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FOREWORD

This is a rerort of mechanical, oxidation, and thermal pronerty
data for seven refractory metals and their alloys. The re-.carch
was performed by LMSC for the Department of the Navy, Bureau

of Weapons under Contract NOas-60-6119-c. This report is sup-
plementary to an initial report issued by Stanford Research Institute
on January, 1559 under SRI Project SU-2436.

Minor corrections have been made in this publication since the dis-
tribution of preprint copies on 2 October 1961.
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SECTION 1

INTRODUCTION

The Bureau of Aeronautics supported a compilation of the mechanical properties
and oxidation resistance of the refractory metals chromium, columbium, osmium,
rhenium, tantalum, tungsten, vanadium and their alloys. The compilation was issued
in January 1959 and covered research reported through July 1958. Extensive
research on refractory metals has continued since that date as a result of the urgent
requirement for materials with capabilities to operate at elevated temperatures. A
supplementary compilation was authorized to make the original report current.

This supnlement covers research reported from July 1958 to mid-1961 and
includes some data from the original survey for convenient reference which has not
been revised or replaced hy naw information. The major cffort was directed to ob-
taining more recent property data which either appear more accurate or extend tv
higher test temperatures, and to obtaining data on newly developed alloys. The pro-
duction of higher purity unalloyed metals and the development of new alloys along with
the demand for specific design and fahrication information has resulted in a large
volume of new data.

Properties of molybdenum and its alloys have been included in this survey as a
separate section. Osmium, which was included in the initial survey, was omitted due
to its severe limitations because of its scarcity, toxicity, and brittleness, Available
tensile, creep, transition temperature, oxidation, thermal conductivity, and thermal
expansion data arc included in a scparate section [uoi cach of the metals and their alloys
and a summary section is provided for comparison of thesc propertics for the seven
metals and selected alloys.

Technical reports issued on government-supported research programs were
found to provide more recent, up-to-date information than published literature; con-
sequcently most data were obtained from this source. Over 500 references were
reviewed which is zn indication of the research ecffort directed toward refractory metals.
The number of documents related to each individual metal was 28 Cr, 140 Cb, 139 Mo,
5 Re; 71 Ta, 112 W, and 31 V, and indicates the rescarch activity in each during the
peiiod covered by this report. Recent compilations or summaries, when available,
were used as a basis for the individual sections. More recently published reports
were reviewed in detail and pertinent data were included in this compilation.
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In many cases, alloys for which data are presented in each section and in the
summary are included because property data were available, and not because of an
attempt to select the outstanding candidates. Property data of those alloys which have
attained commercial production status were reported to the limits of available data.
Many of the alloys reported here are in the early stages ol development, and research-
in-progress should lead to improvements and to new alloys. Thus, ii should be kept
in mind when using this supplement, that the relative order of merit of the different
alloys may change, and new alloys will appear.
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SECTION 2
SUMMARY

INTRODUCTION

Property data for the seven mctals which are presented in detail in separate
sections of this report are summarized in this scction. The figures presented are
intended to serve only as a general guide, as the properties are sensitive to variations
in impurities, fabrication history, thermal treatments, and specific test conditions.
Details regarding the known effects of these variables are discussed in the individual
section.

The melting point, crystal structure, and Jdensity of the seven refractory metals
are summarized in Table 2.1, The mechanical, oxidation, and thermal properties of

these metals and/or their alloys are summarized in this section from comparable data
presented in the sections for each metal.

Table 2. 1

MELTING POINTS, CRYSTAL STRUCTURES, AND DENSITIES OF
SEVEN REFRACTORY METALS

MELTING DENSITY AT
METAL ATOMIC POINT CRYSTAL ROOM TEMPERATURE
NO. "IC oF SlRUCTURE g/cc lb/Cu in
Vanadium 23 1900 3450 BCC 6.1 0.220
Columhinm 41 2468 4474 BCC 8.57¢ 0.310
Tantalum 73 2996 5425 BCC 16.6 C. 600
Chromium 24 1900 3450 BCC 7.2 0.260
Molybdenum 42 2610 4730 BCC 10. 22 0.369
Tungsten 74 3410 6170 BCC 19.3 0.697
Rhenium 75 3180 5760 HCP 21.04 0.759
3
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MECHANICAL PROPERTIES

Tensile Properties of the Unalloved Metals

The effect of temperature on the modulus of elasticity of the seven metals is
shown in Fig. 2.1. The data for four metals (Cb, Ta, Mo, and W) have now been
evaluated to 2000° C, whereas three years ago, these data were only available up to
1000° C.

Comparison of the tensile properties of the metals In the recrystallized condition
is presented in two sets of figures. Figures 2. 2 through 2.5 include data between
-200 and 1000°C, and Figs. 2.6 through 2. 8 include data between 800 and 3000°C. The
data for the lower temperature range with the exception of thatfor Ta were taken from the
initial survey report since the values at low temperatures have not changed appreciably.
Tantalum data presented in Figs. 2.6 through 2.8 are from recent evaluations of elec-
tron beam melted material.

The effect of temperature on the elongation and reduction-in-area between -200
and 1000°C is given in Figs. 2.4 and 2.5. The reduction in area versus temperature
curves are very sensitive indicators of the transition from ductile to brittle behavior,
The curves given in Fig. 2.5 show that both Ta and V are ductile below -195°C, and
Ch below -100°C. These three metals are al} in Group VA of the periodic table.
Tungsten shows the highest transitiontemperalure (around 340°C) as indicated by
the data in Fig. 2.5, and Mo a transition temperature around room temperature. No
reduction in area data were reported for recrystallized Cr; however, the elongation
data indicate a transition temperature of around 330°C. 'I'he latter three metals are in
group VIA in the periodic table. "The transition temiperatures for the different metals
are summarized in Table 2.2, in order of increasing transition temperature.

Table 2. 2
TRANSITION TEMPERATURES OF THE DIFFERENT ME TALS
Values based upon data of Figs. 2.4 and 2.5

TRANSITION
METAL TEMPERATURE
o o
Ta <-195 <-320
\ ' <195 <320
Cb -120 -185
Mo 30 85
Cr 330 625
w 340 645
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The yield strength and ultimate tensile strength above 800°C for the seven metals
are given in Figs. 2.6 and 2. 7 for recrystallized material. Vanadium is shown to
have the lowest strength and Re the highest up to about 2000°C. Above 2000°C, W
and Re appear to have about equal values of ultimate tensile strength. The ultimate
tensile strength values for W are preseated in three curves from different investi-
gations covering different temperature ranges. These three sets of data serve to
point out again the differences which are commonly observed for different materials
and test conditions.

Elongation values for the seven unalloyed metals tested above 800°C are given
in Fig, 2.8. Sufficient reduction in area data were not available at these temperatures
to make a meaningful summary curve. The transition temperature at which ductile to
brittle behavior occurs for recrystallized material is sensitive to a number of factors
and any specific transition data apply only to one set of conditions. The factors which
have been shown to affect the transition temperature or its determination include the
fullowing:

e impurity content and distribution of both interstitial and metallic elements
e microstructure as produced by fabrication and/or thcrmal treatment

e the stress system as induced by tension, compression, torsion, bend,
impact, and hardness tests

e the strain rate of the test procedure

e the surface condition of the test specimen (mechanical and chemical)

Thus the transition data as oblained from Figs. 2.4 and 2.5 are only presented
as a general guide. For a discussion of the effect of the various factors on the ductile-

brittle bchavior reference should be made to the scparate sections of this report.

Tensile Properties of Selecied Alloys

The yield strength and ultimate tensile strength for a number of refractory alloys
aie presented in Fig. 2.9 and 2. 10 for test temperatures above 800°C. One or two
alloys were selected for each base metal. These selections were made primarily on
the basis of the highest strength properties, and do not necessarily renresent the
"hest'" alloy on an overall basis considering fabricability and oxidation resistance in
addition to strength. Any one alloy might be choscn as best for a specific application.

Most of these data were obtained on wrought alloys, and it should be noted that
different worked states existed hetween the different alloys. Also, the yield strength
valucs should be considered as only approximate as different determination methods
were used by different investigators. A detailed discussion wili not be given here but
can be found in the individual sections in the main body of the report.
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Figure 2. 10, however, does give a general idca of the relative strengths of the
different alloys, and Fig. 2. 11 adjusts these allny data for density. On a strength —
density basis,alloy V-5Ti-20Cb has the highest value below about 1100°C (2010°F).

Alloy TZM is superior from 1100°C to about 1400°C (2550°F). From 1500 to 1700°C
(2730 to 3090°F) W-10Mo is highest, and at temperatures above 1700° C, the W-2Tho,
has the highest strength — density value.

Stress-Rupture Properties of the Unalloyed Metals

Stress-rupture properties for W, Mo, Ta, Cr, and Cb all in the recrystal-
lized condition are summarized in Fig. 2. 12 for temperatures between 800 to 1400°C
(1470 to 2550° F).

Tantalum is shown to have low stress-rupture strength in comparison to Cr
and Cb which have much lower melting points. However, the Ta used to ubtain the
data shown was high purity EB melted material and less pure material exhibited
higher strength as is shown in the Ta section of this report. Similarly, the strength
of Cb shown in the figure is below that of Cr except in the highest temperature long-
time tests, probably as a result of the relative purity of the two materials

Stress-Rupture Properties of Alloys

Stress-rupture data for five alloys at 2000°F (1090°C) are summarized in Fig.
2. 13 and in the density-adjusted curves of Fig. 2. 14. In both cases, the TZM alloy
had the highest strengih values and the V-5Ti-20Cb - 0. 25C the lowest. This is a
relatively low temperature for refractory alloy application but it was the only temper-
ature at which this number of alloys could be compared over a rupture time {rom 1 io
100 hours. Even at this temperature, in some cases it was necessary to extrapolate
data from shorter time tests.

A general summary of stress rupture data for nine alloys adjusted for density
is presented in Fig. 2. 15 for tests ranging from 1600 to 3000°F. For all three rupture
life values, 1, 10, and 190 hours, the TZM alioy exhibited the highcst stress-density
values up to 2400°F. At the higher temperatures, 2500 to 2700°F, only data for W
alloys were available.

OXIDATION PROPERTIES

Oxidation Properties of the Unalloyed Metals

All of the metals under consideration, with the exception of Cr, have poor
oxidation resistance. This is a2 major problem and is a serious limitation to the use
of these refractory metals at elevated temperatures in an uxidizing atmosphere.
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Table 2. 3 lists the metals and their major oxide in order of increasing stability
of the oxides. The oxide of Re, Re O, is the least stuble with a melting point of
297°C (565°TF) and a boiling point ()l’%%(‘)%ﬂ" (€85°F). ‘Thus, the high strength of Re at
elevated tempceraturcs can only be utilized in a protective almosphere. The V oxide,
VZOr, melts at 675°C (1270°F), and therefore V can not be used much above 650°C in

an o')zidizing atmosphere. Molybdenum is the next in order; it oxidizes catastro-
phically above about 800°C (1470°F), duc to the volatility of MoO,. The vther 4 metals

W, Cb, Ta. and Cr, appear to be less critically limited in this respect. WO3 is
substantially novolatile below 1000°C (1830°1) and Cbz()r) and TaZOR have been
found nonvolatile below 1370°C (2500°T"). ' '

Table 2.3
STABILITY OF REFRACTORY METAL OXIDES

METAL OXIDE STABILITY OF OXIDE
Re Rez()7 Melts at 296°C“(565°F); boils at 363°C (685°F)
\'% V205 Melts at 675°C (1270°F)
Mo Mo()3 Volatile above 795°C (1465°T%)
W “’()3 Volatile above 1000°C (1830°T%)
Ch Cbz()5 Nonvolatile helow 1370°C (2500°F)
Ta Taz()5 Nonvolatile below 1370°C (2500°F)
Cr CrZOg Mcl?s at 2-!4_0°C (4124°F)
(Mecial volatile above 1000°C; 1830°F)

The results of oxidation studies on a particular metal by different investigators
often differ by a factor of 10 or more in terms of the rate of oxidation at a given
temperature and oxygen pressure. This variation is apparcntly due to variations in
test procedures, and in purity and condition of the test material. For comparison of
the oxidation rates of diiterent metals there would therefore be merit in comparing
the results as reported by one investigator, if possible. Gulbransen and Andrew, and
Gulbransen and Wysong, have conducted oxidation studies on Cr, Cb, Mo, Ta, V, and
W, all in oxygen at 0.1 atmosphere pressure, using similar test procedures. Their
results on these metals are summarized in Fig. 2. 16 in terms of rate of weight gain
vs. test temperature. The resulls of other investigators are also included in Fig.

2. 16 especially at the higher test temperatures for Cb, Ta, and W. The test condi-
tions for the differcent investigations are indicated in the box in Fig. 2.16. The rate
of weight gain was determined by taking the average weight gain over the indicaied
time period.

17
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A parabolic rate law was found to apply at the lower temperatures for short
time iests, for all six metals. A lincar rate was approached in some cases when the
tests were continued [or a longer time.

As the temperature was increased. the parabolic portion became of shorter
duration until in some cases a lincar rate law apparently applied from the start of the
test. Reference should be made to the separate sectionsof the initial survey report for
a more detailed discussion.

The data for V in Fig. 2. 16 indicate a relatively low rate of oxidation up to
600°C (1110°F); however, much above this temperature the rate was observed to in-
crease greatly due to the low melting point of Vz(),. Gulbransen and Wysong did not
extend their study on Mo above 450°C (840°T). cight gain measurements are
unreliable at temperatures wherce a high vapor pressure for the oxide, 300,,, exists.
It is evident that at temperatures much above 800°C (1470°F) the only yaatars of the
original eight which are of interest from an oxidation resistance stancgoint are Cr, Ta,
Cb, and W.

Comparative oxidation data of thesc four metals in terms of displacement of metal
interface during oxidation in air at 2000°I° are given in Fig. 2. 17. This type of meas-
urement has much to recommend it from the application viewpoint, as it gives a clear
indication of how much parent mefal has been oxidized, and occurrence of possible
volatility or spalling of the oxide does notl pose a problem in interpreting the results
as it might in the case of weight gain measurements.,  he dala presented in Fig. 2. 17
for Cb, Ta, W, and Mo were reported by Michael from tests conducted in air. The
dashed curve for Cr is based upon one 20-hour testl. also in air. conducled al
Stanford Research Institute. The results of thesc tests indicate that Mo oxidized
about 6 times faster than W, and W about 3 times faster than either Cb or Ta.

Oxidation Propertics of Alloys

The oxidation behavior of he atiractive alloys have not been extensively investi-
gated as discussed in the individual sections.  The altractive alloys from a strength or
fabricability standpoint do not have exceptlional oxidation resistance. High temperature
applications of refractory metal alloys above 2500°F7, for long time service will require
protective coating systems or incri atmosphere protection. A survey of protection
systems for the refractory metals and their alloys is in preparation at DMIC and will
soon be available as a DMIC report.
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THERMAL PROPERTIES

V, and W are summarized in Fig. 2.18, along with one value for Re at room
temperature
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THERMAL CONDUCTIVITY AS A FUNCTION OF TEMPERATURE

Thermal Expansion

Re, Ta, W, and V arc summarized in Fig. 2.19.
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SECTION 3

CHROMIUM

INTRODUCTION

The properties which have made chromium attractive for elevated temperature
applications are its melting point of 1880°C (3410°F), which is about 400°C (750°F)
above that of nickel or cobalt; its relatively good oxidation resistance; and its low den-
sity. In addition, its abundance enhances its degree of usefulness.

Much of the past interest in Cr has been based upon the potential development of
a Cr-base alloy for structural applications in the temperature range 1800 to 2100°F.
To date, one of the major drawbacks in realizing the objective has been the lack of suf-
ficient ductility at room temperature and, thus, of sufficient mechanical and thermal
shock resistance for use in such applications as blades and vanes in gas turbine engines.

Because of this factor and the substantial strides made in the more refractory
alloy systems, such as Cb and Mo base alloys, the rate of activity on Cr-base alloys
has decreased substantially during the past three years. Currently. government sup-
ported work on Cr-base alloys is in progress in two laboratories, and recent dcvelop-
ments resulting in a lower cost high-purity chromium starting material may lead to
potentially useful alloys. The more recent studies have been directed primarily
toward a better understanding of the factors which affect the ductile-brittle behavior of
Cr, such as impurities and thermal-mechanical treatments.

The chromium section in the original compilation1 contains a detailed summary
of earlier property data on chromium. In addition, an excellent review which covers
the preparation and properties of high-purity chromium was published in 1959 by
Edwards, Nish, and Wain. 2

MECHANICAL PROPERTIES

Edwards, Nish, and Wain? outline the attractive electrolytic and halide decom-
position methods of production of Cr, and include the range of impurities experienced
in commercial and high-purity methods. Impurity ranges for iodide and the various
electrolytic processes are shown in Table 3.1 (reproduced from the SRI report), lto
which the analysis range for chromic acid/sulphate bath electrolized material is added
under the heading "Electrolytic-High Purity." The data indicate that the cheaper "high-
purity'' electrolytic process can produce material comparable to the iodide process,
with the exception that the iodide material contains less oxygen, by a factor of 50 to
100 times.
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Table 3.1
IMPURITIES IN CHROMIUM METAL, **2 ppm
*
puswenr | PLECTROLIIC | BLECTROLYTIC!| popppyt | ELECTROLYTIC
o} 5400 to 6000 88 to 300 4 to 6 100-200
H - 1to9 1 -
N 70 to 110 28 to 200 5 3-5
C 30 to 100 5 to 100 10 to 40 6.1 - 107
S 130 to 280 70 to 160 3 0.1 - 10°
- - 1.4% -
Si 10 to 100 40 Not detected <0.2
Fe 200 to 600 200 Nnt detected 0.6
Cu 50 50 1-2 <0.1
Sb -- 10 to 100 Not detected —
Pb 0.7
Al <0.2
Ag, Mg, Mn o
Sn 0.1 -10"

*Supplier's Analysis

TBaltelle analysis

$By ncutron-activation analysis at Oak Ridge

OUncertain-probable values

Allen, Maykuth, and Jaffce3 have presented additional analyses of Iodide Chro-
mium and a typical impurity analysis for Cr produced by elcctrolysis of fused Cr
salts. The impurity content of fused-salt Cr, as-grown iodide-Cr crystals, two arc-
melted and fabricated rods. and six alloys with intentional interstitial additions are
shown in Table 3.2. The typical fused-salt analysis indicates higher Fe and Ni
impurity but about the same O and N content as the material produced by the elec-

trolylic processes presented in Table 3.1.

It is also inieresting to note the increase

in C. O, N, and H content during arc-melting and fabrication of the bars I Cr-1 and
1Cr-2. The C, O, N, and S allovs are discusscd in the ductile-brittle transitionand
recrystallization sectlions.

LOCKHELD AIRCRAFT CORPCRATION
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Table 3.2

IMPURITY ANALYSES OF CHROMIUM AND CHROMIUM IN INTERSTITIAL ALLOYS3

PARTS PER MILLION BY WEIGHT
ALLOY INTERSTITIALS [ METALLIC
c o [ «~ H s Fe Ni v]silcu I Mgica pa ]|
@ IR @) () i ~30 l<30
FSCr-1 30 150 I 4 0.6 20 3000 3000 <100 1~30 |<10 [<l0 [<10 {<30 30 J<
' |
As-received odide H (a) | L
caromlum crvstals 37 5 v <l <0.2 10 20 ; 2 3 -- 1 1 2 1 -
I .
ICr-1 43 2 | n <0.8 6 -- e e Bt Bt it Bl Bl Bkl Mt
ICr-2 14 | 2% i O <0.7 9 <530 <30 <100 <30 [<10 <10 (L0 <30 <30 [<30
Cc-1l 150 27 | 10 <0.7 13 - - | | e | e e | ==}~ -~
0-1 10 129 | 13 <0.6 11 -- -- Y B BT BT el Bt B
0-3 34 343 12 1 9 -- -—— j == -t ===} | =" ||~
N-1 - - 143 -— -— - = -— - - -= - -= -_—— ==y -
N-2 - -- 1 3 -- - - - R R B R R N e
‘ -— ——
s-1 | 33 62 | ¢ <0.3 90 -— -— == == === -]}
—

(a) Typical values

Tensile Properties of Chromium

Allen, Maykuth, and Jaffee3 determined the tensile properties of unalloyed Cr
from -70 to 500 C incidental to a program concerned with the tensile transition tem-
perature of Cr. The results are presented in the ductile-brittle behavior section of
this report. No new data have been reported during the past three years which would
add to the room and elevated temperature tensile properties of Cr as presented in the
SRI report previously cited. In that report, a more detailed review of these data is

presented; a brief presentation of these data is contained in the Summary of this LMSC
publiication.

Compression Properties of Chromium

The yield strength and flow stress at 3 percent strain in compression are pre-
sented as a function of test temperature down to -195°C, as reported by Marcinkowski
in Fig. 3.1. The compression specimens, with a diameter of 0.200-0. 250 in. x 0.400
in. long, were in the recrystallized state with a mean grain diameter of 0.095 mm.
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The starting maierial, Hs reduced electrolytic powder, was arc-melted, swaged with
intermediate anneals, machined, and recrystallized at 1250° C in 30 min. The final
hot swaging operation was at 800° C and included 71 percent iinal reduction in area.
All specimens were from one ingot.

These data show the rapid increase of yield stress with decreasing temperature
in the temperature range where reliable tensile data have not been available because
of brittle-tensile fracture. All specimens of the recrystallized material deformed by
slip down to -150°C. The compressive yield stress is approximately the same as the
tensile yield stress values previously reported in the temperature range 300° to 400°C
where ductiletensile and compression tests have been conducted. As shown in
Fig. 3.2, the compressive yield stress was found to vary linearly as the reciprocal
of the square root of the grain diameter. From the same investigation, the effect of
strain rate on the yield stress over the samc tempcrature range is shown in Fig. 3.3.
In Fig. 3.3, the identical yield stress at both -150 and -195° C independent of strain
rate where deformation occurred principally by twinning is of interest. Specimens
which deformed by twinning exhibited microcracks associated with the twin lamellae.
A specimen deformed 3 percent in compression at room temperature and subsequently
strained an additional 2 percent at -195° C did not twin or evidence microcracks.
Marcinkowski, 4 conelnded that twins were not necessary for crack formation but that
they were responsible for the cracks formed in chromium under compressive strains
at low temperature.

Ductile-Brittle Behavior of Chromium

The specific causes of the low temperature brittle behavior of chromium, and the
possible means of decreasing the temperalure at which chromium undergoes a transi-
tion from duclile to brittle behavior continue to be of prime interest.

In a recent review, Edwards, Nish, and Wain? adequately covered the problem
of brittleness of Cr as affected by impurities, surface condition, and worked structure.
These authors arrived at the following conclusions:

(1) Brittleness in Cr is associated with the presence of small amounts of
nitrogen

(2) Cr can tolerate more nitrogen in the cold-worked state than in the recrys-
tallized state without becurning brittle, because of the increased density of
dislocations and thus a lower number of nitrogen atoms per disiocation in
the cold-woiked material

(3) Thermal and mechanical treatments have been demonstrated to show promise
of leading to morz satisfactory ductility

For example, Weaver reportced that prestraining a recrystallized material 3 percent
at 400° ¥ produced Cr with room temperature tensile properties of 66 pcreent elongation
and 76 percent reduction in area.
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AT CONSTANT TEST TEMPERATURES BETWEEN -195 TO o7°c4

28
LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION

Q
'



Rt SRTAL 1] . ]

eef  eed  pme) mnl  RE

2-36-61-1

It should be pointed out that not all investigators agree as to the detrimental
effects of nitrogen. Metcalfe, Spachner, and Rostaker® concluded from their studies
that nitrogen is not responsible for brittleness of Cr, whether in solution or as a
precipitate.

Henderson, Wain, and Johnstone® have continued investigations of the parameters
which affect the ductile-to-brittle transition using high-purity elecirolytic Cr. They
reported that rolling temperatures in the range from 300—1050° C did not measurably
change the bend transition temperature of wrought Cr. The wrought structure showed
low bend transition temperatures, ranging from -70 to -93° C, without marked pre-
ferred orientation. The effect of deforming recrystallized sheet slightly above thc
transition temperature was also investigated. The results, summarized in Table 3. 3,
indicate that a three-percent reduction by rolling at 400° C lowered the bend transition
temperature from 280 to 5°C. The table also indicates a further lowcring of the
transition temperature after re-annealing recrystallized and deformed specimens at
1100°C for 2 hours. However, thc authors® state that the structure produced by pre-
straining and re-annealing was coarse grained, non~uniform and incompletely recrys-
tailized as determined by X-ray examination. A narrow band along the central plane
of the strips was fine grained and the outer layers evidenced grains about ten times
larger than the recrystallized starting material, 0.1 to 0.2 mm, as a result of the
non-uniform nature of the prestrain deformation.

Table 3.3

BEND TRANSITION TEMPERATURE OF RECRYSTALLIZED.
DEFORMED, AND RE-ANNEALED CHROMIUM®

TRANSITION HARDNESS
CONDITION TEMPERATURE, °C (D.P.H.)
Recrystallized 280 120—-122
Recrystallized and
deformed 3 percent at 400° C 5 134
Recrystallized and deformed;
re-anneaied 1100° C for 2 hours 0 102—-124

The etfect of strain rate on the bend transition temperature of wrought strip
was also reported by these investigators.6 As shown in Fig. 3.4, a 1000-fold increase
in rate of loading from 2 x 1073 to 2 in. /min increased the transition temperature
from -40 to +40°C.
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FIG. 3.4

EFFECT OF LOADING RATE ON THE BEND TRANSITION TEMPERATURE OF
COLD-WORKED CHROMIUM 6

Allen, Maykuth, and Jaffee® have recently investigated the influence of impurity
elements, structure, and prestrain on the tensile transition temperature of Cr. The
base material was iodide-Cr to which controlled additions of C, O, N, and S were
made during arc mciting. Button-head tensile specimens were prepared from 0.257 in.
diameter swagced and ground rod with 1/8 in. in diameter x 1/2 in. long reduced gauge
sections. Recrystallized specimens were reported to show average grain diameters
between 0. 013 and 0. 030 mm after anncaling at 1100° C for 1 hour. Typical tensile
strength and ductility curves are shown in Fig. 3.5 from tests on an unalloyed Cr bar,
ICr-2. The strength values are comparable to those previously reported1 for recrys-
tallized material. The tensile ductile-to-brittle transition temperatures are shown to
be -10, 300, and 390° C, as represented by the temperature at which the reduction in
area value was one half of the maximum value, for material in the wrought stress-
relieved, recrystallized furnace-cooled, and rccrystallized oil-quenched conditions,
respectively. Similar curves for the impurity alloys and fused-salt Cr guve tensile
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TENSILE PROPERTIES OF UNAI.LOYED IODIDE CHROMIUM, ICr-2

LOCKHEED AIRCRA

FT CORPORATION

31

MISSILES and SPACE DIVISION



2-36-61-1

transition temperatures as indicated in Table 3.4. The alloys containiug N additions
did not fabricate satisfactorily and their tensiie properties were not reported. The
table indicates an increase in the transition temperature for each type of impurity
addition with the increase being more predominant in the recrystallized than in the
wrought condition., ‘I'ransition temperatures determined by bend, torsion, or com-
pression tests have been reperted! to be lower than those determined by tensile tests.

Tuble 3.4

TENSILE TRANSITION TEMPERATURE OF CHROMIUM AS
AFFECTED BY PURITY AND STRUCTURE3

‘ @ |
Impurity Contert ; Tensile Transition Temoerature\ ), C
(weight percent) ‘J Wrougnt and Stress ; Recrystallized
T H T T T d Reiieved i Hr 500°C. 1 1 Hr 1100 C
. 1 N +
' i I © Total : ou Furnace
Alloy | Carbon | Oxygen ! Nitrogen | Sulfur | Metallics | Furnace Cecled i Quencned Cooled
| 1. .
t : T

Icdide Chromium i i : . !

1 . i

: ; i I
icr-2 LEGTZEY T o024 0,901 50009 1 <h. 065 -i0 1 390 300
C-1 Sootsy 1 a.e02T 0 0ot01n 29113 | co.cos ! 90, i 500 419

1

0-1 3 9940 133 a g 00011 <0.005 20 ! 590 400
0-2 0.0054 Powooiz 1 o an0y i <0 M3 i 30 I 500 390
S 9 9043 5,862 0925 T 0,009 T <0.005 | i50 330 1420)

1 '

. ! | ,
Fused-Salt Chromicm - | . i i

i : : i :

. ]

H 1 : ' ; .
FSCr - pooan - Gy i oo |oasssr T 90 ‘ T -- | --

H : 1 | I

(a) Values in parentheses are estimited from data. Others are helieved uccurate
to £10°C.

Recrystallization Behavior

The effect of annealing temperature on the grain size produced in hydrogen
purified electrolytic Cr was studied by Marcinkowski.? Results of the investigation
are summarized in Table 3.5. The starting material was pressed and sintered, and
consumable-arc mcltedto a 2 in. diameter ingot. The ingot was alternately swaged
and hydrogen annealed to 0.50 in. diameter. Final reduction at 800° C produced
specimens with a 71 percent warm-worked structure for the recrystallization study
and compression tests. The grain size was determined metallographically, and the
degree of recrystallization was evaluated by X-rav technique. The data indicetes that
heating at 1050° C or above resulted in complete recrystallization. Other work has
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shown that 1100° C annealing was required for complete elimination of cold work as
detectable by micro-focus examination.2

_! Table 3.5

o | A W | T

RECRYSTALLIZED GRAIN SIZES PRODUCED BY ANNEALING
l CHROMIUM AT VARIOUS TEMPERATURES?
TEMPERATURE DURATION GRAIN DEGREE OF
OF ANNEAL OF ANNEAL DIAMETER RECRYSTALLIZATION
C) (Min ) (mm)
950 30 0.041 Incomplete

1050 3u 0.060 Complete
1150 30 0.0587 Complecte
1250 30 0.095 Complete
1350 30 0.093 Complete
1450 30 0.162 Complete
1450 60 0.197 Complete
1600 120 >1.00 Complete

Results of earlier investigations are summarized in Figs. 3.6 and 3.7, wherein
recrystallization temperatures of 900-—-1000° C are indicated on the basis of hardness
measurements, The somewhat lower recrystallization temperatures may be attributed
io the lower rolling temperatures. ‘The curves of Fig. 3.7 also indicate that higher
rolling temperatures resulted in higher values of final recrystallized hardness.

Allen, et al.3 observed the recrystallized grain size of Cr with several impurity
conlents after various anncaling treatments. The compositions of the materials were
given in Table 3. 2 and the resulis of the annealing study are shown in Table 3.6 and
Fig. 3.8. The material for the annealing studies had received final working of 75 to
70 percent reduction by swaging at 900° C. Alloys containing the O and C additions as
well as the base T Cr-2 exhibited rapid grain growth above 1200°C. The O and C, as
well as the N additions apparently had an inhibiting eftect on the grain growth. The
sulfur containing alloy was unique in that it inhibited even more rapid grain growth than
the I Cr-2. The authors stated this was associated with the finely dispersed sulfide
inclusions dissolving at the higher annealing temperatures. It is difficult to understand
this observation, especially wlicii noting from Table 3.4 that the S-1 alloy contained
twice as much C, O, and Nas [ Cr-2. The fused-salt Cr, which was also studied, was
reported to have a recrystallization temperature over 200°C higher than the I Cr-2
material due, apparently, to the high nickel (0.3 percent) and iron (0.5 percent) con-
tent. This material had a non-equiaxed grain structure after recrystallization, in
contrast to all the other materials studied.
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Table 3.6

GRAIN SIZES OF 10ODIDE CHROMIUM. FIVE IODIDE CIIROMIUM-
BASE IMPURITY ALLOYS. AND FUSED-SALT CHROMIUM

AFTER ARC MELTING, FABRICATING. AND ANNEALING®

Average Graln Diameter,
Swaging 1, mm
Alloy Temperature, NL
(°C) As Vacuum Annealed 1 Hr

Arc at Indicated Temperature, (°C)

Cast 1000 1100 1200 1300 1400
ICr-1 800 2.1 - 0.019 0.023 0.028
ICr-1 900 2.1 - 0.025 0.028 0.031 0.125
ICr-2 900 3.2 0.031 0.029 0.032 0.045 0.083
c-1 900 1.8 0.013 0.016 v.022 0.046
0-1 900 1.2 0.021 0.020 G.020 U.028 0.043
0-2 300 0.9 0.020 0.022 0.022 0.029 0.042
N-1 900 1.1 0.020 0.030 0. 044 0. 047 0.042
S-1 300 0.9 0.022 0.026 0.049 0.106 0.243
FSCr-1 900 1.2 -— -~ 0.048 | 0.049® |  0.063"

(a) Elongated in swaging dirvection

Tensile Properties of Alloys

Few new tensile data on Cr-base alloys have been reported since the initial SRI
survey report” was issued.

The yield strength and ultlmate tensile strength for Cr-0.7Ti and Cr-0.4N3 as
reported by Mctcealfe, at al. ,9 are presented in Fig. 3.9 as a function of temperature
The Cr-0.7Ti alloy gave ahout twice the strength values of those reported by Pugh
for recrystallized Cr over the temperature range 500 to 900° C. Over the same tem-
perature range,the Cr-0.4Ng alloy showed about a 50 percent increase in strengii
vver Pugh's data. However, the strength values for the unalloyed extruded Cr were
also about twice those reported by Pugh, or about equal to the curves for the Cr-0.7Ti
alloy. The elongation values for the extruded Cr and Cr-0.4N, were about the same,
whereas the values for Cr-0,7Ti were about 25 percent lower. The authors® stated
that nitrogen appears to impart strength without any loss of ductility. However, the
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YIELD AND ULTIMATE TENSILE STRENGTH OF CHROMIUM
ALLOYS VS TEST TEMPERATURE?®
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Cr-0. 4N, exhibited lower strength than the extruded powder Cr over the range of
test temperatures studied.

Work at MIT by Levingston, et a.® on Cr-base alloys under Navy Contract
NOas-60-5022-¢, was swmnmarized in a Final Report in December 1960. This work,
which appears to be of considerable interest, is to be published in more detail. One
ailoy, Cr-1Ch-1Y was sclected in this program for concentrated study. The tensile
transition of this alloy in the reerystallized condition was reported to be 375° F,
whereas after exposurce w air at 1800° I* for 100 hours the transition temperature
increased to 575° I, veportedly due to a small amount of nitrogen dissolved into the
surface of the test bar. From dynamic measurements, the modulus of elasticity for
this alloy was reported to vary almost linearly from 41 x 106 psi for room tempera-
ture to 31 x 100 for 20007 ¥,

Klopp, Holden, and Jaffce? studied the ductility of Cr-Re alloys and found that
Re additions to Cr inproved the fabricability and bend ductility. A Cr-39Re sheet
produced by rolling at 1000” C lrom an as-casl ingot showed bend ductility of <1.5T
at -196° C after vacuum annealing at 1200° C for 1 hour. The alloy was less duclile,
>11.7T bend at room temperature, alter hydrogen annealing for 1 hour at either
1300 or 1800°C. Chromium alloys containing Re near the solid solubility limit were
shown by the authors? to exhibit the same ductility improvement over the unalloyed
material as do W-Re and Mo-Re allovs.

Creep Propertics ol Chromiuim

Lrd . : . . - - -
The work reperted by Pugh! remains the most extensive investigation concerning
the stress rupture properties ol unalloyed Cr.  For convenient reference these dala
are presented again in this veport in Fig. 3,10 and ‘able 3.7,

Data [rom tensile creep tests conducted at 950° C in air has been repovted by
Wilms and Rea. 10 The test material was extruded from are-cast ingots of high-purity
electrolytic Cr with an average grain size of 0.05 mm. A typical rupture strength of
6.7 ksi at 185 hours was lower than the valuc of 8.6 ksi, interpolated from the data
of Pugh shown in I7ig. 3.10. The material uscd by Pugh in tests conducted in argon
was recrystallized with an average grain size of 0.5 mm and contained more metallic
and interstitial impurity. The lower purity and/ov larger grain sizc may have con-
tributed to the higher strength reported by Pugh.

Landau, Greenaway, and ldwards!! have investigated the crecp properties of
wrought Cr in compression from 750 to 950° C. The resulls ol these compression
tests are not presented here as the data were not considered pertinent to this
compilation.
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FIG. 3.10

CREEP STRESS VS RUPTURE TIME FOR CHROMIUM FOR VARIOUS
TEST TEMPERATURES UP TO 1200°C 7

Table 3.7
STRE&%RUPTUREDATAIWH{UNALLOYEDCHROMHNH
TEMPERATURE STRESS RUPTURE LIFE TOTAT,
{(°F) (1000 psi) (hr) ELONGATION
(%)
1400 20.00 0.02 40.4
1400 17.00 1.456 38.7
1400 16.00 31.10 29.9
1400 15.00 1122,23 13.7
1600 14.00 0.54 35.8
1600 12.00 15.02 12.8
1600 10. 00 393.76 5.4
1800 14, 00 0.015 31.8
1800 13.50 0.162 27.2
1800 10.00 20.91 12,2
1800 9.00 23.65 14.8
1800 7.50 131. 86 20.2
2000 7.00 1.42 29.1
2000 6.00 14.39 19 1
2000 5.00 32.92 9.8
2000 4,00 50.73 10.9
2200 5.00 0.14 20.7
2200 4,00 0.89 19.1
2200 3.00 2.78 22.6
2200 2.00 10. 95 22.2
39
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Creep and Stress Rupture of Chromium Alloys

The results of eleven different investipations on ercep and stress-rupture
properties of numerous Cr-base alloys were summarized in the initial survey report.l
Since that time, three studies on the creep propertics of Cr-base alloys have been
reported.

Levingston, et al.8 reported preliminary stress-rupture data for the Cr-1Ch-1Y
(added) alloy in both the recrystallized and warm-worked conditions. Their results
are summarized in Table 3.8. The creep tests were apparently conducted in air; the
grain size of the material was not reported.

Table 3. 8
100-HOUR RUPTURE STRENGTH FOR Cr-1Cb-1Y ALLOYS
TEMPERATURE CONDITIONS
€ F) RECRYSTALLIZED WARM-WORKED
1500 37,000 45,000
1800 19,0600 25, 000
2000 9,500 —

Fox and McGurtyu reporied stress rupture data for three Cr-hase alloys at
2300° ', apparently lested in air: Cr-1Y, Cr-8Ta-1Y, Cr-1Mo-0.5Cb-1Y. These
results arc given in Fig. 3.11 along with stress rupture data for Nichrome V and for
unalloyed Cr, Chb, and Mo for comparison purposes. These Cr alloys were all found
to be considerably weaker in stress rupture strength at 2300° F than either unalloyed
Cb or Mo, but were considerably stronger than the 80Ni-20Cr alloy.

The effect of solid solution additions of W and Mo on the creep properties of Cr
are under investijation by two groups in Australia. The work mentioned in the pre-
ceding secticn by andau ct al. 1 and Wilms and Real® has not been reported in suf-
ficient detail for comparison with the properties of alloys reported here, but the
references were tae only ones found concerning binary addition of W and Mo tc Cr.

Fabrication

Edwards, et al.? reviewed the fabrication of unalloyed chromium. Cast Cr is
fabricable using the necessary precautions of normul metalworking procedures such
as forging, swaging, rolling, wire drawing, and machining. Studies of welding pro-
cedures have not been reporied. The choice of primary working depends, in part,
upon material purity, and working at clevated temperatures must be done in protective
atmospheres to avoid interstitinl contamination unless allowance is made for removal
of the contaminated surface laver.
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FIG. 3.11

STRESS-KUPTURE PROPERTIES OF CHROMIUM AND ALLOYS AT 2300°F
COMPARED WITH COLUMBIUM, MOLYBDENUM, AND 80 NI-20 Crl2

Reference to fabrication of the specific experimental alloys is contained in
each of the reports previously cited for property data cf the alloys.

OXIDATION PROPERTIES

Oxidation of Chromium

The oxidation resistance of unalloyed chromium was previously shown to be the
best of the refractory metals included in this survey. Oxidation data for unalloyed
Cr are included in the Summary of this report. The oxidation resistance of Cr is not,
however, good enough fer long time service requirements in oxidizing atmospheres
at elevated temperatures and the need exisis for improved oxidation resistance
through alloying.
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Oxidation of Chromium Alluys

Previously reported oxidation studies of a number of binary Cr alloys indicated
that in the best alloys were slill inferior to Nicromne V in air at 1800° F.

Levingston et al.3 reported that the Cr-1Cb-1Y alloy showed an oxidation rate
similar to Nichrome V in air at 1800° F, whereas at 2000° F, the oxidation rate of the
Cr alloy in terms oi weight gain was double that for Nichrome V, and the oxide tended
to spall and continually expose new metal to oxidation rather than form a protective
layer.

Fox and McGurtyl2 have reported some interesting results on the effect of
additions of Group III- A elements on the oxidation of chromium. These data are
summarized in Table 3.9 in terms of weight gain and nitrogen absorption after 100
hours exposure at 2300° F, Binary additions of six separate elements were shown to
improve the oxidation resistance of Cr by a factor of 20 or more.

THERMAL PROPERTIES

No additional data on thermal properties of Cr or Cr-base alloys have been
reported during the last two years. Previously reported data are included in the
Summary section of this report,
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Table 3.9

EFFECT OF GROUP III-A ELEMENTS ON OXIDATION OF CHROMIUM IN AIR12

Composition (w/0) 2300°F — 100 hr
Element Weight G;in N2 Absorption*
l Nominal Actual (mg/in®) (ppm)
Unalloyed Chromium - ~ 185 16,500
' Scandium 1 ~ 35 1240
Yttrium 1 0.66 8 160
' Lanthanum 2 0.9 55 1820
Cerium 2 1.2 30 170
! Praseodymium 2 1.7 8 30
Neodymium 2 0.75 8 280
Samarium 2 0.02 20 1040
Europium 1 <0.1 24 —
Gadolinium 2 1.85 230
Terbium 1 0.95 8 —
Dysprosium 2 0.75 15 1170
Holmium 2 1.26 15 150
, Erbium 2 1.22 12 300
] Thulium 2 0.16 90 1990
Ytterbium 2 0.03 45 1900
Lutetium 1 - 9 900

*Analysis for N2 after oxidation test,
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SECTION 4 R This Document
eproduced F ,

. ro
COLUMBIUM % |

‘ INTRODUCTION \s
The following intrinsic properties make columbium advantageous for high-
temperature applications: N

e High melting point, 2468°C (4474° F)

e Density lower than the three other important refractory metais, 8.57 g/cc
(0.31 Ib/in.3)

¢ Low thermal] neutron capture cross section

AV

e I'avorable resistance to liquid metal corrosion at moderaie temperatures

o Ductility favorable to cold fabricability

[P

e Adequate supply

ol o

In addition, the major oxide (Cb,05) melts at a temperature 1500°C (2550° I') ,
which is considerably above that of MoOg and above the sublimation point of the major
oxide of W.

The oxidation resistance of Cb, however, is a disadvantage as attack occurs
both by scaling at a linear rate and by oxygen penctration into the base metal. The
scale formed is nounprotcctive because of the spalling or cracking tendency and the
penetration of oxygen into the lattice tends to reduce [abricability. The low modulus
of elasticily of Cbh, 15 x 108 psi, is another disadvantage in certain applications
which require stiffness. ‘

» s M

AR

The favorable attributes of columbium suggest its use in alomic reactors and air
and space travel vehicles, in addilion to the originai use as an alloying element in high
strength and stainless steels. Alloy development programs have improved both high-
temperature strength and oxidation resistance to allow short-time use at temperatures
up to 2500°F. If coating development programs arc successful, the strength properties
of Cb alloys may bc.utilized up to 3000°F.

ok ai

EYy £

The mechanical properties of unalloyed Cb have becn evaluated up to 2500°F,
and some alloys have bcen cxamined [or tensile properties up to 4000°F. Some of the
alloys are available commercially, but development of optimum consolidation and
fabrication techniques are continuing. Most of the alloys are still in a laboratory or
pilot production stage and only preliminary data have been repcried for compositions
which have evidenced attractive properties in the screening studies.

{ykapbldbioy
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MECHANICAL PROPERTIES

The mechanical properties of unalloyed Cb presented in the SRI reportlincluded

tensile oroperties up to ahout 600°C, and limited creep data up to 1200°C. Additional
data were also presentcd reporting ductile-brittle behavior, the effect of dissolved
gases, the effect of cold work, and recrystallization behavior. Very limited data had
been reported by mid 1958 on preliminary investigations of Cb alloys,
More recently, a number of reviews 2,3,4,5,6 have treated the properties of
Cb and the more promising Cb alloys in detail. These reviews will serve as a basis
for this section. More recent reports covering research on Cb and its alloys have
been reviewed in detail, and results of interest are included in this compilation.

Tensile Propertlies of Columbium

Reported values for the modulus of elasticity of columbium at room temperature
vary by approximately 19 percent from low to high. The variation of the modulus of
elasticity with temperaturc as reported by scveral investigators 7,8,9,10,11,12 4
summarized in Fig. 4.1. The description of the test material and the method of mod-
ulus determination used by these investigators are given in Table 4. 1. The data shown
in Fig. 4.1 suggest thal the modulus of columbium may be sensitive to method of pre-
paration, purity, and test condition. However, the available data are not sufficient to
allow an cvaluation of the effect of the individual variables.

The results presenied in Fig. 4.1 arc in gencral agrecement in that the data of the
different investigators show a similar decrease of modulus with temperaturc. The
decrcase of modulus with temperalure is so slight when compared with the large varia-
tion reported by the different investigators, that the modulus value reported by Begley7
for 960°C is above the room temperature value reported by Williams and Heal™",
Vaughn and Rosell, or Brown and Armstrong  ©.

The data of Brown and Armstrongl2 are of particular intcrest because of the
temperature range covered. The values at all temperatures are the lowest of those
reported. Begley? associated the difference in values between his two curves with
contamination of the specimens during the tests conducted in air; and Wilcox and
Huggins8 described variation in room temperature modulus valies associated with
variation in H conlenl and microstructure. An increasc in H content froin 10 to
780 ppm resulted in the appeurance of a second pnase and decreased the modulus at
room temperaturc approximately 10 percent. These [acls suggest possible reasons
for the low values reported by Brown and Armstrong; however, the analysis and speci-
men conditions were not specified. Differcnees in measuring techniques indicated in
the legend of TMig. 4.1 might also account for some variation in the modulus values.

In the curve from Brown and Armstrongl'?, the modulus-icmperature relation. is
shown to deparl from linearity ahove about 1300°C. Similar behavior has been reported
for other materials in a temperature region near 0.6 of the absolute melling temperature
and has been associated with a grain boundary rclaxation process which is sensitive to
the frequency of imposed stress cycles.

48
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DESCRIPTION OF MATERIAL FOR MODULUS OF ELASTICITY DATA OF FIG. 4.1

Table 4. 1

LOCKHFED AIRCRAFT £OPPAPATINNI

1tlon Size (ia.) Grain Dia. ,
(2 t Specimen {mm) Machanica! acd Heat Tresimeatl
Percent
?
BEGLEY
02 0.019 0.060 in. Thick x 0.230 in 0. 06-0.07 Electron Beam Melted
.‘1'2 0.026 Wide x 7 In. Long Cold Rolled 7%
< 0.02 Recrystallized 2 Hr. st 1100°C in Vacuum
of $x 1075 mm Hg.
Hy, 0.0002
Ta 0.07
zr 0.03
TI 0.014
Fe 0.018
WILCOX and HUGGINS
"z 0.0117 i/4ln. Thiek X 1.2 tn. 004 Comml. arc-~cast columbium (Fansteel)
N2 U. 0049 Wide x 3 In. Long Recelved as 12 in. dla, Recrystatlized Rod.
C 0.0u50 Processing to achieve spec. size not specified
H, 0.0010 Hydrogenated Matl. -anneated 7 Hr. al A50°C 1a
",** 0.0779 Drv Hydrogen
LAVERTY ana EvaNs®
02 0.0400 + 125 in. Thickxt 0in Electrcn Beam Mel:ed
.\'2 0.008 Wide x 8 Ir. Lorg with 0.1 Cold Kilied 957 to 0.14 1n. Thlck Sheet
C 0 0099 ) 135 In. Thick x 0.500 1. Recrysiallized 2 His. at 1260°C in Vac
Hy - eous Wide x 3 In. Lcng 7aze of 1075 mm Hg
Ta 0 100 Sectlon DPHN 92
T 0.9030 Tested at Eievated Temperatures in Argon
Fe 0.0030
Cr 0.6030
NI 0.6040
sl 0.01:8
B 9.00008
WILLIAMS and HEAL'®
('J2 0.001t0 0.01% €40 1n. Tafcxk x ! 25 In. Sintered - Forged - Resintered Powders
gage length
N‘ 0.002 to 0.0:7 Sintered Bar Cold Rolled (o Sheet. 0.125In.,
Then annealed
C 0.001 to 0.92 | Dimenslons Hot N.S
H2 0.002 to Specified Cold Rolied to ® nsn 1o (687 thickness
0. 0004 reductlcn)
Fe 0.03100.65 Then anneated 1,2 Hr. a1 1100°C in Vac
1077 mm Hg
St .007 to .0M Tested in Rolllag direcijcas
VAUGHN and RoSE!!
9, 0.015 Not Speclfled N.S. 378 tn. dia Rod
.\'2 0.005 Annealus t/2 Hr. 1100°C Iln Vae.
1077 Ir. Vac. 107% mm Hg
C 0.02
l*‘l2 0.0005
Ta 0.35
BROWN 2nd ARMSTRONG'?
Commaerclal Rod 1/41n. dia x 4 in. Long N.S. Hot Specitiod
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It is apparent from the reported data, that for applications which require accurate
knowledge of the modulus of elasticity, the modulus should be determined for the speci-
fic material used.

The effect of temperature on the tensile properties of columbium is presented in
Figs. 4.2 and 4.3 showing the work of several investigators as summarized by
Wessel, France, and Begley® over a temperature range of -269 to 1400°C (-450 to
2550°F). The chemical analyses, processing history and test conditions for the data
presented in Figs. 4 2 and 4. 3 are summarized in Table 4.2. As is evident from the
data of Figs. 4.2 and 4. 3, there is considerable variation in the tensile properties
for columbium, as reported by the various investigators, which was in all cases in
the recrystallized condition. Strain-ageing effects are particularly evident in the
tempe ature range between 200 to 400°C.

Table 4.2

DESCRIPTION OF MATERIAL AND TEST CONDITIONS FOR
TENSILE DATA OF FIGS 4 2 AND 4.3°

FACYHECEN AIDCDAET CADDADATINKY

AAICCIN EC and CNACE NYN/ICIAN]

Curve | ~~ Chemistry (wt. %) Gralin Size Strain Rate Type Material
No. ¢ [9) N H (gralos, mm*) (in. /1n. “gec) Specimen Preparation
1 o0.014 | 0.106 0. 028 - 700 1 x1073 | Sheet9.101n. Thk. | Powder-Mer.
Recrystallized 2 hrs.
at 1475°C in Vacuum
2 0.011 | 0.021 0.012 - 1 1 x107 | Round 0.02 in. Dia. | Powder-det.
| (Tested in air) Recrystallized 2 hrs.
3 0.070 [ 0.010 ! 0.0 1002 3000 : x107 Wire - 1 mm Dla. Electron Beaw Melted
! : Recrysullized 1 hr.
| ! ) at 1075°C iu Vacuum
4 oo | o 007 — [ 3000 6.7x 10" | Sheet 0.20 in. Thbk. Recrystailized 2 hrs.
at 1200°C
5 0.016 | 0.029 0.011 0. 000015 250 1 x 10“3 Round 0. 125 (n. Dia. | Electron Beam Melted
{Tested in Argon) Recrystallized 2 brs.
! at 1200°C
6 003 | 0.0¢ 0.025 0. 001 - - Round Arc-Melted
Recrystallized
T 0 024 0. 036 0.019 — 1000 1 x ;0-3 Round 2. 178 in. D, Arc-Melted
| {Tested 1n Vacuuwm) Recrystallized 4 hrs.
at 1200°C in Vacuum
8 —_ 0. 013 0. 001 0. 001 1500 ~— Sheet 0. 125 in. Thk. Recrystallized 1/2 hr.
to to at 1100°Cin Vacuum
0. 029 0. 009
9 0.015 | 0.12 0.02 —_ 1500 - Round 0 125 in. Dia. Preder-Met.
Recrystallizsed 1/4 hr.
i at 1700°C in Vacuum
10 — l — U:-'mo‘vnl - - - - -
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Yield Strength (1000 psi)

Ultimate Strength (1000 psi)
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Bartlett and Houck3 summarized additional data on the effect of temperature on
the ultimate tensile strength of Ch. Their summary i8 in agreemncnt with the data
shown in Figs. 4.2 and 4.3 but emphasizes uniformity of the strength above about
1109°C (2000°F) for material of varying purity, fabricating history,and test conditions.

A rapid increase in yield strength with decreasing temperature below room tem-
perature can be seen for each set of plotted data. The rate of increase and the tem-
perature range varied slightly with the purity of material and test condition. The
transition from ductile-to-brittle behavior also occurred at different temperature
ranges in separate investigations. This transition varied between -125 and -200°C as
shown by the ductility data of Fig. 4.3.

Effect of Strain Rate and Grain Size on Tensile Properties of Columbium

Tankins and Maddin13 have shown the combined effects of grain size, strain rate,
and temperature on the yield strength of vacuum annealed columbium wires of 0.043 in.
diameter which had been reduced 53 percent in area by cold swaging from 0,063 in.
diameter. Table 4.3 summarizes their results for materials with the indicated grain
sizes produced by annealing the 43-mil wires for 30 minutes at 1000°C, 1 hour at
1200, and 1 hour at 2000°C. The wires were heated by resistance and cut into sections
of approximately equal grain size. The temperature gradient along the wire prohibited
identification of a particular grain size with a particular temperature; however, the
smallest grain size was associated with the 1000°C temperature and the largest, bam-
boo structure, with the 2000°C temperature.

Table 4.3

EFFECT OF STRAIN RATE AND GRAIN SIZE ON THE YlELlD STRENGTH
OF COLUMBIUM AT THREE TEMPERATURES 3

YIELD STRESS, 1000 PSI AVERAGE VALUES

4 -4 ¢ -4 4 -3 % -2
1.67 x 10 6.67 x 10 6.6 10 3.3 x 10
GRAIN SIZE TEMPERATURF. TEMPERATURE TEMPERATURE TEMPERATURE
23°c|-50-¢ |-183°c | 23:c{-50°c|-183°c | 23°c|-30°c|-133°Cc | 23°C{-50°c]|-193-C
Bamboo Structure | 9.3| 15 69 |11.2| 19 77 |16.5] 28 88 | 21.5/32.6 | 95
80 Grains Per Inch | 13.6| 27 70 |16.6]| 30 78 |19 | 33 88 | 22 |38 97
200 Grains Per Inch | 19 34 84 |z48] 40 92 | 28.5( 30 | 102 |36 |eo 112
400 Grains Per Inch | 39 s9 | 105 |46 68 | 120 [e0 | 82 | 130 |70 {o4 140
54
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The following observations can be made from the table by comparing the yield
strength of the three smallest grain sizes, 400, 200, and 80 grains per in., produced
at the usual annealing temperatures for columbium, 1000-1200°C, over the tempera-
ture and strain-rate ranges used in the experiment.

1. The yield strength at room temperature increased by a factor of about 1.8 due
to a 200-fold increase in strain rate for a constant grain size. The increase
was only about 1.3 times at -183°C. '

2. The yield strength at room temperature increased about 3 times with a five-
fold decrease in grain size at each of the strain rates used. This grain size
factor decreased to about 1.5 times at -183°C,

Ductile-Brittie Behavior of Columbium

Unalloyed Cb exhibited good tensile ductility down to temperatures around -125
to -200°C, as indicated in Fig. 4.3 where tensile elongation and reduction-in-area
data are presented as a function of temperature.

Figure 4.4 contains impact transition data for unalloyed Cb in the following four
conditions as reported by Begley and Platte:14

e Electron-beam melted ard annealed

o Arc-melted

e Annealed and cold-worked

o Powder-metallurgy annealed

Table 4.4 summarizes the chemical composition, grain size, and hardness of
these materials.

These data show the shift in impact transition temperature from about 100°C for

l arc-melted Cb to -100°C for E-B melted Cb. Even at 400°C, the powder metal-
lurgy material had a lower impact value than arc-melted Cb exhibited below its
transition temperature. The powder metallurgy specimens were thinner than the

l other specimens but the notch geometry was designed to allow direct comparison of
impact energy with the other three test materials. It should be noted that the powder
metallurgy material reported here contained 0.65 Zr, and therefore cannot truly be
corapared with the other three test materials which were unalloyed Cb. Of particular

] interest are the curves for arc-melted Cb in the reerystallized and cold-worked
states. Cold work appears to have lowered the transition temperature slightly; however,
the recrystallized material exhibited 2 to 3 times the impact strength of the cold-worked

i material at temperatures above 50°C, and appears to have a higher impact strength at
even the lowest test temperature of -80°C,

(1543
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CHEMICAL ANALYSIS, HARDNESS, AND GRAIN SIZE OF COLUMBIUN{;[‘EST
MATERIALS FOR IMPACT PROPERTIES REPORTED IN FIG. 4.4

. . . P VPN
Quan n 3 4 - s
Material |P ;uz:en A;al; s1sOWe1ghll;\IPe rcegxt ?;Sa,;,r]’v; ;?: Hardness |Condition
P *)(30 -kg load)
Arc-Melted |Mcodified [0.0005]0.027 10.014 {0.025 7 113 Recrys-
Ch (VAM-17)11zod tallized
Type 1
Arc-Melted {Meodified }0.0005/0.027 [0.014 {0.025 - 190 Cold
Cb(VAM-17)|Izod Worked
Type 1
Electron- Modified {0.0002{0.014 |0.030 10.02 5-7 108 Recrys-
Beam Cb Izod tallized
(SEG-2) Type 1
Faniteel Modified {0.000910.065 |0.022 |0.022 3-1 145 Recrys-
Bar™ (2709) |Izod tallized
(Powder
Met.)

*Contained 0. 65 percent Zr

Mincher and Sheely15 also reported lower impact energy transition temperatures
for E-B melted Cb than for arc-melted Cb from tests on recrystallized materials.
The impact strength above the transition termperature was higher for both the E-B
material, ~200 ft-1b, and the arc-melted maicerial,
values reported by Begley and Platte of 85 to 90 ft-lb as shown ir Fig. 4.4, although
impurity contents were similar {or each type of material used by each investigator.
The transition temperature of the arc-meltca material reported by Mincher and Sheely

was about 80°C lower than for the arc-melied recrystallized material shown in Fig. 4.4.

Effect of Strain Rate on the Strain Aging Bchavior

Wilhelm and Kattus16
the strain-ageing peak by comparing the ultimate tensile strength of 0.030 in.
sheet at four strain rates from room temperature to 1500°F (815°C).

140 to 180 ft-1b, than comparable

studied the effect of rate of straining on the magnitude of

thick

Their data are

presented in Fig. 4.5 and indicate that no strain-aging peak was obtained at a strain

LCCKHEED AIRCRAFT CORPORATION

rate of 0.2 per sec, whereas a very strong peak was obtained at a strain rate of about
19-4 per sec over a temperature range of 500 to about 1400°F (260 to 760°C). No
grain size or processing history of the material was reported but the impurity content
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was given as 50, 70, 1, and 60 parts per million of C, O, H, and N, respectively, with
a trace of Zr. The strength of tantailum shown on the same plot appears low compared
l that of columbium and the authorsi® suggest this may be due to history or purity of
the two materials.

Mincher and Sheelyla reported the ultimate tensile strength of arc-melted material
to be insensitive to strain rate at 300°C (570°F), the (emperature at which the strain
ageing effect was observed to be most predominant. The strain-rate range used was
from 0.00003 to 0.03 per sec. Figure 4.5 indicates less sensitivity of ultimate tensile
strength to strain rate at this temperaiure. In this case, however, the strain-ageing
peak was observed to be at about 900°F (480°C). The contrast cannot be explained on
the basis of information furnished in the two reports, but does suggest the necessity
of further investigation of strain-ageing phenomena in Cb.

Effect of Interstitial Impurities on the Mechanical Properties of Columbium

Enrietto, Sinclair, and Wert17 evaluated the ultimate tensile strength of columbium
from room temperature to 900°C in argon with the following three levels of oxygen
content; 0.001, 0.02, and C.43 percent. Their results, summarized in Fig. 4.6,
indicate that a maximum in the strength occurred at 500° C for all three oxygen contents.

Similar peaks were observed by the same investigatorsll in fatigue-limit versus
test-temperature curves as indicated in Fig. 4.7 for the same three materials tested
in argon at 3450 cpm. The temperature at which the maximum fatigue strength was
observed (400°C) was lower than that for the tensile test results (500°C). As can be
seen in Fig. 4.8, the initial increase in oxygen content to 0.02 percent appeared to
have the greatest effect on the increase in the peak tensile and fatigue strengths, and
further oxygen additions appear to have little effect.
Regarding thc cffect of oxygen on levitation-melted material, Begley and Framce18
made the following observations:

1. Oxygen additions from 0.0076 to 0,43 percent increased the as-cast
hardness almost linearly from 62 to 350 VPN.

2. Cold fabricability was good up to 0.137 percent oxygen, but very poor
abeve 0.137 percent.

3. Strain hardening was uniform for all oxygen contents up to 0.137 percent
as measured by hardness increasc with increase in reduction by cold rolling.

4. Oxygen additions of 0. 121 percent broadened the recrystallization range cf
high purity Cb about 150° C after cold reduction of 75 percent.

Tensile yield strength and ductility comparisons were made on high-purity material
produced by floating-zone, electron-heam, and arc-melted material of several ASTM
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grain sizes (>1, 2, and 5) all tested at the same strain rate (10 3/sec), as levitation
melted samples were too small for tensile test specimens. Yield strength increased
with decreasing temperature from room temperature to -200°C at approximately the
same rate for oxygen contents from 0. 003 to 0.067. The yield strength at each temper-
ature increased with increasing oxygen content. Brittle fracture occurred below about
-125° C on samples of the highest oxygen content, 0.067. The ductility of 0.067 percent

oxygen specimens as measured by reduction-in-area of tensile specimens dropped rapid-

ly to a negligible amount near -100° C, whereas material with 0, 007 and 0.020-percent

oxygen exhibited greater than 60-percent reduction in area at -200° C which indicated that

the ductile to brittle transition temperature for these materials was below -200°C

These same investigators18 observed similar effects of nitrogen content on the
hardness, workability, strain hardening and recrystallization behavior of columbium
during preliminary experiments that were not as extensive as those with oxygen. Small
nitrogen additions were more effective hardeners than those of oxygen, and the recrys-
tallization temperature range was broadened more with nitrogen additions than with
oxygen additions.

Carbon additions to columbium up to 2.0 percent had little effect on hardness as
reported by Begley and Lewis19, Samples containing up to 0.28 percent C were suc-
cessfully forged at 1206° C, but higher carbon additions, which resulted in the appear-
ance of carbide grain boundary networks, destroyed cold workability. For material
containing CbyC particles, the tensile yield strength was not affected,but the tensile
ductility was reduced in the temperature range ~196° to 200° C.

Mincher and Shccb, have investigated in detail the effect of struciure and purity
on the tensile properties of Cb over the temperature range -196 to 1093, They
describe the main strengthening mechanisms operative at three general temperature
ranges to be as follows:

e Peierls-Nabarro lattice frictional resistance below room temperature
e Strain-ageing due to impurities from about 200-700°C

e Cold work from room temperature to about 500°C

The impurities responsible for strain ageing peaks in the ultimate tensile strength
versus temperature curves were suggested to be O, C, and N at 300 , 500 , and
600°C, respectively. The O peak being more predominant and effectxve over a wide
temperature range obscurcd the peaks at 500 and 600°C. The authors!® correlated
the temperatures at which the peaks occurred with diffusivities of the three interstitials
which were equivalent (1()'12 cmz/sec) at 300 , 500 , and about 650°C for O, C, and
N, respectively. The effect of cold work decreased rapidly with increasing tempera-
ture above 500°C, and the cold-worked material exhibited the same ultimate tensile
strength at 1000°C as fully recrystallized material of the same origin, high-purity
EB melted. The tensile strength versus temperature curves of Mincher and Sheely
are similar to those shown in Fig. 4.2, and the reader is referred to their report for
detailed description of their results.
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McKinsey, et al. ,20 1n a more recent report, have observed similar effects of
interstitials on the strength properties of columbium. They reported a minimum in
the strain-rate sensitivity versus temperature curve which corresponded to the max-
imum in the UTS versus temperature curves. They also showed a shift in the strain-
ageing peak from 300 to between 700 -850°C associated with 5 atomic percent
additions of either Ti, Zr, or V.

Wilcox and Huggin38 correlated the strain-ageing behavior of Cb with interstitial
hydrogen content using yield poini return and dynamic modulus measurements. The
activation energy calculated for thc strain ageing process (10,500 cal/mole) was shown
to agree closely with a reported activation energy for diffusion of H in Cb (9370
cal/mole). The authors8 also observed that loss of room temperature ductility resulted
from an increase in H content from 10 to 780 ppm which produced a hydride second
phase which was observed microscopically.

Additional studies on the effects of impurities on columbium have been summarized
in earlier survey reportsl'3 and are in general agreement with those described above.

R .. Wﬁqgm..q
e

Recrystallization Behavior of Cold-Worked Columbium

The effect of annealing treatment on cold-rolled columbium shown by the change
in tensile properties was described in the original report from the work of Page.
Savitskii, et al., 2l investigated the annealing behavior of relatively impure columbium
by observing the grain diameter produced at several annealing temperatures from
1000 to 2000°C on material deformed by cold rolling 2.5, 5, 7.5, 10, 20, 40, 60,
80, and 96 percent reduction in thickness. Tig. 4.9 shows that a critical degree of
deformation cxisted between 5.0 and 7.5 percent which resulted in large grains at
all annealing temperatures ahove about 1200°C. Grain coarsening occurred at defor-
mations above 20 percent between 1450 and 1650°C. X-ray determination indicated
that 7.5 percent deformation required an annealing lemperature of 1200°C, and 60
percent required a temperature of 1025°C for the initiation of recrystallization.
Increasing the deformation trom 60 to 96 percent did not alter the initiation temperature.

Begley7 conducted recrystallization studies on EB melted Cb after cold rolling
60, 80, and 95 percent. The start and completion of recrystallization was observed
metallographically and by x-ray and hardness measurements after annealing for 0.1,
0.5, 1, 10, and 100 hourflin vacuum at 700-1200° C. The results are comparable to
those of Savitskii, et al.“” Begley's study was in raore detail but over a narrower
annealing temperature range.

Tensile Properties of Columbium Alloys

During the past two-year period, the effect of binary and complex alloy additions to
Cb has been extensively studied at Battelle, Du Pont, Fansteel, General Electric,
Stauffer, Sylvania, Temescal, Wah Chang, and Westinghouse. The scope of several
published alloy screening studies based primarily on mechanical properties are sum-
marized in Table 4.5. Screening studies conductcd on oxidation resistance and

- e
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INVESTIGATIONS CONCERNED WITH COLUMBIUM ALLOY DEVELOPMENT
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il Alloy Addtiien
Properties Investigated Reference
i Binary Ternary and Others
0 Al HEf - Mo Fabrication, hardness, and Begley and Platte’*
Hf ™ - Hf tensile properties of
Mo Ti - Mo fabricable alloys. Room
- Re Ti - 2r temperature and 1083°C
: Ti Ti - Zr - Hf
: v
£ w
§ Y
g Zr
£ c Hf - O s 22
g - ame Begley and Lewis
¢ Hf Mo - Hf
I Ti VvV - Al
: ! v V - Mo
! w vV -Y
Y vV -2r
Ti{ - Zr - Hf
V -Mo-2r
Ti-2Zr -Hf-O
23
Al Mo - Hf Same Begley and Lewlis
Cr vV - W
Mo V -Zr
w V -Mo-2Zr
Zr V-W-7r
Ce Ti - Mo Fabrication, Hardness, Maykuth and
Cr Vv -Al same Tensile at 1500F Jaffee®d
Fe vV -C same creep and rupture
Mo VvV -Cr propexties to 750C
Ni vV -Fe (dilute alloy systems only
Pd VvV - Mo for reactor applications)
Ti VvV -Ni
v vV -Ti
Y Vv -2r
Zr 7Zr - Cr
Zr - Fe
Zr - Mo
Zr -Ti
- +0, N,C modifications
Mo Hot Hardness, Elevated Gemme125
T1 Temperature Tenslle
w Creep Rupture and
Recrystallization
. _—
26
- Ta Impact Transition Smith, et. al
= 3 Ta - Mo Temperature and Elevated
. Ta - W Temperature Tenslie
Ta - Mo - W
2
=
%. 65
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weldability have not been included in the Table. The properties of the more promising
alloys which have exolved from these programs have been treated in detail in three
survey reportsz's’ and, therefore, will only be summarized in this compilation.

Alloys which have received attention beyond the screening studies are listed in
Table 4.6 which also lists the nominal compositions and company designations. Several
of the alloys have achieved commercial status and are available in rod and sheet form,
The strengthening mechanisms most effective in these alloy systems are solid solution
strengthening and/or dispersion strengthening. The strengthening effect of
plastic deformation is maintained up to 2400°F for some of the alloys. The various
alloys possess different degrees of short- or long-time strength at elevated tempera-
tures, oxidation resistance, fabricability, and weldabhility. None of the alloys is
superior by all criteria, and development work is continuing at all of the iaboratories.

The modulus of elasticity of several Cb alloys as a function of test temperature

is shown in Fig. 4.10. These data are based on strain measurements from tensile
tests. '

The reported data show an appreciable increase in the low temperature modulus
value for Cb due to alloying. In the case of F-48, the increase was approximately
65 percent, whereas for F-50, the increase was slightly less. Alloy D-31 showed
only a slight increase of about 15 percent over that for Cb, whereas the curve for
D-41 falls about midway between the curves for unalloyed Cb and F-48. In general,
additions of W and Mo appeared to increase the modulus, Ti additions appeared
to result in a decrease, and Ta additions had little effect. As most mctals show a
gradual decrease in modulus with increasing temperatures, the curves of Fig. 4.10
showing a rapid drop above 1500° F should be questioned unless it can be demonstrated
that only elastic and no plastic strain occurred during the evaluation of the modulus.
It should be noted, however, that alloys with the highest combined W and Ta content
had the highest modulus values above 2400°F.

The more attractive columbium alloys combine additions of W, Mo, Zr, V, Hf,
Ti, and Ta. The first five elements contribute to strength through solid solution or
dispersion strengthening mechanisms and the last two have been found to promote
fabricability. Combinations of Ti and W with minor Mo and V additions impart
the best oxidation resistance to columbium alloy systems without reducing fabricability.

The effect of V, Zr, Hf, Mo, and W additions on the 2000°F (1633°C) tensile
properties of columbium is shown in Fig. 4.11 as reported by Begley.14 All of the
alloys were produced by non-consumable arc melting 100-150 gram buttons. Alloys
of the first four additions were melted in a good vacuum furnace and had low gaseous
impurity level (Series II alloys). The W alloys were reported to be contaminated
during melting due to a poorly sealed furnace. Tungsten alloy specimens were produced
by hot swaging in air at 1200°C to rod bars about 0.4375 in. in diameter, centerless
grinding to a 0. 375 in.diameter bar, then machining to a 0.200 in. x 1 in. gage section,
and vacuum annealing at 1600°C for 1 hour wrapped in Cb foil. All other alloy
specimens were hot foried at 1200°C in type 304 stainless steel jackets to 0,125-in,
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Table 4. 6
COLUMBIUM ALLOYS WITH POTENTIAL COMMERCIAL INTEREST
! Reference
Alloy Alloy Additicns, Wt % for
Company Designstion W Mo Ta T Zr V] Other Properties
DuPont D-31 10 10 27
DuPont D-41 20 8 10 4
Fansteel F880 0.75 28, 29
Fansteel FS82 33 0.8 30
Fansteel FS85 12 27 0.6 30
0.08C
G.E. F-48 15 5 1 0.0850 a, 2
0.08C
G. E. F-4a0 15 5 5 1 0.0500 a1, 2
Haynes Stellite
(UCM Co) ch 6 10 8 2
Haynes Stellite
(UCM Co) Cch 7 28 7 2
Haynes Stellite
(UCM Co) Ch 16 20 10 3 2
Haynes Stellite
(UCM Co) Cb 20 15 5 S 2
Haynes Stellite
(UCM Co) ch 22 3 3A1 2,290
liaynes Stellite
(UCM Co) Cb 24 7 3 JAL 2
Haynes Stellfte Ch 65 ki 0.8 2, 29
(UCM Co)
1
! Haynes Stellite
1 (UCM Co) Ch 67 7 1 3 3A1 2
Havnes Stellite
(UCM Co) Ch 74 10 2 2, 29
Haynez Stellite
(UCM Co) Ch 84 20 3 7 4
Haynes Stellite
(UCM Co) Ch 85 20 3 7 1 4
Stauffer SCh291 10 10 32
Stauffer SCh278 10 10 32
Stauffer SChi1 10 2 30 1 32
Stauffer SChbé1 10 2 10 1 32
Stauffer 15W-20Ta 15 20 33
Stauffer 20W-20Ta 20 20 M, 26
Temescal 22
Combinations 1.5-25 |1-10 5-46 0-1 M4, 26
L Wah Chang c-103 1 0.5 10 Hf 35
Westinghouse NC155 5 B 22
Westinghouse NC181 5 1 5 22
%
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FIG. 4.10

MODULUS OF ELASTICITY VS TEST TEMPERATURE FOR
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Alloy Addition, weight per cent

FIG. 4.11

TENSILE PROPERTIES OF RECRYSTALLIZED COLUMBIUM BINARY
ALLOYS TESTED IN VACUUM AT 1093°C (2000°F) 14
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thick sheet bars, hot rolled to 0.060-in. thick sheet, unjacketed, pickled, and machined
to 0.250-in. wide x 1-in. gage section and vacuum annealed at 1500° C for 1 hour wrapped

in %b/ foil. The elevated temperature testing was done in vacuum at a strain rate of
107Y/sec.

This investigation showed V and Zr to be the most effective strengthening
additions both at room temperature and 2000°F, but the ductility of both systems was
low for the higher concentrations at the elevated temperature. The low ductilily was
associated with a grain boundary phase. These data are shown here to indicate the
trends observed in this screening study. For a more complete review of alloying
behavior in binary Cb systems, the reader is referied to the Westinghouse report4
and the DMIC review. 3 The properties of the more compiex Cb alloys are of greater
interest to the user and will be emphasizcd in this survey.

The mechanical properties of alloys which have cvolved to commercial, pilot pro-
duction, or advanced laboratory status have been tested to established average values.
The effect of temperature on the ultimate tensile strength of six alloys as presented
by Bacon et al., 2 is shown in Fig. 4.12. The same relation is shown in Fig. 4.13
with an expanded temperature scale which allows better comparison of the alloys in
the upper temperature region. Figure 4.13 also includes the strength properties of
additional alloys which are of interest for high temperature service.

The mechanical and thermal nistory and test conditions as reported in the Crucible
state-of-the-art survey? arc listed in Table 4.7. A variety of methods for the pre-
paration of the alloy samples and the use of various testing environments are presented
in the table. Alsc indicated is a lack of information regarding configuration and rate
of straining. The mectallurgical state of each material resulting from individual mechan-
ical and thermal treatments is dillerent as would be expected, as each composition
would display its oplimum properties only after specific fabrication and heat treatment.
Several of the data sheets submitted for the Crucible survey? included data from speci-
mens with diffcrent processing than that indicated in Table 4. 7. The change in proper-
ties with changc in processing for cach alloy has not been thoroughly defined by suffi-
cient experiments; however, the survey? contains a morc detailed review of the
available data for a specific alloy.

The ultimate tensile strength at temperatures up to 4000°F of three Cb alloys as
reported by Hall33,37 are presented in Fig. 4.14. Data from the following lests are
included for comparison:

e D-31 tested in air
e F-48 tested in vacuum in worked and worked and stress-relieved condition
e Cb-74 tested in vacuum in recrystallized condition
The curves for the Cb-W-Ta alloys indicate good retention of strength at elevated
temperatures for alloys with large solid solution additions. For example, the Cb-20W-
20Ta alloy is shown to be stronger at 2400°F than either F-48 or Cb-74 which are

alloys containing both solid solution and dispersion strengthening alloy additions, but
less solid solution content than the Cb-20W-20Ta alloy.
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i See Table 4.7 for material and
Test Conditions which were not i
180+ uniform.
160 7

TENSILE STRENGTH (1000 psi)

o) 4 | 1 1 1 | ! [ 1 !
0 400 800 1200 1600 2000 2200 2400
TEMPERATURE (°F)
FIG. 1.12

ULTIMATE TENSILE STRENGTH FOR SIX COLUMBIUM ALLOYS BETWEEN ROOM
TEMPERATURE AND 2400°F2 (Note expended temperature scale from
2000 to 2400°F)
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which were not uniform.
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FIG. 4.13

ULTIMATE TENSILE STRENGTII FOR VARIOUS COLUMBIUM ALLOYS
BETWEEN 1500 and 2500°F (815 and 1370°C) 2
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2-36-61-1

DESCRIPTION OF MATERIAL AND TEST CONDITIONS FOR TENSILE DATA OF

FIGS. 4.12 AND 4.13

Alloy Designation® | Consolidation Primary Conver- [Secondary Conmer- fTher mai Specimen Slze. Strain Rate, ‘Test Atomsphere | Bupplier
Method sion Method p-1on Methal [Treatineat In. mla”
D 3 {a) | double Arc Melt |extrude N.S. as extruded N.S. 0.05 Alr Du Poot
to 4-1,21r. dla
Ingot
0-41 same extrude N.S. as extruded NS, 0.05 Alr Du Pomt
FSb62 Fame hot forge 2700°F |R.T. value-as C.R. RONE N.S. N.S Alr Funstee)
jsheet 0.04¢ [n. th
Flev. temp. values
Jos swaged Red
FS83 (a) N.S. N.S. NoE NUS, N, 8. Argon Fanateel
F-43 arc Melt to S ir hot cxtrude in Mo |Roll 1o sheet stress sheet
dia. can 2709°  3190' F|rcllicved 2200° F.
! he with Ieterme-
dl.ate reheats
F-50 {(n Arc Mclt 1o G n Similar 1o F-ax Extrude =od Suage nore NS NS Vac G. E.
dia.
Cb-& ATc Melt to 3-1-2| Forged 2100° ¥ ron: N.S. N.S. Argon U.C.M
tn, dla. Ingot
Ch-7 Arc Melt to 2-1.72| hnpact oxtrude Swage 22007 § fion none Bar .02 Yac u.c.Mm
in. dla. ingot 2506° F b2in o dshIn.
dia.
CB-16 sarae Extrude 2700 to nonc noac N.§ 0.005 Argon U.C. M.
2900° F. Katlo 3 o{
41
Cb-65 Arc Melt to 3-1/2) Extrwie  21300° ¥ ]iot Rol) to gothic nonc Bar 0.02 Argon U.CM
In-Jla. Ingot 2-1/2-2 In. dta. |2000° F Cold S=ape
to 3/8 Indla. (s8¢
C.W.)
Cb-14 (3) | Arc Mclht ta 2-1/2] Impact extrde at ronc nonc N.S 0.02 VYac. weM
in. dta. Ingot 25907 ¢
NC 159 {3) | Arc Melt 150 gm | Hot Forge non¢ I hr 2732° ¥ Rexl N.S N.5. N.8. WeaUnghouse
Bution
NC 181 {a) | same Aame none same N. S, N.5, N.8. Westinghrmse

(a) Dsta given in Fig. -1.13 only; data for all others given on Figs. 4.12 and 4.13.

'&.-r.mamon of alloys are ziven (n Tabic 4. € cxcept for FS 1 which was not specifled.  FS 52 was a W modifcation of FS t2 and has been replaced by FS 85
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FIG 4.14

ULTIMATE TENSILE STRENGTH FOR SELECTED COLUMBIUM ALLOYS
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BETWEEN 1200 AND 4000° F
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The strengthening mechanisms of Cb-74 (Cb-10W-5Zr) have not been clearly
established, but the higher Zr content of Cb-74 apparently provides high temperature
strengthening equal to the higher W and added Mo content of F-48 (Cb-15W-5Mo-1Zr).
The recrystallized Cb-74 is shown to be equivalent in strength between 1600 and
2200°F to the stress relieved (2500°F, 1 hr) F-48 and about equal to as-worked F-48
at 2400°F and above. The one hour recrystallization temperature of Cb-74 and F-48
are reported 29, 32 to be 2600 and 3200°F respectively. Judging from the decrease in
strength of F-48 after a stress relief anneal at 2500°F, the strength of Cb-74 would
probably exceed that of F-48 up to 2600°F if both materials were tested in the com-
pletely recrystallized condition. Both Cb-74 and D-31 exhibited excellent room tem-
perature ductility in the recrystallized condition.

Ductility as measured by elongation and reduction-of-area was better at all tem-
peratures for tests conducted in vacuum, 61 percent and 90 percent at 2400°F, than
for tests conducted in air, 8 percent and 11 percent at 2400°F. Results of tests con-

ducted in vacuum on D-31 0. 020 in, thick sheet material in the stress-relieved condition at

Boeing 38 gave tensile strength values comparabie to the air tests reported by Bacon

et al. .2 at 2000 and 2500°F., The true effect of environment on tensile test results of
D-31 cannot be clearly evaluated by the few data available because of the variable spec-
imen preparations involved.

The effect of the test environment on the strength v .lue of FS 82 at 2000°F was
indicated in the data sheets appended to the Crucible Report 2 on materials of identical
preparation, where a strength of 29,600 psi and elongation of 2 percent are shown for
a test in air, but a strength of 44,700 psi (50 percent increase) and elongation of 8
percent are shown for a test in argon. In this case, the strength of FS 82 was reported
to be lower when evaluated in air in contrast to the environment effect for D-31 shown
on Fig. 4.14.

Recent data onthie ultimate tensile strength of FS 82 and FS 85 were reported by
Gentry and Michael. Their results on material in the as-cold-rolled and in the
cold-rolled and recrystallized conditions are presented in Fig. 4. 15.

The two curves for FS-82, cold-rolled 50 percent and cold-rolled 50 percent and
recrystallized, exhibit the normal trend of strengthening by cold work. The strength-
ening effect was appreciable up to test temperatures of about 2000°F, above which the
strength of the wrought material decreased rapidly. Above about 2400°F, the effect of
cold work was nil-and the two curves fall almost together.

In the case of the four curves for FS-85, however, the data are not so easily
explained except for the two curves representing the 94 percent cold-rolled and the
94 percent cold-rolled and recrystallized conditions. Here again the strengthening
effect of cold work is evident and persists to somewhat higher temperatures than for
the FS-82 alloy. Also, the FS-85 alloy maintained high temperature strength better
than FS-82; and, avove 2600°F, had about twice the value of ultimate tensile strength
compared with FS-82.
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i TEST TEMPERATURE (°C)
0 . 800 1000 1200 ) 1400 1600
!. 1407 I | T | | v 1 v | !
i "~ l
i 120 1 Sheet
§ 1 Symbol Alloy Condition Melting Process Thickness
£ | (in.)
. B ‘\ — & Fs82 CR50% REXL 2530°F 1 hr Arc 0%
: \ —O— Fs82 CR30% Are 0.30
100—o 1 ——9——F$85  CR30% REXL 2400°F 1 hr EB 0.040 — 1}
i ——B8——FS85 CR94% REXL 2400°F 1 hr EB 0.063
[~ i ——A——-FS85  CR30% EB 0.040
[\ ~—@——FS85  CR94% EB 0.063
80 i . R
Strain Rate - <0.01 min ", Tested in Vacuum

[
[=]

ULTIMATE TENSILE STRENGTH (1000 PSI)

40
~ 4
~
\\:\ /{A a A
20 = ° N
O ! :\\\ [a]
=== e _
| [
0 " ! 1 1 1 | ) | 1 1 1
o] 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200

TEST TEMPERATURE (°F)

FIG. 4.15

ULTIMATE TENSILE STRENGTH OF FS 82 AND FS 85 FROM
1500 TO 3000° F (815~ 1650° C) 30

LL 2}
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The following conditions for the data on FS-85 appear to be anomolous:

(1) The curves representing the 50 percent cold-worked and 94 percent
cold-worked conditions superimpose over their entire joint test tem-
perature range, 1800 to 2800°F. Since the effect of cold-work is
still apparent above 2400°F for this alloy, the 94 percent cold-
worked material would be expected to have a relatively higher curve,
at least up to 2400°F.

(2) The curve for 50 percent cold-worked and recrystallized FS8-85 is
nuch higher than that for the 94 percent cold-worked and recrystal-
lized material. The tensile strength of fully recrystallized material
would not be expected to be strongly dependent upon prior deformation.

(3) The curves for the 50 percent cold-worked and 50 percent cold-worked
and recrystallized FS-85 almost superimpose over their common test
temperature range, 2000 to 2400°F. The 50 percent cold-worked and
recrystallized material would be expected to have an appreciably lower
strength.

Two of these conditions indicate that the curve representing the 50 percent cold-
rolled and recrystallized FS 85 may be erroneously high.

The relation between curves for FS-82 and FS-85 for both the 50 percent cold-
rolled and recrystallized conditions is also difficult to explain. The FS-82 is shown
to have higher strength between 1500 and 2100°F than FS-85 in the 50 percent cold-
rolled condition and equal strength in the recrystallized condition even though the room
temperature strength of FS-85 is superior in both conditions as would be expected from
the large W content of FS-85. The higher impurity content of the arc-melted FS-82
would not be expected to strengthen FS-82 as much as the W content of the FS-85. Ad-
ditional data on these alloys may clarify some of the above questions.

Creep and Stress Rupture Properties of Columbium

The stress- rupture properties of unalloyed Cb are presented in Fig. 4. 16 as
reported by Gemmel, 29 and m Fig. 4.17 as reported b SPechtold et 21.5 The latter is
a summary of work by Begley’ and Mincher and Shvely, whose work was not found
reported in the open literature. Table 4.8 includes the reported chemistry and history
of the test materials. The high-purity material used by Gemmel had less metallic im-
purity, about the same interstitial impurity, and a larger grain size than that used by
Begley7 . Gemmel's material evidenced higher rupture strength values at 1650 and
1800°F than that of Beggley which may reflect an effect of the larger grain size. Both
investigators observed a slight hardness increase after test, and Begley reported a
decrease in strain rate for long time creep tests which may indicate that contamination
during testing accounted for some of the variation in rupture properties between the
two sets of data. The data of Mincher and Sheeley39 indicate a 100 hour rupture
strength at 1500°F about the same as that of Gemmel at 1650°F even though the reported
interstitial content is higher,
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CREEP STRESS VS RUPTURE TIME FOR COLUMBIUM AT
830, 1135, 1500, 1600, and 1800°F 9
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Table 4. 8
DESCRIPTION OF MATERIAL AND TEST CONDITIONS
FOR CREEP DATA OF FIG. 4.16 and 4.17
Reported Impurity: ppm p
rocess Test Spec. si
[o] N i Other fistory atmosphere 3",‘,?,“"" pe(in. e Ret.
140 {130 | 27 Ta 1930 Elect, vac 0.06 0.198 dla x 1 7
Zr < 300 Beam 1079 Besley
Ti 20 Melted to
F3 20 Cold forged -3
rolled. and 10" mm
swaged from
Jindlate
3. 5 n dia.
Recrystai-
lized = 2 hr
at 1030C
(1920F; In
300 | 100 | 200 10 arc melted Mincher &
Sheely3?
after Beachtold,
et al.®
156 1 40 2» Ta 300 | arc melted.
Cr 30 skull cast,
Ni 3o cohl swaged
Fe 60 30 percent vae 0.1te 2,160 Jia Germel?3
reduction. 10 0.3
recrystal- mm
lized-16 1,2
hr at [400C
12330F)

The creep properties of unalloyed Cb in terms of stress required to produce a
specified strain at a given time and temperature have not been well established.
Wwilliams and Heall0 have reported some creep properties at 400, 500 and 600°C from
tests conducted in purified argon on material specified only as producilon columbium.
The results are not shown because lack of material and test specifications made it im-
possible to evaluate or correlate the data.

Creep and Stress Rupture Properties of Columbium Alloys

Few data on the creep resistance of commercially attractive Cb alloys have
appeared in the literature. The stress to produce 2 percent creep strain in one hour
at several temperatures is indicated in Fig. 4.18. The three alloys reported show the
same relative creep resistance at 2000°F as they did on the basis of tensile strength
shown in Fig. 4.13. Unfortunately these data are very poorly documented as to mate-
rial condition and test conditions.
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FIG. 4.18

STRESS FOR 2 PERCENT CREEP STRAIN IN ONE HOUR FOR
THREE COLUMBIUM ALLOYS BETWEEN 1800 to 2600°F2
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The stress-rupture properties of several attractive Cb alloys, at 2000 and
2200°F are shown in Fig. 4.19 and 4. 20, respectively. Alloy F-48 is shown to exhibit
higher rupture strengths at both temperatures than the other alloys reported. Additi-
tional tests should be conducted on each of the alloys under similar testing conditions
before final judgement is made of the relative merit of the various alloys presented as
the stress rupturc properties are extremely sensitive to composition, fabrication, and
test variables. For example, Guernsey and Carson40 report times to rupture of 5.3,
66.7, and 100 hour at 2200°F and a stress of 24,000 psi for F-48 stress-relieved ex-
trusions produced from ingots prepared by three consolidation processes: electron-
beam melting, powder metallurgy. and electron-beam melting plus vacuum-arc re-
melting, respectively. These values differ considerable from the 10 hour rupture
life at 24, 000 psi shown by the curve for F-48 in Fig. 4.20. According to the authors 40
no obvious explanation for the wide variation was cvident, but an observation of surface
contamination of spccimens from long time tests in vacuum suggests a sensitivity of this
alloy to chemical change and resulting mechanical property change during testing.

A comparison of the strength of F-48 and F-50 gives an indication of the effect of
Ti additions on the elevated temperature sirength of these alloys. The two nominal com-
positions vary only in the Ti content; F-50 contains 5 percent Ti and F-48 none. How-
ever, F-50 is shown to fai] in 10 hours under a crcep stress of 27,000 psi at 2000°F,
whereas F-48 is shown to have at least a 1000 hour life under the same stress and tem-
perature conditions. The Ti additions, however, have been shown to improve the oxi-

dation resistance.

A similar effect of Ti addition on creep strength can be observed from a compari-
son between J"-48 and D-41 alloys in Fig. 4.19. The D-41 composition contains more
solid solution strengthening clements W and Mo, 10 percent Ti, and no Zr. The com-
bination of Ti addition and decletion of the dispersion strengthening agent Zr apparently
accounts for the lower strength of D-41.

The effect of test material preparalion may be obscrved by comparing the strength
of FS 82 determined from rod and shcet specimens shown in Fig. 4.19. The stress-re-
lieved sheet specimen tested at 19, 000 psi in vacuum failed in 1 hour, whereas a swaged
bar specimen tested in argon would fail at about 60 hours at the same stress, judging
from interpolation of the curve shuwn for the bar specimens. It is also interesting to
observe the similarity in strength of FS 80 and F8 82 as indicated by the curves deter-
mined from bar specimens of each material. Both alloys contain the same nominal Zr
content; howcver IS 82 contains about 33 percent Ta, whereas FS 80 contains no addi-

tional! strengthening additions.

’

The rupture strength of the recrystallized Ch 16 alloy shown on Fig, 4.20 is
greater than the as-worked material. Recrystallization of this alloy after extrusion
and swaging at 2100 — 2200° I to produce a 45 percent hot wurk reduction is reported“
to be complete after annealing at 2550°F for 30 min. The 30 min anneal at 2912°F
given the specimens used tor the Ch-16 data of Fig. 4. 20, resulted in grain growth
and elevated temperature strength improvement according to Bacon, etal.,“ from

Pt

[
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LEGEND FOR FIG. 4.19

. Material Heat Test
Symbol | Alloy Reference Material Condition Treatment Atmosphere
(0] F-48 31 Bar Extr., Swgd, 2,000°F Vacuum
Str. Relvd
m] D-41 4 Bar Extr & Swgd 2,350°F Vacuum
16 hr
A D-4) 4 Bar Extr & Coated 2,000°F Air
1 hr
-] D-31 4, 2 Sheet Str. Relvd 1,750°F Vacuum
0.060 in.
B F5-82 4,2 Bar Swgd None Argon
A FS-82 4 Sheet Str. Relvd N.S. Vacuum
0.070 in.
v F$-80 ? Bar Extr None Argon
v F-50 31 Bar Extr, Swgd 2,000°F Vacuum
Str. Relvd
lo} Ch-65 ? Bar Swgd-Ann 2,600°F Vacuum
1 hr
© FS-85 30 Sheet Cold Rolled --- -—-
94%
4 Cb-74 28 Bar Rex| 2,600°F Vacuum
1 hr
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- SEE LEGEND ON PAGE B2
-
F-50 [ F:48
Ry Co74
- D-4 | A o
g FS 85 CR 5AT - FS 83
g :\ 50% CR
g s& FS 82 °
v -\\1
i ———03 FS 80
& o —_—
[
l o \
o
) L .NO
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L
=
o—= INDICATES SPECIMEN
DID NOT FAIL
\ [ N B B | T N S N S I |
! 10 100 1000

RUPTURE TINE (HRS)

FI1G. 4.19

CREEP STRESS VERSUS RUPTURE TIME FOR
SELECTED COLUMBIUM ALLOYS AT 2000° F
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Cb-74 (Rex!| Bar) .
Cb-74 ( Extruded Bar) 7
F F-48 (Swaged- Stress Relieveci.
8 ® — 2000°F)
¢ [ Cb-l6 . Cb-16 F50 7
N : ( ReXl, 2912°F, | hr ) (Swoged) (Swaged ]
B Stress - Relieved
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i 1 l 1 1111 1 Jt 11 Ll L 11 1 141
10 10 100 1000
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FIG. 4.20
CREEP STRESS VS RUPTURE TIME FOR SE LECTED

COLUMBIUM ALLOYS AT 2200° F2:
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observations made in unpublished work. Improvement in elevated temperature,
strength by recrystallization is accompanied, however, by a reduction in the low tem-
perature ductility.

Recent data from the work of McKinsey, et al.28 has been added to Figs. 4.19
and 4. 20 to show the comparison between Cb~74 and F-48 in more detail. The Ch-74
alloy is shown to have rupture strength superior to all alloys except F-48 at both tem-
peratures. F-48 shows a 100-hcur rupture strength advantage of 12,500 psi and a
1-hour rupture strength advantage of only 3,000 psi at 2000°F. The advantage of F-48
for the same two strength comparisons are shown to be approximately 3,000 and 6,500
psi at 2200°F. The F-48 material data on the two figures are from stress relieved bar
material, whereas the Cb-74 data are from recrystallized bar material as indicated in
the legend of Fig. 4.19. The Cb-74 data were obtained from interpolation of data from
five tests at each temperature and are shown to agree well with the one point shown from
earlier work reported by Bacon, et al. 2

The stress rupture data presented are from tests on experimental lots of mate-
rial and the reader must be aware that the results should not be used for design crite-
ria. Use of the data for comparison of the alloys may also be misleading as the chem-
ical and metallurgical state of the test specimens as well as ihe test conditions exert a
strong influence on measured properties.

Fabrication of Columbium Alioys

Three Air Force contracts support large efforts to determine the manufacturing
methods for production of forgings?, sheet,? and extrusions%. Considerable privately
sponsored effort is also being expended. Until results of these programs have been
reported in summary form, a description of the fabricability of attractive columbium
alluys would not add to judgements possible from consideration of the tensile and creep
data previously discussed.

OXIDATION PROPERTIES

Oxidation of Columbium

The oxidation behav.our of columbhium at elevated temperatures was reviewed in
the original SRI reportl. The absorption of oxygen into the metal and the build-up of
a non-protective, spalling type oxide iayer compounds the difficulty of comparing the
oxidation rate of columbium to other metals by the normal criteria of weight gain,
scale thickness, or weight loss. A discussion of the oxidation behavior of the pure
metal would serve no purpose here except to re-emphasize the fact that colursbium
requires protection when used at elevated temperatures in an oxidizing environment.
However, since the oxide of columbium is not volatiie and has a relatively high melting
point, alloying is effective in reducing penetration of oxygen into the substrate and de-
creasing the spalling tendency of the oxides, and shows promise for increasing the
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utility of Cb for elevated temperature service. Although coatings will undoubtedly be
required for long time service, their performance is enhanced when used over a sub-
strate with improved oxidation resistance.

Oxidation of Columbium Alloys

A recent survey?2 by Crucibie Steel Company in conjunction with Union Carbide
Metals Company includes the oxidation behavior of a number of advanced columbium
alloys. The results are summarized in this report.

Terms used in the presentation are defined as follows:

(1) Metal Penetration: depth of gaseous impurity, O and/or N, penetration into
the mctal below the oxide-metal interface as measured by microhardness
traverse on cross section or by observation of birefringent effects on
etched metallographic cross sections.

(2) Metal Loss: Metal converted to oxide as measured by removal of the oxide
layer and comparing the pre- and post-oxidation weight.

A comparison of alloys initially choscn for their strength and fabricability
(Figs. 4.21 and 4. 22) are compared on the basis of metal loss and contamination
rates from 1800 — 2400°F (982-1315°C) and on the degree of scaling and contamina-
tion during oxidation at 2200°F. The Cb-7 alloy (28 W-7 Ti) appe¢ared to resist im-
purity penetration better than the other alloys and showed about a 100-fold improve-
ment over unalloyed columbium at 2200°F. On the other hand, Ch-16 (20W-10Ti- 3V)
appeared to resist scaling better than the other alloys. 'T'he three best alloys in each
comparison contain combinations of W, and Ti. Strength advantages of some of the
other alloys over the oxidation resistant compositions places their potential usefulness
over that of the most oxidation resistant alloys, especially since coatings or environ-
ment changes must be considered for even the most oxidation resistant systems for
long-time or cyclic use at elevated temperatures.

Coatings for Oxidation Protection of Columbium Alleys

The potcential benefits of two experimental coatings are indicated in Table 4. 9.
These coating systems are proprietary. The Union Carbide coating was evaluated on
unalloved Cb but the base matcrial used in the GE tests was not specified. Also, the
criterion used to designate ""failure' was not specified.

Many other coating systems are under study by both alloy dcvelopers and coating
manufacturers or applicators. A DMIC report in preparation, reviewing the current
status of coatings for refractory metals will appear soon.
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Table 4.9

RESULTS OF EVALUATION TESTS UP TO 2700°F
ON TWO EXPERIMENTAL COATINGS FOR COLUMBIUM

Thickness

Life to failure 2100°F**
Life to failure 2200°F**
Life to failure 2500°F**
Life to failure 2730°F**
Resistance to thermal

shock

Behavior under stress

Resistlance to Cont-
tamination

Selt-healing properties

Propriatory Coating
General Electric
Flight Proepiilsion Laboratory
(1 to 9 mils)

Duplex Coating*

Union Carbide

Metals Co. (4)
(7 to 9 mils)

500 hours

100 hours

500 cycles

2300-1000°F at 0.5 cycles/hr.

No failure

Good

30 mil hole, no catastirophic
failure after 45 nr. 2500°F

1000 hours
800 hours

10 to 8U hours

30 water quenches from
2100°F before failure

Capable of withstanding

creep rates of 0.1/in. /in. /hr,
for hundreds of hours as

low as 2000° F(***)

Nu contamination of pure
columbium after 1000 hr.
at 2160 or 800 hr. at
2300°F

30 mil hole, no failure
after 140 hr. 2100°F

* All data on "eudless' cvlindrical specimens of unalloyed columbium.
**  Under static exposure in air.

*** Specified creep rate or creep time should be verified.
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THERMAL PROPERTIES

Thermal Conductivity

Avzilable thermal conductivity data for columbium and the D-31 alloy are pre-
sented in Fig. 4.23. The data of Tottle4l was shown in the original SRI report™ and
is reproduced here for comparison. Tottle's data was obtained from long'ltgglnal heat
transfer studies on cylindrical rod, whereas the data of Fieldhouse, et al. ,*“ was
produced from radial heat transfer studies on stacked flat discs. The temperatures
rceorded are the mean values between the hot and cold surfaces at each temperature
interval used for measurement. No explanation of the disagreement in the two sets of
data could be made from the reported experimental material or technique, No addi-
tional experimental thermal conductivity data were found for Cb alloys.

Thermal Expansion

The thermal expansion of Cb and the D-31 Cb alloy are shown in Flg. 4,24 from
determinations made by four different investigators. The data of Tottle4l is included
for comparison with the more recent data. The data for Cb from different investiga-
tors agree well at temperatures where comparison is possible with the exception of
the deviation shown for data of Fieldhouse, et al.,42 between 2000 and 2800°F. The
linear thermal expansion of alloy D-31 was found to be nearly identical to that for un-
alloyed Cb. No additional data for Cb alloys wae found.
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SECTION 5

MOLYBDENUM

INTRODUCTION

Propertics which make molybdenum attractive for elevated temperature applications

may be listed as follows:
o High melting point, 2610°C (4730°F)
o Low density, 10.22 g/cc (0.369 lb/cu in.), below Ta, W and Re
o High elastic modulus, second only to W and Re

e Excellent strength-to—-density ratio at elevaied temperatures with
small alloy additions

o High thermal and electrical conductivity and low thermal expansion

In addition to these properties, the relative abundance, and highly developed
technology ot Mo are also in its favor.

The oxidation behavior of Mo, however, is a serious disadvantage for use at
elevated temperatures. Above 500°C (932°F), MoC, begins to sublime and at 600°C
(1110° F), the volatilization is significant, The existence of molten MoOg at tempera-
tures above about 800°C leads to catastrophic oxidation in ordinary atmospheres.
Another disadvantage is the low temperature ductility of Mo which is poor compared
with many high strength steels and the three refractory metals with good ductility (Ta,
Cb, and V).

Cladding and/or cuaiing sysiems are being developed which show promise to
partially overcome the first disadvantage, and improved consolidation and fabrication
processes have been reported to improve the low temperature ductility.

The excellent retention of strength at elevated temperatures exhibited by Mo and
its alloys has led to their use in the rocket, missile, and spacecraft industries.

The producticn, properties, and uses of molybdenum have been described by
Archer in the 2nd Edition of the "Rare Metals Handbook' and by several authors in
the ASM bookl "The Metal Molybdenum." The recent DMIC Reporta, which was used
as a primary reference for this section, reviews the latest reported mechanical
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property and oxidation data for Mo and its more attractive alloys. The DMIC review
serves as a good reference on the physical properties of Mo and Mo alloys, which are
not within the intended scope of this compilation.

MECHANICAL PROPERTIES

Tensile properties of molybdenum have been reported in greater quantity than
for any of the other refractory metals. The availability of molyhdenum and its attrac-
tive elevated temperature properties have stimulated investigations, during the last
twelve years, to improve and utilize its mechanical properties. Since these properties
are usually sensitive to purity and processing history of the material, and testing
conditions such as specimen configuration, strain ratc, and siress system, reported
tensile properties apply only for a given material tested under specified conditions,

Tensile Properties of Molybdenum

The modulus of elasticity of molybdenum at temperatures from 20 to 2600°C
(70 to 4700° F) is presented in Fig, 5.1 as determined by five investigators. The
values snown near room temperature are in good agreement, but above 800°C the
data of different investigators disagree by as much as a factor of 4 from low to high.
Koster? determined the effect of temperaturc on the modulus of Ta and W, and the
curves were shown to agree well with resulls rcported by other investigators for those
metals. No material or test conditions were spccified by Koster. The dynamic data
shown by Freeman and Brigg55 and Brown and Armstrong6 indicate a decrease of
modulus with increasing temiperature similar to Kostler's data and the values agree
well at equal temperatures. The static tests by Barr and Semchyshen? were conducted
at a slow and slightly variable strain ratc, ~0. 005 per min. , and the authors suggest
that slight variations in strain rate may have had a measurable effect on the modulus
measurement. The data from duplicate tests at all but 2400° F gave almost identical
values but the slow strain rate at elevated temperatures most likely allowed plastic
strain tc cccur and resulted in low apparent modulus values. The three data points
on the curve by Preston, Roe and Kattus® at 1650, 2070, and 2204°C were average
values of 14, 12, and 7 tests, respectively. The modulus values varied from 7.2 to
29.0, 2.43t06.2, and 0.1510 0.34 x 106 psi at the three respective temperatures,
which is indicative of the difficulty inherent in modulus determination using static
methods in the temperature range whgre appreciable plastic strain occurs. The stress
strain curves used by Glazier, et al. ¥ for modulus determinations were non-linear
in the "elastic'' region and judgment of the best fit between the modulus line and the
data points allowed for doubt in the chosen modulus value.

Tentative specifications are shown in Table 5.1 for the chemical composition
of molybdenum forging, sheet, rod, wire and bar materials as proposed by ASTM10,
The limits of purity were eslablished on the bhasis of compositions attained in com-
mercial production. Improved purity has resulted from pilot production of tin reduced
MosS and laboratory production of ca{clum reduced and electron beam consolidated
material. These investigations, 11,12 however, have not produced sufficient material to
establish practical purity limits.
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MODULUS OF ELASTICITY OF MOLYBDENUM VERSUS TEMPERATURE

LOCKHEED AIRCRAFT CORPORATION

99

MISCIHER Aand SPACE DIIVICION

2800



e pegie, g

2-36-61-1

— ™y

Table 5.1

ASTM TENTATIVE CHEMICAL COMPOSITION
OF COMMERCIAL MOLYBDENUM10

i
ARC-CAST Mo POWDER METALLURGY Mo :
ELEMENT
(percent {percent)
c 0.010-0.040 0.010 max.
0: ax 0.0030 0.0070 )
Noox 0.0010 0.0020
Fe, max. 0.020 0.020
Ni, max 0.010 0.010 '1‘
Ti - _ -
Mo, (By Difference) | 99,90 99.90 i
i
Ri
1
Tr
1
R
!
1
A
K|
b
“)
f-l
i1
!
A
100
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The minimum or range of tensile properties for rod. bar, wire and sheet
molybdenum suggested in the ASTM tentative specificationl0 are listed in Table 5. 2.
The properties specified are to be determined from test specimens produced and tested
In accordance with ASTM tentative test procedures E-8 and E151-597 using a strain
rate of 0. 002-0. 005 per min. through 0.6 percent offset and 0. 02 to 0. 05 per min. to
fracture. No mechanical property specifications have been issued for forged material
because of the many variations in size and processing techniques.

Room te:uperature tensile properties of commercially available rod and sheet
are presented in Table 5. 3 from the report by Houck3. The reported properties meet
the requirements shown in Table 5.2 with the exception that the transverse properties
of recrystallized sheet are slightly below the minimum requirements. The results
show excellent ductility compared with the minimum specifications. It should be noted
also that the strain rates used were slightly beiow the range proposed in the ASTM
tentative specifications. The stress-relief and recrystallization treatments given the
5/8 in,rod material consisted of 1 hr heating at 1800 and 2150° F. respectively. Final
reduction of the bar or sheet or thermal treatment of the sheet specimens were not
specified in the test data presented?2. The recrystallization treatment reduced the yield
and ultimate strength of the rod material about 1/3 the value of the wrought or stiress-
relicved specimens with no appreciable change in the elongation.

The lower limit of elongation of the sheet specimens tested in the transverse
direction is below the values for tests in the parallel direction. The decreased ductility

in the transversedirection is associated with the directionality of tensile properties of
wrought and recrystallized molybdenum sheet. Houck3 has reviewed the factors responsible
for mechanical property variations, and a summary will be presented in the following

subsections.

Elevated Temperature Tensile Properties

A summary of the elevated temperature tensile properties of unalloyed Mo as
prepared by Bectold, Wessel, and Francel3 is reproduced in Fig. 5.2. Known mate-
rial and test conditions related to these data are presented in Table 5.4, The data
indicate the magnitude of variation in tensile property values from tests conducted
under several conditions on materials of varying purity and thermal-mechanical history.
Both strength and ductility properties show the greatest variation near room tempera-
ture where a slight increase in temperature produces a large decrease in strength and
correspondingly large increase in ductility. This is, of course, due to variations in
the ductile-brittle transition temperature as related to variations in material and test
conditions.

The compression test curve indicates the same yield strength-temperature
dependence as do the iensile yield strength curves. The lower strength exhibited by
the compression curve below room temperature may be attributed to the lower carbon
conient. Alers, Armstrong, and Bechtold14 observed that material of the purity used
for the compression tests exhibited a sharp yield point only below -150°C, whereas
less pure material yiclded abruptly below 400°C. The less pure material, however,
had a finer grain size (1000 grains per square mm).
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Table 5.2

ASTM TENTATIVE SPECIFICATIONS FOR MOLYBDENUM
ROD, BAR, WIRE AND SHEET PRODUCTS!?

Minimum Minimum
Diameter M'f:i':::; it:‘;;‘;:he Yield Strength | Elongation in | VHN Bend Test
(in.) (1000 psi) & 0.2% Offset 2 in. (10 Kg) | Radius (c)
(1000 psi) {percent)
STRESS RELIEVED BAR, ROD, OR WIRE
3/16 - 1/8 90 75 18 230-280
7/8 - 1-1/8 85 70 15 225-270
1-1/8 - 1-7/8 75 65 10 215-260
1-7/8 - 2-1/8 70 60 10 210-250
2-7/8 - 3-1/2 65 55 10 205-240
RECRYSTALLIZED BAR, ROD, OR WIRE
2 60 35 20 200 Max,
2 - 3-1/2 55 25 20 200 Max,
_SHUEET
Al® 60-85 45 5 10 -
B 85-110 70 5 10 T
C 110-135 90 T
D 135-160 110 2 T

(a)Denotes Temper 2as determined by post-working thermal treatment, Treatments ABCD are
not specified.

(b)Low and high values are for sheet below and above 0.020 in. thick respectively.

{9 For sheet 0.065 in. thick and under.

(d)Rccrysta]lizcd or lightly worked material not recommended for room temperature forming.
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Table 5.3

ROOM TEMPERATURE TENSILE PROPERTIES
OF COMMERCIALLY AVAILABLE MOLYBDENUM 3

bR L [

Ll :
[ ] [ ] g ey -

CRLI LT T

Thermal Tensile Strength Yield Strength | Elongation | Reduction of Area
Treatment {psi) (psi} (per ccnt {per cent)
5/8-Inch Rod
As rolled 102,000 78,800 40 61.1
Stress relieved 97,200 82,900 42 69
Recrystallized 68, 200 55,9000 42 37.8
1/12-Inch Sheet
Stress relieved® | 91,300-105,500 | 79,700-90,800 (2 20-27 -
Stress relieved(c) 91,500-106,200 |82, 700-95,800(3) 16-24 -
Recrystallized® | 62,200-66,500 |45,500-61,300 40-58 -
Recrystallized'® | 58,200-66,000 |43,700-58,500% 16-58 -
(a)Yield strength based on clrop in load, others on 0. 1 percent offset.
(b)Parallel to rolling direction.
(C)Transverse to rolling direction.
(d)Strain rates, 0.005 and 0.01 per min in elastic and plastic ranges, respectively.

LOCKHEED AIRCRAFT CORPORATION

103

MISSILES and SPACE DIVISION




2~-36-61-1

Test Temperature (°F)

,40_;4?5‘1_?__4?5%3?9_&39_2999_%%0
Compression _
120~ Curve No  Investigator
fg \ | Pugh
2 00k \ \ 2 Bechtold -———-
3 \\\ 3 Bechtold ——
2 gol \.\ 4 Carreker ——
< ‘\\ 5  Alers —=
g 60 \.._ 6 Climax ———
= \\ 7
D 4ol
2
©
> 20
. ] |
140

Ultimate  Strength (10CO psi)
o )
(@]
=

401~ S .
BN
201~ SN - ~
o 1 | [ N N B B s et
=200 O 400 800 1200 1600 2000

Test Temperature (°C)

FIG. 5.2

TENSILE PROPERTIES OF RECRYSTALLIZED MOLYBDENUM
AT TEMPERATURES FEOM -200 TO 2000°C3
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Table 5.4
-
MATERIAL AND TEST CONDITIONS FOR TENSILE DATA
PRESENTED IN FIG. 5.2
CURVE CHEMISTRY
No. (wt. perceot) GRAIN SIZE STRAIN RATE TYPE MATERIAL
GRMNS/mmZ (o./1n./sec. SPECIMEN PREPARATION
[ (o] N H
1 0.0S 0.003 0.001 -0003 300 3 3x 10':l Round 0.160 in. Dia.| Arc-Melted
(Tested in Vacuum) |Recrystallized 4 hrs.
at 1400° C
7 0.06 - - - - Round 0. 250 in. Dla.| Powder-Met.
Recrystallized 1/2 hr.
at 2100°C in Vacuum
3 0.031 0 0002 | 0 00356 - tind 2.8 x l“-4 Round 0.252 in Dta.| Arc-Melted
Recrystallized 1/2 hr.
at 11530° C
2 0 014 0.0017 | 0.0036 - 900 28X l')4 Round o 252 In. Dla | Arc-Melted
Recryvstallized 1 hr.
at 1156° C
5 0.0007 | 0.008 {0 0NA - 300 2.8 x lO_‘ Round .20 i~» Dla. | Pownder-net. - Recty.
4+ hrs. at 2100*C
4 0.0 {0 003 - 23500 - WLWire 0.30 is. Dia Arc -delted
Recrystallized 2 hrs
at 1100° ¢ in "!2
Recrystallized 2 hrs.
at 1375°C In H2
[ Not specified by referenced ~+th~c"
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Additional elevated temperature tensile property data are presented in Fig. 5.3
which gives comparisons between electron-beam melted and arc-cast material, sheet
and bar material of commercial arc-cast quality, and strength properties between
3500 and 3700° F under two diiferent test conditions. The curve from Pugh's investiga-
tion13 ig repeated in Fig. 5.3 for orientation with Fig. 5.2, and the data from Hall et

' al. 16 for comparison with that from Glazier, et al.® Material and test conditions for
the tensile data presented in Fig. 5.3 are summarized in Table 5. 5.

The electron-beam melted material is shown to have lower strength than the arc-
cast specimens in the test temperature range from room temperature to about 200°F.
The ductility of the E-B material is also below that of any of the arc—cast samples
included in the figure. Semchyshen and Barrl? reported the same comparison between
the E-B melted material and fine grained arc-cast material tested under the same con-
dition. The E-B melted specimens had larger grain sizes than the arc-melted material.
The authorsl7 also observed that E-B melting per se did not improve purity, but that a
deoxidizing additive such as C was required for reduction of the oxygen content.

[ dat, X4 W L W :!a m'm

The commercial sheet material tested by Imgram et al. 18 evidenced larger varia-
tion of strength properties at all temperatures than did bar material produced by commer-
cial practice. Fabrication to sheet and bar naturally require different reduction pro-
cedures; this inherent difference coupled with the difference in chcmistry and recrya-
tailizaiion ireatments shown in Table 5.5 probably account for the difference in strength
at 200° F and the slight difference in transition temperatures indicated by the elongation
curves,

Curves from tests on bar and shecet stock above 2500° F were obtained from speci-
mens in the as-worked condition. Hall, Sikora and Ault!6 reported little difference in
strength or ductility between recrystallized or worked material at the high test temper-
atures used. Tests conducted hy Glazier et al. 9 employed higher strain rates than
those conducted by Hall et al. 16 Glazier's sheet spccimens were loaded by allowing
lead shot to fall into a beuker at controlied rates. Thc authors9 reported that variations
in the loading rate from 5 to 295 psi per sec had little effect on the strength properties.
Hall used a screw type tensile machine to test bar material aind controlled the cross-
head travei rate at 1/16 in. per min. The heating systems and test temperature hold-
ing times were also different in the two investigations. Glazier heated the specimen
by self-resistance, held the specimen at temperature for only 5 to 10 seconds, and
completed the entire test from start of hcating to moment of fracture in an average
time of 56 seconds, range 21 to 173 seconds. Hall heated his specimens by radiation
from an inductively heated tantalum susceptor, held the specimen at temperature for
15 minutes after an average one-hr heat-up time, and loaded the specimen to fracture
at a crosshead speed of 1/16 in. per min which resulted in a total loading time of
between 3 and 12 minutes. Specimens from both investigations showed recrystallized
structure after the tensile tests. Total elongation measurements on the resistively
heated samples were difficult to obtain because of melting of the fracture surfaces at

y

el ¢ ow) pmed M ey e e aEmS

E_ the instant of fracture, and the values reported must be judged with knowledge of the

; temperature gradient inherent in this type of heating especially after initiation of
necking.
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Table 5.5

MATERIAL AND TEST CONDITIONS FOR DATA PRESENTED IN FIG. 5.3

_$ - Not Specified

(23 - Limut of Detection
) - Maumum

(€} - Nominel

{di - Loading Rate Vaned from  ta 29$ pal per second

(#) - Cross-Heat Rate
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Although ultimate strength values are shown to vary by a factor of two at some
test temperatures, the absolute differences are small at the high test temperatures
and both types of tests simulate environments in which molybdenum might be used.

Effect of Dissolved Gases

Studies concerning the effect of dissolved gases on the mechanical properties of
molybdenum have been directed towurd the ductility properties. Therefore the comments
included in this section are pertinent also to the section on ductile-brittle behavior. The
summaries by Spacil and Wulff19 and Bechtold,Wessel,and Francel3 adequately describe
the difficulty in separating the effects of individual gases from each other as well as
from those of grain size and strain hardening. The summaries agree that contamination
by O, N, and C lower ductility and fracture stress of unalloyed recrystallized Mo, that
the effects are not additive, and that the deleterious effects can be partially overcome
by proper thermal-mechanical treatments and/or alloying which reduce grain size.

PR AL ] MVF"W"M"'“’;K
A
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Ductile-Brittle Behavior of Molybdenum

The ductile-to-brittie transition temperature of molybdenum is dependent on
impurities, processing, and testing conditions. A value given without specification of
these variables is meaningless. For example, the temperature at which molybdenum
goes through a transition from ductile to brittle behavior may vary from 900 to -100°F
for different combinations of purity, worked state, and test condition.

Impurity effects on the bend-transition temperature are indicated in Fig. 5.4 from
the experiments of Olds & Rengstorff20, The data must be considered qualitative since
intentional additions of one interstitial element produced changes in the content and/or
effect of others. As an example, the 0. 033 percent nitrogen specimens contained more
oxygen (0. 0015 percent) than any of the oxygen specimens and yet had a lower transition
temperature than the oxygen doped material. The transition temperatures reported are
the maximum temperatures at which a four-deg bend was not exceeded regardless of the
number of tests conducted at those temperatures. The bend tests were made on 0. 150-in.
thick x 0.250-in. wide specimens supported between centers 0.625 in. apart at a loading
rate of 1 in. per minute or calculated outer fiber strain rate of aboul 2 pcr minute. The
specimens were machined from arc-cast ingots and tested with a ground unnotched sur-
face. Figure 5.4 shows the relative effects of three interstitial impurities studied;
oxygen is shown to be most detrimental to ductility, with nitrogen less detrimental and
carbon lcast.

The effects of small metallic impurities has not been as well studied as the effects
of non-metallic impurities. Sinall additions of strong deoxidizers which alter the oxide
film at grain boundaries promote ductility. Only Re additions in large quantities have
veer reported2l to improve low temperature ductility.

N Fn..
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BEND TRANSITION TEMPERATURE OF MOLYBDENUM(20) 3

i

Bechtold and Wessel22 have discussed in detail the ductile-to-brittle transition
of molybdenum as affected by processing variables. They have shown that work hard-
dening decreases the transition temperature of commercial purity Mo but that defor- .
mation up to 90 peicent reduction in arca has litile effect on the transition temperature ;
of fine-grained high-purity material. The grain size produced by mechanical and ther- -
mal processing procedures was suggested to be the critical parameter affecting ductile-
brittle behavior. Tensile transition temperature determinations showed coarse grain ]
material (ASTM No. 3-4) to have a broad transition temperature range considerably _i
higher than the narrow range of smaller grain size material (ASTM Nos. 5.9 and 7. 8).

The temperatures at which the maximum tensile reductions in area were reduced -
50 percent were 100, -15, and -25°C for the three grain sizes mentioned.

The effect of thermal treatments on the transition temperature of 1/16-in. thick
commercial Mo sheet is shown in Fig. 5.5 as reported by Climax Molybdenum Co. 2,
If the transition temperature is defined as that temperature at which the material can -
sustain a 20° bend the reported data would show a transition temperature range for
the stress-relieved material from about -25 to 105° F and for the recrystallized material
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FIG. 5.5

BEND ANGLE VERSUS TEST TEMPERATURE FOR STRESS-RELIEVED
AND RECRYSTALLIZED ARC-CAST MOLYBDENUM SHEET

from about 80 to 135° F. The overlap of the two ranges is associated with a critical

grain size or purity which would allow fine grained recrystallized material to exhibit

a lower transition temperature than wrought stress-relieved material which had exper-
ienced processing procedures less than optimum for maximum ductility. The curve
indicates scatter commonly found in bend test data. Belk et al.,23 recorded the scatter
obtained in bend transition temperature data as shown in Fig. 5.6 from an investigation
concerned with the change of ductility and toughness with rolling temperature. Figure 5.7
indicates the effect of different initial and final rolling temperatures on the impact
strength of molybdenum over the transition temperature range. Figure 5.7 shows data
trom as-rolled specimens in most cases with wide transition temperature ranges, where-
as data from recrystallized material shown in Fig. 5.8 indicate a narrower transition
temperaiure range generally occurring at higher temperatures than for the ag-rolled
material. The maximum capacity of the impact tester used in this investigation was

10 ft.-1b.

The data presented in Fig. 5-7 were chosen to emphasize some of the controllable
variables affecting the ductility of Mo rather than to present absolute values. For more
complete details of experimental results, the reader is referrcd to the review by Houck3;
ard for theoretical considerations, to the analysis by Bechtold and Wesselzz; and to the
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FIG. 5.6
VARIATION OF SLOW-BEND TRANSITION
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references included in these two references. In summary, the transition from ductile
to brittle behavior occurs in molybdenum near rocm temperature for most commercial
products when subjected to average strain rate tests but may occur as high as 900°F in
impure, coarse-grained, notched impact specimens or lower than -100°F in high-purity,
fine-grained, polished bend specimens tested at a slow rate of deflection.

Effect of Deformation

Semchyshen, Barr, and McArdle24 investigated the change of tensile properties
at room temperature and 1800° F after reductions of 10 to 90 percent at temperatures
of 2200 and 3000°F. Carbon analysis, 0. 008 percent, only was reported for the 9 in.
diameter arc-cast ingot but evidence of grain boundary oxides was observed in the
unalloyed microstructures, indicating measurable oxygen content. The arc-cast
ingot was consolidated in accordance with commercial practice and reduction of the
ingot to 5/8 in. diameter bar varied from commercial practice only in that amounts of
reduction were accurately varied and controlled in order to measure their effect on
hardness, grain size, and tensile strength and ductility.

The cast ingot was cropped and machined to 7. 3 in. diamecter and extruded at
2300°F to 4-1/2 in. diameter, 2.6:1 ratio. The surface of the extrusion required no
further machining except for cropping to remove the end burst. The extrusion was
recrystallized at 2600°F in 1 hr. It was then rolled at 2200°F to a 2 in. diameter bar.
which resulted in an 80 percent reduction. The 2 in. diameter bar was recrystallized
at 2500°T in 1 hr, and rolled at 2260°F w 21/32, 1i/16, 3/4, and 15/16 in. diameter
resulting in 89 to 78 percent reduction in area. The intermediate size rods were all
recrystallized at 2500°F in 1 hr, then finally rolled to 5/8 in. diameter which resulted
in final nominal reductions of 10, 15. 30, 55, and 90 percent.

Tensile properties at room temperature and 1800° F are presented in Fig. 5.9
for material in the as-rolled condition after reductions at 2200 and 3000° F as indicated.
Tensile tests were conducted in an argon-10 percent hydrogen atmosphere on specimens
with 1/4 in. diameter by 1-1/4 in. long reduced sections. Aone inch gage section was
ased for total elungation measurements, strains were recorded autographically from
movement of extension arms attached to the specimen shoulders, and strain rates were
5x 10~4 and 1 x 102 per min. through yielding and to failure, respectively. Yield
strength is not plotted in this text although it was tabulated in the original reportz4 and
was shown tc exhibit the same trends as the ultimate tensile strength. Each point
plotted is the result of a single tensile test.

The strengih st yocin tempeiaiire ol material rolled at 3000° F is shown to be
slightly higher than for bars rolled at 2200° F up to reductions of 30 percent but con-
siderably lower for 55 to 90 percent reductions. The same observations were made by
the authors using hardness as a criterion,_ The same relation is shown to exist for
specimens tested at 1800°F. The authors®” point out that recrystallization takcs place
during extreme deformation at the higher rolling temperature and results in lower
strength at both room temperature and 1800° F.
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TENSILE PROPERTIES OF AS-ROLLED MOLYBDENUM AT ROOM TEMPERATURE
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Ductility was also found to be sensitive to processing procedure as shown in
Fig. 5.9. Room temperature elongation and reduction of area both exhibit minima
after 30 percent reduction at 2200° F as shown by the solid lines and open symbols.
The same room temperature properties are extremely low after all reductions at
3000°F. The room temperature ductility for the nominal 10 percent reduction at
either rolling temperature was found to be as good or better than for higher reduction.
This last observation can also be made for the 1800° F curves although ductility is high
at that testing temperature for all thermal mechanical treatments used in the investiga-
tion. A minimum in elongation at 30 percent reduction existed at the 1800° F test tempera-
ture for each rolling temperature.

The authors24 have presented data valuable to processors and users. Additional
data covering a wider working temperature range, smaller reduction increments, and
including stress-relieved and recrystallized conditions would be of value.

Houck? cites room temperature tensiie strength greater than 300, 000 psi for wire
drawn to 0. 004 indiameter. Bechtcld29 reported a decrease in the upper yield point
from 92, 000 to 53, 000 psi after recrystallization of arc~cast Mo which had been rolled
{o 35 percent reduction at 1050 to 930°C (1930-1750°F). Hardness or bend ductility
measurcments only have been made in most other studies of the effect of cold work.
The above discussion emphasizes that hardness or bend measurements do not present
a complete picture of the effecls of thecrmal mechanical treatments on the properties

Recrystallization Behavior

A number of studies have heen directed toward raising the recrystallization tem-
perature and thus increasing the siability and strength of the worked structure at ele-
vated temperatvres. The recrystallization temperature is, of course, time dependent
and is sensitive to purity, amount and temperature of working, and concurrent strain-
ing during annealing.

Semchyshen, Barr and McArdle24 reporicd the minimum temperature for complete
metallographically observed recrystaliization in une hour of Mo and three commercial
alloys after warm working at 2200 and 3000° F to nominal reductions in thickness of
10, 15, 30, 55, and 90 percent. Details of the material processing werc presented in
the ductile-brittle behavior section. The results are summarized in Figs. 5.10, 5.11,
and 5. 12.

The lower curve of Fig. 5. 10 gives the recrystallization temperature of unalloyed
Mo as a function of reductions of 10 to 90 percent by rolling at 2200° F. The addition
of 0. 50 percent Ti or 0. 059 percent Zr increased the recrystallization temperature of
Mo as indicated by curves 2 and 3 in Fig. 5.10. The effect of either of these additions
was found to be approximately equal up to about a 60 percent reduction. For greater
reductions, the 0. 059 percent Zr addition appeared to be more effective than the 0. 50 per-
cent Ti. Both of the above additions together resulted in an appreciably higher recrys-
tallization temperature as indicated by the upper curve. In fact, the increase over the
unalloyed Mo was found to be considerably greater than a simple additive effect of the
two separate additions over most of the rolling range studied.
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The effect of rolling at 3000° F on the recrystallization temperature of the same
materials is given in Fig. 5.11. In general, the effect of the higher rolling tempera-
ture was to increase the recrystallization temperature of the unalloyed and alloyed
materials. This statement holds true with two exceptions: (1) unalloyed Mo between
about 30 to 40 percent reduction; and (2) the Mo-0. 49Ti-0.057Zr alloy between about
20 {o 40 percent reduction.

The substantially higher recrystailization temperature for all materials for
reductions above about 50 percent by rolling at 3000°F, as compared to the 2200° F
rolling treatment was attributed Lo the recrystallization taking place during rolling at
the higher temperaturc of 3000°F. Thus the degree of worked structure is not accurately
represented by the abscissa of Fig. 5.11. At 90 percent reduction, the three alloys
prohably have worked siructures almost equivalent to from 25 to 35 percent rolling
at 3000°F, and the unalloyed Mo a worked structure about equivalent to a 10 percent
reduction, due to recrysiallizatlion occurring during the rolling treatment.

Figure 5. 12 is a plot of grain sizes measured for the specimens after the reduc-
tions shown and the minimum temperature required for complete recrystallization in
one hr. as shown in Figs. 5.10 and 5.11. The unalloyed specimens exhibited larger
grain sizes than any of the alloys after both rolling treatments, and the ternary alloy
appeared to have generally smaller grain sizes than the binaries. Also, the 3000° F
rolhng treatment and related heat treatments shown by the closed symbols and dashed

1daamm o e
incs in E,qul‘.’l'. rogulted in lnwg\v orain cizes for all gpecimene and amounte of defor-

mation than the 2200° F reduction procedures shown by the open symbols and solid
curves,

Ward and Browning, 26 {rom observations of hardness. micrographs, and X-ray
patterns, reported 100 percent recrystallization in 10 hr at 1100°C (2020° F) after
70 percent reduction at 950°C (1750° F') for unalloved Mo of 0. 008 C content. Complete
recrystlallization was attained after 1 hr, at 1200 and 1245°C (2190 and 2270° F) for
specimens reduced 60 and 36 percent, respectively at 950°C. These recrystallization
tcmperatures are considerably lower than those indicated in Figs. 5. 10 and 5. 11 for
similar rolling reductions at the higher working temperatures, 2200 or 3000°F.

Ward and Browning26 also observed that the grains were not equi-axed and that
the grains had longer axes along a parallel rather than along a perpendicular traverse
of a longitudinal cross section of the specimens. The ratio between the two grain size
measurements was constant at about 1. 4 for reductions in thickness between 35 and
70 percent at 950°C. The X-ray studies revealed considerable stress relief after 1 hr
at 600°C, and complete stress relief after 1 hr at 600°C.

In summary, the recrystallization temperature for unalloyed molybdenum may be

found reported in the literature from 1600 iv 3100° ¥, depending upon material purity,
the amount and temperature of prior deformation, and the time of the recrystallization

treatment.
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Effect of Strain Rate

The effect of strain rate on the stress-strain curves of 0. 030 in, diameter Mo
wire at 25°C is shown in Fig. 5. 13 from data of Carreker and Guard. 28 The specimens
were from commercial purity arc-cast carbon deoxidi zed ingots with a recrystallized
structure, 0.018 mm grain diameter, resulting from 50 percent final cold reduction by
swaging followed by 2 hr anneal at 1100°C (2010°F). The curves show abrupt yielding,
followed by an irregular stress-strain behavior before strain hardening and necking
become evident. The 2ffect of strain rate on the upper and lower yield stresses, the
ultimate tensile stress and true stress at 10 percent elongation are shown more clearly
in Fig. 5.14. The logarithm of the upper and lower yield stress is shown to increase
linearly with the logarithm of the strain rate over the entire range examined, whereas
the logarithm of the ultimate tensile strength and flow stress at 10-percent strain increase
in a non-linear manner.

Bechtold and Wessel 2 found a similar cffect of strain rate on yield strength
from 0-200°C. The effect of strain rate was found to be less at 300°C as indicated in
Fig. 5.15, apparently associaied to a strain-ageing effect. The effect of strain rate
on ductility is magnified in the temperature region associated with transition from
ductile to brittle behavior. For example, the figure indicates brittle failure for a test
at room temperature using a strain rate of 1. 02 per min., but ductile failure, about
80 percent reduction in area, using a strain rate of 0. 017 per min.

Presion, Roe, and Kaitus® have shown a three to five-told increase in the 0.2 per-
cent offset yield and ultimate tensile strength of Mo sheet betwecn 3000 and 4000° F with
an increase in strain rate from 0. 003 to 6 per min. The specimens were heated {o the
test temperature rapidly, approximatcly 20 sec, held at test temperature for either 10
or 90 sec, and strained at controlled loading rates to failure. Total elongation at failure
was highest at the faster strain rate for both holding times at 3750°F. For additional
details of these tests the readcr is referred to the original reports.

Tensile Properties of Molybdenum Alloys

Screening studies29, 30, 31, 32 concerning the effect of alloy additions on the me-
chanical properties of molybdenum have shown improvements due to solid solution,
dispersion and/or precipitation strengthening, and alteration of the ductile to brittle
behavior. The amount of alloy addition has usually been restricted by fabricability
rather than by the limit of solid solubility3l, To date, most wrought Mo alloys contain
small alloying additions and are further strengthened by strain hardening. In order to
retain this latter tyse of strengthening ai elevated temperaiures more promising alloy
systems have been selected to increase the recrystallization or melting temperature
over that of unalloyed molybdenum.

The marginal low temperature ductility of commercizlly produced unalloyed Mo
has resulted in a search for alloy additives which lower the ductile~to-brittle transition
temperature, in addition to strengthening the matrix. Fortuitously the Mo-Ti alloys
have maximum tensile strength, creep strength, and bend ductility at the Mo-0. 5Ti
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composition as indicated in Figs. 5. 16 and 5. 17 as reported by Semchyshenm, and

Olds and Rengstorff32, Due partially to these circumstances, the Mo-0. 5T alloy has
become a popular commercial alloy. The following discussion will be concerned pri-
marily with six alloys with attractive properties rather than with results of the screening
studies. Twelve years of Mo alloy research has established the commercial potential

of the six alloys chosen for discussion, the first three of which are available com-
mercially. The six alloys have the following nominal alioy additions:

0.5 Ti

0.5 Ti~0.08 Zr (TZM)

30 w

0.5%r

0.05 Zr

1,25 Ti —0.15Zr — 0.15 C, (TZC).

The carbon and oxygen contents of each alloy affect the properties but are not
usually specified in the nominal compositions except in the case of TZC .

Comparison of the alloys on an ultimate tensile strength basis from room tem-
perature to 2400°F is shown in ¥Fig. 5.18 and 5. 10 as prepared by Houck3 from available
data on specimens in bath the stress relieved and recrystallized condition. Molybdenum
alloys are mostly used in the stress-relieved condition to take advantage of the improved
strength and low-temperature ductility of material in that condition compared to that of
reerystallized material. In Fig. 5,16, which shiows ditierent alivys in the stress-relieved
condition, TZM alloy is shown to have better strength at all test temperatures for which
data were reported than the other alloys. The portion of the curves joining the room
temperature data and the first elevated temperature values must be regarded as only
approximate. Iowever, these alloys are primarily intended for use in the upper tem-
perature rangc where sufficient data points exist. In the intermediate temperature
range, the indicated curves may be appreciably modified due to strain-ageing effects.
The strength of TZM is shown to be only about 15 percent greater than unalloyed Mo
at room temperature but more than four times greater at 2400° F, which is above the
recrystallization temperature of moderately worked Mo and below that of the alloy.
The indicated tensile strength supeciority of TZM over 0.5 Ti at 2400° F of about three
times is of particular interest because of the small but important difference in com-
position between the two alloys. The slight short time tensile strength advantage of
Mo-30 W over unalloyed Mo would cbviate its substitution for the lighter Mo alloys
in the indicated test temperature range because of its 17 percent higher density. How-
ever, its high solidus temperature of about 5115° I is attractive for parts exposed to
rocket exhaust, and its creep runture strength may make it attractive for usc at lower
temperatures for long time applications. The recorded data are from several investi-
gations. Aitention is called to the effects due to possible differences in impurities,
test conditions, and specimen preparation when reported tensile property values are
judged. Higher and lower values of tensile strength may be found in report literature
from tests conducted under different conditions, but those presented are typical.
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The ultimate tensile strength of five important Mo alloys at temperature up
to 2400° F in the recrystallized condition is shown in Fig. 5.19. The increased strength
as a result of the prior strain hardening is lost due to the recrystallization treatments
a8 may be observed by comparing Fig. 5.18 and 5.19. Recrystallized unalloyed Mo
has about the same strength at 2400°F as the stress-relieved material at 2400° F shown
in Fig. 5.18, The strength of recrystallized Mo-0. 5 Zr is shown to be higher than
recrystallized TZM at all test temperatures which is reverse to the comparison in the
stress-relieved condition.

The available data for strength of Mo alloys above 2000° F are shown in Fig. 5.20.
The strength advantage of Mo-50 W above 2800° F is apparent and is partly due to its
high melting point, reported 33 at 5250° F, about 500° F above that of unalloyed Mo. Lim-
ited commercial production of this alloy is primarily used as wire products in the elec-
tronic tube industry. Iis fabricability is better than that of tungsten, and the data shown
in the figure from sheet and bar specimens were obtained to investigate the alloy's

possible use in other high ternpe;rrature applications. Ductility as measured by tensile
reduction-in-area was reported”’ to be lower for Mo-50 W, 68, 43, and 16 percent at

2500, 3000, and 3500° F, than for T4C 78, 92 and 99 percent, or TZM, 94, 99 and 99,
at the same test temperatures.

The latter two alloys, TZC and TZM, have higher recrystallization temperatures
than Mo-0.5 Ti and exhibit better strength from 2000 to 3000° F than Mo-0.5 Ti, The
tests on TZC and TZM conducted under similar conditions in one laboratory: 37 show the
same strength at 2500° F for the two alloys but a superior strengtn 1or T4C beiween
2500 and 3500° F. In contrast, the data of Fig. 5. 18 showed TZM to he stronger than
TZC from 1800 to 2400°F and also at room temperature.

The data3® from sheect and har specimens of the Mo-0.5 Ti alloy shown by the
vertically and horizontally half-shaded circle symbols indicate the cffect of strain rate
on results of tests at high temperatues. Tesls on both bar and sheet matcrial gave
lowest values for slow strain rates (0. 002 pcr min) than for faster rates (0.2 per min).
No conclusion regarding the comparisons betwecen relative sirength of Mo-0. 5 Ti sheet
and bar material should be made fromn the few data presented, but the magnitude of
variation in reported strength of Mo-0. 5 Ti at 3000° F is indicated by comparison between
the low (2700 psi) and high (9800 psi) values. Also, the variation between the strength
at 2000° T of TZM and Mo-0.5 Ti sheet indicated in Fig. 5.20 and of bar material indicated
in Fig. 5. 18 emphasizes the importance of identification of material and test conditions
to make accurate use of design data.

Effect of Impuritics on Molybdenum Alloys

The combined effects of alloy addition and strain hardening on the mechanical
properties of Mo alloys tcnd to mask or alter the effects of 1mpur1t1es Ingram et al. 1
reported a lower ductility transition temperature for the Mo-0.5 Ti alloy than for un-
alloyed Mo, and associated the behavior with the interaction between the Ti and residual
impurities. Semchyshen, McArdle, and Bar r29 and Chang 38 gtudied the effect of small
carbon content changes on the strength and ductility of Mo alloys containing Ti and/or Zr.
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Both investigations agreed that different interaction betwecen Ti and Zr with residual
carbon cxisted in that Ti containing alloys cxhibited a finely dispersed second phase
whereas Zr alloys displayed massive, striated carbide agglomerates which had less
effcct on mechanical properties than the finely divided TiC phase. Chang®® correlated
the difference with total metal to carbon atom ratio. Thec most consistent effect of
carbon additions to shcct material was an observed deerease in tensile ductility and an
increase in recrystallization temperature. Analysis of the sheet stock used in the
Climax investigation29 showed higher Ti and/or Zr contents near the surface than at
the mid-section and removal of surface layers, 4 to 16-mils thick, resulted in lower
bend ductility temperatures. The surface removal had a larger effect on ductility than
identified carbon content effects.

Published results on the effect of O, N, and H on the mechanical properties of
Mo alloys were not found.

Effect of Cold Work on Molybdenum Alloys

As 1n the case of unalloyed Mo, the investigation by Semchyshen, Barr, and
McArdle?4 will be uscd to illustrate the effect of deformation on the ultimate tensile
strength of Mo alloys. The cffect of rolling at 2200 and 3000° F on the ullimate tensile
strength at I‘O()m temperature and 1800°1° on three alloys, Mo-0,5Ti, Mo-0.06%r, and
TZM ('VIO 0.5 Ti-0 087 nominal) is shown in Fips. 5,21, 5,22, and 5.23. The
fabrication uud thorma! wrealment provedures wore the eama ac nravinnely desevihed

for the unalloyed Mo.

According to the figurcs, maximum strengthening of all three alloys was obtained
by rolling ut 2200° F to 90 percent reduction.  Increasing the reduction by rolling at
2200° F from 10 to QO pereent caused an additional increase in the room temperature
strength for Mo-0.5 Ti of 27 percent, Mo-0. 06 Zr of 38 percent, and TZM of 46 per-
cent. Similar reductlons caused the Lensdc strengths at 1800° F to be increased 65,67,
and 72 percent for the alloys in the same order. Rolling at 3000° F produced maximum
increases in room temperaturce strength of 24, 35, and 17 percent, and 1800° F strength
of 27, 8, and 38 percent {or the alloys in the satne order. However, the maximum in
strength accur at 30 percent reductions by roliling at 3000° F in Mo-0. 5 Ti and Mo-0. 06 Zr
and at 90 percent in TZM.

The strength at 1800° F was found to increase a greater percentage than room
temperature strength as a result of rolling at both 2200 und 3000° F, with the exception
of the 0. 06 percent Zr alloy rolled at 3000°F. These observations have all been made
by comparing Lhe strength after 10 percent nominal deformation with the maximum
strength, which occurred either at 30 or 90 percent nominal, since no tensile tests
were reported on the recrystallized materials prior to final reduction to 5/8 in. diameter
bar stock. Higher hardnesses, strengths and recrystallization temperatures were
observed by the authors24 for tho TZM alloy than for the sther two alloys or unalloyed
material within the range of deformation variables studied.
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Additional investigationsm‘ 3,39 concerning the effect of hot-cold work on the
tensile properties of Mo alloys used different approaches to the study. These investi-
gations are described only briefly in this summary. Test conditions are given in
detail in the references cited.

Barr, Semchyshen, and Perlmutter2? observed: (1) forging of Mo-0. 5 Ti alloy
developed higher strain hardening than rolling, (2) as-wrought hardness was higher
for higher forging or rolling temperatures in the range 1800-2400° F; and (3) higher
strength and ductility properties resulted from material strained and stress relieved
to a given hardness than from material in the fully strained condition with the same

Houck3 summarized earlicr data from work hy Semchyshen and Buz-afw which
showed the same percentage increase in strength (37 percent) bet\gﬁen Mo-0. 5 Ti bars
rolled at 1800° F to 5 and 82 percent reductions as reported above®” for bars rolled at
2200°F. This would indicate little temperature effect on as-roiled strength in contrast
to the earlier reported results, 27 No strength for reductions at 1800°F were given for
the range 35 to 82 percent so it is not known as to how the strength increased with amount
of straining in that range.

Taebel3? observed little change in properties of Mo-0.5 Ti alioy over the range
of extrusion reduction ratios of 2:1 io 5:1 at extrusion temperaturzs from 2000 to
3000° F, bvt suggested thai ealrusion emperatures bolow 2000° F might resglt in
increased tensile strength.

Recrystallization Behavior of Molybdenum Alloys

Alloy recrystallization hehavior was introduced in the section concerning recrys-
tallization of unalloyed Mo and the recrystallization temperatures of three alloys after
different amounts of defcrmation at 2200 and 3000° F were §}1own in Figs. 5.10 and
5.11 with resulting grain sizes shown in Fig. 5.12. Houck"” summarized earlier re-
ported recrystallization temperatures of the same alloys plus two additional alloys as
shown in Table 5.6 and Fig. 5.24. Recrystallization temperatures indicated in the
table agree with temperatures shown in Fig. 5.10 for unalloyed Mo and Mo-0. 5Ti but
are lower than Mo-0.05Zr and TZM for matcrial reduced 90 percent nominally at
2200°F., The 100 percent one-hour recrystallization temperatures indicated in Fig. 5.24
are higher than those for comparable alloys shown in Fig. 5.10. Recrystallization
temperatures for the Mo-30W were not determined, but Semchyshen and Barr40 have
reported one-hour recrystallization temperatures between 3000 and 3400°F for Mo-W-Zr
alloys containing nominally 25W and 0. 1Zr from studies still in progress.

Ductile-Brittle Behavior of Molybdenum Alloys

Tensile ductility of three recrystallized Mo allogs as measured by reduction-in-
area is presented in Fig. 5.25 as compiled by Houck. * The Mo-0.5 Ti alloy is shown
to have the lowest transition temperature and the highest duisility immediately above
the transition range. The TZM alloy, however, is reported”" to have a lower transition

154

LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION



ey MEE BB @

4

[

- ) wermr et DNEN '"m.m

[ ..-1
¢

R

O iy g

L

Table 5.6

RECRYSTALLIZATION TEMPERATURES OF MOLYBDENUM
AND MOLYBDENUM ALLOYS®

Alloy Recrystallization

- Temperature, ° F*
Unalloyed Mo (0. 01C) 2150
Mo-0.5Ti 2450
Mo-0.5 Ti-0.08 Zr (TZM) 2600
Mo-0.5 Zr 2650
Mo-0. 05 Zr 2450
Mo-1.25 Ti-0. 15 Zr-0. 15C (TZC) 2800

2-36-61-1

*Hardness determination of minimum temperature for recrystallization in 1 hr
after hot-cold work, 75-97 percent reduction, at different temperatures and

reduction processes.
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temperature in bend tests than Mo-0. 5Ti in either the stress-relieved or recrystal-
lized conditions. Comparable values of the lowest temperature for a 2T, 130° trans-
verse bend for TZM and Mo-0.5Ti were reported4l, respectively, as -50 and > 200°F

in the stress-relieved condition and 40 and 75° F in the recrystallized condition.

These

tests were from one heat only of each alloy and are given for comparison only. The

»200° F value for Mo-0.5Ti was from a 1T bend test.

Houck3 also summarized the

transition behavior of notched and unnotched tensile specimens of Mo-0.5Ti from the

investigation by Imgram, et al. 18

The results shown in Table 5.7 indicate lower transi-

tion temperatures for stress-relieved than for recrystallized material tested either in

the notched or unnotched condition.

The tensile transition temperatures reported in the

table are those at which the rednetion-in-area is approximatelv one-half its maximum

value.

alloys may be found in the report by Semchyshen, McArdle, and Barr. 30

Additional data concerning the tensile transition temperature in experimental

Available impact data shown in Fig. 5.26 present impact strength versus test
temperature for Mo-0.45Ti alloy in the as-rolled, stress-relieved, and recrystallized
The behavior is not simple; both the as-rolled and stress-relieved mate-
rial start a rapid transition from ductile to brittle behavior at about 700°F, or about

conditions.

100° F higher than for the recrystallized material.

However, the shapes of the curves

for as-rolled and siress-relieved materials are such that below 600°F, these materials
have higher values of impact strength than the recrystallized materials,

. . . 30 . .
These investigators  also have shown that rocm iemperature embrittlement
occurs in alloys exposed to temperatures of 1000° I or more above their recrystal-

lization temperature where grain coarsening is facilitated.

Klopp et al. (Section 3, Ref. 9) conducted a detailed study on the effect of Re

additions on the hend ductility of Mo.

Their results showed that the 10T bend transi-

tion temperature of recrystallized Mo was decreased from 60°C to -40°C, -100, ~150,
-180, and = -250°C as a result of additions of 10, 20, 25, 30, and 35 atomic percent Re,
respectively.

Table 5.7

TENSILE TRANSITION TEMPERATURES FOR NOTCHED AND UNNOTCHED

SPECIMENS OF Mo-0. 5 Ti ALLOY3

Reduction in Notch
Temperature | Area Transilion| Sensitive at
Range of Temperature, | Temperature,

Material | Condition Specimen Testing,” F ~°F °F

Mo-0. 5Ti| Wrought, stress | Unnotched -104 to 212 -58 =32
(bar) relieved Notched 54
Recrystallized Unnotched | -40 to 572 260

Notched 482 =32

Mo- 0. 5Ti| Wrought, stress | Unnotched { -320 to 392 -104 <-76
(sheet) relieved Notched 32

Recrystallized Unnotched | -104 to 572 14 =78
Notched 347
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Creep and Stress-Rupture Behavior of Molybdenum

The resistance of unallcyed molybdenumin 1o creep and rupture at elevated tem-
perature has received intensive study. Pugh15 reported considerable creep data at
1600, 1800, and 2000° F over a range of stresses from 9000 to 36000 psi and corre-
lated the stress, temperature, and time parameters for material of one composition
and thermal-mechanical fabrication history. Iannucci, et al. 42 prestrained-speci-
mens prior to creep deformation and observed an increase in creep resistance at
1000°C and 86C0 psi as a function of prestrain.

Creep and stress-rupture data from commercially produced unalloyed molybdenum

.33 are reproduced from that summary. Figure 5. 27 presents stress-rupture data
for stress-relieved and recrystallized bar stock from 1000 to 2000° F. The stress
required to produce deformations from 0. 2, to 10 percent and rupture at 1600, 1800,
and 2000° F is shown in Figs. 5. 28, 5.29, and 5.30, respectively. Miaimum creep
rate and stress-rupture data from 2900 to 4500° F are shown in Figs. 5.31 and 5.32
from short-time creep rupture studies on rod material produced by powder metallurgy
techniques. Open and closed symbols in Fig. 5.31 represent engineering and true
stresses for minimum creep rates. Figure 5.33 also summarizes short-time creep
behavior at very high temperatures but on sheet specimens resistively heated rapidly
to test temperaturc after loading at room temperature. Strain values indicated in
Tig. 5.33 appaieniiy refer lu creep sivain aflier reaching test temperature. Since the
specimens were under load during the heating period, these values do not represent
total strain.

Creep and Stress Rupture of Molybdenum Alloys

Data for commerecial alloys reported subsequent to the DMIC survey by Houck3
have not been found in the report literature. Available creep data were reported tab-
ularly and graphically in that compilation with adequate reference citations. Stress-
rupture data at 1609, 1800, 2000, and 2400° F for various Mo-alloys are reproduced
in Figs. 5.34 through 5. 37 with a summary of 100--hr. stress rupture strengths in the
same temperature range shown in Fig. 5.38. All creep tests were conducted in vac-
uum. The data originated in the Climax Molybdenum Co. laboratories from 1955 through
1959 with the exception of the TZC properties reported in Fig. 5.38, which originated
in a G. E. Co. laboratory. The three alloys which may be compared at 2000°F on a
100 hr. rupture stress basis in Fig. 5. 38 exhibit increasing strength in the order
Mo-0.5Ti, Mo-0.05Zr, Mo-0.5Ti-0.08Zr in the stress relieved condition, and
Mo-0.05Zr, Mo-0.5Ti, Mo-0.5Ti-0.08Zr in the recrystallized condition.

The data of Figs. 5.34, 5.35, and 5. 36 indicate that the stress-relieved Mo and
Mo-alloys had roughly twice the stress-rupture strength of the recrystallized material
at 1600, 1800, and 2000 F. There is not sufficient data to make this comparison at
2400° F with the exception of the data given in Fig. 5.38 for Mo-0.05Zr, where the 100-
hour stress-rupture strength is seen to be equal for the stress-relieved and for the
recrystallized condition.
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FOR MOLYBDENUM (0.015 PER CENT C) TESTED IN VACUUM AT 1800 F3
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STRESS-RUPTURE CURVES FOR SELECTED MOLYBDENUM ALLOYS TESTED IN
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Further development of optimum processing procedures or control of impurities may
result in a different order of strength between the various alloys.

The creep stress versus time curves for various degrees of total strain at
2000° F for the Mo-0.5Ti alloy in the stress relieved and recrystallized conditions
are given in Fig. 5.39. As indicated earlier, creep properties are extremely scngi-
tive to structural variations, and critical design requirements should be based upon
creep tests on material in the same condition as that to be used in the application.

Creep data of interest for applications which include short heating and loading
cycles at high temperatures are shown in Figs. 5.40 and 5. 41 from tests on Mo-0.5Ti
sheet specimens heated by resistance, from preliminary studies at Marquardt.
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Fig. 5.39

STRESS-TTMFE. CURVES FOR VARIOUS PERCENTAGES
OF TOTAI, DEFORMATION FOR THE Mo-0. 5Ti
ALLOY 2000° F3
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FIG. 5.40

SHORT-TIME CREEP PROPERTIES AT 2800°F FOR ARC-CAST
Mo-0. 5Ti ALLOY SHERT
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OXIDATION PROPERTIES

Commercial and attractive developmental alioys ol Molyhdenum exhibit about the

same poor oxidation resistance as unalloyed molybdenum; their oxidation characteristics,

therefore, will be discussed synonymously. Harwood43 presented a summary of inves-
tigations of oxidation resistance which needs no further amplification even after more
recent studies, and his discussion and appended references supplied the basis for the
following remarks.

Above 500°C {932° F) at atmospheric air pressure the outer oxide layer, MoOg
on molybdenum begins to volatilize and at about 770°C (1415° F) the rate of evapora-
tion equals the rate of oxide formation. Because no protective intermediate oxide is
formed the rate is linear. Above the melting point of MoOg, about 815°C (1500° F),
oxidation becomes catastrophic with molten MoOg dripping from the exposed surfaces
until a temperature about 980°C is reached where evaporation is so rapid that the
liquid oxide docs not exist in contact with the metal surface. The rate at 1800°F is
between 1500 and 4000 times as fast as the oxidation rate of Fe-Cr-Ni alloys designed
for use at that temperature and at 1750°F is about 10 times faster than the oxidation
of Armco Iron or 1025 steel.

An investigation in progress on t.nmgsten“, simiiar to one published recently,
has indicated a reversal of oxidatinn vite of Mo al low vaygen pressures above the
temperature, about 1600°C (3020°F), at which the oxide begins to dissociate. Final
results of this investigation may suggest potential uses of unprotected Mo in low oxygen
pressure environments at very high temperatures. Harwood J cites a reference
which showed acceptable 100-hr life at 2000° I* of uncoated Molybdenum in oxygen
delicient turbine engine combustion gascs.

The use of alloy additions as a means to improve molybdenum oxidation resist-
ance has not been successful®”. Some of the alloy additions investigated improved the
resistance somewhal but the amount of additive necessary for protection exceeded the
tolerance for fabricability.

The lack of success of protection by alloying has directed research effort toward
protection by cladding and/or coating sysiems to utilize the high temperalure strength
of molybdenum and its alloys. Although these subjects are beyond the scope of this
compilation, refercnec will be mude to sources of information in addition to the review
by Harwood?3 regarding these protection systems. Klopp, 45 in a recent review of
coating development programs, cites an average life of 11 hr at 2700° F under cyclic
oxidation for molybdenum protected by a proprietary coating, W-2, and lives on the
order of 10 and 3 minutes at 2500° F and 3000° F, respectively, with W~2, Al-8i, and
Al-Cr-8i coatings. Jaffee 6 reported that German studies involving trealment in a
molten bath of Cu-Si have resulted in protection of molybdenum for 200 hr at 1600°C
(2910° ). Detailed information concerning coating systems for the refractory metals
will be contained in a DMIC report in publication.

150

LOCKHEED AIRCRAFT CORPORATION Mpeen ee .. 1 e o A

]

J

Py T

fy

[T

brwwd  bewed  eomed i)

pd

"“'".':

i

o

'

‘ 1
Lok i ]

1
Rty ]

s

] Prmannmry Y — "

Lomi,



1y

el e

[

3.
'

it
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THERMAL PROPERTIES

2-36-61-1

Thermal conductivity data from seven investigations on molybdenum have been
compared and a best fit line chosen by Goldsmith, Waterman, and Hirschhorn47,
This best fit line is presented in Fig. 5.42, along with other data from the work of

Lucks

and Deem48 , Rudkin4

9, and Rasor and McClelland®®.

The reader is referred

to the compilation by Goldsmith et al. for evaluation of the comparative data presented.
Conductivity for the Mo-0. 5Ti alloy is compared with the values for unalloyed material
obtained by Lucks and Deem and Climax Molybdenum Co. in Fig. 5.43. The Climax
data for unalloyed material agrees more closely with that of Lucks and Deem than

with the average curve shown in Fig. 5.42. The alloy exhibited slightly lower con-
ductivity than unalloyed Mo between room temperature and 1500° F.
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FIG. 5.42

THERMAL CONDUCTIVITY OF MOLYBDENUM VERSUS TEMFERATURE
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Thermal Expansion

Values for linear thermal expansion of molybdenum, Al/l, from eight. investi-
gations were plotted by Goldsmith, Waterman, and Hirschhorn3§. The values of the
various investigations were in excellent agreemerit along the entire temperature range.
The average values from room temperature to near the melting point of unalloyed Mo
are shown in Fig. 5. 44 as prepared by Houck.3 Data for the Mo-0. 5Ti alloy. from
room temperature to 1832° F reported by Houck from Climax Molybdenum Co deter-
minations were in excellent agreement with the curve of Fig. 5.44 for unalloyed Mo.
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FIG. 5.44
THERMAL EXPANSION OF MOLYBDENUM VERSUS TEMPERATURE®
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SECTION 6

RHENIUM

INTRODUCTION

The properties which make rhcnium potentially attractive for high teinperature
applications are listed below:

e High melting point of 3180°C (5760 ¥), second only v iungsten —- SR R

e High strength at elevated temperatures, higher than any of the other refrac-
tory metals up to about 2000°C (3600°F), about twice that of W between room
temperature and 1200°C (2190° F), both in the recrystallized condifcion

e High modulus of elasticity, 68 x 106 psi at room temperature, higher than any
of the other metals included in this compilation :

& Good room temperature ductility in the recrystallized condition

The use of Re is firsi restricted by its rather limited supply and, thus, its high
cost. Chase Brass and Copper Co. has estimated that the potential production of Re
could reach 20,000 tc 30,000 pounds per ycar. Present cost of Re powder is $500 to
$600 per pound, and wrought products such as wire and strip are about twice this
amount, :

, An additional limitation of Re is its poor oxidation resistance. The oxide whick
forms (RegOr) has a melting point of 297°C (570° F) and a boiling point of 363°C (685° F),
which seriously limits the use of Re at elevated temperatures except in vacuum or in

an inert atmosphere.

Applications for Re will be based on its high melting point and a combination of high
temperature strength ‘and low-temperature ductility. Applications will be limited by
scarcity and cost and to its use in incrt atmospheres. Currently, the largest application
of Re is for thcrmocouples. Re versus W thermocouples have been reported4 to be
useful up to 2200°C (3990°F), and combinations of W - Re alloys such as 74W - 26Re
versus 95W - 5Re couples to be useful up to 2750°C (4980° F). Fuiure appiications of
Re appear likely in electronic tube structural elements where its high elevated tem-
perature strength combined with room temperature ductility offer distinct advantages.

PROPERTY DATA

The original SRI survey m—epox‘f.1 covered the published property data on Re and
Re alloys. These data included tensile, creep, effect of cold-work, recrystallization
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behavior, oxidation, and thermal properties. Since that time, three review papers on
rhenium have been published. 2,3,4 Data presented in these reviews were basically
the same as had been reviewed in the SRI survey, with the exception of new data on the
ductile-brittle bend behavior of W~Re and Mo-Re alloys.® These later data are dis-
cussed in the Tungsten and Molybdenum section of this report.

The property data previously reviewedl for Re is given in the Summary Section
of this report.
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SECTION 7
TANTALUM

INTRODUCTION

The properties of tantalum of interest for high temperature applications are as
follows:

e High melting point, 2996°C (5425°F)

° ﬁdﬂeratei; _l;'iévl:modulus of elasticity, 27 x 106 psi
e Excellent low temperature ductility, tensile reduction in area as high as
80 percent at -250°C-

e Useable strength at 1650° C (3000° F), ultimate tensile strength about 4000 psi
o Stability of major oxide Ta205, nonvolatile below 1370°C (2500° F)

In addition, simple tantalum alloys which are fabricable at room temperature have suffi-
cient strength for structural applications above 2500° F.

The major disadvantages are the relatively high density, 16.6 g/cc (0.6lb/cu in.),
poor resistance to oxygen contamination at even relatively low temperatures, 500°C
(230° F), and relatively short supply with associated high cost.

The tantalum properties discussed in the original SRI compilation1 were based
on results from tests on material produced by one supplier by powder metallurgy
consolidation. At least 11 suppliers now offer tantalum consolidated either by powder
metallurgy, EB melting, and/or arc-melting techniques; many new data have been
reported in the last two years. Recent data for Ta and Ta alloys have been reported
by Battelle?> 3 and Westinghouse? and the laboratories for suppliers of tantalum alloys,
Fansteel, National Research Corp., Stauffer, and Wah Chang. The readily available
DMIC review by Schmidt5 is a detailed report of data accumulated to mid 1960. The
state-of-the-art-survey® prepared by Battelle for Wah Chang includes the most recent
status of alloy development and production, and the chapter Tantalum in the second
edition of the Rare Metals Handbook? includes excellent summaries of the production,
fabrication, physical and mechanical properties, corrosion resistance and current
uses of tantalum. This section is a summary of the status of tantalum and its alloys.
The reader is referred to the recent surveys for details which could not be included
without unnecessary expense of complete duplication of those available compilations.
Many of the figures and tables included here have been reproduced from the surveys,
and they will be so referenced.

161
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MECHANICAL PROPERTIES

Tensile Properties of Tantalum

Production techniques of tantalum are sufficiently advanced to permit tentative
limits of chemical composition to be established. An ASTM committee has proposed
the limits shown in Table 7.1 from proposals by six tantalum suppliers. Unless impu-
rity contents of specific test materials used to obtain the data reported herein vary
appreciably from the values shown in the table, the composition will not be reported.

o mveme ¢ e e R P

Room temperature tensile properties of tantalum are shown in Table 7.2. The
range in ultimate tensile strength from 27,500 to 180,000 psi is indicative of the large
e effect of purity and thermal-mechaiical hisiory on the strength properties of Ta.
Chemical analysis typical of EB-melted Ta is given in footnotes to the table; an indi-
cation of the effect of purity on the strength of Ta is shown by a comparison between
the first three strengths cited and other strengths reported for less-pure recrystallized
samples. The high-purity materials cxhibited tensile strengths from 27,500 to 33,500
psi whereas the strength of less~pure recrystallized material was reported to range
from 40,000 to 67,100 psi. The excellent room temperature ductility reported for all
conditions except those of extreme deformation is a characteristic of Ta not common
to the other refractory metals.

The modulus of elasticity of Ta from -196 to 900°C as determined dynamically
by two investigators and summarized by Schmidt is shown in Fig. 7.1. The difference
in values shown, about 6 percent maximum, cannot be explained by information incluvded
in the original reports and the departure {rom linearity at about 700°C in Begley's
curve is probably due to experimental difficulties rather than a change in the modulus
temperature dependency.

Temperature, F
8 00 800 1200 1600
T T T T Y
, ! ] i
|
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Modulus of Eiasncity, 10® pst
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-3

N
v

24

3 Yemperature,C
FIG. 7.1

' THE MODULUS OF ELASTICITY OE TANTALUM
FROM -196 TO 900°C
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TABLE 7.1

PROPOSED RECOMMENDATIONS FOR CHEMICAL SPECIFICATIONS
FOR ROD, WIRE, INGOT, AND SHEET TANTALUMS

Weight Percent
Number of Limit Based
Impurity | Proposals (a Maximum { Minimum { Average | on Average
Carbon 6 0; 05 0.01 0.027 0.03
Oxygen 5 T o005 0.02 0.027 0.03
Nitrogen 5 0.025 0.005 0.014 0.015
Hydrogen 4 0.02 0.001 0.007 0.01
Columbium 5 0.10 0.02 0.044 0.05
"~ Iron 6 0.03 0.003 0.015 0.02
Titanium 2 .02 0. 005 0.0125 9.01
'i‘ungsten 1 - - 0.01 0.01
Silicon 2 0.03 0.01 0.02 0.02
Nickel 3 0.02 0.001 0.013 0.02
(a) Proposals from Fansteel, Haynes Stellite, Kawecki Chemical, National Research,
Pfaudler, and Radio Corporation.
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Table 7. 2
o 5
TENSILE PROPERTIES OF TANTALUM AT ROOM TEMPERATURE
Ultimate
Condition Tenslle Yield Reduction
Strength, Strength, Elongation, in Area
1000 pst 1000 psi per cont per cent
Rocrystalliznd(n) 27.5 48 89
Recrystailized high- 29.4 28.1 38 -
purity sheet (1 hr at
1200 C 0. 040 inch
thick) (b)
Recrystallized rod 33.4 - 50 -
{1 hr at 2600 C) (c)
Recrystallized sheet {40.0/50.0 30.0/40.0 30/40 -
Recrystallized rod 49.8 39.3 45 86
(1 hr at 1700 C) (d)
Annealed sheot 50.0 - 40 -
{0. 010 fuch thick)
Cold-worked high- 680.5 49,0 - -
purity sheet {cold
reduced 95%; 0.040
inch thick) (b)
Recrystaillized sheot 67.1 H7.4 25
(6. 510 inch thick) (e)
Anmnoaled wiro 100.0 11 -
(0.002 inch diamaeter)
Cold-worked sheet  |100.0/120.0 | 95.0/106.0 3 -
Cold-worked gheet 110.0 - 1 -
(0. 010 inch thick)
Hardened plato 145.0 - 18 -
{2. 010 inch thick)
As-drawn wire 180.0 - 2 -
(0. 002-Inch diameter)

(a) Degnssed; 0.01% C.
(b) Electron-heam-mellted tantalum supplied by Temescal Metallurgical Corporation;

0.0016% O, 0.00i0% N, 0.00014% H, 0.0030% C, 0.0003

0.003% Cu, 0.9008% Fe, 0.0003% Ni.
{c; ¥rom hydrogen-rcduced powder; 99,95% Ta, traces of Ni, Fe, W, Cu, Ca, St, Pb,

Sn, Cr.

% Cr, 0.01-0.03% Cb,

(d) Supplicd by Fansteel Metallurgical Corporation; 0.01% N, 0.010% C, 450 grains/mm>.
(e) Powder-metallurgy ingot supptied by Fansteel Metallurgical Corporation; 0.0056% O,
0.013% N, 0.02% C, 0.10% Ch, 0.01% W, 0.015% Fo, 512-1024 grains/mm?2.

LOCKHEED AIRCRAFT CORFORATION
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The tensile properties of unalloyed recrystallized Ta are shown in Fig. 7.2;
conditions of the test material and chemical analyses are given in Table 7.3. The
first three investigations cited in Fig. 7. 2 used powder-metallurgy Ta and the last
used Ta produced by electron-beam melting. Bechtold® used bar type specimens; the
other three investigators used sheet specimens. The ultimate tensile and yield
strengths of EB-melted material reported by Schmidt3 are considerably below the
same properties for powder metallurgy specimens reported by the other three investi-
gators in the temperature range from -196 to 500°C. On a percentage basis, the
difference is particularly large between room temperature and 500°C, The maximum
in the ultimate tensile strength vs temperature gurve between 300 and 400° C which
was ascribed to strain-ageing behavior by Pugh¥ is not as pronounced in the higher:
purity material used by Schmidt. Comparison of strength values above 1200°C is
difficult because of the few data available at comparable test temperatures and also.
because of the different test conditions used. Both types of material exhibited measur-
able ductility at the lowest test temperature of -195°C. The ductility-temperature
relation between room temperature and 500°C is complicated by strain-ageing behavior.

The range of ultimate tensile strength of Ta from 1000 to 2800°C as reported by
five investigators and summarized by Schmidt® is shown in Fig. 7.3. The effect of
strain rate at the high temperatures appears to overshadow the effect of impurity on
the strength of Ta. For example, at all temperatures at which strength comparisons
can be made between tests conducted at fast and slow strain rates there is a large
variation in slrength., IED-melled and powder-metallurgy material tested near 1700°C
exhibit the same strength for tests conducted at about the same strain rate. The ciata
points for arc-cast, and powder-metallurgy material, reported by Glazier et al.,
indicated a tendency toward lower strength for the higher purity arc-cast material.
However, tests on the two materials at each temperature were conducted at different
loading rates. Descrlptmn of testm% procedures used at very high temperatures are
contained in the literaturels 5, 3, and in the Mo section on tensile properties.

Ductile-Brittle Behavior of Tantalum

Tantalum has not been observed to undergo a transition from ductile-to-brittle
behavior with decreasing temperatures as low as -250°C. Imgram, et al., 14 have
reported tensile reduction-in-area values of 80 percent for high purit I/ notched tensile
specimens tested at -250°C. A rccent report by Adams and Iannuccil® discusses the
ductility of Ta at low temperatures as related to grain size and purity. Even these
investigators have not reported brittle behavior of Ta, but they have observed cleavage
on some coarse-grained samples tested at -78 and 23°C. A complete discussion of the
ductile-brittle behavior from known literature references is contained in the compila-
tion by Schmidt5.

Effect of Dissolved Gases on Properties of Tantalum

A complete review of investigations concerned with the effect of interstitial
elements on the properties of Ta may be found in the summary report by Schmidt5.
A thorough investigation was conducted by the same author“ into the reactions of Ta
with oxygen, air, and nitrogen and the effect of these reactions on the surface hardness
and microstructure of Ta. Schmidt alse investigated the properties of Ta-Q, T2-N,
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TEMPERATURE (°F)
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T 717 T 't T 7 T TT 1

INVESTIGATOR ATMOSPHERE STRAIN RATE GRAIN SIZE GAGE LENGTH

(IN./IN./SEC.) (GRAINS/mm?2) {(INCHES)

BecuTOLD® AIR .0003 450 1.2%
PUGH® VACUUM .0015 130 2.00
KATTUS 8
pDOTSON'© AIR N . - 2.00
SCHMIDT, et a!® AR YO 500°C 0008 266-512 1.00
VAC ABOVE 500°C _
*LOADING RATE-VARIED FROM 0.0l TO 0.05 IN/MIN TO YIELD
AND FRACTURE RESPECTIVELY
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FIG. 7.2

TENSILE PROPERTIES OF TANTALUM AS A FUNCTION OF TEMPERATURE
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MATERIAL AND TEST CONDITIONS FOR TENSILE DATA PRESENTED IN FIG. 7.2

Impurity Element Weight Percent Data on Test Material
' Bec:hi‘.old8
0 Not determined Powder Metallurgy
0.300-inch diameter
N 0.01 swaged bar
C 0.010 Specimens annealed 1 hour
Ta 99,9 (estimated at 1700°C in vacuum.,
Grain size — 450 grains/sq. mm,
Pugl:t9
0, 0.0056 Powder Metallurgy
0.010~inch sheet vacuum
N2 0.013 annealed
C 0.02 Recrystallized grain size
Cb 0.10 approximsately 130 grains/sq. mm,
w 0.01 '
Fe 0.015

Kattus, et al, 10

Commercially pure

Powder Metallurgy
0.064-inch sheet

Schmidt, et al, 3

0 0.0016 Electron Beam Melted ingot 2 in.
dia 75 percent final celd reduction
by rolling to 0. 035 in thick sheet

N 0.0010 Recrystallized after 1 hr at
1200°C (2190°F)

H 0.00014 Specimen gauge size - 0.035 in,
thick x 0.250 in, wide x 1 in. Ig

Cb 0.01-0.03 256-512 grains/mm? .

Fe 0.008

Ni 0.0003
167
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TEMPERATURE (°F)
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B EBM TANTALUM SHEET SCHMIDT

PM TANTALUM SHEET PUGH

PM TANTALUM SHEET (0. IN./IN./SEC) FANSTEEL

PM TANTALUM SHEET (0.00005 IN./IN./SEC) PRESTON
PM TANTALUM SHEET GLASIER ’

AC TANTALUM SHEET GLASIER

EBM=ELECTRON BEAM MELTED
PM =POWDER METALLURGY
AC =ARC CAST

-

~

o

]
1000 1200 140G 1600 1800
TEMPERATURE (°C)

FIG. 7.3

ULTIMATE TENSILE STRENGTH OF TANTALUM SHEET
FROM 1000—2800°C5

and Ta~C alloys. Only an introduction to the subject will be given here and the reader
is referred to either the summary report or the original work by Schmidt®: 2. The
original work included fundamental considerations of diffusion coefficients of the inter-
stitial elements as well as mechanical properties of the alloys.

Hardness data from which diffusion coefficients wore caiculated are given in
Fig. 7.4 which indicates the depth of oxygen and/or nitrogen penetration from air
reactions at 600° C and oxygen and nitrogen reactions at 1200°C. The data indicate a
much higher reaction rate between oxygen and Ta surfaces than between nitrogen and
Ta surfaces. The author? observed no nitride second phase in the specimens exposed

to air. However, nitride surfaces were observed on specimens treated only in nitrogen.

Little difference between the reaction between air aad Ta and between oxygen and Ta
was observed. The figure may be used to estimate the amount of surface that must be
removed from Ta products heated in air during fabrication at the temperatures indi-
cated. Figure 7.5 as presented by Schmidt® from work of Yancey also shows the effect

of air heating on properties of very thin Ta sheet, 0.062-In. thick. This figure shows
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1000 k—
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Legend
o Oxygen Reaction,40 min at 1200 C (2I190F)

o Air Reaction, 6hrs at 600 C (1110F)
a Nitrogen Reaction ,3hrs at 1200C (2190 F)
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FIG. 7.4

HARDENING OF TANTALUM BY OXYGEN AND NITRO(}EN2
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S ol ™
= 160 f ——n500C (930 F)
£ 7N
5 \
o / ~500 C (930 F) Subsequent
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2 / / Vacuum fired
¢ Y4 at 150 C (2100 F)
i 120 / 2.5 hr
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/ at 1400 C (2550 F)
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100|220 C 02O F) 200 C (750 F)
|
800 | 2 3 4 5 6 7 8

Time Heated in Air, hr

FIG. 7.5

ROOM TEMPERATURE TENSILE STRENGTH OF TANTALUM AFTER EXPOSURE

LOCKHEED AIRCRAFT CORPORATION

IN AIR AT 400-550°C FOR PERIODS UP TO 6 HOURS®
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that heating in air at even 400°C can increase the ultimate tensile strength of Ta sheet
from 85,000 to over 100,000 psi, and heating at 450°C for four hours can increase the
tensile strength to over 200,000 psi.

Schmidt?‘ prepared alloys containing controlled amounts of oxygen, nitrogen and
carbon. The ultimate tensile strength of the three alloys and a comparison of their
strength with that of powder-metallurgy specimens tested by Yancey and EB-melted
specimens tested by Schmidt are given in Fig. 7.6. The oxygen contents of the three
alloys are given in parenthesis on the figure and the author concluded that the incrzase
in strength of the three alloys over that of EB-melted Ta was directly proportional
to the oxygen content rather than to the contents of carbon and nitrogen. He also pro-
posed that the peak in the carbon alloy shown at about 450°C was the only peak which
resulted from carbon interstitial content. From a consideration of the strain rate used
in the tests (8.33 x 104/ sec) and diffusion coefficients, the author calculated that
strain-aging peaks should be observed at 304, 474 and 582°C for oxygen, carbon and
nitrogen, respectively. He found close agreement between his calculated values and
values reported by other investigators. Tests reported in this investigation were not
conducted at high enough temperatures to observe a possible nitrogen peak at 582°C.
The yield strength values of the three alloys shown in Fig. 7.7 as tabulated by. Schmidt
and summarized by Bechtold!® show that the interstitials have less effect on the yield
strength than on the ultimate tensile strength. Ductility of the alloys as measured by
tensile elongation also decreased initially with increasing temperatures from room
temperature to about 200° and then increased and evidenced a maximum at the same
temperature, about 350°C, as the maximum in the strength-temperature curves. The
tensile elongation from 25-500° C had a maximum of 27percent and a minimum of 10
percent.

The stress-rupture strength of interstitial alloys, as measured by creep tests
at 750 and 1200° C was also affected by the interstitial elements, carbon, oxygen and
nitrogen, as shown in Table 7.4 from the work of Schmidt4. Additions of carbon were
found to increase the rupture strength at both temperatures. The improvement in
creep resistance due to the C additions was larger at the higher temperatures and
increased for the longer time tests. Some increase was shown also for the nitrogen
alloys, but the increase was less at longer times and at the higher temperatures. The
oxygen alloys showed only an increase at the very short time creep tests; for the longer
creep testing times and higher temperature the increase was nil.

Effect of Cold Work on Tensile Properties of fantalum

Most recent investigations concerning the effect of cold work on Ta have been
concerned with the change in hardness with ditferent amounts of cold reduction. The
original SRI report showed from the work of Myers that the ultimate tensile strength
of tantalum increased from about 33, 000 to 115,000 psi after 99 percent cold-reduction
of powder-metallurgy produced material. Myers1 work showed a decrease in room
temperature elongation from about 80 percent to less than 5 percent after 95 percent
rold reduction. Schmidt2 from his investigation on high-purity tantalum reported
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Table 7. 4

CREEP-RUPTURE STRENGTHS OF INTERSTITIAL-CONTAINING
ALLOYS OF TANTALUM?2

Temperature | Time Composition Strength Increase. percem.(bl
C F hours | Ta (a) Ta-C(a) Ta-N(a) Ta-O(a)] Ta-C Ta-N Ta-0O
750 | 1380 0.1 17.0  (29.00(¢) 25,0 22.5 71 7 32

1.0 16.0 (28.0) 22.5 17.5 5 11
10 15.0 (27.0) 19.5 15.0 80 30
100 14,0 (26.0) 17.0 14.0 86 21
1200 | 2190 0.1 8.4 17.5 10.0 - 108 18 -
1.0 6.1 14.5 7.2 8.6 138 18 24
10 4.5 11.8 .2 4.3 153 16 ~4
100 3.2 9.6 3.6 3.2 200 13 0

(a) Ta, high-purity
Ta~C, 955 ppm carbon
Ta-N, 225 ppm nitrogen
Ta-0, 560 ppm oxygen.

(b) In comparison with high-purity tantalum.

{c} Values in parentheses are estimated.

little difference between the as-cold-rolled hardnesses of material rolled without inter-
mediate annealing from the as-cast ingot to reductions of 50, 75 or 95 percent. The
as-cast ingot exhibited a hardness of 76 VHN. The hardness of material rolled
directly from the as-cast ingot without intermediate annealing ranged from 150 to

156 VHN for the 50, 75, and 95 percent reductions; material of these reductions after
final recrystallization at 1200°C showed hardnesses ranging from 70 to 80 VHN., A
lower hardness, 129-138 VHN was shown for material cold-rolled 75 percent after
intermediate annealing. ‘I'he tensile properties of high-purity tantalum (Fig. 7. 8) for
material cold-rolled 95 percent and either stress relieved at 750°C for 15 minutes or
recrystallized at 1200°C for 1 hour. The stress-relieved material had about twice
the ultimate tensile strength at room temperature as the recrystallized material.

Also of interest in the figure, is the lower ultimate tensile strength peak at about
350°C of the recrystallized material which suggests that the cold-worked material was
more sensitive to strain aging. The tensile elongation of the wrought material was
less than about 5 percent which is about the same as that shown by Myers for powder-
metallurgy material reduced 95 percent.
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FIG. 7.8

TENSILE PROPERTIES OF HIGH-PURITY WROUGHT AND RECRYSTALLIZED
TANTALUM SHEET FROM 25 TO 490°C

Wrought: 95 percent cold rolled and stress relieved (750° C for 15 min)
Recrystallized: 1 hour 1200°C (2190°F) after 75 percent cold rolling
with intermediate annealing
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The directionality of tensile properties of Ta sheet is not an important considera—
tion in the use of Ta as it is for some refractory metals as discussed by Schmidtd.

Recrystallization Behavior of Tantalum

Table 7.5 indicates the temperature required for either 50 or 100 percent re-
crystallization of high-purity Ta cold-reduced 50, 75 or 95 percent directly trom the
ag-cast ingot without intermediate annezling, and the same temperatures required for
material cold-reduced 75 percent after intermediate annealing. The determinations
were made both by metaliographic examination and hardness measurements and were
in agreement with one another. The table shows that a temperature of 1200° C (2190 °F)
is required for complete recrystallization in one hour for material reduced 75 percent,
whether it is reduced 75 percent directly from the ingot or with an intermediate
annealing treatment of 1200° C for one hour before ihe final reduction. However, the
50 percent recrystallization temperature was slightly lower for material rolled 75
percent from the ingot. It is interesting to note in the table that both 50 and 95 percent
reductions required higher recrystallization temperatures for complete recrystalli-
zation in one hour than the 75 percent reduced material. Grain sizes resulting after
one hour annealing treatments at 1200 to 1800° C on Ta cold-rolled 75 percent are
shown in Table 7.6. A convenient relation betwecon the amount of reduction, annealing
temperature, and grain size iy shown in Fig 7.9 as preparced by Savitsky and reported
by Schmidi.® The specimens were all annealed for one hour at the temperatures
indicated, The malerial used for this investigation was prepared by arc-melting and
was probably of lower purily than the electron-beam melted material used by Schmidt®
in his investigation. The figure indicates a correspondingly higher recrystallization
temperature for the less pure material and also a higher temperature required for
grain coarsening. Fig. 7.9 indicates that temperatures above 1600° C were required
before grain coarsening became evident. The table previously cited indicated that
grain coarsening began to occur between 1400 and 1600° C; the grain size of the high
purity Ta doubled in that temperature range, ASTM 4 (0. 09 mm) to ASTM 2 (0. 18 mm).

Preliminary results of an investigation by Lement, et al. 17 indicated that Ta
wire produced by powder metallurgy techniques was completely recrystallized in onl
10 minutes at 1200°C, as indicated by the data presented in Fig. 7.10. The authors 7
proposed that the increase in ultimate tensile strength above the annealing temperature
of 1400° C was associated with the appcarance of a second phase in lhe as-strained
tensile specimen. The combined effects of strain rate and strain ageing on the tensile
strength of Ta from 100 to 1500°F is shown in the columbium section (Fig. 4.5) from
the work of Wilhelm and Kattus. The interstitial content of the Ta used was comparable
to that of electron-beam melted Ta. The specimens contained <0.005 carbon, 0.0028
oxygen, 0.0001 hydrogen, and 0. 0001 nitrogen. The figure indicated a decrease in the
100° F tensile strength from about 47,500 psi to approximately 40,000 psi with decreas-
ing strain rates. However, at 900° T the order was reversed, i.e., a strain rate of
about 0. 005 per minute showed a tensile strength of 35,000 psi at 900° F and a strain
rate of about 12 per minute showed a lensile strength of about 27, 500 psi. The curves
were drawn through data points obtained at temperatures of 400, 700, 900, 1100, 1300
and 1500°F. No information as to the metallurgical state of the malerial was given
in the Wilhelm and Kattus report.

LOCKHFED AIRCRAFT CORPORATINN irman e S

As At

i sl [ ] [ ) [o— o—— PR e

" GEE ommM el e Pwv e besd  beene e



e | il .. T (.

4 P o eygeresr t

Table 7.5

RECRYSTALLIZATION BEHAVIOR OF
HIGH-PURITY TANTALUM

2-36-61-1

feag o S T N

Temperature for Indicated Amount of
Condition Recrystallization in 1 Hour
- 50 Percent 100 Percent
; oC ° F ° C ° F
° Cold reduced 50 percent from as-cast ingot 1100 2010 1400 2550
; Cold ruduced 75 percent from as-cast ingot | 1000 1830 1200 2190
- Cold rcduced 95 percent from as-cast ingot 900 1650 1300 2370
j- Cold reduced 75 percent after intermediate 1050 1920 1200 2190
annealing
mj-
.- Tabie 7.6
i
- RECRYSTALLIZED GRAIN SIZE OF TANTALUM?®
l 1--Hour Anneualing Average ASTM
: Temperature(®) °C Grain Size(®)
i 1200 5-6
! 1300 4
) 1400 3-4
) 1425 3-4
| 1600 2
! 1700 1
1500 0-1
(a) Material cold rolled 75 percenl after intermediate anneal,
1 (b) Obtained by comparison with ASTM grain-size chart at 100X.
. The appcarance of stress-strain curves at two different strain rates of commer-
i cially produced Ta is shown in Fig. 7.1i. An approximate 100-fold increase in strain
rate increased the yield strength from about 43,000 to 58,000 psi, the ultimate tensile
M strength from about 58,000 to 67,000 psi and had little effect on the total elongation.
1
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ROOM TEMPERATURE TENSILE PROPERTIES OF 30-MIL TANTALU
WIRE AFTER TEN-MINUTE ANNEALING TREATMENTS UP TO 1600° ¢!
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A 2000-fold increase in strain rate resulted in an increase in ultimate tensile
strength from about 4,000 to 11,000 psi at 3,000°F, and resulted in a strength at
5,000° F about equal to the strength at 3,500°F as shown in Fig. 7.12 from a summary
by Hall, et al. 13 from the work of Preston, Roe and Kattus18, The testing procedures
used in this investigation are described in the section, Elevated Temperature Tensile
Properties of Tantalum.

15000

, 10000
ULTIMATE
TENSILE
STRENGTH,
PSI

5,000— '
.003" /MIN

3000 3500 4000 4500 5000
TEMP, °F

4

FIG. 7.12

ULTIMATE TENSILE STRENGTH OF TANTALUM ABOVE 3000°F
AT TWO STRAIN RATES13

Tensile Properties of Tantalum Alloys

Room temperature modulus of elasticity values for Ta-W alloys were evaluated
dynamically by Braun, et al. 19 and are summarized in Fig. 8. 17 of the tungsten
section.

The Ta-10W alloy was the first to attain commercial status, and is the only Ta
alloy for which the modulus of elasticity as a function of test temperature has been
reported. The modulus of elasticity of Ta~10W alloy sheet as determined from stress-
strain measurements by four laboratories in a temperature range from room tempera-
ture to 5,000°F and reported by Torti20 is shown in Fig. 7.13. Each reporting labora-
tory used different strain and/or loading rates and, as seen from the figure, the mod-
ulus values reported by each investigator are different, especially at the high tempera-
tures where evaluation of purely elastic strains is difficult. The room temperature
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values vary from < 21 to about 27 million psi; this large variation is probably attri-
butable to measuring techniques rather than from different material conditions. Even
the highest room temperature value, 26. 7 x 106 psi, is below that reported for the
Ta-10W alloy (see Fig. 8.17) of 33 x 105 psi. The difference in values using different
experimental techniques was magnified at higher test temperatures. For example, at
3,000°F, the reported value at one laboratory varied from about 2 to 6 million psi and
the range from low to highest value measured is 19 million psi. The data shown in

Fig. 7.13 are of a preliminary nature and have not been finally summarized by Torti20,

SYMBOL [TESTING LABORATORY STRAIN RATE
[] BELL AIRCRAFT VARIAGLE - CONST LOAD RATE
sor [} AEROJET GENERAL | VARIABLE LOADING & STRAIN RATE
a SOUTHERN RES INST 0.01/MIN
v MARQUARDT 0.06/MIN
1] - 0.01/MIN™
2 © - 0.01/MIN
S : *THIS TEST MATERIAL WAS 0.01 IN THICK SHEET -ALL OTHERS 0060 IN THICK
o

MODULUS OF ELASTICITY (10€ PSI)
o
1

o] 500 1000 1500 2000 2500 3000 3300 4000 4500 5000
TEST TEMPERATURE (*F)

FIG. 7.13

MODULUS OF ELASTICITY OF TA-10W SHEET FROM 35 TO 5000°F
AS DETERMINED FROM TENSILE TESTS?

A comprehensive study of the effect of alloy additions to tantalum has been in
progress at Battelle Memorial Institute since May of 1958 under Air Force sponsor-
ship. Results of screening studies and property evaluations of attractive alloys appear
in two WADD technical reports2: 3. Summaries of the work conducted at Battelle and
other commercial laboratories are included in recent reports5,6.
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The screening studies included an investigation of the solid solubility limits, and
the fabricability limits of eight binary alloy systems, and the effect of the binary addi-
tions on the strength and ductility properties of Ta. The binary alloys included additions
of eight elements, Cb, Hf, Mo, Re, Ti, V, Wand Zr. The choice of attractive binary
alloys was foliowed by studies of the alloying behavior of ternary combinations of
gome of the same elements as well as ternary, quaternary and quinary additions
involving Al, B, Be, Cr, Fe, La, Ni, Si, Y, and also interstitial additions of C and O.

The fabricability scireening studies revealed that relatively large amounts of
both substitutional and interstitial solutes could be added to Ta and still maintain
reasonable fabricability, although with higher alloy additions, higher fabricating tem-
peratures (up to 1600°C) were used. Screening studies also indicated that binary and
ternary combination of Cb, Hf, Mo and W raised the recrystallization temperature of
unalloyed Ta by as much as 500°C, Binary additions of Ti, V and Zr had little effect
on the recrystallization temperature of Ta but ternary additions of Al and Cr to these
binary combinations appeared to decrease the recrystallization temperature. The
excellent ductility, characteristic of Ta, was maintained in most of the binary and
ternary alloy combinations. Binary alloys containing up to 50Cb, 20Hf, 5Re, 40Ti,
15V, 10W and 10Zr were ductile in bend tests at both 25 and -196°C. Binary alloy
additions of 5 to 7.5Mo, 15W and 5 and 20 to 40Zr were ductile at 25°C, but brittle at
-196°C. Ternary additions of Al, Be, Cr, Mo and Si appeared to decrease the duc-~
tility of ternary combinations, whereas binary additions of Cb and T1i appeared to be
the most ductile.

All binary and ternary alloys of Ta exhibited strength improvements over unalloyed
Ta at room temperatures; the most effective hinary additions were V and Hf. Accord-
ing to the most recent survey® the alloys which have evolved to commercial pilot
development or advanced experimental stages are listed below in order of decreasing
tensile strength at 2190°F,

Ta-10Hf-5W
Ta-30Ch-7.5V
Ta-20W

Ta-15W

Ta-10W modified
Ta-10W
Ta-7.5W

The order of merit on a high-temperature tensile strength basis may change upon
development of optimum processing techniques for each of the alloys, and new alloy
combinations will undoubtedly appear as refinements in alloying behavior are developed.
The available recrystallization temperatures. strength, and oxidation properties of
these alloys were summarized in the state-of-the-art survey prepared by DMIC for
Wah Chang Corp. The tensile properties and recrystallization temperatures from that
summary are given in Table 7.7. The property values for the Ta-10W alloy were from
specimens in the as-worked condition, whereas the other alloys and unalloyed Ta were
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Table 7.7

TENSILE PROPERTIES OF POTENTIAL TANTALUM ALLOY CANI)IDATES6

Tensile Properties

) [ Yield
Approximate Ultimate Strength Strength-
Alloy Recrystallization Test Tensile | 0.2 Percent To-Welght
Temperature Temperature | Strength Offset Ratio, 1000
F F 1000 psi 1000 psi psi/tb/ind
]
100 Ta(®) 2000-2300 2145 14.7 13.9 24.5
2190 7.4 (3.8) 12.3
2190 11.4 — 19.0
2400 10.0 8.4 16.7
2600 4.6 e 7.67
2700 5,3 (3.8) 8.84
2860 3.3 — 5.50
3040 3.6 — 6. 00
Ta-7.5w(@) 2500-2700 — — — —
Ta-10w(a) 2500-2800 1500 103.2 97.8 170
2500 22.25 19.85 36.7
3000 12.1 11.8 19.9
3500 7.48 7.26 12.3
4000 4.35 4.30 7.17
4500 2.06 2,06 3.39
5000 0. 645 0.645 1.06
Ta-10W
(Modified)(©) — — — — —_—
Ta-15W 2600-2900 2190 47.5 32.5 7.4
Ta-20W 2800-3200 2190 49.6 45.1 80.3
'Ta-30Cb-7.5V 2300-2500 2190 60.6 47.6 142
: 2600 36.1 22.3 84.7
3000 10.2 6.2 23.9
Ta-10Hf-5W 2500-2900 2190 63.8 — 108
: 2415 41.4 30.6 70.3
2605 37.0 25.0 62.8
3045 17.8 12.1 30.2

{a) C = Commercial, others in advanced development stage.
(b) Values In parentheses are estimated.
(c) Strength data at moderate strain rates not available.
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in the fully recrystallized condition. The Ta-15 and 20W and Ta-10Hf-5W alloys were
reported to have good angd all others to have excellent fabricability. The oxidation
behavior of all of the alloys was shown to be similar to unalloyed Ta on a weight gain
basis after exposure in air for 1 hr at 2190°F.

The tensile properties from room temperature to 5000 ¥ of three attractive
commercial Ta allo%s are compared in Fig. 7.14 as compiled from data presented by
Schmidt3 and Torti. 20 The curves shown for the Ta-10W alloy identified by open
circles are from data presented by Torti20 as obtained by Southern Research Institute
using extremely fast heating and loading rates on specimens which were in the as-
wrought condition. The other three materials were tested in vacuum in the fully re-
crystallized condition by Schmidt. 3 The as-wrought Ta-10W alloy exhibited the highest
strength up to 1500°F, as might be expected. Ductility of this alloy at room temper-
ature, however, is the lowest of the alloys shown. The ultimate tensile strength and
yicld strength of the Ta-30Cb-7.5V alloy is shown to be higher than the Ta-10Hf~5W
alloy at room temperaturc, about the same at 2200°F and slightly lower at 3000°F,

The Ta-30Cb-17. 5V alloy exhibited the highest ductility over the entire test temperature
range of the three alloys. The recrystallized Ta-10W alloy tested at Battelle under
the same conditions as the Ta~Cb-V, and Ta-Hf-W alloys exhibited lower strength at
room temperature and 2190°F than the other two alloys. The ductility of the as~
wrought material from 4000 to 5000°F was observed to decrease with increasing
temperature and was possibly due to melting at the fractured surfaces, typical of tests
using resistance type heating, which made total elongative measuremenis difticult
after fracture.

Additional unpublished data2l,22 on tensile properties of as-wrought Ta-10W
alloy have been made available for this compilation. Hall2l reported (he tensile
properties of as-wrought bar and shect material from 2200 to 4000° F, The 1/2-in.
bar material which was prepared from electron-beam melted ingots exhibited meas~
urably better strength and ductility at all test temperatures than the arc-cast wrought
sheet material. The EB-bar material exhibifed exceptional ductility from 2200 to
4000°F. The percent elongation increased from 30 to 94 percent in that temperature
range and the reduction-in-area remained constant at 96 to 99 percent. The arc-cast
sheet material exhibited poorer ductility from 3000 to 4000° F than the electron-beam
melted as-wrought bar. The data submitted by Bauer22 were obtained from as-cold-
rolled 0.020-in. thick sheet. These data were obtained at slower heating rates and
strain rates, 0.005 per minute, than the data shown for the as-wrought material in
Fig. 7.14. However, the 0.020-in. shect material exhibited exceptional strength at
room temperature and up to 3000° F. The room temperature yield strength was
172, 000 psi and the ultimate tensile strength 180,000 psi. At 1200°F the same prop-
erty values were 132, 000 and 143, 000 psi respectively. From 2000 to 3000° F the data
reported by Bauer22 exhibited about the same yield and ultimate strengths as that shown
in Fig. 7.14. Poor ductility was exhibited by this material up to and including 1200° F
at which temperature the elongation was only 4 percent. However, from 2000 to
3000°F, the elongation increased from 13 to 58 percent.
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TENSILE PROPERTIES OF COMMERCIAL AND ADVANCED EXPERIMENTAL TA
ALLOY SHEET FROM ROOM TEMPERATURE TO 5000°F, TESTED IN VACUUM

Only preliminary data have been reporiedd for the Ta-10W modified alloys
indicated in Table 7.7. The modifications consisted of small additions of Mo and Zr.
As-wrought electron-bcam-melted sheet material was reported to have an ultimate

tensile strength at 3600°F of 13, 000 psi, which compares o a value of about 6,000 psi

from the curve in Fig. 7.14.

An order of merit rating for potential Ta alloy candidates for an extrusion pro-
gram was presented in the Wah Chang report.® The comparison between unalloyed
Ta and three important Ta alloys is given in Table 7. 8.

An interim report of Ta alloy investigations in progress at the Westinghouse
Research Laboratories for over two years has recently been issued by Field, et al,4
Nine attractive alloys have evolved from the program but none have advanced suffi-

ciently for accumulation of many property data. The tensile properties of arc-melted,

stress-relieved sheet rolled to 95 percent reduction from extruded sheet hars are
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2-36-61-1

ORDER OF MERIT RATINGS FOR POTENTIAL TANTALUM ALLOY CANDIDATES6

a
Property Order of Merit(a)
100Ta | Ta-10W | Ta-30Cb-7.5V | Ta-10Hf-5W
Development Stage 1 2 2
Primary Fabricability 1 2 3
Recrystallization Temperature 4 2 1
Ultimate Tensile Strength
2200°F 4 1 3 2
2600°F 4 3 2 1
3000°F 4 2 3 1
Strength-to-Weight Ratio
2200°F 3 2 1 2
2600°F 4 3 1 2
3000°F 4 3 2 1
Oxidation Resistance at 2190°F 4 2 3 1

(a) Rated in decreased order of merit, i.e., 1 most desirable; 4 least desirable.
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Table 7.9

TENSILE PROPERTIES OF TANTALUM ALLOYS
95 Percent Reduction, Stress Relieved 1 Hour at 2000°F

Ultimate 0.2 Percent
Composition Te'xrn(:)setx{gfure Tensile Yield Elongation Riid:";:gn
Strength Strength
(wt. %) (°F) (psi) (psi) (%) (k)
Pure Ta -320 162, 000 162,000 5 54
-100 109, 000 109,000 21 74
75 88,000 87,000 19
300 79, 000 70,000 15 ~100
500 94, 000 77,000 13 ~100
1000 81,000 65,000 13 40
1500 63,000 60,000 15 ~100
2200 17,800 15,000 32 75
2500 6,000 3,800 >61 —
Ta-2W-2Hf -100 121,000 113,000 15 73
75 110,000 105,000 1€ 64
2200 52,000 48,000 16 41
2500 24,800 20,700 37 65
2700 16,400 14,400 51 ~100
Ta-2W-4Hf -320 156, 000 153,000 21 60
-100 124,000 118,000 16 65
75 113, 000 106, 000 16 65
2200 76,000 72,000 15 40
2500 27,600 24,500 65 ~100
2700 20,500 19,500 106 ~100
Ta-8W-2Hf -320 190, 000 184,000 18 44
-100 150, 00¢C 146,000 17 64
75 135, 000 130,000 15 60
2200 85,000 78,000 15 28
2500 54,000 38,800 26 47
2700 29,000 23,700 64 81
Ta-8W-4Hf -320 - 205,000 204,000 11 16
75 147,000 140, 000 15 50
2200 91,000 80,000 23 37
2500 43,000 37,700 50 74
2700 32,200 30,300 67 73
Ta-6W~6H* 2200 78,000 65,000 15 33
2500 50, 000 44,000 15 26

*Tested in the as—extruded and stress relieved condition.
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shown in Table 7.9. The Ta-W-Hf alloys are shown to possess the highest strengths
of the alloys tested at 2500 and 2700° F. The stress-relieved Ta-8W-2Hf, Ta-8W-4Hf,
and Ta-6W-6Hf alloys exhibited better strength at 2500°F, 54,000, 43,000, and

50, 000 psi, respectively, than the recrystallized Ta~-30Cb-7, 5V alloy strength at
2500° F shown in Fig. 7.14. Only the Ta-8W-4Hf stress-relieved alioy had better
strength at 2700° F than the Ta~-30Cb-7. 5V alloy, 32,200 psi comparcd to 30, 000 psi,
and none of the highest strengih alloys exhibited ductility at 2500 and 2700°F as good
as the Ta-Cb-V alloy. The tensile results shown in Table 7.9 are preliminary data
from single tests.

Creep and Stress Rupture Properties of Tantalum

The creep properties of high-purity Ta have been investigated at Battelle from
room temperature to 1400° C.2 The creep properties of powder metallurgy degassed,
and arc-cast Ta have also been investigated at Battelle at 650° C (1200° F) under AEC
sponsorship2 . Both of these investigations have been summarized in the recent
DMIC review.® A brief review of these data is given below in Figs. 7.15 through 7.19
and in Table 7. 10.

Table 7. 10

HARDNESS, CHEMICAL ANALYSES, AND CREEP STRENGTH FOR VARIOUS
TYPES OF TANTALUM TESTED AT 1200° F IN A HELIUM ATMOSPHEREZ3

Approximate Stress Required to Produce
Tantalum Grain Size Chemical Analysis, ppm 0.5 Percent Deformation in
Time Indicated, psi
{mum) Carbon | Hydrogen | Nitrogen Oxygen 100 Hr 1000 Hr 10,000 Hr

Annealed, sintered 0.025 10 1.3-1.6 130-140 | 240-300 | 13,000 11,500 10, 000
Annealed, arc

cast 0. 035 <10 <0.3 150 214 17, 000 15,000 -
Thermally degassed,

large grained, >1 <10 0.2 50 2 8,500 5,500 4,800

sintered
Annealed, sintered

tantalum after

exposure to

sodium 0. 025 10 5-8 130-270 15-36 nd 12,500 -_

&

Thermally degassed, :

fine-grained,

sintered 0: 025-0. 035 20-30 0.7 20 10-16 _— 16,000 ’ 12,000-14, 000
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STRESS VS. CREEP TIME FOR VARIOUS VALUES OF CONSTANT
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CREEP AND RUPTURE CURVES FOR WROUGHT HIGH-PURITY TANTALUM SHEET(S)
COLD ROLLED 95 PERCENT; STRESS RELIEVED AT 750°C(1380°F) FOR 1/4 HOUR.
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FIG. 7.19
STRESS VERSUS MINIMUM CREEP RATE FOR SINTE ED
TANTALUM TESTED AT 1200°F IN HELIUM
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The high-purity Ta sheet used to obtain the data shown in Figs. 7.15 and 7,16
was prepared by electron beam melting, and the typical chemical composition is shown
in Table 7.2, under the section giving the tensile properties of electron-beam-melted
Ta. The test material used for the creep test of Fig. 7.15 was given a recrystallization
treatment of 1 hour at 1200° C which resulted in a recrystallized grain size from 0.04
to 0.06 mm. All tests were conducted in vacuum with the specimens wrapped in Ta ~
foil to reduce contamination. However, the authors? reported some contamination was
observed after testing at 1400°C. Figure 7.15 indicates the very low creep resistance
of unalloyed Ta. For example, the 100-hour rupture strength at 750, 1000, 1200 and
1400° C was about 14,000, 6,000, 3,200 and 1, 000 psi, respectively. The creep re-
sistance as measured by time to specified amounts of creep strain is shown in Fig. 7.16
to have decreased more rapidly from 750 to 1200° C than between 1200 and 1400 °C.
Figure 7. 17 gives an indication of the effect of prior deformation on the rupture
i properties of Ta at 750°C. A comparison between Figs. 7.15 and 7. 17 shows that the
L 100-hour rupture strength has been increased by prior cold deformation from about
14,000 io 25, 000 psi.

ponj el SN OB 4B

b |

- The investigation by Drennan, et al.23 included creep tests on Ta after various
treatments described in Table 7. 10, The annealing treatments consisted of heating
" for from 8 to 18 minutes at temperatures of 2600 to 2800°F. The thermal degassing
l_, consisted of vacuum annealing at 4500 to 4800° F for five hours. The sodium exposure
was intended to decrease the oxygen content of the sintered Ta without changing the
grain size to observe the effect of oxygen on the creep resistance of Ta, The sodium
g exposure consisted of a treatment in flowing gettered sodium at 1200°F for thirty-
: three days. As a result of this treatment, the oxygen content was lowered from about
270 to 30 ppm. The fine-grain material was produced by fabrication and recrystal-
lization treatments of the thermally degassed large-grained material. The Table
indicates o reduction in grain size of about 40 times without an appreciable increase
in interstitial content.

The authors23 reported a substantial effect on creep resistance at 1200°F as a
result of method of preparation, grain size, and treatments performed on the material.
The annealed arc-cast Ta possessed somewhat higher creep resistance at 1200°F
than did the annealed powder-metallurgy Ta. The fine-grained material exhibhited
better creep resistance than the coarse-grained material. Although the exposure to
Na lowered the oxygen content of the annealed sintered material, the creep resistance
was not changed appreciably. The summary of creep properties given by the authors
in Table 7.10 was based on data of the type shown in Fig. 7.18 for annealed sintered
sheet. The stresscs for 0.5 percent deformation in 10, 000 hours were extrapolated
1 on the basis of minimum creep rate curves typical of those in Fig. 7.19.

Creep and Stress-Rupture Properties of Tantalum Alloys

i Stress-rupture vs. creep-time curves for Ta and Ta~-10W alloys from very short
i time tests are shown in Fig. 7.20. Donlevy and Hum24 conducted tesis on electron-
beam melted Ta-10W alloy and also the modified Ta-10W alloy. The specimens were

poue -,
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FIG. 7.20

SHORT-TIME RUPTURE STRENGTH OF TANTALUM AND THE TA-10W
ALLOY FROM 2800 TO 4800°F

heated by an electron beam in a vacuum of 10"4 mm Hg or better. Only the total
strain at fracture was recorded from these experiments. Very little information re-
garding test material or test conditions were given for the NRC data shown in the
figure.

A comparison between the Ta-10W alloy and the unalloyed Ta tested by NRC29
shows that at 3000° F the alloy was stronger by a factor of about 4 at the 10~-minute
rupture time. The EB-melted Ta-10W specimens tested by Donlevy and Hum?4 ex-
hibited higher rupture strength at 3000° F than the arc-cast specimens tested at NRC. 25
The tests conducted at 4400 and 4300° F by the respective investigators had the same
relation. The modified Ta~-10W alloy which contains proprietary additions of Mo and
Zr had the highest rupture strength in these short-time creep-rupture tests.

The creep-rupture properties of other atiractive Ta alloys were not found
reported in the literature.
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OXIDATION PROPERTIES

Oxidation of Tantalum

Studies related to reactions of Ta with air, hydrogen, nitrogen, oxygen, dry
carbon dioxide, hydrocarbons, sulfides, and water vapor are discussed in detail and
referenced in the DIMC review®. The reactions of tantalum with oxygen and air were
discussed in the original SRI review, 1 and a summary of these reactions is given in
Figs. 7.21 and 7. 22,

The air oxidalion reaction rate is shown in Fig. 7.21 to occur parabolically at
500° C for times up to 16 hours at which time it transposes to a linear rate. The
change from parabolic to linear hehavior at 800° C is shown to occur very rapidly (less
than 1 minute); above about 800° C, the linear rate is shown to increase rapidly with
increasing temperature. Figure 7.22 shows the change in the one~hour weight gain at
temperatures from 200 to 1200° C for either the Ta-air or Ta-oxygen reaction. Each
symbol represents a diffcrent investigator and results from the different investigations
agree well over the entire temperature range, especially when the oxygen atmospheres
are normalized to the pressure of oxygen in one atmosphere of air.

Oxidation of Tantalum Alloys

Schmidt3 has reported that the oxidation rate of the Ta-10W and Ta-10Hf-5W are
about two-thirds that of unalloyed tantalum at 1200°C (2190° F) based on weight-gain
measurements at one to two hour exposure times. The oxidation rate of a third
attractive Ta alloy, Ta-30Cb-7. 5V is roughly the same as that of unalloyed Ta. Rate
of penetration of oxygen into the surface, has not been established for these alloys,
but scaling rates have indicated that alloys developed to date will require protection
from oxidation for continued use at elevated temperatures.

Screening studies3 have indicated that Ti and ternary additions of Al, Cr, Si,
and Be improve the oxidation and contamination resistance of Ta, but the attractive
alloys from an oxidation resistance standpoint exhibit either reduced low temperature
ductility, and/or lower recrystallization temperatures which suggest lower elevated
temperature strength.

THERMAL PROPERTIES

Thermal Conductivity

Thermal conductivity data from four investigators were compiled by Goldsmith
and Waterman26 as shown in Fig. 7.23. Identification of the data symbols is given in
Table 7.11. The data are the same as those reported in the SRI reportl with the ex-
ception of the values below 200° K which are more recent. Glazier, et al. 1l have
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TEMPERATURE (°K)
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THERMAL CONDUCTIVITY OF TANTALUMZG
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LEGEND FOR FIG. 7.23 ON THERMAL CONDUCTIVITY OF TANTALUM26

Symbol

Investigator

Test Method

Remarks

o

Fieldhouse, I.B.,
Hedge, J4.C. and

Waterman, T.E.

Single flat plate; boiling

liquid calorimeter

Cox, Martha

Temp. distribution
along resistance heated

wire

Sample aged at 1300°C and
2000°C for 2750 hr.

Rasor. N.S. and

McCielland. J.D.

Range, °R Material Composition
1514-3275 | Sintered. Before test: 0.052%N_;
traces of Ca, Cu, Mg. After test:
2. 12%0,: 0. 044% N, 0. 0061%H 5
traces of Al, Ca, Cu, Fe, Mg:
''n=10291h ,'5’.3
l ) m
492-672 | 99.9% pure
2360-4920 | Sintered. Before test: 0.73%Cu:

0, 73%Zr:

=3
1.
-
&%
1
a
©
-
@
Al
-
=

9. 084C: 0.97%Co; 0.03%Nn:

0. 02%81; 0. D17FAL; 0. 0047%Cr:
0. 0033%Ca

After test: 0.015%C: 0.013%Si;
0,0023%Cr: 0.0019%Cu

- e
p = 1040 lbm,ft

Cvlinder with radial heat
flow inward: water

calorimeter along axis

Swaged to givan density.
Letter from auth. indicates
error iu wig. ref. which
gives p = 14.ﬁg/cm3;
corrected P = 16.66 g/'cm3

[J: heating p : cooling

Rosenberg, H. M

0-63

99.98% pure

Heat flow in rod in vse-
ceun:. Temp, gragient oy
differentis! gas ther-
mometer. Temp, by gas

thermometer
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reported thermal conductivity data for Ta and the Ta-10W alloy from 1700 to 3200°K;
the values at 1700°K agree well with the data from Rasor and McClelland shown in
Fig. 7.23, but both the alloy and the unalloyed material showed a decrease in con-
ductivity with increasing temperature. Glazier, et al. 1l cite a reference by Zuikker
which supports the temperature dependency exhibited in their experiment.

Thermal Expansion

The linear thermal expansion of Ta as determined by six investigators and
summarized by Goldsmith and Waterman26 ig presented in Fig. 7.24 with a description
of the test material and test conditions in Table 7.12.

TEMPERATURE (°K)
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LINEAR THERMAL EXPANSION OF TANTALUMZ®
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LEGEND FOR FIG. 7.24 ON THERMAL EXPANSION OF TANTALUMZ®

O Fieldhouse, I.B..

Hedge, J.C., et al.

Symbol Investigator Range, *R Material Composition Test Method Remarks
O {wx, F.C.and 165-542  [99.9% pure; 0. 3% Fe; 0.003%C | Interferometric
MacNair, D, dilstometer
Edwards, J.W., 524-4491 |99.9% pure; principal X-ray diffraction Auth. est, accuracy 2%
D Speiser, R. and impurities <0.03% ea. Fe, C
Johnston, H.
A Rasor, N.S. and 1960-5710 |Before test: 0.73% ea. Cu, Zr; Telemicroscopes Pressed, sintered. and
McClelland, J.D. 0.21% Fe; 9.090% Ni; 0.080%C: swaged to given density.
G. UTOH U, U, vsUo Mn, U, 020% 51, Data shown are smoothed;
0. 0047% Cr. 0.0033% Ca: no Ti taken during second heat-
After tesi: 0.0150% C; 0. 013% Si; ing and cooling cycle. Let-
0. 0023% Cr: 0. 0019% Cu: ter from auth. indicates
None of others; p = 1040 lbm/ftz error in orig. ref. which
gives p = 14.s¢/cm3;
corrected p = 16. 66 g/cm3
618-33€9 [Sintered: p = Qsolbm/ﬁ3 Telemicroscopes sight-

ing on wires suspended

from sample

v Bell, L. P. and 492-2184 |"Murex" bar Dilatometer Meas, perpendicular to
Makin, 8. di. axis of bar
O Ihid. 492-2184 |"Heracus' bar Same as above Meas. parallel to axis of

bar
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SECTION 8

TUNGSTEN

INTRODUCTION

The properties which make tungsten particularly attractive for high temperature
applications are:

e melting point of 3410°C (6170° F), highest of all metals

¢ high modulus of elasticity, 58 x 106 psi, higher than that for columbium,
molybdenum or tantalum

o abundance

The main problems in applying tungsten in structural applications are its high
temperature for transition from ductile-to-brittie behavior and its relatively poor oxi-
dation resistance. Another factor for which its outstanding high-tempecature strength.
must compensate is its high density of 19.3 g/cc, which is higher than that of Cb,

Mo or Ta.

At the time of the original survey1 property data were found only for unalloyed
tungsten, During the past three years, considerable tungsten-alloy data have been
published from property evaluation studies, and from alloy screening and development
programs.

Because of the importance and interest in ductile-brittle behavior of tungsten,
considerable effort has been directed to this area. The sections dealing with ductile~
brittle behavior of tungsten and tungsten alloys may appear inordinate. However, in
the case of all properties, an attempt has been made to present only data which demon-
strate some general behavior, or to present new data or evidence which will be of
value to potential users or researchers. More studies which meet one of these crite-
ria appear to have been reported in the area of ductile-brittle behavior than in the
area of elevated temperature strength of tungsten alloys, for example.

Recent revi'ews on the properties of tungsten and tungsten alloys have been pub-

lished by Barth, © the TAPCO Group of Thompson, Ramo Wooldridge, 3 and Maykuth,
Barth, and Ogden. 4
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MECHANICAL PROPERTIES

At the time of the original survey, 1 available me chanical property data on
unalloyed tungsten extended only to about 1200°C (2200° F), and no tensile or creep
data were found in the literature on any tungsten alloys. In contrast to this, extensive
work has been published during the pasi three years by a number of investigators
extending tensile data to 3400°C (6150° F) and creep data to 2800°C (5070° F). Also,

the elevated temperature properties of a number of tungsten alloys have been evaluated.
Two reviews on the properties of tungsten and tungsten alloys have recently been pub-

lished. One by Maykuth, Barth, and Ogden4 of Battelle for Universal-Cyclops Steel
Corporation on a tungsten sheetrolling program for AMC, the other, by the Materials
Department, TAPCO Group of Thompson, Ramo, Woolridge Company3 on a tungsten
forging development program for AMC. These reviews have served in part as the
basis for this section. More recent reports have been reviewed, and data considered
pertinent to this survey have been included in the general discussion,

Tensile Properties of Tungsten

The elfect of temperature on the modulus of elasticity of tungsten is shown in
Fig. 8.1, The previous report data which covered a temperature range from -150 to
1000° C have been exiended by Brown and Armslrong” to 2400°C (4350° . DBrown aind
Armstrong evaluated the modulus dynamically in vacuum by measuring the fundamental
resonant frequencies of rod samples approximately 4-in. long by 1/4-in. diameter.
The earlier data by Koster, from dynamic measurements, is also given in Fig, 8.1
and it is seen to be in excelient agreement with the data of Brown and Armstrong in
the overlapping temperature range. In neither case were the chemical analyses or
material condition given.

The effect of tcmperature on the yield strength, ultimate tensile strength, elon-
gation, and reduction-in-areca of wrought tungsten is summarized in Fig. 8.2 from
three investigations from tesis conducted in either vacuum or in an argon atmosphere.
The test material and test conditions for these data are summarized in Table 8, 1.

The investigution by Union Carbide® provided data for both arc-cast and powder-
metallurgy tungsten. In the case of the arc-cast tungsten, the yield strength and ulti-
mate tensile strength decreased very rapidly with temperature from 25 to 300°C
followed by a more gradual decrease to 1400°C., At 1400° C, the arc-cast tungsten was
found to be stronger than the powder-mectallurgy tungsten, probably due to a lavger
degree of cold work initially present or remaining. At 1650°C, both materials had
about equal values of yield strength and equal values of ultimate tensile strength. At
1925° C,this was still true for the ultimate tensile strength; however, the yield strength
of the powder-metallurgy tungsten was considerably above that of the arc-cast material
(6200 psi versus 2500 psi).

Ductility data from this investigation8 are of particular interest. For the arc-
cast material, the elongation reached a maximum of about 30 percent at about 250°C,

then decreased and remained at just above 10 percent up to a tcst temperature of 1375°C,
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Table 8.1

CHEMICAL ANALYSIS AND TEST CONDITIONS FOR
TENSILE DATA OF FIG. 8.2

ANALYSES
ELEMENT WEIGHT;PPM MATERIAL AND TEST CONDITIONS
UNION CARBIDE ARC-CAST MATERIAL8
Cc 30 Impact extruded and swaged
o 20
N 3 Test specimen had a 0.160 in, dia. by 1.00 in. long
H 1 reduced section
Si 26
S <10 Tested in vacuum at a strain rate of 0. 0003 per
P <10 second
Fe 40
Ni 5 Specimen heated by radiation from resistance heater
Cu 2 :

UNION CARBIDE POWDER-METALT.IIRGY MATERIAL8

C 70 Pressed, sintered and swaged 3/8 in, dia. rod from
0 40 G.E.
N 30
H 3 Test specimen and test procedures same as above
for arc-cast material .
GL.AZIER7
18] 60 Pressed, sintered, and rolled tungsten sheet 0. 060-in.
Fe 40 thick (Fanstecl)
Ni 50
Ti 50
Mo 400 Test specimen had a 1. 00 in. gage length in a
Others 270 0.250 in. wide by 1. 81 in. long reduced section

Specimen heated by self-resistance in an argon
atmosphere .

Loading rates varied from 16 to 144 psi/sec

SIKORA AND HALLS

See Table 8.2 for
Chemical Analyses

Swaged, pressed. and sintered 1/2 in. dia. bars
from [ive producers

Test specimens were 0.250-in. dia. with an
effective gage length of 1 in;

Tests were conducted in vacuum and heated by radiation
from a tantalum heater tube which was heated by
induction

LOCKHEED AIRCRAFT CORPORATION
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At the higher test temperatures of 1650 and 1950°C, the arc-cast material had elonga-
tion values above 40 percent. The reduction-in-area values for the arc-cast tungsten
remained high over the entire test temperature range above the ductile-brittle transi-
tion temperature. In contrast to this, the elongation of powder metallurgy-tungsten
decreased from 32 to 21 percent above 1650°C, and the reduction-in-area values for
the powder-metallurgy tungsten were observed to decrease appreciably above 1500°C,

Tensile data covering the very high temperature range are presented in Fig. 8. 2
as reported hy Glazier, et al.7 These data are for pressed and sintered 0. 060-in.
rolled tungsten sheet. The specimens were heated to test temperature by self resist-
ance.

The data presented in Fig. 8.2 from Sikora and Hall® are average values from
tests on tungster: from four producers (identified in Table 8. 2, as ABCD). The data
by Sikora and Hall cover an intermediate temperature range and are in general agree-
ment with the lower and higher temperature data. These data for powder-metallurgy
tungsten also show a drop in the reduction in area at test temperatures above about
1500° C; however, ductility is still quite good at 2400°C where the elongation i3z 20
percent and the reduction-in-area about 28 percent. It is not possible from available
data to say whether or not this decrease in ductility exhibited by powder-metallurgy
tungsten is a disadvantage as compared to the arc-cast tungsten. The entire stress-
slrain curves should be reviewed for both materials to determine the amount of strain
which occurs before necking in each case.

Other tensile data for tungsten have been reported covering narrower tempera-
ture ranges and, in general, are in agreement with those presented in Fig. 8. 2.

The data obtained by Sikora and Hall® for swuged, pressed and sintered tungsten
bar from five producers are summarized in Fig. 8.3, as taken from DMIC Report
No. 127.2 The test conditions for these materials are given in Table 8. 1; the chemical
analysis in Table 8. 2.

Table 8, 2
CHEMICAL ANALYSIS OF MATERIAL FOR TENSILE DATA OF FIG. 8.32

Source re@ | Mo® | or® | si® | c® | 0,00 | n,@ | 5,
A © 210 180 40 30 4 25 15 1

B 280 230 70 90 5 43 37 -

c 260 250 100 30 47 35 39 3

D 340 350 120 50 24 45 38 2

E 160 390 50 30 26 35 28 .2

(a) Spectrograph
(b) Conductometric.
(¢) LECO.

(d) Microkjeldahl plus colorimetric (Nessler's reagent).
{e) Combustion.

Impurity content, ppm by weight
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The major point of interest in these data is the fact that the tungsten supplied by the
five producers, for the most part, had similar tensile properties. The values of
ultimate tensile strength versus temperaturc were almost identical for four of the
materials; only the values for material E were lower at 2500°F and higher at 3000° F.
The author suggested that this difference in behavior was probably due to less severe
strain hardening of material E in the as-received condition, which resulted in a lower
strength at 2500° F. The higher strengthat 3000°F, in turn was probably due to a higher
recrystallization temperature for material E than for the more severely worked
materials.

Reduction-in-area values for the five materials and the elongation values (with
the exception of material E) varied in a similar manner with increasing temperature.
At 2500° F, all specimens were found to fracture with localized necking with values of
reduction-in-area of 85 to 95 percent, The ductility decreased with increasing test
temperature above 3000°F for materials A, B, C, & D and above 3500°F for Material
E. Even at the highest temperatures, 4000 and 4500°F, all materials except material
E had reduction-in-area and elongation values of 22 percent or greater.

It would be interesting to have information regarding the variations, if any, in
the ductile~to-brittle behavior of these five materials from different producers. Also
of interest would be elevated temperature creep properties. Appreciable variations
would probably exist in the creep behavior as the differenl malerials were reporled to
exhibit significant differences in grain size above 3500° T, and also in degree of poros-
ity in the fracture region after tests at, and above, 2500°F,

Stress-strain curves for arc-melted tungsten between 25 and 1650°C are pre-
sented in Fig. 8.4 from the Union Carbide study. 8 The stress-strain curves indicate
that the maximum load occurred, or necking began, after smali strains for most tem-
peratures up to and including 1375°C (2500° F).

The ultimate tensile strength for hot-pressed tungsien of two densities, 66 and
84 percent, as a function of test temperature up to 5000°F is shown in Fig. 8.5,
For most of the temperaturc range from 400 to 4000°F, the 84-percent dense tungsten
had about double the strength of the 66-percent dense material.

The tensile notch sensitivity of wrought and recrystallized powder-metallurgy
tungsten was investigated by Imgram, et al. 10 The chemical analysis of their test
material was given as 10, 0.2, < 10,and 50 ppm of C, H, N, and O, respectively.
Two material conditions were evaluated: (1) stress relieved uvne hour at 1200°C in
argon, and (2) reciystallized one hour at 1600°C in argon, resulting in an average
grain-diameter of 0.076 mm.

The tensile specimens consisted of an unnotched bar with a 1-in. gage length
in a reduced section 1-1/4 in, long by €. 212-in. diameter. The notched specimen
had a reduced notched diameter of 0.212 in. with a theoretical stress-concentration
factor of 3.0. The cross head speeds used were 0.02 in. per minute for the unnotched
specimens and 0. 005 in. per minute for the notched.
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STRESS-STRAIN CURVES FOR ARC-MELTED WROUGHT TUNGSTEN
TESTED AT VARIOUS TEMPERATURES®

The stress-sirain curves for the unnotched wrought and recrystallized material
are presented in Fig. 8.6 for several test temperatures. It is interesting to note the
absence of a yield point in the recrystallized material tested at 400, 500 and 600°C,
whereas the 300°C curve exhibited a yield point. Also, it is interesting to note the
degree of work hardening for the recrystallized material at all test temperatures. In

- contrast, the wrought material exhibited a yield point at both test temperatures shown,

250 and 300°C, and showed very litile strain hardening.

The results for the notch-sensitivity study on tungsten are summarized in
Fig. 8.7. 11 For the wroughti-stress-relieved condition, the unnotched specimens
showed a continual decrease in ultimate tensile strength with increasing test tempera-
ture, whereas the notched specimens showed an increase in notch strength (arca at
root of notch divided by maximum load) from 100 up to 250°C, followed by a decrease.
The notched-to-unnotched strength ratio was greater than unity above a test tempera-
ture of about 175°C. The data for the recrystallized material presented in Fig. 8.7
show that the ultimate tensile strength for the unnotched specimens decreased over a
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ULTIMATE TENSILE STRENGTH FROM 75 TO 5100°F OF HOT PRESSED
TUNGSTEN OF TWO DENSITIES 9

temperature range of 300 to 600°C, whereas the notched specimens exhibited a peak
in strength at about 500°C. In the recrystallized condition the notched-to-unnotched
ratio exceeded unity above a test tempcrature of about 350°C.

Ductile-Brittle Behavior of Tungsten

Because of the serious nature of the low temperature brittleness of tungsten in
structural applicaticns, considerable effort has been directed during the past few years
toward a better understanding of the ductile-brittle behavior of tungsten. The ductile-
brittle transition temperature of tungsten is sensitive to the same factors which affect
the transition temperature of other metals, and which have been discussed in some
detail in the summary section of this report. Factors which are important include
impurities, alloy additions, mechanical and thermal treatments, surface conditions,
state of stress, and strain rate.
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A

The general effect of impurities is shown in Fig. 8.8 from the work of Atkinsen, 12
where the curves represent three successively lower impurity levels. More recently,
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TENSILE DUCTILITY IN THE DUCTILE-BRITTLE TEMPERATURE RANGE AS
AFFECTED BY PURITY 2, 12

Allen, Maykuily and Jalfee, 13 conducted an investigation on the effect of impurities on
the recrystallization behavior and on the ductile-brittle behavior of tungsten. They
investigated the effect on these two properties of interstitial elements in high-purity
single crystal and polycrystalline tungsten, and the effect of refractory oxides, nitrides,
and carbides in powder-metallurgy tungsten. The results of this study will be summa-
rized under various subject hcadings in this section.

Allen, et al. 13 prepared a high-purity tungsten single crystal by electron-beam
zone refining. The single crystals exhibited ductility at room temperature; however,
polycrystalline tungsten specimens prepared from the high-purity zone-refined crystals
exhibited a ductile-briftle bend transition temperature around 320°C, or only slightly
below that for relatively impure powder-metallurgy sheet tungsten. The authors con-
cluded that the presence of grain boundaries was more effective in shifting the ductile-
brittle transition temperature than the added impurity elements, at least in the range
that could be analytically detected. '

The general effect of cold work on the ductile-brittle behavior of tungsten is pre-
sented in Fig. 8.9 from the work of Allen, et al., 19 where bend ductility is presented
for powder-metallurgy tungsten in the wrought and recrystallized condition. The
wrought material had an appreciably lower transition temperature, about 150 to 200°C
lower, than the recrystallized materials. The curves for the two recrystallized mate-
rials also indicate the effect of grain size. The material with the finer recrystallized
grain size (600 to 650 grains/'mmz) had a transition temperature of about 40°C lower
than thai for the coarser grain material (250 grains/mm?<),
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The effect of strain rate on the ductile-to-brittle transition temperature of
recrystallized powder-metallurgy tungsten was reported in a study by the Union
Carbide Metals Compa.ny,8 using strain rates of 0.008, 0.8 and 80 per minute, and
on tensile specimens 0. 113-in. diameter with an 0. 250-in. gage length. An increase
in the strain rate from 0.008 to 80 per minute was found to increase the tensile tran-
gition temperaturc about 200°C, from about 200 to 400°C. This magnitude of shift is
about equal to that reported earlier by Magnusson and Baldwin! for swaged powder~
metallurgy tungsten as a result of a 104 change in strain rate.

The results presented so far on the ductile--brittle behavior of tungsten have not
demonstrated new effects but have been included primarily for general background.
Several new investigations have recently been reported which are of interest; these
will be discussed in detail.

The Union Carbide study8 determined the effect of 1-hour annealing treatments
at 1300, 1600 and 2100°C on the ductile-brittle behavior of swaged, powder-metallurgy
tungsten. The tensile reduction-in-area as a funection of test temperature for speci-
mens treated at the different annealing temperatures is presented in Fig. 8.10. It
would be interesting to have a transition curve for the as-swaged material; however,
the available data are interesling in themselves. The authors8 state that no visible
microstructural change occurred up to the 1600°C annealing temperature. In any case,
a progressive shift to higher transition temperatures occurred with increasing anneal-
ing temperatures. More work is nccded in this area o clearly distinguish between the
effect of recovery processes and recrystallization on the shift in transition temperature
between cold-worked and fully recrystallized material to determine reasons for bene-
ficial effects of cold work.

Figure 8. 11 presents the yield strength and fracture stress corresponding to the
data presented in Fig. 8,10. Fracture stress was defined as the load at fracture
dividcd by the final area at fracture. The temperature at which the fracture stress
becomes equal to yield strength is considered to be the lower limit of the ductile-
brittle transition range. Although the yield strength was considerably higher after
annealing at 1300°C than after annealing at 1600 or 2100°C, the fracture stress curve
likewise was higher and the intersection of the yield strength and fracture strength
curves occurred at a lower temperature for the 1300°C anneal resulting in a lower
transition temperature. The intersection points for the 1600 and 2100°C annealing
temperatures occurred at the same temperature in agreement with the identical lower
limit of the ductile-brittle range for these two annealing temperatures as indicated in
Fig, 8.10.

The effect of different fabrication histories on the tensile transition temperature
of arc-cast tungsten was also evaluated in the Union Carbide study. The results are
presented in Fig. 8. 12 for three fabrication histories in terms of reduction-in-area
versus test temperature. Direct swaging of arc-cast tungsten at 1700°C resulted in
the highest transition temperature of the three conditions. This swaging temperature
was reported tc be about the lowest which could be used successfully without prior
breakdown. It was possible to break down the cast structure by impact extrusion at
1600° C, which resulted in about a 70°C lower transition temperature. After breakdown
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by impact extrusion at 1600°C, it was found possible to subsequently swage the mate-

rial at still lower temperatures starting at 1530° C and finishing at 1435°C. This

treatment resulted in a still lower transition temperature as indicated in Fig. 8,12,
j It would be interesting to have the transition temperature curve for the arc-melted
tungsten used in this study in the recrystallized condition for comparison with the
other curves of Fig. 8.12. Nevertheless, these data as well as those of Fig. 8. 10
are interesting in that they emphasize the importance of thermal-mechanical treat-
ments on ductile-brittie behavior of metals, and that more study in this area would
be fruitful.

Stimulated by the findings of Sedlatschek and 'I‘homas14 which indicated the
beneficial effects of electropolishing on the room-temperature ductility of tungsten,
Stephensl5 investigated the effect of various surface conditions on the room-tempera-
ture bend ductility of tungsten. Preliminary studies were reported by Stephensld
using 0. 125-in. diameter sintered and swaged tungsten rods in the as-wrought condi-
tion. Stephens found that the room-temperature bend ductility increased with increas-
ing depth of electropolishing. A sevenfold increase was obtained after a @, 005-in.
reduction in diameter by electropolishing, as measured by bend angle before fracture.
Removal of this amount of material by grinding rather than electropolishing did not
produce any measureable increase in room-temperature ductility. Furthermore,
specimens which were electropolished to produce good bend ductility and were sub-
sequently scraiched with einery paper experienced a large reduction in ductility.

et AN aEe e

Stephens16 later reported the results of a more extensive study on the effect
of different surface conditions on the ductile-hrittle tensile transition temperature of
recrystallized commercially pure powder-metallurgy tungsten. The results of this
investigation are summarized in Fig, 8.13 in terms of reduction-in-arca values. The
button-head tensile specimens were recrystallized one hour at 1925°C (3500° F) in
vacuum after grinding to the final dimensions with a reduced gage section of 0. 170-in.
diameter and 1.03-in. length. After recrystallization, all specimens were electro-
polished before being given other surface treatments. The term '"mechanical worked"
applies to three surface conditions: ground, ground and annealed, and ground and
- peened. The ground and annealed condition is on the low end and the ground and peened
! on the high end of the shaded area in Fig, 8.13. The electropolished surface condition
had the lowest transition temperature. Oxidation of the surface for one hour at 1000°F
. was not found to be detrimental, while all other surface conditions studied raised the
1 transition temperature above that for the electropolished surface.

Effect of Cold Work on the Tensile Properties of Tungsten

Data reported by Hall and Sikora17 on both as-received wrought tungsten and
recrystallized tungsten indicated that the effect of cold work was retained up to about
3000°F for their test conditions. At 2500°F, for example, the recrystallized material
of Hall and Sikora had an ultimate tensile strength of 32,000 psi while the wrought
material, had a value of 49, 000 psi, whereas above 3000° F, both materlals had about
the same ultimate tensile strength These data and earlier work by Pugh giving ultimate
tensile strength of both stress-relieved and recrystallized tungsten over a lower tem-
perature range are summarized in Fig. 8. 14.
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TENSILE STRENGTH OF TUNGSTEN FROM 100 TO 3600° F IN THE

RECRYSTALLIZED, STRESS-RELIEVED, AND WROUGHT CONDITIONS3

Recrystallization Behavior of Tungsten as Influenced by Impurities

Allen et al? 3 studied the effect of additions of carbon, oxygen,and nitrogen on the
recrystallization behavior of high-purity single-crystal tungsten after 50-percent hot-
cold work. Softening curves for the nitrogen-, oxygen-, and carbon-dosed and undosed
single-crystal tungsten are presented in Fig. 8.15 along with data for sintered powder
metallurgy tungsien. All test materials were hot-cold worked 0 percent ai 1200°C
with the exception of the undosed single crystal W which was worked 50 percent at 800°C,
For the undosed tungeten crystal, recrystallization appeared to begin at about 1200°C
and was complete at 1400°C. Thus, the high-purity tungsten recrystallized at a rela-
tively low temperature over a narrow temperature range (200°C) as compared with the

" behavior of the sintered powder-metallurgy matcrial. The numbers adjacent to the data
points indicate percent recrystallization as determined metallographically. The authors!3
concluded that carbon in amounts of 100 to 200 ppm increased the recrystallization tem-
perature of high-purity tungsten by about 100°C, whereas oxygen in amounts up to
40 ppm, and nitrogen up to 1.4 ppm had no significant effect.
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It should be pointed out that hot-cold working the undosed tungsten 50 percent at
1200° C would have resulted in significantly less residual strain energy than the actual
working of 50 percent at 800°C. In fact, the authors reported that for two samples having

" identical impurity content (both produced by 5-pass electron-beam refining) had differ-

ent recrystallization temperature (1650 and 1300°C) as a result of different amounts of
cold work, 35 percent and 50 percent reduction at 800°C, respectively. Presumably
the higher recrystallization temperature was due to the lesser degree of cold work.
Thus, it would be expected that the curve for the undosed tungsten in Fig. 8. 15 would

bhe chifted to a considerably higher recrystallization temperature for a material worked
50 percent at 1200°C rather than at 800°C. On the basis of this difference in worked
state, it is difficult to conclude that carbon additions increased the recrystallization
temperature of high-purity tungsten. In fact, it is possible that the softening curve for
a material worked 50 percent at 1200° C would indicate that N and O additions decidedly
lower the recrystallization temperature of tungsten.

Allen, et al. 13 also presented annealing data for unalloyed powder-metallurgy
tungsten. These data, summarized in Fig. 8.16, indicate that vacuum-sintered material
had a lower recrystallization temperature than hydrogen-sintered material by about
200°C. The lower recrystallization temperature of the vacuum-sintered material was
explained on the basis of a probable higher purity of this material over the hydrogen-
sintered material. The effect of amount of cold work is also shown in Fig. 8.16, where
the 50 percent hot-cold worked material had a higher recrystallization temperature
than material worked 75 percent by about 300°C in terms of the softening curves.

Tensile Properties of Tungsten Alloys

During the past several years more than a dozen separate investigations have
been directed toward developing tungsten-base alloys and evaluating their high-tempera-
iure properties. These investigations are summarized in Table 8.3 by a description of
the alloy systems and properties under study. The results of these studies, many of
which are still in progress, will be presented separately under tensile, creep and oxi-
dation properties. Tensile properties of some of the tungsten allovs which have been
reported at temperatures above 2500°F are summarized at the end of this section in
Fig. 8.22.

The only data found on modulus of elasticity of tungsten alloys are those presented
in Fig. 8.17 for the room temperature modulus of W-Ta alloys. The elastic modulus
of tungsten decreases almost linearally with the first 20 atomic percent tantalum additions,
according to Fig. 8.17. No data for other tungsten alloys were found; however, small,
solid-solution additions common to several attractive tungsten alloys would be expected
to change the modulus of tungsten only slightly. It is surprising that more data are not
available, as it would be relatively easy to determine at least the room-temperature
modulus on alloy samples available in many past and current alloy development programs.
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- Table 8. 3
X TUNGSTEN ALLOYS STUDIES
=
ia ALLOY SYSTEM PROPERTIES STUDIED INVESTIGATOR REF.
W-Ch Tensile, 3000 to 3500°F UCMC Staff 8
; Oxidation at 1470 and 2190° F ;
W-Ti '
gg: " W-Zr
E W-Cb Hardness to 2900°F McKinsey, et al. 18
& W-Ta~Ch Oxidation at 2190°F
'i'? W--ThO2 Recrystallization Temperature Atkinson, et al. 19
i Tensile to 2700° F
- Creep to 2700°F
{most data preliminary)
W-ThO, Tensile to 3000°TF Sell, et al. 20,
| Creep to 3000°F 21
‘ W-TaC
W—HfOz
w-Hf Hardness to 2000°F Feild, et al. 22
W-Re (preliminary data)
W-Ta
W-Re-Ta
. W-Cb Structure Semchyshen and Barr 23
W-Co Lattice parameter
W-Hf Hardness to 3000°F
) W-Ta Oxidation at 3000°F
' w-v Forgeability
W-Zr :
= I W-ThO,, Tensile to 4400° F Hall, et al. 24
W-Mo Creep to 2200°F
: ' W-Cb Tensile to 1000° F Foyle 25
W-Ta
. W-Mo
i l W-Cb Forgeability Lake, et al, 26
3 W-Mo Tensile to 4000° F
l Creep at 3000°F
t 220
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ELASTIC MODULUS OF TUNGSTEN-TANTALUM ALLOYs(4®)

The effect of binary additions of Cb, Ti and Zr on tensile properties of impact-
extruded and swaged arc-melted tungsten at 1650 and 1925° C (3000 and 3500° F) was studied
by the Union Carbide Metals Research Lahoratories®. The results are summarized in
Fig. 8.18 along with data for arc-melted and powder-metallurgy tungsten for compari-
son purposes. The actual alloy conlent with associated vxygen and carbon analyses are
given in Table 8.4. The intended composition of the titanium alloy was 0. 25; aller
melting, however, only 0. 005 T'i remained. At 1650°Cthe Cb and Zr alloy additions
significantly increased both the yield and ultimate tensile strength. At 1650°C, the
W-0.57Cb alloy appeared to be the strongest alloy exhibiting strength values about
four to five fold over thoge for the unalloyed material. The unalloyed tungsien and the
W-0.005Ti alloy were found to be recrystallized after tensile tesiing at 1650°C,

TABLE 8.4

OXYGEN AND CARBON ANALYSES OF TUNGSTEN-BASE ALLOYS
FOR DATA OF FIG. 8.1813

WEIGHT PER CENT
ALLOY 0 C
W-0.005Ti 0.009 0.003
W-0.12Zr 0.010 0.001
W-0.57Cb 0.004 0.001
W-0.88Cb 0.018 0.001
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YIELD STRENGTH AND ULTIMATE TENSILE STRENGTH FROM 1365 TO 1925°C OF
TUNGSTEN ALLOYS COMPARED WITH UNALLOYED TUNGSTENS
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whereas the Cb and Zr alloys still retained some cold work. .The authorl;8 attributed
the strengthening effect at 1650°C of Cb and Zr to higher recrystallization tempera-
tures for these alloys. The W-0.57Cb alloy was not evaluated at 1925° C because of
insufficient material; however, its reported ultimate tensile strength at 1650°C (3000° F);
of 60,000 psi in the as-swaged condition is very attractive. Although the strength
curves for the W-0.88Cb and W-0.12Zr alloys decreased rapidly above 1650°C, the
ultimate tensile strength values of these alloys were still 60 to 80 percent greater than
that for thc unalloyed tungsten, at 1925°C. The yield strength values for these two
alloys were 3 to 4 times greater than for the wrought arc-melted tungsten. The results
presented on these alloys represent a preliminary study with only one test at each tem-
perature, and thus require additional study and confirmation.

A more recent alloy study at Union Carbide reported by McKinsey, et al.la, was
directed toward evaluating arc-cast ternary alloys in the W-Ta-Cb system. The authors
demonstrated that hot-hardness measurements were a reasonably reliable indication of
the high-temperature tensile strength for the alloy system under study, and used hoi-
hardness measurements up to 2900°F in an initial screening study of the ternary field.
Based upon the hot-hardness values, the ternary tungsten-base alloys listed in Table
8.5 were selected for tensile properly evaluation. Tensile properties have not been
reported as yet; however, the authors anticipate that some of these alloys will have
ultimate tensile strengths in excess of 40, 000 psi at 2900°F.

TABLE 8.5

TUNGSTEN ALLOYS SELECTED FOR TENSILE STRENGTH EVALUATION
BY MCKINSEY, et al.18

WT. (%) AT. (%) APPROXIMATE VHN
W [ Ta | Cb W | Ta | Cb 2700° F. 2500° F.
96 | 1 3 93 | 1 6 93 72
80 | 5 | 15 70 | 4 | 26 115 85
60 | 8 | 32 46 { 6 | 48 110 84
55 |30 | 15 48 (45 | 26 112 96

In an effurt lo confirm the earlier reported® high strength of the W-0.6Cb alloy,
additional alloy test material was prepared 8 from a 4-in. diameter arc~melted ingot.
The ingot was extruded at 3400°F at a 4 to 1 ratio, swaged from 1-3/8 in. diameter
to 3/8 in. diameter at 3000°F. The tensile properties obtained for the W-0, 58Cb
alloy in the as-swaged condition are summarized in Fig. 8.19. The ultimate tensile
strength at 3000° F at 39, 400 psi is considerably below the 60, 000 psi value reported
earlier’; however, it is still about twice the value reported for swaged unalloyed
tungsten rod.
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TENSILE PROPERTIES OF SWAGED W-0.8Cb ALLOY FROM 2200 TO 3000° F
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Studies were initiated at the Westinghouse Lamp Division in early 1958 under Air
Force support on the properties of tungsten and tungsten alloys, and initial results were
reporied by Atkinson, et al. 19 Tensile properties at 2500° F were evaluated for tung-
sten alloys contalning 2, 4 and 5 percent ThO,. The authors found the W-2ThO, alloy
to be as good or better than those containing { and 5 percent ThOg and suggested that
this was possibly due to better dispersion of the ThOg, in the 2 percent alioy. These
authors concluded that alloys in the W-ThOy system showed outstanding promise for
high-temperature applications, having 3 to 4 times the yield strength and about two
times the ultimate tensile strength of unalloyed tungsten at temperatures up to 2700°F.

Additional work at Westinghouse Lamp Division was recently presented in reports
by Sell, et al. 20,21, on the effect of ThO,, TaC, and HfOg additions on the tensile
properties of tungsten. The authors evaluated tensile properties a2t 3000°F on a series
of W-TaC alloys and found a peak strength at about 0. 4 percent TaC. They considered
their results not conclusive, however, as different processing conditions were used for
the different alloys. The authors did conclude, however, that W-2ThO, alloy had about
twice the strength of unalloyed tungsten up to 3000° F, and that the W-0. 38TaC alloy had
about 5 times the stirength of the unalloyed tungsten base material at 2500°F. An addition
of 0. 5 percent HfO was found to increase the recrystallization temperature of tungsten
by about 300 to 400°C, but initial tensile tests on the alloy did not indicate an appreciable
gain in strength at 2700 or 3000° F.

A study at the Westinghousce Regcarch Laboratories is being divecled ioward ihe
development of tantalum and tungsten base alloys. A final report covering June 1958
through March 1961 was recently issued by Feild, at al. 22 Only preliminary data were
available in this report on tungsten alloys. The effect of rhenium and rhenium plus
tanialum additions on the hardness of tungsten up to 2000° F was determined. At 2000°F,
the alloy W-8Re-4Ta had a hardness of 200 VHN as comparcd to a value of 72 for tungsten.
Additions of Re and Re plus Ta resulted in a decrease in low temperature hardness of
tungsten, which the authors suggested may indicate a shift in the ductile-brittle transition
temperature to lower temperatures. This remains to be verified,

Semchyshen and Barr23 rccently issued a final report on an investigation of tung-
sten base alloys covering a period from June 1958 to December 1960. This study covered
arc-cast W-binary alloys containing up to 11.7 Cb, 2.7 Co, 3.6 Hf, 18.1 Ta, 9.3 V and
3.8 Zr. The program evaluated structure, lattice parameter, hardness up to 3000°F,

" oxidation in air at 2000°F, and forgeability. The alloy additions in order of decreasing

hardening at 1600° F, on a given weight percent basis, were listed by the authors as
follows: Co, Zr, IIf, V, Cb and Ta. The same order existed at 3000°F, except for
the vanadium alloys where hardness values were not obtained.

Tensile and creep data on tungsten and tungsten alloys have been reported by Hall,
Sikora and Ault24 at Lewis Research Center of NASA. The test specimens had a re-
duced section of 0.250 in. diameter by 1-in. gage lcngth and were taken from swaged
or rolled 1/2-in. ~diameter bar. The test procedures have been adequately described
in the section dealing with unalloyed properties.
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Additional tungsten alloy studies of particular interest have been reported by
Foyle 25 gt the Lewis Research Center. The results of this study on the effect of binary
additions of Mo, Cb, and Ta on the high-temperature tensile properties of arc-cast
tungsten are presented in Figs. 8.20 and 8.21.
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FIG. 8.20

TENSILE PROPERTIES OF TUNGSTEN-MO YBDENUM
ALLOYS FROM 3000 TO 4000° F2
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FIG. 8.21

TENSILE PROPERTIES OF TUNGSTEN-~COLUMBIUM Ale)5
TUNGSTEN-TANTALUM ALLOYS FROM 3000 TO 3500° F

The tensile spcecimens, ground from as-extruded bars, had a reduced section of
0.160-in. diameter with a 1-in. gage length. The tests were conducted in vacuum
using a cross-head speed of 0.005 in. per minute up to 0.2 percent strain and then
0.05 in. per minute to fracture.

Fig. 8.20 summarizes tensile properties of the W-Mo alloys. Of the alloys
evaluated, W-25Mo had the highest ultimate tensile strength at 3000°F, over iwice
that of unalloyed tungsten. At 3500°F, this alloy was only about 25-percent stronger
than tungsten. The ultimate tensile strength of the W-Cb and W-Ta alloys at 3000 and
3500°F is given in Fig. 8.21. The W-1. 3Cb alloy had a higher ultimate tensile
strength at 3000° F than the best W-Mo alloy evaluated, and still maintained a slight
advantage at 3500°F. The W-3.6Ta alloy had the highest yield and ultimate strength

LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION



at 3000°F and 3500° F of all the alloys evaluated. At 3000°F the W-3, 6Ta alloy had a
0. 2-percent offset yield strength of 31,200 psi and an ultimate tensile strength of
50,000 psi and at 3500° F these values were 9,000 and 16, 900 psi.

Ry

. The TAPCO Group of Thompson Ramo-Wooldridge26 are conducting a tungsten
— forging development program for the Air Force. The W-15Mo alloy was selected as
the initial alloy for the forging study, and tensile property data on specimens cut from
forgings have been evaluated. In addition, tensile properties of three alloys, W-5Mo,
W-15Mo, and W-0. 52Cb, have been evaluated in the as-extruded condition. Tensile
specimens had a 0.160-in. diameter by 0. 500-in. -long reduced section in a 4-1/2-in. -
long button-end specimen. The specimens were heated in vacuum by radiation from a
tantalum resistance heater and tested at a strain rate of 0.0003 per second.

Tensile properties are summarized in Table 8. 6 for the W-15Mo, W-0.52 Cb,
and the W-5Mo alloys in the as-extruded condition, and in Table 8.7 for the W-15Mo
alloy in both the as-forged and as-extruded conditions.

The values obtained in this study may be roughly compared with those obtained
at NASAZ25 for W-0. 5Cb and W-12Mo alloys. The ultimate tensile strength values ob-
tained by TAPCO at 3000 and 3500° F were slightly higher than the NASA values.
However, the yield strength values obtained by TAPCO were about 50~100 percent
higher than those reported by NASA. This could possibly be due to the slower strain
rate used in the NASA study through the 0.2 percent offset yield strength. The
greatest difference between the two sets of data was in ductility values for the W-Mo
alloys. The NASA specimens exhibited much lower ductility at both 3000 and 3500° F
than those tested by TAPCO. ‘

A summary of the ultimate tensile strengih of a number of tungsten alloys which
have been evaluated at high temperatures is presented in Fig. 8.22 taken from
Reference 4.

Ductile-Brittle Behavior of Tungsten Alloys

A number of sludies have been conducted wherein data on the ductile-brittle
transition temperature of tungsten alloys have been reported. With a few exceptions,
these studies have been alloy screening investigations and not directed primarily to
investigating ductile-brittle behavior. Variations of purity of the base.metal and fabri-
cating procedures would be expected to influence the ductile-brittle behavior of the
alloy. In most cases however, variations in these parameters were not investigated.

‘A brief review of the reported transition temperature data for alloys will be given
here primarily to indicate the general effects which have been observed. The details
of processing and fabrication, although important, will not be presented in this review.
If interested in greater detail, the reader is referred to the original references.
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Table 8.6

TENSILE PROPERTIES OF ARC CAST AND EXTRUDED TUNGSTEN 2l\!;I-LOYS
TESTED IN VACUUM AT 0. 020 IN. /MIN CROSSHEAD SPEED

-
TEMP U.T.8 0.2Y.S R.A ELONGATION
MATERIAL ) . N oy
F) (pst) (psi) (%) (%)
VWolZiic : 3,000 26, 0090 34, 500 78 27.8
3,250 24,450 23, 500 80 34.9
3, 500 11,190 8, 060 95 85
4,000 5,H70 4,080 97 125
W-0. 52Cb 3,000 38,210 35,075 80 32.6
3,250 22,640 18,660 63.2 46.9
3, 500 13,040 7,710 64.7 56.6
4,000 7,250 4,500 90 81.7
W-5Mo 3, 000 30, 840 29, 850 83 28.7
3,250 14,770 10,200 95 66.3
3, 500 10,450 5,630 97.9 _ 89.8
4,000 5,400 3,670 95 116
238
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OF A UNIVERSAL FORGING OF THE W-15Mo ALLOY TESTED IN VACUUM
AT 0.020 IN. /MIN CROSSHEAD SPEE

SPECIMEN TEMP. 0.2 Y.S. U. T.S. R.A. ELONGATION
LOCATION (°F) (psi) (psi) (%) (%
Web 3, 000 36,813 38, 021 55 22.8
Thick Edge 3, 000 42,964 43,718 68 20.7
As-Extruded* | 3,000 34,500 36, 000 78 27.8
Web 3, 500 8,771 11,403 71 68. 3
Thick Edge 3, 500 7,920 10, 496 92.5 98.6
As-Extruded* | 3,500 8,060 11, 190 95 85
*From Table 8. 6
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A series of studies on the ductile-brittle behavior of W-Re alloys has been con-

a
ducted at Battelle. Bend data for the W-30Re alloy along with data for unalloyegzl tung-
E sten, both in the recrystallized and wrought conditions are shown in Fig. 8. 2327, :
(] 0
-3 DUCTILE WROUGHT]
= W-30 Re
i 2
£
H 4
5 - WROUGHT
g X "
& °
k g Q0O
; Z 10
o
§ 2 oo—"lo RECRYST
Z 4
=
16
18 -
BRITTLY | | X 1/" I A 44 |
20
-100 0 100 200 300 400 500
TEMPERATURE, ¢

¥IG. 8.23

BEND DUCTILITY OF TUNGSTEN AND W-301te ALLOY IN BOTH THE WROUGHT
AND RECRYSTALLIZED CONDITIONS?

The Re addition appeared to be much more effeciive in the wrought condition than in
the recrystallized condition. If a minimum bend radius of 10T is taken as the ductile-
brittle transition temperature, the Re additions lowered the transition temperature in
the wrought condition almost 300°C, whereas in the recrystallized condition, the
decrease was less than 100°C. The shape of the W-30Re curve is of interest in that

it appears to be leveling off at 100°C and may actually extend to lower temperatures
with appreciable ductility. Also, above about 350°C, the racrystallized alloy appeared
to be less ductile than recrystallized tungsten.

Previous studies at Battelle indicated that arc-melted W-30Re alloy could be
rolled'at 1000°C from ingot into strip, whereas alloys containing 20 or less percent Re,
or 35 or more percent Re were not fabricable. On the basis of these observations,
Klopp, et al. 28 get out to investigate the ductility of alloys containing 20, 22, 24, 28
and 28 percent Re. Bend test results for these alloys are summarized in Fig. 8. 24,
for material rolled at 1000°C, recrystallized one hour at 1800°C, and water quenched
to reduce possible sigma phase precipitation. The W-20Re alloy fractured during

—— G NS W P SN eme emw and oy end aed DEN SO ey s
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fabrication at 1000° C and wasa therefore not evaluated. The bend ductility is given as
the ratio of the bend radius to the specimen thickness, and the number given indicates
the smallest value of this ratio at which no fracture occurred. The specimen thickness
was not specified.

The results presented in Fig. 8. 24 clearly indicate increased ductility with
increasing Re additions from 22 to 28 percent. The W-30Re alloy actually exhibited
less ductility than the alloys containing 24, 26 and 28 Re. The data for this alloy,
however, given in Fig., 8. 24 was taken from an earlier Battelle study.

The authors28 concluded that the improved ductilitics in the 22 to 30 percent Re
alloys were associated with enhanced capacity for slip at low temperatures and low
critical stresses for twinning, which appeared to be a function of Re content alone.

Allen, et al, 13 studied the effect of oxide, carbide, and nitride additions on the
ductile-brittle bend transition temperature of both wrought and recrystallized powder-
metallurgy tungsten. Certain additions were found cffective in lowering the transition
temperature of the wrought material, The most effective of these are listed in
Tazble 8. 8. None of the other oxides studied, which included SiOy, MgO, 11O, Al2Og,
and UOy had any significant effect on the transition temperature of the wrought material.

Table 8.8
EFFECYT OF DISPERSOID ADDITIONS ON THE DUCTILE-BRITTLE BEND

TRANSITION TEMPERATURE OF VACUUM-SINTERED
WROUGHT TTUNGSTEN13

ADDITION (wt%) TRANSITION TEMPERATURE {°(C)

None (100 W) 230 N
1 ThO2 (Aqueous) 160

0.60 ZrO2 150, 170 (a)

0.56 TiN 160

0.75 ZrN 150

1.50 TaC 170

(a) Two determinations
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Temperature, C

FIG. 8.24

BEND DUCTILITIES OF RECRYSTALLIZED TUNGSTEN AND TUNGSTEN-
RHENIUM ALLOYS VERSUS TEFMPERATUREZ8

LOCKHEED AIRCRAFT CORPORATION

243

MISSILES and SPACE DIVISION



nr e T e

.

2-36-61-1

The effect of the dispersoid additions on the ductile-brittie bend transition tem-
perature of the recrystallized material is summarized in table 8. 9.

Table 8.9

EFFECT OF DISPERSOID ADDITIONS ON THE DUCTILE-BRITTLE BEND
TRANSITION TEMPERATURE OF VACUUM-SINTERED
RECRYSTALLIZED TUNGSTEN13

TRANSITIGN RECRYSTALLIZED
DDITT
ADDITION (Wth) | rEMPERATURE (°C) | GRAM SIZE (GRAINS/mm?)

None (100% W)’ 420 250 '
None (100% W)@ 375 650

1.0 ThOz (Aqueous) 350 400

0.6 Z10,, (0.01p) 280 500

0.6 Zr0,, (1.9) 420 400

1.0 HIO,, (L. 3) 430 400

1.7 TaN : 490 400

0.41 ALO, 650 1950

{(2) Hydrogen Sintercad

An interesting comparison of bend test data for W-0.60 ZrOg alloy and unalloyed
W is given in Fig. 8. 25 for material in the wrought condition and after two recrystalliza-
tion treatments. For all cases of identical wrought or recrystallization conditions
it is apparcnt thai the 0. 60 ZrOy addition lowered the transition temperature about 40°C.
The use of a higher recrystallization temperature resulted in a higher value for the
transition temperature for both the alloy and unalloyed tungsten. This observation was
suggested to be due to the larger resulting recrystallized grain size of the materials
recrystallized at higher temperatures.

The ductile-brittle tensile transition temperature of several tungsten alloys was
evaluated in the tungsten forging development program at TAPCO. Tensile transition
data for the ftungsten alloys containing 5, 11 and 15 percent Mo, and 0, 52 percent Cb,
all in the as-extruded condition are summarizedin Thable 8. 10.29 These transition data

are based upon both reduction-in-area and elongation values above and below the transi-
tion temperature.

244

LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION

o~

g e P

fovaed  bemd il

iwwesd  boeni  beered  beenai  bennd

1

iy

bt
e

Lot

e et

4 .



h oy - il
it e FEENRMEI
Wi

2-36-61-1

il i

S E

or—i
O’/
Wroughi (4
\ 75 Per Cent A
| Het-Cold Work AL
) ' ft 1
" /) .
- 1™~ Recrystollized

'

-{fg«_gﬂmw!iﬂmmmm
£
i 3

\

Legend

Sy == Unalloyed tunqstén
/| ~— W-.60Zr0,

O® Wrought
Recrystallized at
A4 1800 ¢ -

Recrystoilized ot
U® 2600 ¢ i

Open eymbols rapresent
prebending of 2571 ot 350 C
for wrought ond 600 C
recrystoilized materiol

] |
400 500 600

§ o !
5 @ ]
h _:_ ,
20 .
i ’-. \‘ ’
‘ :;z,’-’ , !

5

-

(=]

Tf
|
Nalte.
~lcyeq
‘al-‘

20

1

‘Brittte

100

‘Temperature, C

FIG. 8.25

BEND DUCTILE-BRITTLE TRANSITION BEHAVIOR OF VACUUM-SINTERED,
* WROUGHT, ANDRECRYSTALLIZED W-0.60 ZrO, (0.01 p PARTICLES),

COMPARED WITH SIMILARLY FABRICATED VACUUM-SINTERED
UNALLOYED TUNGSTEN 13

forss

LOCKHEED AIRCRAFT CORPORATION 245 MISSILES and SPACE DIVISION

VU PR R sier o



P e ) S A

IR,

2-36-61-1

Table 8. 10

DUCTILE-BRITTLE TENSILE TRANSITION TEMPERATURES FOR
AS-EXTRUDED TUNGSTEN ALLOYSATO.020 IN. /MIN CROSSHEAD SPEED??

EXTRUSION NO.| ALLOY TYPE TRANSITION TEMPERATURE (° F)

1 85W-15Mo Are 480
2 85W-15Mo Arc 500
3 85W-15Mo Arc 590
3 (rerun) 555 (Average)
5 85W-15Mo Arc 510
6 85W-15Mo Powder 450
7 85W-15Mo Powder 590
8 89W-11Mo Co-refined Fowder 300

10 95W-5Mo Arc 390

11 W-.52 Ch Arc 575

Additional data reported by TAP0026 on forged and stress relieved W~15Mo
alloy showed the forced and stress relieved material to have a lower transition tem-
perature than the as-extruded alloy by about 170°F.

Tensile transition data were reported by Atkimson19 on the W-2ThOg alloy. The
alloy cold-worked 80 percent and annealed one-half hour at 1500°C was reported to
have a ductile-brittle tensile transition temperature about equal to the recrystallized
base iungsten used in the study.

Creep Properiies of Tungsten

19

Stress~rupture data for unalleyed tungsten reported by Pugh,1 Atkinson " and

Green30 are summarized in Fig. 8.26 from refereuce 4.
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FIG. 8.26
CREEP STRESS VS. RUPTURE TIME FOR TUNGSTEN ROD. TESTED
IN INERT ATMOSPHERE4
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The lower temperature data at 1600, 1800, 2000, and 2200°F by Pugh were pre-

sented in detail in the original survey report. 1
a vacuum on tungsten rod material recrystallized one hour in hydrogen at 1590°C.

The creep tests reported by Atkinson ai 2200" F were conducied in a vacuum or

The tests by Pugh were conducted in

argon atmosphere on tungsten rcerystallized 0.5 hours ai 1500°C.

Green used commercial, powder-metallurgy, hot-swaged tungsten rod. The

test specimens with a 1/4 in.-diameter by 3/4-in. gage length were heated by radiation
from a cylindrical heater in a helium atmosphere.

More recent creep data reportied by Seli, et al. 20 were conducted on recrystal-
lized tungsten at an intermediate temperatures, 2700 and 3000°F, in vacuum.
The reported stress-ruptured results are given in Fig. 8. 27,
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CREEP STRESS VS RUPTURE TIME FOR RECRYSTALLIZED TUNGSTEN
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Creep Properties of Tungsten Alloys

Creep data on W-ThOq alloys tested in vacuum are given in Fig. 8.28, as
reported by Atkinson.19 At'2500° F the W-2ThO, alloy was found to be more creep
resistant in terms of rupture strength and in time to a 1 percent strain than either the
4 percent or 5 percent ThO2 alloys.
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FIG. 8.28
CREEP STRESS VS RUPTURE TIME FOR THORIATED TUNGSTEN BAR
ALLOYS(11) 4 AFTER 19

Creep properties for W-0. 38TaC alloy tested in vacuum at 2700°F are given in
Fig. 8.29 as reported by Sell, et al.20 The rupture life of this alloy at 2700°F was
roughly about seven times that for the W-ZThO2 alloy at the same stress level.

The stress-rupture properties of three as-extruded binary tungsten alloys, 5Mo,
15Mo, and 0. 52Cb, tested at 3000°F in vacuum are presented in Fig. 8.30 as reported
by Lake, et al.26 The W-0. 52Cb alloy had the highest stress-rupture strength of the
three alloys. This alloy also exhibited a flatter curve than the other two alloys, its
superiority thus increasing at the lower stresses and longer rupture times.
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Fabrication of ‘Tungsten

Ne attempt can be made in this compilation to discuss the developments and
current status of fabrication of tungsten and tungsten alloys. Appreciable strides
have been made during the past few years in the fabrication of tungsten, and complex

structural componenis are currently being manufactured for critical elevated tempera-
ture applications.

A number of reviews and surveys covering the consolidation and fabrication of
tungsten are available. These include a state-of-the-art survey by Maykuth, Barth,
and Ogden™ related to the tungsten sheet rolling al Universal-Cyclops Steel Covp. ;
a state-of-the-art survey? by the Materials Department of TAPCO related to their
tungsten forging development program, and an earlier review on the fabrication of
tungsten by Barth.31 Li presents a review in the 2nd edition of the Rure Metlais Hand-
book covering extraction, consolidation, fabrication, and applications of tungsten.

A number of government supported programs which deal with the fabrication of
tungsten and W alloys are currently in progress. These are listed below:

e "Tungstien Forging Devel 3pment Progl am' with TAPCO group, Thompson
Ramo Wooldridge Inc. 3 29, 2

e "Tungsten Sheet Rolling Program® with Universal-Cyclops Steel Corp. 4
e "Tungsten Shect Rolling Program” with Fansteel Metallurgical Corp. 33, 34

e ‘"Develupment of Tungsicii Sheet by Flo-turning' with Wah Chang Corporation

undetr Contract No. AF33(600)-43034. No reporis have as yel been issued on
this contract,

OXIDATION PROPERTIES

Oxidation of Tungstien

The oxidation behavior of tungsten was revicwed in detail in the original survey
report. 1 Although more recent investigations have been reported on the oxidation of
unalloyed tungsten, a detailed review would not add to the primary purpose of this

survey. The general oxidation behavior obscrved for W is given in the summary sece-
tion of this report.

,.
One study by Perkins and Crooksa" on unalloyed W is of particular interest, how-
ever, in that it extended to very high temperatures (3000° C) and showed a bechavior
pattern not previously demonstrated. Consideration of the possible oxidation behavior
of metals at low pressures led the authors to conclude that at some high temperaturc
the oxidation rate would actually decrease with incrensing temperatures. Their results

of oxidation tests in dry air at 15 mm Hg presented in Fig. 8. 31 confirm this conclusion.
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In Fig. 8.31a, the weight loss is secen to be linear with time and the rate was observed
to increase with increasing temperature from 1400 to 1830°C. However, oxidation
data from 1900 to 2960°C as presented in Fig. 8.31b show the reverse trend, and the
rate was aclually ohserved to decrease with increasing temperature in this temperature
range. Oxidation tests conducted at 1, 5 and 15 mm Hg air pressure are summarized
in Fig. 8.32. Indeed, under the given test conditions,the oxidation rate was found to
increase rapidly with temperature above about 1200°C, reach a maximum and then
decrease with increasing temperature. This behavior was attributed by the authors

to be due to the dissociation of W oxide, and that at about 1750°C at low oxygen pres-
sures the rate of dissociation becomes sufficient that the net rate of metal loss
decreases with increasing lemperature due to oxide dissociation., Results in flowing
air would, of course, be expected to differ from those reported here for static
conditions,

These results serve to point up the fact that the usc of tungsten or other metals
must be considered in terms of the actual operating environment, and that metals
which have very poor oxidation resistance in normal atmospheric conditions may
serve satisfactorily in very high temperature applications in high altitude or low pres-
sure environments.

Oxidation of Tungsten Afloys

A number of isolated results have been reported cn the oxidation of tungsten
alloys in connection with alloy screening studies19, 8, 23, However, no significant
improvements in oxidation resistance have been reported. In addition, most tesis
have been conducted in air around 2000° F, whereas anticipated applications for W
alloys is at 2500° F or above. Thus, even if alloying additions are found which cause
an appreciable improvement in oxidation resistance at 2000° F, they may be of no
vaiue at 2500° F or above,

Scmmellz studied the effect of binary additions of Cb, Co, Cr, Mo, Ta, Ti, and
V on the oxidation of tungsten, and found that Ch and Ta addltwns showed particular
promise. The results of detailed studies on W-Cb alloys by Semmel3% indicated that
tungsten alloys containing from 2.5 to 10 percent Cb exhibiied linear oxidation at
2000° F, whereas they cxhibited parabolic oxidation at 2300° ¥, apparently due to sin-
tering of the oxide at the higher temperatures. Alloys containing from 15 to 50 per-
cent Cb exhibited parabolic oxidation at both 2000 and 2300°F. However, at 2400° F the
oxide was found to evaporate. Oxidation data for W-Cb alloys at 2000 and 2300° F as
reported by Semmel are presented in Fig. 8.33. At 2000°F, alloys containing 2,5

percent Cb or more had a lower oxidation rate than W. However, at 2300° F, only

alloys containing 15 percent Cb or greater were found to have improved oxidation
resistance.
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THERMAL PROPERTIES

B

Results of investigations; of thermal conductivity of {ungsten were reviewed in
the original survey report. 1 More recently reported evaluations have not modified or

extended the earlier work, anc the reader is referred to the summary section of this
report for these data.

— ——

The eritical survey of the literature on therral expansion of tungsten published
by White in 1958 was reviewed and presented in the original survey report.1 The
thermal expansion vs. temperature curve based upon White's survey is presented in
the summary section of this report.
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Section 9
3 VANADIUM

INTRODUCTION

Vanadium first became of interest in France in 1896, when it was discovered
that armor plate could be improved with small additions of the metal. Because of
high production costs, the metal was relegated to alloy addition status until develop-
ment of a refined calcium reduction process in 1950 allowed production in larger quan-
tities. As a result of greater demand, improvements in the refining process, and

increased production, the price of as-reduced vanadium has dropped from about $1, 800
per lb. to between $30 and $50 per lb. since early 1950.

'ymm&ﬂﬂﬁﬂ%ﬂ‘“ﬁﬁﬂ?ﬂl&“‘mm i

Current interest in vanadium arises from certain attractive properties which
are listed below:

(1) Low density, 6.1 g/cc

(2) Corrosion resistancc similar to titanium and chromium

(3) Good resistance to reaction with liquid metals proposed for reactor use

(4) Low thermal neutron absorption cross-section (4. 98 barns per ator)

(5) Relatively high strength at intermediate temperatures in the range of
usefulness of stainless sieels or up to 500°C (930°F)

(6) Relative abundance, comparable to nickel and zinc

Limitations on the usefulness of vanadium are imposed by its melting point,
1800°C (3450°F), and the low melting point of its predominant oxide, V,05, 675°C
1250°F. The melting point of the metal is below that of the other refractory metals
discussed in this report with the exception of chromium. The oxide melts &t a temp-

erature below the oxides of vther refractory metals except rhenium, and is corrosive
to other metals at elevated temperatures.

The properties of unailoyed vanadium were reviewed in the SRI report1 , and
little information has been added in the report literature in thc last two years. This
section, therefore, will primarily report results of alloy studies, as well as of addi-

tional studies concerning unalloyed material which contribute to previously reported
data.

Dunn and Edl\mdz have reviewed the contemporary economic status of vanadium

production. The most recently accepted values of physical and mechanical properties
and the working of vanadium were also reviewed.

Early alloy development programs with vanadium as a base material involved the
effect of additions of A1, Cr, Fe, Mo, Ni, Si, Ti and Zr. Titanium additions above
2.5 percent were shown to provide better strength with retention of ductility than the

s
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other additions listed. Recent investigations have shown that ternary refractory metal
additions of Cb, Mo, Ta, and W to a V-Ti binary base material produce alloys with
attractive elevated temperature strength properties.

Studies at Armour Research Foundation 3, 4 have revealed alloys of vanadium
which extend the potential of the base malerial to the 2000°F range. The alloys pos-
sess good formability, strength on a density corrected basis equivalent to some Mo
alloys, and are weldable. Alloys have been developed which are competitive to Ti
alloys in the 1000°F range, are useful for fuel element cladding in the 1200—1470
range, and are atiractive for 2000°F service in applications requiring high-strength
low-weight materials in a nonoxidizing atmosphere or in which oxidation protectien
can be attained.

MECHANICAL PROPERTIES

The development of apparatus to yield larger quantities of iodide-refined vana-
dium, described by Loomis and Carlson 5 and Carlson and Owen, 6 has allowed
investigations of the hehavior of the metal and its alloys with higher purity. The pro-
cess virtually eliminates the N content, and the O and C contents are substantially
reduced. In Tablc 9.1, from the work of Loomis and Carlson, 9 it is seen that lower
interstitial content resulted from an experimental production of iodide-reduced mate-
rial than from the commercially accepted Ca- reduction method. The typical analysis
for iodide-reduced vanadium shown in Table 9.2 indicates that considerable improve-
ment in purity has resulted from recent refinement of the iodide reduction process.

LOCKHEED AIRCRAFT ZORPORATION

Table 9.1
ANALYSES OF THE TWO GRADES OF VANADIUM METAL5
Element Jodide Reduced Calcium Reduced
\% 99. 9+ 99. T+
C 0.024 0.08
N 0.005 0.02
O ~0,01 0. 02
H 0.001 0. 006
Cr <0.02 0.02
Fe <0.02 0.02
Si <0.02 0. 02
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Table 9-2
TYPICAL ANALYSIS OF IODIDE-REFINED VANADIUM* 6
Flement Wt % Flement Wi%
Ca <0.002 Mg <0.002
C 0.015 Ni 0.002
Cr 0.007 N <. 0005
Cu 0.007 0O 0.004
H 0.004. Si <0.005
Fe 0.015 Ti <0.092

*Not detccted: Al, Ag, As, Au, B, Be, Bi, Cd, Ge,
Hf, Hg, Mn, Mo, Na, Cb, P, Pb, Pt, Sb, 8Sn, Ta,.
Te, T1, W, Zn, Zr.

According to the investigators, 5 the Fe and Cr impurity contents are the highest
of the metallic impurities and result from the reaction between iodine and the reaction
chamber material, Inconel. The final material is reported to be 99. 95 percent vana-
dium, which is considerably better than that obtained from other commercially feasible
production methods, e.g., alumino-thermic reduction of V5,05 or Mg reduction of
VCl3. Upto 4poundshave been made in a single baich; however, cost estimates of
scaled-up production by the iodide process have not been reported.

Tensile Properties of Vanadium

Several physical and mechanical properties of iodide vanadium at room tempera-
ture are given in Table 9.3, from Carlson and Owen 5. No mechanical or thermal

Table 9.3
SOME PROPERTIES OF IODIDE REDUCED VANADIUM6
Property Value
Melting point . | 1890° =+ 10°
Lattice constant 3.028A % 0.001
Yield point 117,000
ultimate tensile strength 26,500 psi
Reduction in area 99 percent
Hardness 57 DPH (16 R..)
Resistivily 20°C 25.5 u ohm-¢
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treatment of the test specimens were given in the report. The values of yield and
ultimate tensile strengths are in fair agreement with the values previously reported

for iodide vanadium of 16,700 psi yield strength (0. 2 percent offset) and 31, 600 psi
ultimate tensile strength. The reported hardness, 57 DPH, is considerably below
average values for Ca-reduced material, 135 VAN. Room temperature modulus values
for this high-purity material will be most interesting since previously reported values
varied from 17 to 22.5 * 108 psi for material of several purily levels and methods of
measurement. Comparison between the room temperature tensile properties of iodide-
and Ca-reduced vanadium for material described in Table 9.1 is given below from
Loomis and Carlson.

Yield Ultimate Reduc-
Strength Tensile Elonga- tion Grain
0.2 Percent Strength tion in Area, Hardness Size

Midterial  Offset, (psi) _(psi).__  {Percent) (Percent) ®,) (mm)
Indids V
Vanadium 13,200 28,700 38.3 95.0 21 0.20
Ca-Reduced
Vanadium 23,000 37,600 33.7 36.7 38 0.04

The iodide vanadium specimens were produced by arc-melting deposited crystals
to 3/4 in. diameter rod, followed by a 65 percent reduction by cold swaging to 7/16 in.
diameter rod, and annealing at 1100°C for 48 hours. The Ca-reduced vanadium
specimens were produced by arc-melting, 45 percent cold rolling, and recrystallizing
at 900°C for 5 hours. Doth recrystallization treatments were conducted in vacuo and
resulted in 0.20 and 0. 04 mm grain sizes for lodide and Ca-reduced matcrials, res-
pectively. The specimen size, 0.25 in. diameter X 1 in. gage long, was the same
for each material, and all specimens were surface ground and hand polished before

testing. - Load and elongation values were recorded autographically using a sirain rate
of 1074 gec-1.

The annealing treatment given the iodide material resulted in large equiaxed
grains with no sacrifice in duclility. The microstructure of the Ca-reduced material
evidenced considerable impurity compared to the iodide material. The increased
strength and decreased ductility exhibited by the Ca-reduced material was apparently
a result of the higher impurity content.

Tensile Properties of Vanadium at Elevatecd Temperatures

The modulus of elasticily for vanadium is presented in Fig. 9. 1 as a function
of test temperature, as reported in three investigations °* 8,9 using dynamic measurc--
ments. Chemical analyses of the test materials are given in Table 9.4. The inter-
stitial content of the two V materials used vy Hill and Wilcox? was very similar, but
analyses for metallic impurity were not reported. The structures of the two materials
were disgimilar; the calcium-reduccd material was as-wrought, whereas the alumino-
thermic specimens were recrystallized with no grain size specified. The modulus
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decreased approximately 0.007 percent per °F (0.013 percent per °C), a behavior
similar to other refractory metals. The agreement belween modulus values of the
two materials at all temperatures indicates little affect of impurity and structure on
the modulus of vanadium as determined dynamically using a longitudinal vibration

techniques.

Table 9.4
CHEMICAL ANALYSES OF VANADIUM USED FOR MODULUS DETERMINATIONS

[

Pn‘ﬂ-

ponsy

!, ,m..g,'

‘.ﬂt». a8

REDUCTION IMPURITY ANALYSIS INVESTIGATOR
METHOD (wt, percent)
O N C H Fe Si

Alumino-Thermic 0.035 ] 0.0058 | 0.025 | 0.0023 Hill & Wilcox7
Ca-Reduced 0.086 | 0.056 | 0.05 | 0.0032 Hill & Wilcox
Not Specified - = ==--~-99.7% Vanadium - -{- - - |- - - | Hren, Wayman

& Read

Ca-Reduced 0.140 | 0.005 0.012 } 0.0002 | 0.130]0.027 leesey

| S

Lrend

Hren, et al. ,8 measured the modulus from -170° to 20°C (-274° to 70°F) of
99.7 percent pure as-annealed vanadium in aun investigation concerning a proposed
low temperature allotropy of vanadium. The method of measurement was similar to
that of Hill and Wilcox. The decrease of modulus with increasing temperature was
slightly greater and the absolute value {from extrapolation {o 70°C was approximately
20 X 109 psi, about 1.4 X 106 psi ( ~7.5 percent) above the vaiues presented by
Hill &Wilcox. ’ Livesey? obtained a slope similar to that of Hren, et al., with a
room temperature value slightly helow that reported by Hill and Wilcox. The last
results were also calculated from resonant frequency measurements but the rectan-
gular bar specimen was vibrated in 2 free~free mode.

The effect of temperature on the tensile properties of vanadium has recently
been reviewed by Wessel, et al 10 Comparison between materials of low purity
as reported easlier by Pugh, 1 , 12 and Ca-reduced and iodide refined materials
recently tested by Cloughld and Loomis and Carlson®, is given in Fig. 9.2. The
test materials are identified in Table 9.5. Unfortunately, the rccent tests were not
conducted at high enough temperatures to observe or confirm the strain ageing effect
reported by Pugh at 400°C. However, the decrease of strength and increase of duc-
tility .at low temperatures with improved purity is striking. The work of I.oomis and
CarlsonS is presented separately in Fig. 9.3 to compare in more detail the differ-
ence between the effect of temperature on the strength properties of two grades of
vanadium. The shift in ductile-brittle transition temperature from -110°C for iodide
material to approximately -70°C for the Ca-reduced material, and the more rapid
increase in yield strength with decreasing temperature for the Ca-reduced material
demonstrates the effect of purity on these properties. The rise in ductility with

266
LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION

| S

"ok



i - 2~36-61-1
TEMPERATURE (°F )
- -] 300 1000 1800 2000 2800
: § 180 Y r l ™1 A
j § SYMIOL | MATEIAL [INVESTIGATOR | RATE | "SiZ | 5128 fatmcsene
- {mon=t: it {in)
120 Qe | CA-RED H, 12 vor om 0.0 | Veowm H
\ - | ca-aen " 000 | 013 | 000 Veows
3 L =G~ | CA-2ED 1”3 0.0 jo.1-0.2 o
a e | todine-2£0) ) 0.006 | 0.20 |0.2%| -
2 L =t | CA-RED s 2.008 { 0.04 | y.zom| -—
E \Y Grode
3 A _
> & il S
g | b ~da.
& R | -6~
N 0 1 1 i l L e ) ey |
Q
! - 160 Y T T T T T
z
: g Ll
: I 2 120
‘ E a0
I | 0N -1
v ~
3 2 -——gn--" & N
~ S 1 A
=
40 x
u 'y
<
g .
"P’ <= -
] 5 o JP‘“'J =1o=
o+ 3 0 1 L L. i 1 i I i
T T T ~T
ot 60
z
]
-~ 40} <
z 7 “r Jo. o
=3 4 7
=t / / \
z / P Y B
3 20 ] 7 7,4 o7
w - - - Ny
1 ° l
100 T T T T T
huanns o
|-
i < el
B ; p
P ]
& 3 r/
¥ Vil
o « A
b
< - Y 9
z
g
a
i ]
” £ 20
; J
I 0‘4 i L L L J L I i
- -200 Q 200 400 600 400 500 1200 1400

TEST TEMPERATURE (*C}

r,;-.}w_ e,

FIG. 9.2

TENSILE PROPERTIES OF RECRYSTALLIZED VANADIUM VS TEST TEMPERATURE

267

LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION

%, i

B VR wwe



2-36-61-1

Table 9.5
IDENTIFICATION OF TENSILE TEST MATERIAL FOR
DATA PRESENTED IN FIGS. 9.2 AND 9.3
peATERIAL, e porcent) | mevesTioaToR
§ o @) 0 T
g Iodide Reduced, Recry- 5
-f stallized 0.024 | 0.010( 0.005 | 0.001 Loomis and Carlson
: Ca-Reduced, Recrystal- 5
. lized 0.08 9,02 0.02 0.006 Loomis and Carlson
l Ca-Reduced
Jl Recrystallized 1 hr. at 1. 12
' 1,000°C 0.09 0.057 ] 0.070 ] 0.004 Pugh™™’
Ca-Reduced 13
Recrystallized ai 800°C 0.047 1 0.070 | 0.052 | 0.0043 | Clough and Pavlovic
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i KIG. 9.3
TENSILE PRCPERTIES OF I0ODIDE AND CALCICM REDUCED
RECRYSTALLIZED VANADIUM VS TEST TEMPERATURE®
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decreasing temperature below -130°C was unexplained, but the observed ductility in-
crease was confirmed by a reported change in mode of fracture to a shear type. The
stress-strain curves shown in Fig. 9.4 algo show the change in fracture behavior

from -120° and -140°C to -150°C and below where considerable strain occurred after

G  aae e e

yielding.

£

= T T T T T T T T T T T T T T T T T T T T T T T T T T T T
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FIG. 9.4
STRESS-STRAIN CURVES FOR IODIDE VANADIUM ¥ROM 20 TO -180°C5

Ductile-Brittle Behavior

AN T

e ductile-brittle transition temperature was determined by Loomis and
Carlson” for the two materials discussed above. Tensile tests were used in the case
of the iodide material, whereas in the case of the Ca-reduced material both bend tests
and tension tests were used. The iodide material remained ductile down to -119°C
£10°C. Typical bend {est data are plotted in Fig. 9.5 which shows the sudden drop in
ductility between -60°C and -70°C exhibited by the Ca~reduced V. The maximum
deflection of the test apparatus was 0. 150 in.

T W e
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FIG. 9.5
BEND DUCTILITY FOR CALCIUM-REDUCED VANADIUM FROM -160 TO 25°C5

vhe effect of controiled interstitial additions on the ductile-brittle behavior of
Ca-reduced V as reported by Loomis and Carlson5 is shown graphically in Fig. 9.6.
The minimum value for each curve is the trangition temperature of the iodide material
and the next highest are values for the Ca-reduced materials as produced with no
intentional additions. The hydrogen curve is shown dotted above room temperature
as the determinations werc made by hand bending, or Ifrom data of another source.
Small additions of H increased the transition temperature more than the other elements,
and C additions had the least effect. The curves are presented to indicate a general
trend rather than to present absolute values as a combination of elements may be more
or less effective in altering the transition temperature.
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FIG. 0.6

BEND TRANSITION TEMPERATURE AS AFFECTED
BY NONMETALLIC ADDITIONS TO VANADIUM®

Eustice and Carlson 14 observed a large effect of hydrogen on the embrittlement
of V-Cb alloys although the effect decreased with Cb content above 50 percent.

Clough and Pavlovic 13 observed a ductile-brittle impact transition temperature

of approximately 130°C using v-notch impact specimens of recrystallized Ca~-reduced
material with higher O, (0.48) and N, (0.047) iow lower C, (0.045) and H, (0.0028)
content than that of Loomis and Carlson. Their results are shown in Fig. 9.7. Im-
pact values above 130°C were above 200 ft-1b, whereas below 130°C the fractures were
completely brittle cleavage type and the absorbed energy was 16 to 18 ft-lb. Tensile
tests on the same material, hot worked and recrystallized at 800°C showed ductile
tensile failures at -78°C indicating the combined sensitivity to notches and strain rate
shown by the impact tests. The tensile transition temperature reported by Loomis
and Carlson® of -65 :10°C was apparently higher than that indicated by Clough and
Pavlovic as a result of different working and recrystallization heat treatment.
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CHARPY V-NOTCH/TMPACT STRENGTH VS TEST TEMPERATURE
FOR RECRYSTALLIZED VANADIUM13

Tensile transition lemperatures werce determined for a series of binary alloys by
Loomis and Carlson® and their resulis are shown in Fig, 9.8. Small additions of Cr,
Mo, Ta, and 'Ti arc shown {o produce anomalous maxima and minima in the transition
temperature curves. ‘Titanium additions ahove 2.0 percent lowered the transition
temperaturce below that of the base material and the authors 5 reported that micro-
structures of fractured specimens indicated increased solubilily of interstitial impuri-
ties in the presence of Ti. Small additions of Zr and Th increased the transition
temperature only slightly, whereas 4.0 percent Zr increased the minimum tempera-
ture for ductility about 375°C. Rostoker 15 has reported that small additions of Ti and
Zr embrittled vanadium,but that additions of 5 percent Ti or 1 percent Zr improved
ductility. ITowever, Zr additions of 3 percent or more produced hot shortness.

Alloy additions of Y and rare-earth metals were also shown to improve the duc~
tility of V by Lundin and Klodt. 16 The amount of cold reduction possible before
cracking was used to measure ductilily, and hardness measurements were used to
evaluate the impurity scavenging effect; but no mechanical properties were reported.
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TENSILE TRANSITION TEMPERATURE AS AFFECTED
BY METALLIC ADDITIONS TO VANADIUM®

Recrystallization Behavior

Dunn and Edlundz (after Seybolt) reported the recrystallization temperature for
vanadium to be between 700 —800°C (1292°—1472°F) for 70-percent, cold-rolled sheet.
Reports were not found in recent literaturc concerning the effect of cold or hot work
processes or impurity content on the recrystallization behavior of vanadium.

Tensile Properties of Vanadium Alloys

‘The modulus of elasticity of binary V-Ti alloys from room temperature to
1300°F is shown in Fig. 9.9 as determined by Hill and Wilcox! using a dynamic tech-
nigue. The values for two grades of vanadium were discussed in a previous section
and the values for two grades of Ti, iodide and Ti-75A, also shown in Fig. 9.9, were
included for comparison with the alloys. The authors ascribed the difference in the
behavior of the two grades to composition variations between the two materials des-
cribed in Table 9. 6. The authors! did not specify which type of Ti was used in pre-

paring the alloys.
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& Tabie 9.6 .
CHEMICAL ANALYSES OF MATERIAL USED FOR MODULUS EVALUATIONS '
aamin meruRrT A
- o) N G H Fe
. Aluminothermic 0.035 0.0058 | 0.025 | 0.0023 -
B Vanadium - 0.035 0.0058 0.025 | 0.0023
% B l Calcil‘x'm-—reduced
= Vanadium - 0.086 0.056 0.05 0.0032 -
= ' V-8Ti 8. 44 0.033 0.0028 | 0.04 0.0022 -
,—j V-17Ti 16. 85 0. 044 0.0043 0.04 0.0051 -
- V-25Ti 0. 050 0.0036 | 0.04 0.0064 -
:; V-327Ti 32.02 0. 047 0.0034 0.03 0.00865 -
;g V-48Ti 48,23 0.037 0.0032 0.03 0.0073 -
. Iodide Ti* 0.01 0.005 0.03 0.009 |0.02
Ti T5A 0.19 0.032 0.04 | 0.0321 0. 12

* Chemical analysis not available -- values reported are considered typical.

At room temperature, the modulus va..1e was found to decrease in a uniform
manner with increasing Ti solute additions. In addition, the increase of the room
temperature value with increasing temperature for each hinary alloy followed approxi-
mately the same slope as the curve for unalloyed vanadium even though the unalloyed
Ti modulus exhibits a stronger temperature dependency. All alloy specimens were in
the recrystallized condition.

s wmitld SN NN an

Investigators cor.cerned with vanadium alloy development initially concentrated
on the production and property determination of systems with A1, Cb, Co, Cr, Fe,
Mn, Mo, Ni, Si, Ti, and Zr additions. Binary alloys containing Ti proved most duc-
tile over a wide composition range and led to a study of ternary and more complex
additions to the V-Ti base. Additions of Cr, Al, and Si were shown to be potent
strengtheners, but ductility and fabricability were lower than desired.

P -
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Recent work by Rajala, et al., 3, 4 with vanadium base material of higher
purity has been directed toward alloys with major additions of the refractory metals
Cb, Mo, Ta, and W to the V-Ti base material. Titanium additions of 2.5 percent
or more were shown to improve room temperature ductility and fabricability; however,
vanadium alloys made with higher purity vanadium did not require large additions of
Ti for ductility, and reduction of Ti content to 5.0 percent increased the strength
properties of V-Cb and V-Ta alloys at 1300°F. Tensile properties of alloys produced
during the first year of this study at Armour3d are summarized in Tahle 9.7, The
alloys were prepared from materials of 99. 8 percent purity or better by non-consumable
arc melting in the form of 200-gram pancake ingots. The as-cast structures were
altered first by hot press forging and warm rolling in a proteclive sheath al 2460°F—
2515°F. Subsequent work, warm and cold rolling, was performed on un-canncd sheet
bar to produce 0.050-in. thick sheet. Some complex alloys were hot worked bare
at higher temperatures because of the need for working temperatures above the melt-
ing point of practical canning materials. Contamination during exposure for shori heat-
ing times was not deleterious judging from micro-hardness examination.

Shcet tensile and stress rupture specimens were 2-1/4 in. long with a gage sec-
tion 1/4 in. wide X 3/4 in. long. Creep specimens wcre 4-3/4 in. long with 1/4 X 1.4in.
gage section. Results shown in Table 9.7 are from gpecimens annealed at 1830°F in
30 min. which completely recrystallized the single phase alloys, but only partially re-
crysiallized alluys containing precipitates of a second phase. Continuous solid solu-~
tion alloys were reported for {the ternary additions of Ch, Mo and W to the V-Ti base
but some precipitation was observed in V-50 Ta alloys after lcnsile tests at 1, 800°F
which evidenced brittleness. In cvery casc, a ternary addition to a binary alloy or an
increase in the ternary addition incrcascd the tensile strength.

The tensile properties of the more attractive alloys are compared with the
strength of some commercial super-alloys in Fig. 9. 10 on the basis of ultimate ten-
sile strength to density ratio. Stainless steels and Ti alloys are observed to lose
strength rapidly above 1000°)*. The V-50 Cb, and V-5Ti-20Ch alloys were superior
to the super alloys shown above abouil 1500°F to 2000°F.

Work during the second year of the Armour alloy development prog;).’am4 empha-
sized optimizing the properties of the more attractive alloys developed during the
first year. As columbium had been shown to be the most potent strengthener studied,
modifications of the V-Ch system were studied intently. Alloys investigated are listed
in Table 9. 8 along with data related to fabricability. Optimum composition limits for
Ti and Cb additions for maximum strength at 1800°F were determined to he 5 Ti and
20 Cb as indicated in Fig. 9.11 and 9.12. Substitution of Hf and Zr for the Ti com-
ponent resulted in no increase in strength or recrystallization temperature. Quar-
ternary additions of Mo, 8i, Y, C, and B in small amounts increased the metal®o~
graphically observed recrystallization temperature as shown in Table 9.9. The
ultimale {ensile strength at elevated temperature of the best vandium alloy developed
to date is compared with commercially available Mo and Cb alloys in Fig. 9.13. On
a strength-to-density basis, the V-5Ti-20 Cb alloy appears to be superior up to
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Table 9. 7
! TENSILE PROPERTIES OF VANADIUM SHEET ALLOYS
(Annealed 0.50 hr at 1830F (1000°C), Water Quenched)
1200P 1300F
’ ALLOY ADDITION RIOOM TEMPERATURE {1 50C) {2oc)
(Wt percent) Ultimate Unimate Ultimate
Tensile Yield Tonatle Yield Tensile Yiekd
Btrength Streagih Elong. Strength Strength Eloug. Birength Strength Elong.
bl | ce ] to | L | w tpet) tpal) parcent) 1) tpat) {porcent) tpel) ) {poroent)
Raghingl B
l Unalloyed
58,000 50, 000 16 30, nOA{AY 21, 000(f)
5 T0.500 54, 000 7
10 73,500 &= san 2 46,700 34,800 3 35,800 34,000 3
= l 20 88,900 17 800 28 27,00 34,500 P
% 12 78,900 74,000 13 39.100 37,300 17.%00 16,000 51
i 10 78.3C0 72,600 9 3,500 34,900 13 18,100 15,200 *
. 20 | 103,000 102, 000 0 71,300 2, €00 11 28,700 23,500 0
N 10 92,190 85,000 i1 7,800 51,700 3,800 33,900 T
i 20 107, 000 105,500 I 81,700 61,200 13 55,100 41,500 1
N 50 168,000 163,500 2 151,500 130, 300 3 85, %00 15,400 5
- 50 | @ 218,000 - 0 168, 200 148,200 7
v 167,000 147,000 16 107,100 97,000 g
; 10 35, 390 35.500 1 53 500 42,200 10
] 20 103. 000 83,000 8 65,000 57. 000
N so | @ | 6,000 160,000 4 154,500 143,000 7 42,100
s 5 71,800 55,500 26 54,800 12,800 32,900 9, 600 18
10 v 89,700 82,700 22 68,500 47,000 34. 600 32,400 )
' 10 10 81,200 79.400 1@ 82.800 56.100 n 39,100 34,500 9
20 5 100,000 91,900 19 9,500 83, 400 42,800 38,100 2
20 10 114, 000 104,500 23 90.800 67,800 17 43,500 38.9%0 4
‘ ) 2 a3 nan sn, 200 : 44, 300 3u.a0u 3
’ 27,202 Pl 25 55,300 41,600 36. 500 32,160 1
i 5 87,800 12,500 2 0,600 46,400 47,800 44,600 12
; A 5 | 20 106,200 97,700 19 86,800 68.200 59,500 63,000 10®
. | s 81,200 70,406 27 67,500 50,000 49,700 35,000 )
1o [ 10 94,400 1,500 2 71 900 60,700 52,700 48,500 &
' 10 | 20 111, 200 102,000 23 94,000 67,700 16 54. 000 51,400 18
$ 20 | 10 110,000 49,700 0 48,300 74,300 I 43,200 40.300 54
20 | 20 ) 113,500 108 G0 21 500 | 78 sne 12 44,200 41,300 56
r 5 |20 | @ 136.000 122,300 21 131,600 92. 404 3™ 37,200 34,200 14
s (20 | (0 187,000 175,200 3 147,500 116.200 6 45,900 36.800 18
5 | 20 111,000 106,000 14 90,000 71.900 12 46,100 37,800 18
5 | 40 129, 00 112,700 20 97,900 84,200 7
5 5 69. 600 51 500 29 52,700 39,103 41,700 38,4900 17
5 10 85,000 69,800 23 67,600 14,700 49, 300 41,500 12
5 20 105,500 43,200 25 79.400 61.700 55, 300 %7.600 8
i) 5 1,560 76,900 7 55,700 5,300 31,260 36300 18
10 10 59,300 15,900 22 71.500 53,900 49,300 .200 25
10 20 110,000 106,000 1 90,700 ©2.300 13 47,000 42,700 18
20 20 | 107,500 18 95,700 74,500 13 41, voy 3,700 85
z 5 5 57,040 23 58,500 35,800 28.500 24,800 7™
5 10 76,500 21 74,300 51,200 1 39, 300 36,600 121
. 10 5 68, 200 23 76,230 48.200 37,800 33,190 H
10 10| ay.300 73,400 22 86,100 57,300 7 41,300 36,300 9
10 20 | 107,500 101,800 18 94,800 63,500 15 46,600 41,400 1
) 10 | 111,600 306,000 25 04,000 2,506 i 43, 500 38,500 80
. 20 20 | 112,000 105,200 21 108, 000 22,000 12 48,400 41,600 52
2000F (1090C) Terwile
i 58 49,700 12
: 20 35, 400 32,100 [
50 41,200 37,400 5
l a - Broke near gage mark.
b — As roled.
© — Brittle fracture, broke during clastic foadinz.
4 One pereert 85 added, annasled 2010F (1100C) 1,2 hi. waler quenched,
& — (e percent Bi added, aged 100 hours et 1200 T
‘ { - Interpolated from plotisd data.
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Tahle 9. 8§

SUMMARY OF FABRICATION DATA ON SELECTED VANADIUM ALLOYS4=

BARE ALLOY ALLOY ADDITION WORKING PROCESS‘ BASE ALLOY ALLOY ADDITION WORKING P!'.C'CE.
. i Ti l Zr le I Other Ti rzr I Ht ! Other
= i Solid Solution
-3 .
= V-20CH 0.25¢ R V-30Cb ~1-1- - HR-F
é 1 CR 5 HR
i 2 CR 13 HR
¥ 4 CR 5 3.5 Mo HA
1 HR 5 Mn HR
2.3 HR V-40Ch - - - - HR
5 CR 2 CR
t.5 HR 4 cr
0.5 CR 2.5 HR
Lo CR
. 2.0 HR V-50Lh - |- 1~ - cR
i 5 HR-F 5 cR
5 0.25Y CR V-60Cb - - - - CR
- 5 0.5 HR & CR
1) 5 5 G HR-T - - |- - CR
l 10 5 Cr HR-F¥ V-70Ch 5 CR
V-75Ch [+113
3 Age-flardencd
t V-2.35Ti v, 23 e V-10Ch 20 0.2D¢ unR-r
0. 5Be MR L.F 20 6. 58t un
V-10Ti 0.2Bc¢ L1133 20 1.051 HR
0. SRe HR~F V-20Ch o 0.2Be HR
l 5 0. 581 HR
| 5 1.65i s
Dispersion-Hardened
& V.20Ch 2 0. 03C HR v-20Ch 5 0.500 7 HR-T
1 2 v. 07C 4R 0.05C HR
2 0. 10C HR 2 0.10C HR
3 . 10C HR 2 0.5GC HR-F
. 5 0.25C HR |
N
i Solid Solution (10 1b ingots)
V-20Ch ® o - 5 0.5¢" c
sd c - 5 1 on ) ¢
] a. HH - Hot worked at 2400°F, CR ~ Cold Rnlled to sheet, F — Falled to fabricate
- b. Vecuum lrductivn melted
. Ups=et preas-forged at 2400°F
: l d. Cconaumable-clozivilc ove melted
i
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EFFECT OF TITANIUM ADDITIONS ON THE ULTIMATE
TENSILE STRENGTH OF VANADIUM ALLOYS AT 1000° F4
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FIG. 9.12

EFFECT OF COLUMBIUM ADDITIONS ON THE ULTIMATE TENSILE STRENGTH
OF VANADIUM AND THE V-5 Ti ALLOY AT 2000° F 4
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2000°F and competitive with the Mo and Cb alloys up to 2200°), especially in view

of the satisfactory fabircabilily and weldability of the vanadium alloy. It also should

be noted that the V alloys were in the recrystallized condition, whereas the Cb and
Mo alloys were all in the worked and stress-relieved condition. The alloy exhibited

no degradation of room temperature ductility or sirength when TIG welded, has over

19 percent room temperature elongation, and can be rolled at room temperature to

95 percent reduction in thickness. Preliminary age-hardening and dispersion strength-
ening have not produced improvement in short-time tensile strength of the V-5Ti-20 Cb
alloy at 2000°F but additional siudies are being conducted because of the apparent
improvement in creep properties as discussed in the next section.

Table 9.9
RECRYSTALLIZATION TEMPERATURE OF VANADIUM ALLOYS4

ALLOY RE(RYSTALLIZATION TEMP*

i (w/v) (°F)
j \' ' 1525
V-20Ch 1800

V-50Ch 1800
V-2Hf-20Ch 1800
V-5Ti-20Cb 1800
V-5Ti-40Cb 2000
V-5Ti-20Cb-2. 5Mo 2000
V-5'1'i-20Cb-(0.5, 1.0)si 2000
V-5Ti-20Cb-0. 25Y 2000
V-27r-20Cb-0. 1C 2200
V-5Ti-20Cb-0. 25C 2200
V-5Ti-20Cb-0. 1B 2400

*Minimum temperature at which 100 percent recrystallized micro-
structure was observed after 30 min using only the temperatures shown,

1800°, 2000°, 2200°, and 2400°F, for the alloy studies.

~60 percent either warm or cold depending upon alley.
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Creep and Stress Rupture Properties of Vanadium Alloys

The short-time rupture strength of two vanadium alloys at 2000°F is compared
with commercial Mo and Ch alloys in Fig. 9.14 as presented by Rajala, et al. 3 The
vanadium alloys were tested in the recrystallized state and show superiority over the
recrystallized Mo and Cb alloys on a strength to density basis. The reverse is true,
however, if the recrystallized vanadium alloys are compared with the Mo and Ch
alloys in the stress rclicved condition. The annealing treatment, 1828°F for 30 min,
given the vanadium alloys showed complete recrystallization of the cold-worked struc-
ture by metallographic analysis. The strengihening effect of defoi iation on vanadium
alloys has not been reported.

The effect of 0.25 percent C additions on the stress-rupture strength of the basic
V-5Ti-20Cb ailoy at 2, 000°F /is shown in Fig. 9. 15 and also summarized in Table 9. 10.
as reported by Rajala, et al.™ The short time (1 hour) rupture strength of the basic
alloy of 32,000 psi, is better than that for the carbon modification of 19, 000 psi; how-
ever, the basic alloy failed in 17 hours at 2,500 psi compared to a 100-hour rupture
strength of 6,000 psi for the 0.25 C modification. On # density corrected basis the
100 hour ruplure strength of the V-5Ti-20Ch-0.25 C alloy, 26,300 psi per unit density,
is about equal to that for D 31, a comunerciully developed columbium alloy, which
has a densily corrected strength vaiue of 28, 300 psi per unit density.

Additions of Y and B at levels which allowed fabricabilily resulted in short time
2, 000°F rupture strengths similar to the C modification, as shown in Table 9. 10.
Longer time stress-rupture data for these alloys have not been reported.

Creep resistance of age-hardened V-5Ti-20Ch-Si alloys was investigated4 and
compared with 2 commercial high-strength alloy at 1, 200°F, below the melting point
of Vy05 (1,250°F). Te date, however, this phuse of the study has not produced any
outgtanding properties at 1200°F . Work is continuing on this program and additional
data should be available by the end of the third year of thc program, December 1961.
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' STRESS—DENSITY V8 RUPTURE TIME FOR SELECTED VANADIUM,
COLUMBIUM, AND MOLYBDENUM ALLOYS AT 2000°F IN HELIUM
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Table 9.10

STRESS RUPTURE DATA OF VANADIUM ALLOYS AT 2000°F IN HELIUM 4

ALLOY ADDITION TO
V’f&fﬁe‘r’z’:ﬁ‘t’;" 1';6;;:?\‘;*;[‘;5? STRESS TIME ELONG.,
F) (pet) (hr) (percent)
Element

" | ZR | Ht | Other
5 2,000-WQ 46,000 0. 0376 14
40,000 0.075 18
30,000 1.5 22
20, 000 2.1 16
8otu 4.1 20
2500 17.8 45
5 0.25Y 2,400-WQ 20, 000 1.4 22
5 ¢. 1B As cold rolled 20,000 1.1 '44
2, 80U~FQ-1 hr-2, 000 20,000 1.4 22
2 0.05C 2,800-FQ-1 hr-2, 000 20,000 1.4 22
2 | o.1C 2,800-FQ-1 hr-2,000 10,000 4.1 95
0.03C 2,800-FQ-1 hr-2, 000 10, 000 2.1 80
5 0.25C 2,800-FQ-1 hr-2, 000 20,000 1.3 -
2,800-FQ-1 hr-2, 000 10.900 40.7 56
2,800-FQ-1 hr-2. 000 8000 21.7 64
2,800-FQ-1 hr-2, 000 6000 105.7 70
2 0.1C 2,800-FQ-1 hr-2, 000 20, 000 0.2 19
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FIG. 9.15

EFFECT OF CARBON ADDITION ON THE STRESS VS RUPTURE TIME
FOR V-5T1-20Ch ALLOY AT 2000° F*

OXIDATION PROPERTIES

QOxidation Properties of Vanadium Alloys

The oxidation rate of the basic V-5Ti-20Cb alloy as determined by Rajala, et al. 4

is shown in Table 9-11. The oxidation resistance is not acceptable for service at the
temperatures shown in the table, and coating studies have been initiated. Preliminary
studies have shown promise. and work is continuing in an effort to develop coatings
which will allow use of the sirength properties of these fabricable alloys in ordinary
atmospheres.
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Table 9.11
OXIDATION DATA FOR V-5Ti-20Cb ALLOY *
DEPTH
DEPTH OF
OF CONTAMINATION TOTAL
TEMP | EXPOSURE SCALE HARDENING* OXIDATION
(°F) (MIN. ) (Mils/side) (Mils/side) (Mils/side)
1,800 15 7.5 2.0 9.5
30 16. ¢ 12.0 28.0
60 22.0 26.0 48.0
1,900 15 2.9 4.0 12
30 20 12 32
60 24.0 28.0 52.0
2,000 15 13.5 4.0 17.5
30 26.5 14.0 40.5
60 30 32.0 60 0

*Depih to which hardness exceeds 260 VHN

THERMAL PROPERTIES

No additional data on the thermal properties of vansdium or its alloys have
been reported in the last two years. The thermal conductiviizy and thermal expansion
of vanadium are prescntad in Figs. 2. 18 anc 2. 19, respectively, in the summary section
of this report.
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