Varying compositions, listed in Table iii, of 15 alloy systems

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.
Initially, we attempted to translate to sheet Our experience

obtained from developing dispersion-strengthened molybdenum

and tungsten wire, This was done by adding various amounts

of T!0 2 , ZrC2 , A1203 , ThO 2 , and Cr2O3 to either the molybdenum

powder or the molybdIQ 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



MIR CO ST RUCTURE OF BASE MATERIALS

- . _ _ W-IIAI-

-V-

ARC-CAST MO0.5Ti

Fig. 1~Microstructure of 4o-mjl sheets of Powder~metallurgCaj.
Molyb~denum and arc-cas' oO5i
PhtomicrograPhs- are lonfritudinal at l0oox.
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40-mi1 sheet for evaluation. The Mo-ThOg billets failed during

rolling. Though the physical charaeter 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 obtained in wire.

The oxide coneentrations, within the ranges we investigated,

that imparted the best high-temperature properties to

molybdenum were 1.0% Cr2 Og, 0.5%Ci02, and O.5%ZrO2 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

slurry of MoO2 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-TiOg compositions.

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 respectlve values for unalloyed

molybdenum and arc-cast Mo-Q.5:i. The Mo-!.OCr2O3 alloy has

the highest ultimate tensile strength, 18 ksi.

Our second approach involved the 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.

(2) Mo-O. 5Ti-O 05C
(3) Moo 5n T!0084Z:P2'-0.0o8c

(4) Mo-!, O7i-O.29ZrH2 -O.4C

(5) Mo-IA5Nb-O.25C

(6) Mo-30W

(7) Mo-25W-OllZrO2 -O,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 ZrH2

and the carbon content decreased.

The rollablity 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), (4), and (5)

contained agglome-ates, presumbly 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 .OilZr02-O.050 was a solid solution of molybdenum and

tungsten containing dispersed ZrO2 . The carbon was probably

in solid solution with the molybdenum and tungsten.

The ductile-brittle transition temperatures and the tensile

properties at 1200 0 are compared in Table V to those of

their arc-cast counterparts. The ductiie-brittle transition

temperatures of the sheets from compositions (2), (4) and (5)

were greater than 250 C while those of Mo-30W and Mo25W-

O.llZrO2-O.04C were -50 C and 12 C respectively

The 1200 C ultimate tensile strengths range from 28 ksi for

Mo-0.5Ti to 56 kSi for Mo-l.27Ti 0,29Zr-0.3C. All but the

Mo-0.5T1. alloy (no carbon) have higher 1200 C strengths than

that of arc-cast Mo-0.5Ti-C. However, only the powder-

metallurgical Mo-C.5OTi-O.c.43C alloy was stronger than its

arc-cast counterpart. Therefore, subsequent investigations

involved molybdenum alloyed with titanium and carbon.

4.0 CHARACTERIZATION OF POWDER-MGTALLJRICAL Mo-Ti-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 molybdenum sheet dilutely alloyed with

titanium and carbon. The results led ultimately to the

selection of Mo-0.5Ti-o.03, Which has properties that compare

well with those of arc-cast Mo-,05Ti.

Sintering conditions, titanium and carbon concentration,

in-process ther-al treatments, and rolling parameters were

investigated.

CA~ E~ffect of Strng Conditions

The originally prepared powder-metallurgical mo-0.5Ti-

0.043C sheet (Table V) had an ultimate tensile Strength

of 42 ksi at 1200 C compared to 33 ksi for the arc-cast

Mo-0.sTi-0.o28c sheet. The powder-metallurgical sheet

was rolled 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

0 mil sheet, billets were prepared in the following:

manner. Thirty three rolling billets were isostatically

pressed from several powder mixes of molybdenum, titan!um

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
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0.5 to 6.0 hours at 2300 0. Wet and dry hydrogen,

dissociated ammonia, and vacuum were used for sin tering

atmospheres. Most Of the sintered billets were from

89 to 95% dense and were about 1.2inches thick. Most

of them were analyzed for titanlum, carbon, oxygen, and

nitrogen. They were then rolled to 40mil sheet by a

oommon 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 V1.

F'rof the chemical analyses of the billets and sheets,

the material contained the amounts, of titanium, carbon,

oxygen, and nitrogen shown below.

Element Averkage Range

Titanium, % c.54 0.48-C.61

Carbon, ppm 380 150-660

Oxygen, ppm 98 39-270

Nitrogen, ppm 130 12-630

The room-temperature diamond pyramid hardness averaged

3-25 and ranged from 273 to 367.
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The 1200 C tensile properties were as shown below,

UTS, ksi 53 3,6-160

Ys (0.2% offset), ksi 40 30-8

E2longation, % 9 5-12

The most significant observation from this work is that

the 1200 C strengths of sheets processed by sintering at

1800 C are significantly lower than the 1200 C strengths

of those processed by sintering at 1850 to 2300 C.

Sintering Temp. 1200 C UTS 1200 0 YS, 0.2% Offset
Cksi ksi

1800 4o 33

1850 54 42

1900 52 41

1950 56 43

2000 56 43

2150 54 4,o

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

consistently results in sheets with 1200 C ultimate

tensil!e 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 strength0

Carbon, oxygen, and nitrogen contents were affected to

various degrees by the imposed variations in sintering

conditions, but not to an extent to influence the

hardness and 1200 0 strength propertles4 Materials

processed by sintering in dry hydro.gen or in vacuum have

the lowest oxygen and nitrogen contentsa Material

processed by sintering in wet hydrogen are relatively

high in oxygen, and materiai processed by sintering in

dissociated ammonia or dry hydroger contaminated with

dissociated ammonia were relatively high in nitrogen.

Sheets made from mixes of molybdenum and carbon with

either titanium or titanium hydride powders have similar

properties.

In subsequent experiments, 23 C was frequently used

as the sintering temperature because adequate densities

could be obtained in a relatively short time.

4.2 Effects of Carbon Content

Our first work (Table V) indicated that theohigh-temper-

ature strength of Mo T!-C alloys is dependent 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 18,50 to 2300 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 40mil

sheet as in the previous experiment. The sheets were

evaluated for composition, room-temperature hardness,

and 1200 0 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 also 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

uniforml high strengths at 1200 C are consistently

obtained for sheets containing at least 200 ppm of

carbon. The ultimate tensile and yield 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 24 ksi to a range of 50 to 60 ksi as the carbon

content increases from 2C to 20C ppf. Increasing the

carbon content from 20 to 660 ppm does not significantly

alter the strength. The yield strength follows a similar

trend. vowever, increasing the carbon content from 200

to 660 ppm results in a gradual increase of the average

yield strength.

The ultimate tensile- and yieldstrength ranges are

compared in Figure 7. It is interesting to note that

the solubility limit of carbon in molybdenum in the

range of sintering temperatures we used is about 200 ppm(').

Most of the tensile elongations 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.

The materials processed by sintering either in dry

hydrogen or in a vacu have oxygen contents ranging

from 44 to 650 ppm. Low oxygen values are usually asso-

cdated with high carbon contents andl vice versa, Appar-

ently, the presence of a sufffic!ent amount of carbon prevents

the titaniu from oxidizing during the sintering cycle.

The nitrogen contents in these same materials range from

8 to 65 ppm. They were not 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 a-MOunts

of either oxygen or nitrogen.

4i.3 Effects of Titanium_ Content

The fol1owing 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 0 are shown below.

Composition 1200 C Ten I e Propertles

TItaniuM carbon UT$961 1 E ,s E&ong.,%

0.33 0.030 29 26

5 0.020 56 3 8

0.86 0.027 53 7 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 of this powder metallurgical alloy,

designated MTC, is similar to that for the arceast

alloy, Mo"0.5Tii

4.4 S-trengthenIngMechanism in W-~C

The sensitivity of the high-temperature strength Of MTC

to changes in sintering temperature 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 hgh-temperature strength of

the alloy. Part of the necessary experimental work was

conducted at Towanda(2), and part was subcontracted to

the General Telephone and Electronics Laboratories(',S).

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 solid-state reactions between titanium and
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the interstitial elementsi Bufferd' et &1(5) and

Jaffe&() :round that high~temiperature stress-

rupture strengths were fIMprOved when finely

dispersed Tic-2 was presenti A dispersion of TiN

was formed by Mkherjee and bMartin(l) by diffusion

of nitrogen into arcctat Mo-l.OTi4 An investi-

gation of surficial contamination of mo~O.5Ti

sheet at universal Cyclops(8) Indicated that

nitrogen raised the recrystallization temperature

of the contaminated layer. Prom Strength data

on various arc-cast alloys, Semchyshen and Barr(s)

concluded that a critical C/Tit ratio is necessary

f or optimum streng-t'hening of MO-Ti C alloys

The influence of heat treatment and composition

on the microstruct-ure and properties of arc-ceast

Mo-Ti alloys was studied in detail by Chang(1O ).

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-lTi-Ot!Zr-iclC,

hardening was caused by the precipitation of TIC

accompanled by diSSolutIon Qf M020, which was

Stable only at high temperatures. Also, the

titanium appeared, to increase the high-temperature

solubility of carbon in the alloy.,
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For a Mo-O.5Ti-.0350 alloy, Chang found that TiC

existed at temperatures below 1650 C. The alloy

in the reerystallized form did not show an aging

response to heat treatment, but the 1200 0

strength of the alloy in the Worked form was

significantly higher (58462 ksi) than that

normally obtained (37 ksi).(, °1O) He suggested

that the higher than normal strengths resulted

from straininduced precipitation of TiC during

final working after a 1650 C heat treatment.

Chang desoribed the alloy as not age-hardenable

by thermal treatment alone because of "restricted

carbide solutioning at high temperatures" rather

than because of any deficiency of carbide.

4.4.2 Effects of Interstitial Elements

Experiments performed by the General Telephone

and Electronics Laboratories indicated that large

concentrations of nitrogen and oxygen do not

significantly influence the 1200 C strength of

the powder-metallurgical Mo-Ti-C alloys., esults

representative of the bulk of the data are shown

in Table Viii. There is considerable
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variance it the strength values. No correlation

with the changes in any particular interstitial

impurity is apparent. 'The strengths of' samples

90 and 92 are hige than those Of' the Others,

presumably because of' their higher carbon content.

, EtT ECA -MITS O TI a0INTERSTETIL EI~T ON '- 9QC TENSI LE PRQPERT:ES
OQF -404Q L MO-Ti " SHETk '

Sheet carbon Oxygen Nitrogen TJTS Elongation
Nurfber' ppmO -p -

3-k 78 2-300 100 38 12
37 84 1900 200 24 15
40 56 1100I 540 37 21

1-4 29 1500 'O34 10

h~ih Ntrogenr

90 480 260 93-0 49 12.
92 410 250 930 49 10

HjihOye n Jtoe

34 67 1300 410 39 7
67 45 66C. 84o 32 26

Control

io6 58 220 4i 2 9
107 73330C -4 43 13

a The sintering temperature was 1700 C. Strength properties would
have been higher if' sinterin--- - g had been done at or
above 1850 C. The titanun content was 0.5% and no jn~proces
heat treatment was used .
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The materials, for which the data are presented

in Table VIII were all processed similarly by

presinterig at II C in vacuum, sintering

one-half hour at ?OC C to a density of about 85%,

then canning in molybdenum prior to forging at

17C C, and rolling to sheet at 135 C. All but

samples 106 and 107 were exposed to a nitrogen

containing atmosphere at temperatures between

1500 and 1700 C.

1443 Titanium Carbide Dispersion

The lack of significant effects from oxygen and

nitrogen and the obvious influence of carbon,

presented in section 4o2,indicate that carbon is

the interstitial element which is active in the

strengthening of the M' alloy. Carbon alone is

not sufficient to provide the observed strength

increases. This is indicated by a 120r C tensile

strength of 13 ksi, which was determined for a

Mo-C.W7kC alloy as compared with 12 kis for

unalloyed molybdenum.

The indispensable role of titanium found in our

investigation and others(s'"), 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-lTi-O.lZr-0.14C, as mentioned previously.

He also showed that molybdenum carbides are

stable only at high temperatures, ruling them

out as strengthenes at 1200 Ci

While the dispersed TiC phase is presumed to be

the strengthening agent, the actual mechanism for

obtaining the TiC dispersion remains to be

determined. Temperature-induced precipitation

is not active in forming the strengthening

dispersion in the annealed alloy as was demon-

strated by Chang and is indicated by the plots

of Figure 9 from the G. T. and E. investigation.

in the figure, roomtemperature hardness is

plotted as a function of heat-treatment tempera-

ture for powder-metallurgical Mo0.5TiTO.08C and

Mo0C5Ti-O16C and for arc-cast Mo-Ti-Zr-C(1o).

Only the last composition shows an age-hardlening

response.

While heat treatment alone does not result in the

formation of a precipitate, it is possible that

the application of strain in the appropriate

temperature range may alter the kinetics of

precipitation by providing an increased number of
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nucleation sites a' rC,,ing operations during

processing of'x vtorCseet probably provide th%.e

necessary conditions f'or such strain-n;.-uced

precipitation, iaklkng possible the Poriation of

a dispersed phase of titinium carbide.

T17heoretically, the fineness of' a strai~induced

precipitate and the -resultant matrix strengthening

are determined by t'he aro'int Of strain, and th~e

tperat'ure at whicin str-Ain occurs. Accordingly,

shaeet proper-ties should be enhanced by the

appropriate selection of' rolling schedule,

rolling temperatuarerandi in-proceas heat treat-ment.

The experiments desocribed In~ the fol.lowing section

Were designed to test th-Iese possibilities.

4.4.4 I*at-- Ire tment Effeot4s 14 TC Steqteg r f MTC

-.The response cf M r^;lIed sheet to an in-pr:cess

heat treatment was ln77estligated to deterine the

effects of' aging o-- strained material arid to

evaluate the poss it-es of enhancing final

sheet properties by in-process soliitioning of' TIC

pror to fin-a woriin(- )

Based on the sintering data presented in section

4 . , MIT billets were s-intered at 23QC C -

Apparently, sintering at about that temperature
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facilitates the dissr'lving of titanium and carbon

by increasing their rate of dissolution and

raising their solubilities in the mnatrixo Also

titanium is a liquid above about 1800 C. For the

arc-cast alloy the dissolution .of titanium and

carbon is accomplished during melting, altough

excessive precipitate growth during cooling and

extusion may require resolutloning to achieve

an optimum dispersin.

One-ineh-thick sintered MTC billets were forged

to 4C0 mils at i5CC ,; then samples were heat-
treated at 1353, 15C(, l7uC;., 19-0 and 215C C.

After rolling to 40 mrils at 1200 0, the chemical

compositions were checked and the tensile

properties at 1200 J were measured. The results

are shown in Table IXo The high-temperature
strengths of the s-eets heat-treated at 1--C c

and above are obviously improved (67-69 ks!) over
that of the dontrol (56 ksi), while heatng below

1700 C resulted In lowered strengths (f8 -C ksi)i

The marked response of the strained sheet to

heat treatment of the plate is indicative of

strengthening by strain-induced precipitationo

Strengths higher than t-,at of the control can be
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attributed to dissolution Of TIC followed by

precipitation during subsequent deforrmation at a

lower temrperature (1200 C). Strengths lower than

that Of' the control apparently resulted because

TiC did not dissolve in the matrix at 1350O and

1550 0, but instead, coalesced sufficiently 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.

TABLE :x_

EFFECQ_9FIIATTR!EATM~T__AT 4CC MILS__ONTRiE
1200 C TENSIZZ-FRPEPTIES -OF 40- MIL MTC MTHEET

Time
Temperature at Temip. Carbon JTS YS,O.2% Offset Elongation

C r _ ksi __ __ __ __

2150 0.50 0.30 69 64 9

1900 1.0 0.029 67 55 10

1700 2.0 0.031 61 53 12

None (control) 0.038 56 46 12

1550 T7.5 0.037 5C 42 11

f350 18 0.038 48 41 11



1

40

Figure 10 shows the 120C C strengths of sheets as

a function of carbon content. The sheets were

processed with a re-solution heat treatment

prior to final working as discussed above. 'he

ultimate-strength range for sheet without the

heat treatment is ShWn for comparison. TIe

samples include those heat-treated at 1700 c and

above in the preceding experiment and samples

22-iOA, il1, l2 Awhich were discussed in Interim

Report No. 17.

4.4.5 Effects of Rolling on TIC Strengthening of MC

Rolling experiments were selected to evaluate

the effect of strain on strengthening(2).

Different amounts of strain were introduced into

sheet by similarly rolling plates,,which were

either 620 or 400 zrls thick, to 4C-mil sheet.

Additional variations of strain were introduced

by rolling the plates to 120 mils at either

11CO C or l1 0c C tefore rc4iing to 4C mils at

12CC and about 2O0 . Sheets from plates

soluticn-treated f&r two hours at 1TGC C were

compared with sheets from untreated plates at

comparable strain levels. Tensile properties of
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the 40-mul 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.,

WALE- X

VFFET-OF AEAT TRATMN' AND STRAIX
ON TREGT OF40-ILMTC SHEET

UTS
At 1200 C, kai

Heat Treatment(a) Rolling P laze Thl:cxfess
Temperature Temfperature (bD) at Heat Treatment--

bre C C b0milE0 400 =mi

None -1100 48 56

2 1700 11010 53 60

- None - 1400 49 (c)

2 4700 1400 49 52

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

b The material was rolled at this temperature to 120 mile thick,
then rolled to 40 mils at 1100 and about 200 CI

c Not rolled to sheet.

The results were Again consistent with a strain-

induced precipitation mecbanim Thhies

strength (60 ksi1) was obtained for the sheet

rolled at 1100 C from the 400-mil plate which was
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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 kal).

Increased strain from rolling a thicker plate

apparently caused over-aging to an even greater

degree (48 kSl), although the solution heat-

treatment still improved the strength (53 vs.

48 ksi).

Rolling at the higher temperature (1400 C)

permitted more rapid precipitate growth because

of increased diffusion rates than was possible

at 1100 C, and the ultimate tensile strength for

the solution heat-treated material dropped from

60 to 52 ksl. The increased strain, which was a

result of rolling from 620 mils at l0 C,

increased the rate of precipitate growth nullifying

the effects of re-solution heat treatment. The

ultimate tensile strength for both sheets was

49 ksi.

4.4.6 Sunm~ay

The strengthening of the MTC alloy by strain-

induced precipitation of TiC has been qualitatively

confirmed by the preceding considerations.
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Conclusive metallograp'ic evidence or Other

quantitative data are desirable but were not

obtained. More thorough analysis of the mechanism

awaits additional knowledge of the quantity and

type of phases present at the temperatures and

strain conditions under investigation. The

importance of rolling temperature, in-process

heat treatment, and amount of deforination have

been amply demonstrated.

5.0 PROflS OR MTC 8SKET

Based on our development work, process specifications were

prepared for 40-mil MTf0 sheet. These specifications, PV-32,

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

steps are:
1. Mix required amounts of molybdenum, titanium hydride,

and carbon powders.

2. Press into billets.

3. SInter to at least 92% of theoretical density at 230C C

in dry hydrogen.

4. Breakdown-roll at 1400-1430 C from 1.5 inches to

400 mils.

5. Re-solution heat-treat for two hours at 1700 C (plate

recryatallizes).

6. Cros-roll at 1100 C to 150 mils.
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7. Straight-roll at i100 C to 6o mils.

8i Etch to 55 mils.

9, Straight-roll cold to 40 mils.

Etching near the finished size lowers the ductile-brittle

transition temperature by an average of 25 C. We etched in

a solution, one part by volume 49% I.F solution and nine parts

by volume concentrated HNOs.

Breakdown rolling at 13o0 C results in split plate at 400 mils.

if breakdown rolling is done at or above 1475 C final rolling

must be done at a rather high temperature, .500 0, to avoid

failure.

It is important that the lead and lag ends of the sheet are

trimmed after cross-rolling. 12hese ends are thinner than the

rest of the sheet, and if they are not trimmed the incidence

of edge cracking is high upon subsequent straight rolling.

During the contract period we !Ad an opportunity to demonstrate

the feasibility of breaking down sintered MTC by methods

other than rolling. Figure 12 s'-.ows, in addition to a rolled

plate, a plate reduced 50% in height by press-forglng in one

pressing at 1500 C, and a rod reduced 77% in area by

extrusion in a D pak at 1625 C.
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Fight 40-mil MTC sheets were produced and delivered to the

Bureau of Naval Weapons. Six sheets were 611 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 o-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.

6.0 EVALUATION OF MTC SHEET

We performed no exhaustive statistical evaluation of the

properties of MTC 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
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ductile~brittle transition temperature. Some properties were

evaluated enough times to give an idea of the degree of

reproducibility. Early in the development work some stress-

rapture data were obtained on sheet processed with no

re~dolution heat t,'eatment.

6.1 CoMposition

Chemical analyses for six of the eight sheets delivered

to the Bureau of Naval Weapon$ appear in Table XI and

are s rized below.

Element Average fang-e

Titani um 0.50% um O5 0.54%

Carbon 260 ppm 220 3l0 ppm

Oxygen 33 ppm 15-110 ppm

Nitrogen 12 ppm 2- 22 ppm

Hydrogen 1 ppm 1- 2 ppm

Molybdenum Bal.
Changes in composition during processing are shown

below:

Element Mix Billet Sheet

Titanium 0.50% - 0.50%

Carbon 870 ppm 280 ppm 260 ppm

Oxygen 900 ppm* 80 ppm 33 ppm

Nitrogen - 10 ppm 12 ppm

* Weight loss of Mo powder in hydrogen.
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The amounts of carbon and oxygen lost during processing

are in the propor'tion corresponding to the reaction

:PC + 02 -: 2cO

which took place during the sintering cycle(4).

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

apparently lower than that of the sintered billet.

6.2 Rcytliainemetur e

The 50% recrystallization temperature was determined

from hardness measurements on sheet samples annealed for

one hour at various temperatures and was Subsequently

verified by metailographic examination. The hardness

values are in Table XUI, and they are plotted as a

function of annealing temperature in Figure 13. The 50%-
recrystallization temperature ranges from 1200-1220 C.

Figure 14 shows photomicrographs of two of the eight

as-rolled sheets sent to the Bureau 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. F1gure

15 shows photomicrographs of sheet annealed for one hour

at 1200 C and 1300 C. The structure resulting from

annealing at 1200 C is about 50% recrystallized.
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ANNEALED _MTC

ONE HOUR AT 1200 C

ONE HOUR AT 1300 C
Fig. 15. Longitudinal structure of annealed 1 0-mll MTC sheet

at B5X. Sheet annealed for one hour at 1200 C is
about 50% recrystalized. Number on photomicrograph
is DPH.



55

TABLE XII

HARDNESS OF FINAL WOC SHEET

DPHzokiz-Af ter One Hour at indicated Tere 0
Sheet No. -R'I! 1Q 11-50 1200 a12Q - O 14- 0

29-3 312 303 301 273 217 208 203
29-7 331 29 296 27k 221 213 200
29-9 329 312 315 288 218 213 200
29-.0 325 317 31 258 207 20f 199
29-11 331 300 308 278 222 203 2o
29.i3 331 308 30C 261 -15 208 199
29-15 305
29-16 317 - - ....

Average 323 306 305 272 217 208 201

NOTE: One-hour 50%-rerystallization temperature - 1200-4220 C

The average curve of hardness vs annealing temperature

for MTC sheet is compared to those for the two base

materials, powder-metallurgical molybdenum and arc-cast

Mo-O.5T! sheets, in Figure 16. MTC and arc-cast Mo-wC.Ti

sheets are about 50% recrystallized within the same

temperature range. This range is about 180 C above

that for powder-metallurgical molybdenum sheet. The

hardness of MTC sheet begins to drop sharply at about

1150 C, whereas, that of arc-cast Mo-O.5Ti sheet begins

to drop at about 1020 C.
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6.i Tensi].e Pror2vmte a

Tensile properties of as-rolled Sheets were measured in

the longitudinal direction at 25, 1095, and 1200 C, and

in the transverse direction at 25 and 1200 C6 In

addition tensile properties of recrystallized sheets

were measured at 25 and 1315 C. The data are in Table

XII 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 109 5 C in the as-rolled condition

to 19 ksi 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. MT1C sheet is considerably stronger

than arc-cast Mo-C.5Ti Sheet at 1095 and i200 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 MTC sheet if a proper re-solutjon heat treatment

was incorporated. At 1095 C, MTC sheet meets the

Refractory Metal Sheet Rolling Panel's target strength,

iHowever, it falls far short of the target at 1315 C.
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6.4& Ductile-Brittle Transition eprare

The ductile-brittle transition temperatu'e of as-rolled

WOI' sheet was determined in both the longitudinal and

transverse directions by the bend test. 'The results are

in Table XTv and are sum-arized below.

Dlirect ion Rnge Average

.Longitudinal <475 to -250 <0

Transverse 425 to 00 >-17C

Additional development of the rolling schedule is

necessary to obtain similar values in both directions.

TAB3LE XrV

UJTIEBRITTLE TRANSITION TEMPERATURE
OF40-MIL AS AVLD T SEI

Re-solution Time TTC
Sheet No -at 1J? C, hr---- ~dna Tranoverse

29-6 2 <-25 0
9-12 2 -525

29-15 2 > -25
2-16 2 -25
22-IOA 1 -50-2
22-i1A 2 < -5 0
22-12A 4-2-5 0

Ave. <-4o0 >-17

6.5 S t resasRur e

Data on stress-rupture at 1200 C were obtained for MTC

sheets and for the base sheets. No re-solution heat

treatment was used in Processing the MTC sheets, which
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were ro-lled from billets sintered at 2150 0. The data

appear in -Table XV and are plotted in -Figure 19. Fzow

this plot the following one- and teftihOur rupture

stresses were determined.

Ma~a~riaIRueSre so -at 10 ~u
lhrL lhr

Mo-O5Ti 3 15

WT 4(&) 26

a by extrapolation

MTO sheet ruptures at a higher stress for a given time

than does arc-cast Mo-0.5TI s-heet. The rupture stress

of MTC sheet decreases at a faster rate than does that

of arc.-cast Mo-0.5Ti sheet.

6.6 sunma_

The properties of powder-metallurgjcal molybdenum,

arc-cast Mo-0-.5Ti, and MTC sheet are compared in

Table XVI. The Refractory Metal Sheet Rolling Panelts

target values are also included. The Composition,

recrystallization temperature, and ductile-brittle

transition temperature of MWC sheet are about the same

as those of arc-cast Mo051sheet. At 25, 1095, and

1200 C the ultimate tensile strength and the yield



TABLE XV

DATA fOR STR1ES1S R, 2-E E AT 1200 c

Rupture Time,I-
Base materials

30.0 2

5.41
8.2

Ave. 4.8

25.0 -6.5
17. 9

Ave. 9.3

241. .2 16.9
24.0 o.4)3
23.0 1. 70
22.5 0.941

21.5 27.2
32.2

Ave. 30.5

18.5 -3.415
17.6 -5.412
1-7.5 - 4.41
17.@0 0.28 9.30N -

15.0 14.50
20.5

Ave, 12.5

141.o 12.8
13.0 -12.5
9. 60 1.4 1
8.00 1.7
5.15 26

aNo re-solution heat treatment.
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strength of MT-C sheet is higher than those of arc-cast

Mo0.5Ti sheet, At 1315 0 the strengths are about the

game.

The tensile elongations of arc cast Mo-0.Ti sheet are

higher than those of MTC sheet at 25, 1095, and 1200 C

and considerably lower than that of MTC sheet at 1315 0.

MTC sheet meets the Refractory Metal Sheet Rolling

Panel's target properties for ductile-brittle transition

temperature and ultimate tensile strength at 1095 0.

it almost meets the target for yield strength at 1095 0.

However, it does not meet the targets for recrystalli-

zation temperature, room-tefperature tensile elongation,

and strength at 1315 0.

7.-0 CrONCLUSIONS

1. Powder-metallurgical molybdenum-metal oxide 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-.OCr 2 03 , Mo-0.5T!O, and Mo-0.5Zr02 .
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2. Powder-metallurgical molybdenum-alloy sheets, whose

compositions duplicated those of several commercial and:

developental arc-cast alloys, also showed increases in

high-temperature properties over those of molybdenum

Sheet. However, only M o.5Ti.03Cj ultimately designated

,MTC had high-temperature properties which were similar

to those of its arc-cast canterpart.

3. The best combination of high- and low temperature

properties was obtained for 4O-mil MTC sheet by a process-

ing sequence which included:

A. adding an amount Of carbon to a powder mix of
molybdenum and 0.52% titanim hydride such that

resultant sheet contained 0,02-0.04%.

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 1700 C

prior to rolling to the final thickness at lower

temperatures .

D. etching the surficial layers from the sheets Just

before rolling cold to 40 mils,

4. The composition, recrystallization temperature, and the

ductile-brittle transition temperature of MTC sheet are

similar to those of arc-cast Mo-0.Ti. MC's tensile
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strength and tensile elongation are respectively higher

and lower than those of am-cast Mo-05Ti up to 120C C.

5. The properties of VTC sheet are marginal when compared

to the target properties established by the Refractory

Metal Sheet Rolling Panel for a fabricable molybdenum

alloy. MTC sheet meets the targets for ductile-brittle

transition temperature and ultimate tensile Strength at

1095 C. It almost meets the target for yield strength

at 1095 C. However, it does 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.

6. improvements in strength and recrystallization tempera-

ture of MIC sheet relative to those of molybdenum sheet

are attributed to the precipitation of T1C induced by

strain during rolling.
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APPENDIX I

TARGOET PROPERI& Q ARCBEMLBEtWAuo a

in optimum Compi.

1. Room-Temp. Tensile
Ultimate Tensile Strength, kai**
Yield Strength,02% Offset, kal*
Elongation, per cent 10 10

2. Elevated~TemP6 Tensile
Temperature, F 2000 2400
Ultimate Tensile Strength, ksi 75 .50
Yield Strength, 0.#-% Offset$ kai 60 35
Elongation, per~ cent*

3. Creep Rupture(State Stress and Elong.)

atTemperature, F 2Q04~f00
Rupture-T1me, hr 1110 ii

46. Recrystallization (in opt. condition)
50% by metallographic observation

Time 1 h
Temperature, F 2600

5. Notch Sensitivity - ratio(b) 1.0 (RT)

6. Transition Temperature (in opt.
condition)

in bending 4fT 40
tensile, notched State

smooth
impact, Charpy

7. Bend ductility (Room Temperature)
Base metal IT
Welded, (Weld transverse to bend axis) 4

8. STATE FOILOWING:

Density
Melting Point
Emissivi ty
Modulus ot' Elasticity
Thermal Shock Resistance
Creep Properties
Oxi1dation Resistance & Contamination
Coatability
Exp~erience with 4t59 Brittleness
lamination Tendency

*To be furnished

a Report No. 172M, "Report on Refractory Metl he oln ae'
Act-vti-s,- by ?.oterials AdvisoyoadsRfctrMtlShe

Rolling Panel, May 22, 1961. ryBadsRfctyMelSht
Kt 6.o0, PA 410% (See ASTM Bultnaur 1960, p 29)
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A P P EN1)1X T

i. Samplinig Samples oi' powder mixes arid rolled sheets Were

taken at random. Samples off sinttered billets were out from a

given end, Consistent vith sintering-furnace orientatit.

2., Determinations

A6 Titaniium Determinations were made by a wet chemical

method. A 14 -g sample was dissolved in aqua regia. The

solution was evaporated to a low volume and diluted with

water. It was Made ammonical and TiOgoHg0 precipitated.

The precipitate was filtered, washed, ignited, and weighed

as TiC)2.

B. Carbon - Determinations were made by a conductometric

method in a Leco apparatus. A 06l-O.1 -g sampje was used

C. Oxygen - Ieter-mjp.tions were made by either the vacuum-

fusion method with a Fisher's Serfass Gas Analyzer or the

inert-gas4usion method with a Leco conductometric

apparatus. A e..c,.gsample was used.

D. Nitrogen " Determinations were made by either the vacuum-

fusion met-hod or the micro-K,4eldahl method with an all-

glass system. A 0-1-5.-g sample was used..

E. Hydrogen - Determinations were made by the vacuum-fusion

method. A C.1-'.4f.g sample was used.
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,PHYSIC'A-L 1TTN

1. Room-Temperature Tensile. Tests were done on either an instron

or Riehle testing machine. In most cases.. tensile test data

for a given sheet represent averages of two teats. Either a

standard ASTM specimen Or a smaller specimen with a i/tl x I"

gage section was used. The strain rate was 0005/Min to the

0.6% offset. From the o.6% offset to fracture, a strain rate

of 0.05/min was used, except for a few specimens for which a

strain rate of (.02/min was used. In most cases the strain

rate was determined by the rate of crosshead separation.

Elongation was computed from gage marks on the specimen.

Yield strength was determined at the 0.2% offset on a stress-

strain curve where the strain was obtained from orosshead

movement,

2. High-Temperature Tensile. Specimens with a i/4" x 1" gage

section and pin-type gripping ends 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 CoC2/mino Tests were done at

980, 1095, 12CC and 1315 C by an -rstron testing machine

equipped with a Brew vacuum fu-nace With tantalum heating

elements. A vacuum of 10-4 mm of mercury or better was

obtained 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 t empera-

ture before starting the test. The testing temperature,

controlled within + 5 C, was measured by a platinum, vs

plati-numiO% rhodium thermocouple attached to the specimen

from a Leeds and Northrup potentiometer. The yield strength

was determined at the 0&2% offset on a stress strain curve

with the croashead movement as a measure of the strain.

Eiongation was determined by gage marks. Most 1200 C tests

were done in duplicate.

3. Stress-Rupture. Stress~rupture tests were done with a

6000-pound capacity Tatnall stress-rupture tester with lever

ratio of 4.5:l. Machined sheet specimens were heated in a

Kanthol-wou-nd resistance furace equipped with a vacuum retort.

The vacuum ranged from 25 to 53 P of mercury. The testing

temperature of 1200 C was reached in four to five hours and

was held for one-half hour before applying the load,

Temperature was measured by three platinum vs platinum-IC%

rhodium therocouples 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-i/' reduced

section with a 2:? gage length. i!n-type grips were used.
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4. Recrystallization Temperature. Test coupons, approximately

l/2-Inch square, were heated at various temperatures for one

hour in hydrogen. They reached temperature in five minutes.

The tem-erature, measured either by a thermocouple located

near the boat containing the specimens or by a micro-optical

pyrometer sighted on a carbon block in the boat, was controlled

within + 10 C. The diamond pyramid hardness was determined

for each specimen from the average of three impressions made

by a 20-kg weigt. Hardness versus annealing temperature

curves were drawn. Prom 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 metallographic examination.

5. Ductile-Brittle Transition Temperature. This was determined

by bending as-rolled Sheet specimens, i1 x 3", through an

angle of 1050 at various temperatures in increments of 25 C

until the transition temperature was bracketed. The edges of

each specimen were rounded by grinding in a direction parallel

to the major axis on a 120-grlt wet belt. The bend-test

equipment consisted of a mated 759 V-punch and die set

operated in conjunction with an Instron testing machine. The

punch, with a C,16C" (T) radius, was mounted on the movable

crosshead of the testing machine. The punch, moving at
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i0 in./min, bent the specimens which were located across the

top of the die. The die was in tv-±e bottom of an insulated

chamber which was partially 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 imMe sion heater. The

maximum testing temperature was 250 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 10 X) was considered to be the

ductile-brittle transition temperaturei.



APPENDIX I!

POCESS SP-ECIF-ICATIONS FOR MTC SHPE.T,
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SPEIFICATION-F tj-3

A. RAW MvATMIAIS

1. Molybdenum powder:.

Molybdenum content, % miin- based on metals 99.9

Weight loss in hydrogen at 950 C for one
hour, % Maximum 0.1

Metallic impurities, PPMmaximzui, Al 10
Ca 10
Cr 100
Cu 5
Mg 10
Mn, 10
Fe 50
Ni 100
Pb 10
Si 200
Sn 50

,Mesh Size -100
Fisher Subsieve ,Size, Microns 3.55-55
Bulk densi~ty, gins 20-35

2. Titanium hydride

Grade E, Metals Hydride Inc., sieved throg a
325-mesh screen.
Fisher Subsieve Size-, using density of 3.76 g/cc:

3. Carbon

Grade SP-2, National Carbon Company.

B. FROCEMtJRE

1. Mixing

a. Weigh out molybdenum, titaniu hydride, and carbon
such that

Wt. of TiH2) =0.00523 X- (Wt. of Mo)fwt. of C)_ 0.oo085 x (Wt. of Mo)
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bi Mix TiHg and C for 0.5 hr by tumbling.

c. Mix the mixture of TiHe and C With the Mo for
3 hrr in a blender.

d6 Store under nitrogen.

2. Pressing

a. Fill a pliable mold of cross section 2-3/8" x 2-3/0"
with about 2.8 kg of the mixed powder from l.dA

b. Press isostatically at 30 ksl and round the coners to
a maimium diagonal of 2 inches.

c. Determine the billet deuisities,

d. Seal billets in polyetbime with a packet ofdesiccant.
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SLPEICATION PP -33

SITERN -~SW ILTS WO OTAT as 60-6--

A. MATMIIALS

Green WC sheet billets prepared according to Specification
PF-326

B. PR0C:DURE

1. Load a single billet into a 2" lb tungsten susceptor
in a 50-kIw induction furnace.

2. Close the furnace and flush with dry hydrogen (dew
point <-35C).

3e Heat billet to 2300 C in about 75 minutes and hold at
temperature for 90 minutes.

4. Cool while flushing with dry hydrogen.

5. Submit for rolling all billets with the approxite
dimensions i.5" x 1.5" x 6.5" which satisfy the following
requirements:

Density, based on a theoretical density
of 10.14 /cc, % 92 mn.

Carbon, ppm 200-400
Oxygen, ppm <200
Nitrogen, ppm

The analyses are to be based on sam-les from a 1/" slice
cut from one end of each billet.
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SPECIPTCA 1O P34

A. MATIALS

Sintered MTC sheet billets prepared according to Specification
PF-33.

B. PRCEDUR

1. Breakdown rolling at i0o1430 c.

a. Straight-roll from--15-inch thick to 590 mils by
reductions of about 17%. Five reductions are required.
Heat billet for eight minutes prior to the first
reduction. 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,

c. 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 thre mnutes.

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

of Straight-roll to 60 mils by eight reductions. The
firstsix reductions are about-l2% 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.



4a,. Etch to 55 m~ile in warm solution of 1:9 by Volume of 4-9%
hydrofluoric acidoconcentfated nitric acid.

(caution: solution warm up on conttact With shoot and May
become violent.i)

5.pinal rolling at room temperature.

a.Straight-roll to 40 Mile by reductiOns of < 5%4

b. Trim 1/2-1" from lead and 1-m- ends. Sheet measures--
OOf"x &.7" x>3.
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APPENDIX WV

PROCESS DATA FOR MmLC STE



SYLVANIA ELAECTRIC PRODUJCTS INC. T OWANDA, PENNSYLVANIA
CH1EMICAL AND METrALLUJRGICAL DIVISION METALS SECTION

MIXING DATA

Material: _ rogr,,rn Mo..~-t-jI t~~

Speifiatin ~Mix No:7 Mix weigh :~c

-T e A'7 mount Req a .
Date Absolute Bulk Carbon Losfs in Mix_

LtPro- Mesh Density, F3SS, Vensity# Content, in HgoWf. 0
Poder 0! a~ Sore ducea Sizet cc M_ ~ za e~etok

.416SUN14 ~IS11~ V&2 /0 /Ost 0.0 q 3.4 009 61

"WONW

-at --r_ Blne -mxn -0 tl

Date Mixe-mied: A Saw.de UejicA dWC*A iSTie .~_
~t Mxd:_ lender Used: MixiLng Time: -_ Hr.

PROPERTIES OF MIX

Absolute Density &4-/cc FSSS:a __..1L Bulk Density:J/ /n 3

* Analysis:- c'.gwp 7Ost

Remarks:

cc: Project Engineer
Approved BY1r1 j~

E 9 0D a t e s _ _ _ _ _ _ _ _ _ _



SYLVANIA ELCTRIC PRONZOTS INC.i TOWANDA, PENNSYLVANIA
CHEMICAL AND METALWRQICAL DIVISION KETiS SECTION

PRSING DATA

Specification No Mix NO. L Starting Mix Bal.71 jcg

Mold No. Mold shape:tm<s."x2Vbj Pressing presue c, kS

Number of Bilt/r~i:JAbsolute Density of MiZ:,l ge

Green Density Dletermined By: M.e ~M ~d

________ -~c _kiM E -- --- G e n De s t

-illet No i e n eght k-g easred- cc Pr Cent -6-r Theore4 -a'

ga.
w' , . 6

________ a44 ~6 _ _ _ _ _ _ _ _ _

" .i -~.94 __ _ __ _

29Ai" t it es4

O 1itI o t.4/ .8_ _ _ _ _ _ _ _ _ _ _

Measured Green Dengitz- --

MIX Balance After Presing_,2H k9

Remarks: 6ESv N&014A75 114f, - DPE,9aA

":project Fngineer ApprovedBy-±,aMM
Sinte ring Department

Z-91



SYL'\ N!A ELECTRIC PRODUXrS INCi IJWANDA~ PNNSY 'AN TA
CHiEM.2iAL AND MErAL 1 1JRGC-AL *L7VS'O lEA~ 1*'TT

SINTERING aJ~lA

Material:r- Mf2. __ PorM No. D-j~o ate _-A -

Specification N0. -- Billet Shp-,g Noia GenSze 2 n

Sintering Pee Sintering Temp, ~ Iime a emp.:

Tih~-Tmp:O r Stoke Rate!_____ Atophr

Attio. Flow Rate: cfh Susceptor Sizes.~ Susceptor mtera

Theoretical Density: zc g/cc Sintered Len. Determined By:,,4 jmM___etfod

W -7--Density, Pet Cenit Dew Point, 'VINA# Sintere
t~iletNo. J~jof Theoretical C k- We8t g Sie -.

,9FTEC M4MPAW *;rffe' .MMOWN6

-2. ?-z1.da45 A"41
1---5 _ __ __ 8.4 -4.5 ;~4 -'--

Ai 4*244 - ~ 4..&I

-~ .6 _ __ 70._ __ a4 4.2&_ _

-40 .7.43 * 'I

A5 1 4.7 -40.2,9

6~.Z -40 241

-4.'e -40 ? 4

-92A



SYLWANIA ELECTRIC PRO]XTCTS. I NC. TOWADA, PENNSYLVANIA
CHMICAL An )METALLUaCAL DrIVTSi3"N NEWAS SCTIJN

Sitere Difii Chemic-al Anal -Yi -

MNeiaured, Feir-Cent of * Grain oun-t, Carbon, Oxygen, *N roe
1Bie No. ----- -hoeia - -,pp- _ - pp Other

9.1/ 44 -410 J-S6 4

A4. 39e *-10 I/O

_44 oei <

7.?740 A 66 10 7

460e4

1 '741.3'i0 30 6

*Equl*,MeasuredSintered, Dengity XG
ThoeoretidAIT-Derw1ty

co; Project Engineer

Approved B ~?'

Date: -2--B



SYLVANA ElECTRIC PRODUJCTS MN. TOMANDAs PENSYLVANIA
CHEICAL AND MIWALJRIAL DIVISION )MAIS SECTION

1O1LJNO DATA

Materials -Ae r g a N . l ~ o ~ 1 te i-o-t

Spect ification No. :- billet Shae:u g-jl Nminal Sine'e iezn

Breakdown Tep.4_ I ntenediate TeV66_:j&_ Final Temp. avow
Heat Treatment: 2 ~ Other Trettents: -Mf -ML itB oEooo

Bile an IBii
Bile adPer cent of Sheet Efficiency,*ShIeet _No. V, Sze, in. Tertical ie n

S3 4.84 * -VICS 7 !o-.64oxxZaq .7

Aq-9~i 
64.O J.* ~*

Al-/o .1.40 a , a. 11a ~ .(

44 m'ama. // ~ 0

to 4PEo t.o 94 of4 to It

*Equ a heet Wt. XO

Remarks: "LA09004,04 -6 17R~ks z- TOIS -06 s-6TUIH rio r gL). To*oOA x.

?-IIP*4gpgs 7-0 O. soa~ I q opep'j "u).

': roject Engineer Appove Bt*fr_

E-93 ate_________



SYLVANIA EIRCTRIC PRO]IJTS !NC.*TA\NDPNSLAI

CHN4ICAL AND UMAL 011GCA L D VI s-xON AA ECI.

Mate~ial: ~ Pr'ogram No.: 0-6A22 ao-.4 - Date:. -~s-

SPecifictiont Nto ns Billet Sha ez5eTMLr Nohinal Snter'c i, z c A3 ~sn.
Breakdown Temp -sr .C Intermediate Tempi.: C Final Temp.: d. P~. _

Heat Tretmentsgj Other Treatment:

Billet and, Per Cent Of tl Sheet ft .ic,Sheet NO._ Weiht k--ie n hoeia S~,I.-Wihk

*Equals, Sheet Wt _X0

Remarks:

:Project Engineer APp roved By:
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