Titanium Binary Alloys

by C. M. Craighead, O. W. Simmons, and L. W. Eastwood

Binary alloys of titanium with silver, lead, tin, nickel, copper, beryllium, boron,
silicon, chromium, molybdenum, manganese, vanadium, iron, and cobalt were studied.
One-half-pound ingots of the alloys were prepared in an arc furnace, employing a
water-cooled copper crucible, an argon atmosphere, and a water-cooled tungsten
electrode. The half-pound ingots were fabricated by forging at 1700°F in air to
1/4-in. slab, followed by hot rolling at 1450°F to 0.060-in. sheet. Tensile proper-
ties, minimum bend radii, hardnesses, response to heat treatment and aging treat-

ment, and phase relationships were determined for these alloys.

ARLY in 1947, as one phase of the evaluation of

materials for Air Force Project RAND, Battelle
successfully arc melted Bureau of Mines titanium
and obtained a few basic properties of unalloyed
titanium and several titanium-base alloys. The low
density, excellent resistance to corrosion, and high
tensile properties of these materials stimulated a
great deal of interest among metallurgists and de-
signers seeking better materials of construction. As
a result of this early work, Battelle, under contract
with the Air Materiel Command, Wright-Patterson
Air Force Base, has continued extensive studies of
titanium alloys. The result of the first year’s work is
described in three papers. The present one deals
with binary alloys, the second with ternary alloys,
and the third paper with quaternary alloys.
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Melting Method

The arc furnace for melting titanium and other
refractory metals was developed at Battelle Institute
under Air Force Project RAND. During the present
work, considerable improvement has been made in
the design and operation of this furnace for making
small ingots of titanium and titanium alloys. The
improved furnace design is illustrated by fig. 1,
which shows a cross-sectional view with the dimen-
sions of various parts and their relationship to one
another. The essential features of the furnace are
the inert argon atmosphere, the water-cooled cop-
per crucible, and the water-cooled tungsten elec-

trode. The melting crucible is formed by spinning
0.064-in. annealed copper sheet. A groove for an
O-ring seal is spun into the flange of the crucible.
A fiber gasket between the crucible flange and the
water-cooled brass cover provides electrical insula-
tion. The brass cover is fitted with a sight glass, an
opening for the water-cooled electrode, and a tube
through which the material is charged. Direct cur-
rent is used for melting, with the positive electrical
terminal connected to the water jacket and the
negative terminal to the electrode.

A typical heat is made in the new furnace as fol-
lows: Approximately, 0.20 1b of titanium under 2
mesh per in. and the alloy addition, if any is to be
used, are placed in the bottom of the crucible. The
cover is clamped on the crucible so that the O-rings
make a tight seal. The remainder of the charge is
placed in a glass bottle, and this is connected by a
rubber hose to the charging tube of the furnace. The
crucible and the charge are evacuated with a
mechanical pump to a pressure below 50 mm of
mercury, or less if desired, and held at this re-
duced pressure for 5 min. Hot water is circulated
through the jacket during the evacuation period to
assist in outgassing the crucible. Following the
evacuation, tank argon of 99.92-f pect purity is
flushed through the crucible for 5 min and then
adjusted to give a positive pressure of 1 to 2 psi.
During subsequent operation, an argon pressure
regulator introduces only enough argon to compen-
sate for the small leakage which occurs through a
mercury trap. Re-evacuation and reflushing the
melting chamber with argon produced a negligible
reduction in contamination.

Two 550-amp generators, connected in parallel,
constitute the power source. Normally, about 800
amp are used for melting alloys which are not ex-
tremely refractory. The generators are set for 90
v open circuit and 200 amp. The arc is struck and
the electrode is withdrawn to produce an arc of 23
to 26 v. This voltage is maintained while the elec-
trode tip is moved slowly around a circle 1 in.
smaller than the diameter of the ingot. The current

TRANSACTIONS AIME, VOL. 188, MAR. 1950, JOURNAL OF METALS—485

This page of Transactions AIME is a continuation from p. 436.

Mo smicoime mmman camamammnd T T



/7. 00 [Coprer
/;/—{ 0o0. JusL
g
‘|—WwATER QUT
—WATER IN

WATER

COOLED il
ELECTRODE
(NEGATIVE)

_ MATERIALS
CHARGING TUBE

RUBBER
WASHER

BRASS -
CAP
INLET
(ARGON]
RING

H
q
u WATER
+ OUTLET

I
RGON) 23 - COOLING
(ARGONY °8 _ Chamser

' TBRASS COVER

| 4

=)

~—FIBER INSULATOR

_t 550" 0.0
22"

SPONGE
RUBBER GASKET

COPPER
R

4 4N 3.50" 0.0.
A 3.050" 1.0. BRASS

M

/. { _~ 3" 0.0. TuBE
ELECTRICAL
bqOUNDE A 'L—WATER N

{FOSITIVE)}

Fig. 1—Sketch of Arc Furnace.

is then increased to 700 to 800 amp for a few min-
utes until the charge is molten.

The electrode is then withdrawn slightly while
maintaining the arc, and a small portion of the
charge is added through the charging tube in the
cover. This portion is then melted in a manner simi-
lar to that described previously. The procedure is
repeated until the entire charge has been added
and melted. The power is gradually reduced as the
ingot solidifies. The generator is then shut off, the
furnace is allowed to cool for 10 to 15 min, and the
ingot withdrawn from the crucible.

Fig. 2 illustrates two of these furnaces which are
built and operated together, using a single power
source. Using this method, one man can make five
to six Y-lb ingots of the easily melted titanium
alloys per day.

The contamination which occurs during the melt-
ing operation is relatively small. For example, a
button ingot of 50 g of Process A titanium was
melted and kept molten for 5 min, using the normal
operating procedure. The Brinell hardness of the
ingot was 130. After remelting, this ingot had a
hardness of 143; and after remelting again, the
hardness had increased to only 160. These values
indicate that only a small amount of contamination
takes place during melting.

Acid-leached titanium powder contains too much
hydrogen to function satisfactorily in the arc fur-

Fig. 2—View showing a small arc furnace assem-
bled for operation and one dismantled to reveal
its various parts.

A. Electrode (-) Q. Brass cover water leads

B. Electrode counterbalance R. Clamps

C. Electrode water inlet S. Insulating ring (micarta)

D. Electrode water outlet T. O-ring

E. Electrode power lead u. Copper crucible

F. Electrode rubber sleeve V. Sponge rubber gasket

G. Electrode tungsten tip W. Outer water jacket

H. Charging tube X. Water controls

1. Charging bottle (titanium) Y. Water flow manometer

J. Charging bottle (alloy) Z. Exit-water thermometer

K. Sight glass 1. Voltmeter

L. Argon inlet 2. Ammeter

M. Argon outlet and con- 3. Vacuum manometer
nection to vacuum pump 4. General switch

N. Argon regulator 5. Electric vibrator

0. Argon regulator gauge 6. Vibrator switch

P. Brass cover

nace. A rapid evolution of the gas causes excessive
spattering. On the other hand, titanium sponge
produced by vacuum distillation is too massive, and
a careful crushing operation is required to prepare
the material for the arc furnace. After some work,
the best method of crushing the sponge was found
to be as follows: A clean gyratory crusher was em-
ployed and the hopper of the crusher was filled with
dry titanium sponge which helped to force the stock
between the crusher jaws where it was quickly
crushed with a minimum of coining and abrasion.
The crushed stock was then passed through a 3-mesh
screen, and the oversize material was again run
through the crusher. All but about 5 pct of the
sponge would then pass through a 3-mesh screen.
The material finer than 20 mesh is somewhat con-
taminated and it is not used in the alloy work.
Eighty per cent of the crushed titanium sponge lies
between 3 and 20 mesh. After screening, this mate-
rial is washed four successive times in methanol
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Heat
No.

A50072

A50072

A5007

A50072

A5007

A50072

A50072

A50072

A50072

A50072

A5007°

A50072

A50072

A5008°

A50088

A50088

A50088

A50088

A5008¢

A50088

A50088

A50088

A50088

A5008°

A5008%

A50088

Treatment

As hot rolled

As hot rolled

As hot rolled

Aunealed % hr
in air at 1450°F

Annealed % hr
in air at 1450°F

Annealed 3 hr
in air at 1562°F

Annealed 3 hr
in air at 1562°F

Air cooled from
1750°F

Quenched in water
from 1450 °F

Quenched in water
from 1562°F

.

Quenched in water
from 1750°F

Annealed 3 hr in
air at 1562°F and
cold rolled 20 pct
Annealed 3 hr in
air at 1562 °F,

cold rolled 20 pct,
quenched in water
from 1450°F

As hot rolled

As hot rolled

As hot rolled

Annealed % hr
in air at 1450°F

Annealed %2 hr
in air at 1450°F

Annealed 3 hr
in air at 1562°F

Annealed 3 hr
in air at 1562°F

Air cooled from
1750°F

Quenched in water
from 1450°F

Quenched in water
from 1562°F

Quenched in water
from 1750°F

Annealed 3 hr

in air at 1562°F,
cold rolled 20 pet
,Annealed 3 hr

in air at 1562°F,
cold rolled 20 pct,
quenched in water
from 1450°F

Table I. The Effects of Thermal and Other Tr

|

|
|

l ’ Forming
Charac-
‘ Tensile Properties [ teristics
Tensile Elonga- Hardness Minimum
Test Specimen Strength tion in (Center) Bcend Radii,!
Congdition No. psi 11In., Pet VHN! In,
Longitudinal 1 118,800 16.0 J
specimens 2 120,000 140
Avg. 119,400 15.0 254 3/16
Transverse 1 118,800 13.0
specimens 2 118,800 15.0 237 (Trans.)
Avg. 118,800 14.0 266 (Long.) 3/16
Longitudinal 1 118,000 15.0
specimens — 2 117,300 15.0
surface ground Avg, 117700 15.0
Longitudinal 1 100,000 18.5
specimens 2 100,000 18.5
Avg. 100,000 18,5 224 3/64
Longitudinal 1 94,000 18.5
specimens — 2 93,300 18.0
surface ground Avg. 93,700 18.5
Longitudinal 1 97,500 15.5
specimens 2 108,000 15.0
Avg. 102,800 15.0 221 3/16
(defective
Transverse 1 96,000 4.0 specimen)
specimens 2 95,000 14.0 236 (Trans.)
Avg. 95,000 14.0 219 (Long.) 3/32
Longitudinal 1 105,000 12.5
specimens 2 100,000 13.5
Avg. 102,500 13.0 226 3/16
Longitudinal 1 93,300 22.0
specimens 2 93,300 21.0
Avg. 93,600 215 209 3/64
Longitudinal 1 106,700 18.0
specimens 2 102,500 17.5
Avg. 104,600 18.0 245 1/8
Longitudinal 1 108,800 12.0
specimens 2 109,400 12.0
Avg. 109,100 12.0 241 3/16
Longitudinal 1 105,300 2.0
specimens 2 108,000 7.0
Avg. 106,700 4.5 255 3/18
Longitudinal 1 100,000 17.0
specimens 2 100,000 17.0
Avg. 100,000 17.0 221 3/64
Longitudinal 1 121,300 18.5
specimens 2 121,300 17.0
Avg. 121,300 17.0 2867 3/16
Transverse 1 126,300 16.0
specimens 2 127,500 18.5 279 (Trans.)
Avg. 126,900 16.5 301 (Long.) 3/16
Longitudinal 1 120,000 175
specimens — 2 128,600 15.5
surface ground Avg. 124,300 16.0
Longitudinal 1 113,300 18.0
specimens 2 106,700 18.0
Avg, 110,000 18.0 258 1/16
Longitudinal 1 112,100 17.0
specimens — 2 112,100 17.0
surface ground Avg. 112,100 17.0
Longitudinal 1 112,000 16.5
specimens 2 112,000 17.0
Avg, 112,000 17.0 254 1/8
Transverse 1 120,000 13.5
specimens 2 120,000 7.5 266 (Trans.)
Avg. 120,000 10.5 276 (Long.) 1/4
Longitudinal 1 108,700 13.5
specimens 2 110,700 13.5
Avg. 109,700 13.5 235 3/16
Longitudinal 1 110,700 20.5
specimens 2 113,300 18.0
Avg. 112,000 19.0 264 1/8
Longitudinal 1 115,300 19.5
specimens 2 113,300 185
Avg. 114300 19.0 260 1/8
Longitudinal 1 117,300 11.0
specimens 2 120,000 16.0
Avg. 118,700 13.5 279 3/16
Longitudinal 1 114,700 9.0
specimens 2 116,000 10.0
Avg. 115,400 9.5 285 3/18
Longitudinal 1 116,700 16.0
specimens 2 116,700 17.0
Avg. 116,700 165 274 1/8

eatments on the Properties of Titanium Alloys’

1
l
J Microstructure

of Transverse
Specimens

Structure very fine, grain
boundaries not devel-
oped on etching. Car-
bides not observed.

Grain size less than

0.001 in.

Increase in thickness of
surface layer, grain size
about 0.001 in,

Acicular structure, grain
size about 0.003 in.

Grain size about 0.001
in.

Grain size about 0.001
in.

Increase in thickness of
surface layer, acicular
structure, grain size
about 0.002 in.

Grain boundaries evi-
dent in cold-rolled sheet,
grain size about 0.001
in., surface skin cracked.

Grain size about 0.002
in., carbides fine.

Grain size about 0.001
in., carbides fine.

Increase in thickness of
surface layer, grain size
about 0.001 in., carbides
fine.

Carbides relatively large,
structure fine, appears to
be 2-phase.

Carbides appear fine,
grain size about 0.001
in.

Carbides fine, grain size
about 0.001 in.

Increase in thickness of

surface layer, carbides
somewhat larger than
above, structure fine,

appears to be 2-phase.
Grain size about 0.001
in., surface skin cracked
from cold work.

110-kg load. Avg of 5 readings—hardness readings taken at the center of the sheet normal to the direction of rolling and the surface
unless indicated.
2 Analysis of Heat A5007—0.14 pct C, 0.048 pct N, 0.91 pct W.
8 Analysis of Heat A5008—0.38 pct C, 0.069 pct N, 0.48 pct W.
4 Forming tests made on a specimen sheared 3 in. long by 0.5 in. wide. Specimen formed on an arbor press, using a V-block having
a 75° included angle. Radius of forming tool progressively decreased until failure was observed. The radius reported is the small-
est showing no evidence of cracking.
% 5-1b ingots forged at 1700°F by upsetting to 3-in. slab, ground, then hot rolled at 1430°F to 0.060-in. sheet. Surface of specimens
not ground before testing unless otherwise indicated in Col. 3.
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and dried al room tlemperature and then in a
vacuum 1o 10 microns pressure. The material so
produced represents a fairly ideal feed for the arc
furnace.

The alloy additions were made as follows:

Element i Form Remarks

Antimony . 8-mesh shot

Beryl!lium 1Berylliu1n chips and titanium '
‘powder compacted into pel-
lets. 5/16-in. diam by % in.
long

99+ bismuth, 10- to 40-mesh ;
. powder

Relatively little
volatilization.

Bismuth Dissolved readily
without appreciable
i ., volatilization.

| High-purity boron prepared '

by decomposition of boron

tribromide, granulated, mixed

with titanium powder, and

pelleted as above ‘

48- to 60-mesh graphite pow- ,

der I

Chromium 10- to 20-mesh lumps of | Dissolves readily.
tused chromium containing
0.45 pct Fe, 0.37 pct Si, »~0.02 |
i pct Ni, 0.049 pet O, 0.0014 pct
H, 0.011 pct N; or electrolytic
chromium containing 0.04 pci
Fe, 0.01 pet Cu, 0.015 pct S,
0.01 pet C, 001 pet N, and |
0.31 pet O |
Thin, electrolytic flakes con- |
taining 0.12 pct Fe, 0.2 pect!
Ni, 0.02 pet C i
Copper Clipped wire Y% to 3 in. long
1ron 4- to 8-mesh particles of elec-
trolytic iron

Lead Lead shot

Boron

Carbon

Cobalt

Approximately onhe-
| half was lost by
| | volatilization.
3- to 30-mesh electrolytic i
manganese )
Molybdenum | Molybdenum foil 0.03 in. thick
by % by % in. bent into S-
shaped pieces and mixed with |
the titanium .

Manganese

Nickel l48-mesh electrolytic nickel |
Oxygen 110- to 20-mesh granules of a |
4 pct oxygen master alloy |
prepared by melting
Nitrogen 10- to 20-mesh granules of a
‘4 pct nitrogen master alloy |
. prepared by melting :
Silicon | 8- to 20-mesh granules of 98-+ High-purity amor-
pet silicon. containing 1 pet ! phous silicon not
i iron added successfully.
silver | 8- to 20-mesh 99.5 pect silver
shot
Vanadium 18- to 20-mesh granules of '
vanadium alloy containing 2‘
pct Fe, 1 pct Al, 0.9 pct Si.
10.1 pet C, 0.2 pct P, 0.04 pct
Mn, and 93 pct V
Zinc ‘ Not added
successfully.
Magnesium Not added
successfully.

Method of Fabrication

The 0.5-1b hemispherical titanium ingots pre-
pared as described in the preceding section were
first ground all over to remove defects and cold
shuts on the ingot surface which had been in con-
tact with the water-cooled copper crucible. The
Brinell hardness of each ingot was then determined.
The ingot hardness served as a rough measure of
(1) the effect of the alloy addition, (2) any possi-
ble inhomogeneity, and (3) in the case of unalloyed
titanium, provided a measure of the contamination
of the metal either from melting or as a result of
the use of an unsatisfactory lot of titanium. When
the hardness indicated a substantial degree of in-
homogeneity, these ingots were remelted.

The ingots, after grinding out surface defects
preparatory to forging, were heated to 1700°F in air
in a muffle furnace and forged from 1700°F, usually
without reheating, by upsetting the ingots on edge
to 0.25-in.~-thick slabs. Heating to 1700°F required
from 20 to 30 min, depending upon the number of

ingols placed in the furnace. This procedure pro-
vided a degree of reduction of about 35 to 1.

In general, the titanium alloys forged very satis-
factorily at 1700°F, and only a few compositions
were discarded because of poor forgeability. Some
edge cracking was observed at times, but this was
invariably associated with defects which had not
been properly ground out of the ingot surface prior
to the forging operation.

After forging, scale from the forging operation
was removed by sandblasting, and surface defects
and edge cracking were removed by grinding. The
surface of the slab was ground all over before roll-
ing it to sheet. This conditioning removed the sur-
face contaminated by the atmosphere while the
specimen was at 1700°F. The conditioned slabs
were then heated in air to 1450°F and hot rolled,
using reductions of 0.06 in. per pass until 0.064-in.-
thick sheet was obtained. The sheet was reheated
after each pass through the rolls. All of the alloy
slabs rolled satisfactorily at 1450°F with very little
evidence of edge cracking.

In the as-hot-rolled condition, the titanium-alloy
sheet had a thin brownish surface scale and a high-
nitrogen layer, about 0.0005 in. thick. Measure-
ments showed that the hardness gradient did not
extend below the surface to a depth greater than
0.001 to 0.002 in. Specimens heated for 1 hr at
1700°F showed a hardness gradient only 0.005 in.
in depth.

The above fabricating procedure carried out on
the 0.5-1b ingots resulted in a sheet approximately
20 in. long by 3 to 4 in. wide. The rounded ends,
being unsuited for test specimens, were removed
and utilized for chemical analyses.

Effects of Various Fabricating Techniques

Early in the work, no information was available
on the effects of various fabricating techniques.
Likewise, there was no information on the effects
of orientation of the specimen in relation to the
direction to rolling, or on the effect of surface scale.
Consequently, two 5-1b heats of low-alloy titanium
were prepared and tested in various ways, as shown
by the data in table I. The footnotes to the table
contain the chemical compositions of the two alloys.

On the basis of the data in table I, the following
conclusions appear to be warranted:

1. The best combination of strength and ductility
of both alloys appears to be in the as-hot-
rolled condition.

2. The tensile and bend-test results are substan-
tially the same in transverse and longitudinal
directions.

3. The high-nitrogen surface layer has had no
appreciable effect on the tensile properties in
either the as-hot-rolled or annealed conditions.
This high-nitrogen layer, even when formed
by heating for % hr at 1750°F, did not appear
to have any significant effect.

4. The properties are not significantly affected by
the differences in heating temperature or by
the quenching treatments employed.

5. Cold working the annealed alloy did not pro-
duce any increase in tensile strength but did
produce a marked reduction in elongation.
However, annealing after cold working re-
stored the properties, indicating that the metal
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Fig. 3—Forming die for cold-bend test.
had not been damaged by the cold-working
operation.
6. Cold working probably would not be a suitable

means of increasing the hardness and strength
of titanium alloys. It is also probable that the
cold-forming characteristics of titanium alloys
would be relatively poor.

Testing Methods

Bend Test: The bend test, developed by the Rem-
ington Arms Co., involved the use of forming dies
shown by fig. 3 and 4. The specimens were bent
through 105° by progressively decreasing the radius
of the male die until cracking or failure occurred.
Limited tests indicated that this procedure yields
essentially the same results as those obtained with
a single test strip for each male-die radius. The
bend radii reported are the smallest values before
cracking was observed. A Y;-in. radius was the
largest employed. If the bend radii are greater than
Y3 in., slight bend ductility is indicated by one
asterisk and the absence of any bend ductility is
indicated by two asterisks.

Tensile Tests:. As a result of the data in table I,
all testing was carried out on material with the as-
rolled skin intact. Tensile specimens were 3 in.
long by 0.375 in. wide with a 0.25-in.-wide reduced
section. The load was applied at a rate of 0.04 ipm.
Since these specimens were not adapted to the use
of a regular strain gauge, yield strengths were not
determined. In a limited number of tests, where
yield strength was of some interest, the SR-4-type
electrical strain gauge was employed. Tensile tests
were carried out on duplicate specimens and the
average results are reported.

In addition to obtaining tensile data on the as-
hot-rolled sheet, data were also obtained on the
material after heat treating for % hr at 1600°F and
quenching in cold water.
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Fig. 5-8—Typical structures observed in unalloyed process A metal.

Fig. 5—Heat WC43 (unalloyed).
0.02 pet C, 0.030 pet N, 0.05 pct W. Quenched from 1430°F in the ¢ field. Equiaxed alpha is shown. 500X,
Fig. 6—Heat WC43 (unalloyed).

0.02 pcet C, 0.030 pet N, 0.05 pet W. Quenched from 1600°F in the o -+ B field. Alpha plus transformed beta (acicular
alpha) in grain boundaries are shown. 500X.

Fig. "—Heat WC43 (unalloyed).

0.02 pet C, 0.030 pct N, 0.05 pet W. Quenched from 16350°F in the ¢ + S field. Island of alpha (light) in a transformed
beta acicular alpha matrix is illustrated. 500X.

Fig. 8—Heat WC43 (unalloyed).
0.02 pet C, 0.030 pet N, 0.05 pet W. Quenched from 1700°F in the 8 field. Transformed beta (acicular alpha) is shown.

Hardness Tests: The Vickers hardness was de-
termined on the various alloys in the as-hot-rolled
condition and after a solution heat treatment con-
sisting of %4 hr in air, generally at temperatures of
1450, 1550, 1600, 1650, 1700, and 1750°F, followed
by quenching in cold water. In some of the early
work, hardness was determined on specimens an-
nealed ¥ hr at 1450°F or 3 hr at 1550°F.

The hardness was determined by using a 10-kg
load, and the values reported are the average of
at least five readings made on each specimen at the
center of the cross section of the sheet taken at 90°
to the surface and to the rolling direction. Early
in the work, using Process A titanium sheet, hard-
ness anisotropy of as much as 30 points was noted
between measurements taken 90° apart in reference
to the rolling direction. The hardness at the center
of the cross section of the specimen was used in all
of the work carried out to evaluate the response of
the alloys to solution heat treatment. The center

hardnesses were obtained by mounting the solution
heat-treated transverse specimens of each alloy in
bakelite. The center hardness was then determined
90° to the surface and to the direction of rolling.
Subsequently, these mounted specimens were used
for metallographic studies.

Because of the large number of hardness readings
required for age-hardening studies, hardness meas-
urements for this work were made on the surface
after grinding below the high-nitrogen surface
layer.

Metallographic Studies: Specimens of each alloy,
in the as-hot-rolled temper and after heat treat-
ment in air for 1 hr at 1450, 1550, 1600, 1650, 1700,
and 1750°F, were mounted in bakelite for hardness
and metallographic studies as described previously.
A transverse specimen 38 to %% in. long was cut for
this study. After the center hardness was measured,
as described previously, the mounted specimens
were reground to remove the hardness impressions

490—JOURNAL OF METALS, MAR. 1950, TRANSACTIONS AIME, VOL. 188



T 17 [ 1 N
1750l i a 0O ALPHA PHASE
(0 ALPHA + PHASE
M BETA PHASE
lml—T | -0 AF
B
Fig. 9—Tentative dia-

1850 M—8 n B | gram showing trans-
. formation range of
o~ titanium—0 to 5 pet
&I copper alloys made
S ™ from process A metal.
g 1600 m-—m ~
@ \
a
=
= \

lssoD—I‘ZID 1] -l

\
\
a \ a + B
1500 \
14s00—C0-—0 o-0 J
[ 10 20 30 40 50 €0 710 80 90 100

COPPER, PER CENT

and then given a metallographic polish. Two etches
were used to reveal the structure of the polished
specimens as follows: 1. 1.5 pct HF in water.
2. 3.0 pct HNQO,; -} 1.5 pct HF in water.

The second etch was particularly useful for de-
veloping the alpha-grain boundaries.

The metallographic examination was carried out
to provide information on the following: 1. The
effect of the various additions on the alpha-to-beta
transformation. 2. The establishment of the solu-
bility of the added alloy in both beta and alpha
titanium. 3. The identification of second phases, if
any, present. 4. The development of a tentative
phase diagram.

Structures which could not be resolved by metal-
lographic examination alone were also subjected to
X ray diffraction studies to assist in the identifica-
tion of the phases present.

No difficulties with surface contamination oc-
curred, since this was quite superficial, and the
metallographic studies were made near the center of
the specimen. Since the specimens were in the
rolled condition before heat treatment, it is believed
that equilibrium was closely approached by the 15-
hr treatment at the temperature. However, the
effects of time at temperature were not studied.

Response to Heat Treatment: As indicated in the
previous section, the response of titanium alloys to
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Table II. Comparison of Properties of Titanium Alloys in the As-hot-rolled and Heat-treated

Conditions’
e . B} o e _
' As-Hot-Rolled Heat Treated ' Heat Treated
i Composition, Pct : Temper! 1600°F=, Air ! 1600°F3, Argon
P o emmeemem e o ]
Actual Tensile l Elonga- Tenslle Elonga- Tensile Elonga-
Heat ‘ e ___| strength,| tion, Pet | Strength,!| tion, Pet |Strength,!| tion, Pet
|  Intended N w psi inlIn, psi in 1 In. psi inl1n.
! i
— P s S DU . ] -
! |
WC21 | Unalloyed | 0.05 Cu 0.09 0.023 010 | 64600 | 21.0 58,300 22.5 64,100 |  34.0
WC23 | 2.5Cu | 212 Cu 0.06 0024 0.65 109900 | 130 110,300 10.0 103,800 | 105
WC29 | Unalloyed 0.15 Fe 0.02 0.026 0.28 85,200 | 21.0 75,000 205 71,100 26.0
WC36 2052c5:uc, 207 Cu 025 0.038 0.08 114,000 \ 14.5 126,600 \ 15.0 | 101,500 18.0
WC37 | 2.0Fe 220 Fe 0.05 0.05 047 146,500 | 85 146,500 2.5 134,300 8.0
WC33 26021;e,c 2.14 Fe 0.19 0.024 0.68 125,000 “ 10.0 125,000 7o | 127,900 8.5
wcCad | 2.5Mn 2.08 Mn 0.02 0.029 0.06 128,000 14.0 141,200 7.0 125,100 6.0
WC59 zbszlsé[xé. 224 Mn 0.14 0019 0.20 132.700 13.0 150,800 7.0 124,700 7.0
weces | 25V 238V 003 0027 031 104,000 21.0 118,800 10.0 112,500 12.0
wCT3 2652‘5,'0 229 V. 027 0044 0.18 113.600 18.0 134,400 5.0 } 128,700 12,5
. |
WAB2 | 3.5Cr 327 Cr 0.09 0.088 1.15 169,600 ‘ 7.5 141,400 2.0 183,400 2.0
WABI | 5.0Cr 478 Cr 0.09 0.118 0.20 182,400 7.0 106.300 1.0 9%',300 1.0
WAB4 2052(5:rc 228 Cr 0.28 0.135 0.14 171200 | 8.0 165,700 3.0 145,000 4.0
WCl15 5.()02(;r.c | 4gacr 025 0054 052 | 179,900 ‘ 5.0 125,000 1.0 120,100 2.0
. |

t As hot-rolled at 1450°F, tested with surface skm present

2 Heat treated in air for % hr at 1600°F and quenched in cold water.

Tested with surface skin present.

8 As-fabricated skin ground off, heat treated 2 hr in argon at 1600°F, and quenched in cold water.
+ Average of 2 longitudinal 14-ga spemmens 3 in. long by 0.375 in. wide with a 0.250-in.-wide reduced section.
+~Forged at 1700°F by upsetting 2%-in. diam ingot on edge to 0.250-in. slab, then ground and hot rolled at 1450°F

to 0.060-in. sheet—total reduction 35 L

Table III. Properties of Bmary Titanium Alloys® Prepared from Process A Metal Base (Group I Elements)

Composition, Pct As-Hot-Rolled Temper* | Heat Treated 1600¢F2
e - N — J— — ‘ —
Actlual Tensile Elonga- Minimum Tensile Elonga- ] Minimum
Heat| Intended - _ o Strength,?| tion, Pcl Bend Radius,’ | Strength,3 | tion, Pel Beml Radlus,?
No. - C | N psi in 1 In. VHN4 In. psi in 1In. ‘ VHN! In.
| N W
— —. — —_— - ! ‘ —_
Titanium-Copper Alloys

— — — — - _ . -
WC21 | Unalloyed | ~~0.05 Cu 0.09 0.023 0.10 64,600 21.0 182 1/32 58,300 22.5 ‘ 164 ‘ 1/32
WC29 | Unalloyed 0.15 Fe 0.02 0.026 0.28 85,200 21.0 196 3/32 75,000 20.5 169 3/64
wC24 1.0 Cu 0.84 Cu 0.07 0.025 0.52 92,000 19.5 210 3/16 80,700 20.5 208 ‘ 3/16
wC23 2.5 Cu 2.12 Cu 0.06 0.024 0.65 109,960 13.0 234 3/16 110,300 10.0 273 1/4
WC22 5.0 Cu 434 Cu 006 0.028 0.05 107,400 9.0 242 3/16 138,300 4.0 322 | 1/4
WCs52 5.0 Cu 4.85 Cu 002 0.033 0.01 115,300 13.0 251 3/16 149,500 5.5 326 ~1/4
WwWG8l 1.0 Cu 88,400 20.5 199 3/32 81.300 14.5 193 ~1/4*
WG70 | Unalloyed 77,800 23.5 180 3/64 66,600 23.5 160 3/64
WC101| Unalloyed 76,700 ‘ 19.5 189 3/32 76.800 19.0 194 3/32

Titanium-Sllver Alloys
_ -— 7M7|‘ ‘ - -

WC177 | Unalloyed 0.04 0.026 0.10 76,700 ‘ 21.0 184 1/32 74,300 20.0 170 1/32
WC94 0 Ag 0.87 Ag 0.03 0.085 0.18 79.000 20.5 | 197 | 3/32 76,700 20.0 177 3/32
WC96 2.0 Ag 2.12 Ag 0.02 0.035 0.08 93,200 l 215 “ 207 I 3/32 83,300 21.0 187 \ 3/32

1As hot rolled at 1450°F.
2 Heated in air % hr at 1606°F and quenched ir cold water.

s Average of 2 longitudinal 14-ga specimens, 3 in. long by 0.375 in. wide with a 0.250-in. wide reduced section. Tested with the sur-

face skin present.

410-kg load. Hardness at the center of the cross section of the sheet 90° to the surface and to the rolling direction.
5 Minimum bend radius without cracking on a single longitudinal specimen 3 in. long by 0.5 in. wide. Tested with the surface skin

present.

8 Forged at 1700°F by upsetting the 2%-in. diam ingot on edge to 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in. sheet.

* Some ductility

solution heat treatment in air for % hr at tempera-
tures ranging from 1450 to 1750°F was followed by
changes in Vickers hardness measured at the center
of transverse specimens.

The possibility that some of the alloys might re-
spond to age hardening was studied by following
the changes in Vickers hardness. When the aging
studies were made by measuring the hardness after
progressive intervals of time at the aging tempera-
ture, the measurements were made on the surface
after grinding off the high-nitrogen layer.

The properties of several alloys were obtained in
the as-hot-rolled condition, after heat treatment in

492—JOURNAL OF METALS, MAR.

air at 1600°F, and after heat treatment in argon at
1600°F; the data are listed in table II. The alloys
heat treated in air were tested with the as-fabri-
cated skin present, whereas those heat treated in
argon were surface ground prior to heat treatment.
Again, it is evident that the best combination of
strength and ductility is obtained in the as-hot-
rolled condition and that no appreciable benefit is
obtained by heat treating in argon or removing the
surface skin. Accordingly, all tests on the alloy
development have been carried out on specimens
with the as-fabricated skin present.
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Table IV. Properties of Binary Titanium Alloys’ Prepared from Process A Metal Base
(Group II Elements)
Composition, Pct As-Hot-Rolled Temper! Heat Treated 1600°F2
Tensile Elong., \ Minimum Tensile Elong., Minimum
Sirengih,? Pet in Bend Strength,3 Pctin Bend
Heat No. | Intended Actual psl 11In. VHN¢ | Radius,5 In. psi 1 In. VHN¢ | Badius,” In.
WHI107 |Unalloyed 87,500 21.5 205 3/32 74,900 21.0 179 3/32
WA226 5.0 Be
WHI03 | 10 Be 101,500 9.0 ] 215 3/16 136,800 5.5 303 ~1/4*
WHI102 | 2.0 Be 106,000 2.0 252 ~174% 111,800 2.0 297 | 174

1 As hot rolled at 1450°F.

2 Heated in air %2 hr at 1600°F and quenched in cold water.
3 Average of 2 longitudinal 14-ga specimens, 3 in. long by 0.375 in. wide with a 0.250-in. wide reduced section.

Tested with the surface skin present.

410-kg load. Hardness at the center of the cross section of the sheet 90° to the surface and to the rolling direction.

5 Minimum bend radius without cracking on a single longitudinal specimen 3 in. long by 0.5 in. wide.

with surface skin present.
¢ Too brittle to forge.

Tested

7Forged at 1700°F by upsetting the 2%-in.-diam. ingot on edge to 0.250-in. slab, then ground and hot rolled

at 1450°F to 0.060-in. sheet—total reduction 35:1.
* Some ductility.

Properties of Unalloyed Titanium Sheet

During the course of this investigation, about
forty 0.5-1b ingots of unalloyed Dupont Process A
titanium were prepared, fabricated to sheet, and
tested with the various series of alloys. The data on
these heats served for control and provided data on
the uncontrolled variations which might occur in
the base material. The minimum, average, and
maximum mechanical properties of the unalloyed

Process A titanium, sheet were as follows:

Property Minimum ( Average Maximum
Tensile strength, psi 64,600 81.400 91,300
Elongation, petin 1 in. 18.0 20.8 24.5
Vickers hardness 163 187 205
Minimum bend radius, in. 1/64 1/16 1/8

Analyses have been made on about 12 of the 38
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heats. The results of these analyses showed the
following:

Carbon — 0.02 to 0.09 pct

Nitrogen -— 0.02 to 0.055 pct

Tungsten — 0.04 to 0.46 pct

The average Process A sheet contained 0.04 pct
carbon, 0.031 pct nitrogen, and 0.24 pct tungsten.
One heat was analyzed and found to contain 0.05
pct copper. Two different heats contained 0.15 and
0.14 pct iron. Undoubtedly, the copper is picked up
from the copper crucible and a large portion of the
iron is picked up during the crushing operations.
Because of the tungsten electrode employed, this
element is a normal contaminant of all the arc-
melted ingots. At the time this work was done, a
method of analyzing for oxygen was not available.
Therefore, the degree of this contamination is not
known. However, recent analytical results* indi-

* Carried out at Naval Research Laboratory, Anacostia, Wash-
ington, D. C.

cate that Process A titanium sponge contains about
0.13 pct oxygen. The cause of the slight variation
in mechanical properties of the unalloyed titanium
sheet as noted above could not be established by the
analytical work. In all probability, the largest un-
known variable is the oxygen content of the metal.

Heat treatment at 1600°F, which is generally in
the alpha-plus-beta field, produces properties
equivalent to those obtained on the annealed mate-
rial. The minimum, average, and maximum proper-
ties of Process A titanium sheet after solution heat
treating the unalloyed material in air for %4 hr at
1600°F were as follows:

|

Property ' Minimam Average Maximum
Tensile strength psi ' 58,300 74,100 83,100
Elongation, pct in 1 in. 12.0 ! 19.3 ‘ 6.0
Vickers hardness 147 . 172 200
Minimum bend radius, in. [ 1/32 | 1/16 3/16

In general, a heat having high hardness in the
as-hot-rolled condition also had hardness on the
high side after heat treatment. This indicates that
the high hardness is a function of composition and
not of any possible residual cold work in the hot-
rolled material. It may be further concluded from
these data, as well as from the data on hardness
after heat treating at 1450, 1550, 1600, 1650, 1700,
and 1750°F and hardness data obtained after
quenching from 1600°F and aging at 750°F, that
unalloyed titanium does not respond to solution
heat treatment or aging treatment. However, a
slight increase in hardness does occur when the
material is heated into the beta field, presumably
because of the formation of acicular alpha instead
of the equiaxed alpha which forms when the metal
recrystalizes below the transformation temperature.

Twenty-eight of the unalloyed heats, hecat treated

as described previously, were examined metallo-’

graphically to establish the transformation range.
All of the unalloyed materials in the as-hot-rolled
condition consisted of equiaxed alpha. When this
material was heated into the alpha-plus-beta field
and then into the beta field, larger quantities of
transformed beta or acicular alpha were formed
when the metal was cooled to room temperature.

This is illustrated by the micrographs, fig. §, 6, 7
and 8.

Of the 28 unalloyed heats examined, 3 began to
transform to beta at temperatures slightly under
1450°F. Fourteen began to transform between 1450
and 1550°F, and the remaining 11 began to trans-
form to beta between 1550 and 1600°F. Nineteen
of the 28 unalloyed heats were all beta at a tempera-
ture between 1600 and 1650°F. The remaining were
completely transformed to beta at temperatures
between 1650 and 1700°F. All of the heats of un-
alloyed titanium transformed over a range in tem-
perature rather than at a single temperature. Thus
it appears that unalloyed titanium transforms over
a range in temperature and a considerable variation
occurs in the transformation range of the various
heats. These variations in the transformation range
are a direct result of the differences in the impurities
in the unalloyed material. Small amounts of ele-
ments such as oxygen, nitrogen, and tungsten have
a very potent effect on the transformation range.

Properties of Titanium Binary Alloys

Binary Titanium-Copper Alloys: Table I1II con-
tains the data on mechanical properties of the ti-
tanium-copper binary alloys in the as-hot-rolled
condition and after heat treating at 1600°F. Fig. 45
is a graphical representation of the effects of copper
on the tensile properties of the alloys in the as-hot-
rolled condition. Fig. 9 shows the effect of copper on
the transformation range, while fig. 10 shows the
effect of various heat treatments on the hardness
of the alloys. These figures show that the 4 or 5
pct copper alloys are hardened appreciably when
quenched from the beta field. As shown by the data
in table III this treatment increases the tensile
strength but markedly lowers the per cent elonga-
tion. However, heat treatment of higher copper
alloys may be more favorable.

Fig. 11 and 12 show the response of the alloys to
the aging treatments. The latter two figures show
that the alloys containing 4.5 to 5 pct copper age
harden slightly. Data not shown in the paper also
indicate that these alloys in the as-hot-rolled con-
dition age harden slightly.

It may be concluded that copper does not produce
binary alloys of titanium which have outstanding
properties.

Binary Titanium-Silver Alloys: Silver alloys
were investigated only up to 2 pet silver. Data on
the mechanical properties of these alloys are shown
in table III and by fig. 45. Alloys containing up to
2 pet silver do not respond favorably to heat freat-
ment. Data not reproduced in the paper show that
2 pct silver markedly raises the beta solvus line and
lowers the alpha solvus line. Alloys containing up
to 2 pct silver do not have outstanding properties,
though higher silver contents may be somewhat
better.

Binary Titanium-Beryllium Alloys: Table IV con-
tains the data on mechanical properties of titanium-
beryllium binary alloys in the as-hot-rolled condi-
tion and after heat treating at 1600°F. The data on
the alloys in the as-hot-rolled condition are also
illustrated by fig. 45. The solubility of beryllium
in beta titanium at 1750°F is apparently between 1
and 2 pect. The solubility of beryllium in alpha
titanium, even at temperatures near the transforma-
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Fig. 16—Tentative diagram showing transformation range of titanium—o0 to 15 pet chromium alloys
made from process A metal.

tion range, is considerably less than 1 pct. The 1
and 2 pet beryllium alloys were hardened and
strengthened by a solution heat treatment at 1600°F,
but at considerable sacrifice in ductility. It may be
concluded that beryllium is not useful as a major
alloying element in titanium, though it may prove
to be useful as a minor addition to more complex
alloys.

Binary Titanium-Boron Alleys: Table V con-
tains data on the mechanical properties of a few
titanium-boron alloys in the as-hot-rolled condi-
tion and after heat treating at 1600°F. The limit
of solubility of boron in both alpha and beta titan-

ium near the transformation temperature appears
to be less than 0.1 pct. None of the alloys was
favorably affected by salution heat treatment. Like
beryllium, it may be concluded that boron is not
useful as a major alloying element in titanium, but
it conceivably might be useful as a minor addition
in more complex alloys.

Binary Alloys of Titanium With Silicon, Tin, and
Lead: The mechanical properties of the binary
alloys of titanium with silicon, tin, or lead in the
as-hot-rolled condition and after aging at 1600°F
are listed in iable VI. The data on the silicon alloys
in the as-hot-rolled condition are graphically illus-

Table V. Properties of Binary Titanium Alloys Prepared from Process A Metal Base (Group III Elements)

Composition, Pct As-Hot-Rolled Tempert Heat Treated 16000F2 Anncaled 14500F0
Tensile |Elong,, Minimum Tensile |Elong., Minimum Tensile |Elong.,
Strength,3 | Pet in Bend Strength,? | Pet in Bend Strength,7| Pet in

Heat No. | Intended Actual psi 1 In. | VHN' | Radius,” In, psi 1In, | VHN! | Radius,5In. psi 1In. | VHN!

WAOI128 |Unalloyed 90,300 16.0 203

WA250 0.1 B 94,700 19.0 245

WH107% |Unalloyed 87,500 215 205 3/32 79,400 21.0 179 3/32

WH1068 0.1 B 98,300 13.5 214 1/4* 88,800 15.0 205 3/16

WH1058 025 B 90,700 16.5 204 3/16 82,800 15.0 192 3/16

WH104? 0.50 B 95,100 13.5 218 3/16 88,000 13.5 201 3/16 |

1 As hot rolled at 1450°F.

? Heated in air % hr at 1600°F and guenched in cold water.

3 Average of 2 longitudinal 14-ga specimens, 3 in. long by 0.375 in. wide with a 0.250-in. wide reduced section. Tested with the sur-
face skin present.

+10-kg load. Hardness at the center of the cross section of the sheet 90° to the surface and to the rolling direction.

% Minimum bend radius without cracking on a single longitudinal specimen 3 in. long by 0.5 in. wide. Tested with surface skin
present.

¢ Annealed % hr in air at 1450°F and air cooled.

7 Longitudinal 8-in. specimens with 0.5-in. reduced section. 14-ga sheet.

% Forged at 1700°F by upsetting the 2'%-in. diam ingot on edge to 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in.
sheet. Total reduction 40:1.

9 Forged at 1700°F by pancaking the 0.5-in.-thick ingot to 0.250-in. slab. Total reduction 8:1.

* Some ductility.
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Table VI. Properties of Binary Titanium Alloys Prepared from Process A Metal Base (Group IV Elements)

Composition, Pct

As-Hot-Rolled Temper!

Heat Treated 16009 F2 Annealed 14500 F%

i

‘ P ) Mini- "~ Mini- J

Intended Actual Tensile Elongu{ mum |Tensile Elong., mum Tensile |Elong.,

i S - St’gt.hﬁ\ Pet in Bend (St’gth,?| Petin Bend Strength,?| Pet in
Heat No c N w psi ( I In. ' VHN! [ Rz'uliius,5 psi 1In, | VHN! | Radius,” psi 1In. | VHN¢
I R _ o i o n. L X In.

Titanium — Silicon Alloys
WAO12" ‘Uualloyt}d; i | ] i 1 f 90300 | 16.0 | 203
VV'A'7-" 1.6 Si | o i / 133,200 2.0 330
wCaes ! ‘ Unalloygd | . 91,300| 24.5 194 1/16 78,500 24.0 187 1/18
WCl11e6d 0.5 S} 0.44 Si 104,100, 17.0 236 3/16 89,700( 18.0 216 3/16
WC117> 1.0 Si |0.93 8i 95,000 14.0 239 3/16 93,500 15.0 203 3/16 [
WC118¢ 2.0 S! 2.09 S! 122,700 9.0 239 ~1/4* [105,300( 10.0 228 3/16 |
WC119* | 3.0 Si |2.84 Si 121,900| 20 | 258 } ~>1/4* |104,700| 5.0 | 245 | >1/41 } i
R SO R B B : !
Titanium — Tin Alleys
WG708 ‘ Unalloyed | 77,800 23.5 180 3/64 66,300 23.5 160 3/64 !
WGT76¢ J 0.10 Sn | 0.09 Sn 81,000| 225 189 3/32 | 69,400\ 21.5 160 3;64 (
WGT4s 0.25 Sn | 0.21 Sn 79,400 215 191 3/32 66,900, 21.0 165 1/32 J
WGT75% 0.50 Sn | 0.31 Sn 80,000 21.0 184 3/64 67,500 19.5 167 3/64
WGT77s 1.0 Sn [1.08 Sn 84,400 | 190 192 3/16 69,400 24.0 169 3/64 ’
wG80s 20 Sn |1.69 Sn 90,700 | 20.5 187 3/32 78,800| 19.0 ) 171 3/32 r
Titanium — Lead Alloys
: - -

wAQ12~ | Unalloyed ’ ‘ | 90,300 “ 16.0 | 203
WC43*  Unalloyed 0.02 0.030 0.05 75,000 205 190 3/64 | 71,000| 23.5 172 3/64
WA27§ 1.0 Pb 121,800 7.0 243
WC51s 1.0 Pb |0.53 Pb 0.03 0.041 0.48 | 91,400 19.5 199 3/64 81,100 23.5 190 1/16
wC47y 25 Pb |1.26 Pb 0.02 0.058 1.04 | 97,500 19.0 211 3/32 97,500 18.0 226 3/64
WC45s 5.0 Pb |2.15 Pb 0.03 0.042 0.28 | 93,600| 20.0 207 3/32 87,900‘ 22.5 217 1/16
o \

"I'As hot rolled at 1450°F.
¥ Heated in air % hr at 1600°F and quenched in cold water.

a Average of 2 longitudiual 14-ga specimens, 3 in. long by 0.375 in. wide with a 0.250-in. wide reduced section. Tested with the sur-

face skin present.

1 10-kg load. Hardness at the center of the cross section of the sheet 90° to the surface and to the rolling direction.

5 Minimum bend radius without cracking on a single longitudinal specimen 3 in.

present.

¢ Annealed Y% hr in air at 1450°F and air cooled.

7 Average of 2 longitudinal 8-in. specimens with 0.5-in. reduced section.

long by 0.5 in, wide. Tested with surface skin

14-ga sheet.

» Forged at 1700°F by upsetting the 2%-in.-diam. ingot on edge to a 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-

in. sheet. Total reduction 35:1.

o Forged at 1700°F by pancaking the 0.5-in.-thick ingot to a 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in. sheet.

Total reduction 8:1,
* Some ductility.
+ Very little ductility.

trated by fig. 45. Metallographic examination indi-
cates that the solubility of silicon in both alpha and
beta titanium near the transformation range is
somewhat less than 04 pct. Like boron and
beryllium, silicon is not useful as a major alloying
element in titanium, but might be useful as a minor
addition to more complex alloys.

Tin, at least up to 1.7 pct, appears to be soluble
in both alpha and beta titanium. Up to this con-
centration, it appears to have relatively little effect
on the tensile properties or upon the transformation
range. Neither are the alloys benefited by solution
or aging heat treatments.

Lead up to 2.1 pct appears to be soluble in both
alpha and beta titanium near the transformation
range. Lead up to this concentration, according to
data not reproduced here, raises the beta solvus
temperatures markedly and probably lowers the
alpha solvus temperatures slightly. The titanium-
lead binary alloys investigated are not favorably
affected by solution heat treatments and they did
not respond to aging treatments. However, alloys
containing higher lead contents are being investi-
gated.

Binary Titanium-Vanadium Alloys: Table VII
contains data on mechanical properties of binary
titanium-vanadium alloys in the as-hot-rolled con-

dition and after heat treating at 1600°F. Fig. 45
shows some of these data graphically, while fig. 13
shows the effect of vanadium on the transformation
range. Fig. 14 shows the effects of various heat
treatments on the hardness of the titanium-vana-
dium binary alloy, while fig. 15 shows the substan-
tial lack of response of the alloys to aging treat-
ments. Vanadium produces moderate increases in
strength with some sacrifice in ductility. It limits
the alpha field at high temperature and markedly
reduces the beta solvus temperature. The alloys do
not respond appreciably to solution or aging treat-
ments. However, alloys containing higher vanadium
contents merit investigation.

It may be concluded from these data that vana-
dium is a fairly useful alloy addition to titanium.

Binary Alloys of Titanium With Antimony and
Bismuth: Table VII contains some data on the me-
chanical properties of alloys containing small
amounts of antimony or bismuth. The data are in-
sufficient to permit an evaluation of these systems.
Further studies are being made.

Binary Titanium-Chromium Alloys: Table VIII
contains data on the mechanical properties of
titanium-~chromium binary alloys in the as-rolled
condition and after heat treating at 1600°F, A
small amount of data is also available after heat
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Table VII, Properties of Binary Titanium Alloys

Prepared from Process A Metal Base (Group V Elements)

Composition, Pet As-Hot-Rolled Temper! Heat Treated 16009 F2 Annealed 1430°F¢
— - " — Mini- T | Mini- T -
Actual Tensile|Elong., mum | Tensile Elong..s [ mum | Tensile |Elong.,
Str'gth,3| Pet in Bend Str’g:h." Pf’; in VEN! i l"Bde-nd B Strelt’\gitll,” l;c: in VRN
In. HN4 |Radius,? n. k adius,> S n.
Heat No.| Intended I o N w psi 1In. |V al;:s ps dius, ”
Titaninm — Vanadinm Alfoys
N . ! o | ! {
wCe78 Unalloyed 0.04 0.024 0.35) 80,700 | 24.0 186 1/16 75,000 | 22.0 | 188 1/16
WAO125 |Unalloyed l 90300 | 16.0 | 203
WA23% 1.0 Vv 87,900 21.0 216
WCT74% 1.0 Vv 083 V 0.04 0.032 0.24) 91,700 | 19.0 203 1/16 96,300 14.0 234 3/16
WwC69s 25 V 238 V 0.03 0.027 0.311104,000 | 21.0 237 3/16 118,800 10.0 260 =>1/4* \
WC68% 50 V (474 v 006 0.031 041138800 10.0 294 3/16 141,300 25 | 322 >1/4* | \
Titanium — Antlmony Alloys
- ‘ \ -
WGT708 Unalloyed T77.800) 23.0 180 3/64 66,300 23.5 ! 160 \ 3/64 14.4
WAO128 |Unalloyed 90,300 16.0 203
W.A29 0.1 Sb 87,100 _| 20.0 212
WG583 0.1 Sb [0.06 Sb 81,900 21.5 195 3/16 67,200 26.5 170 3/64
WGH568 0.25 Sb |0.14 Sb 79,400 | 21.0 186 3/32 66,300 | 23.0 155 3/64 |
wGoe08 0.50 Sb |0.12 Sb 86,300 { 21.5 200 3/32 65,700 | 23.0 168 3/64 l
! -
Titanium — Bismuth Alloys
wa70s  |Unatloyed | 77,800 | 23.0 180 | 3/64 66,300 | 23.5 ‘ 160 ‘ 3/64 ] |
WAOI128 |Unalloyed 90,300 16.0 20?
WA308 0.08 Bi \ 98,100 15.0 243
WG648 0.10 Bi |0.11 Bi 80,400 21.0 201 3/64 67,400 22.0 162 1/32
WG618 0.25 Bi [0.27 Bi 79,400 | 22.0 175 3/64 66,600 20.5 154 3/64
WGE65° 0.50 Bi |0.29 Bi 68,400 | 20.5 186 3/64 65,000 21.5 168 ] 3/64 l

L As hot rolled at 1450°F,
2 Heated in air % hr at 1600°F and quenched in cold water.

3 Average of 2 longitudinal 14-ga specimens, 3 in.
face skin present.

410-kg load. Hardness at the center of the cross

long by ¢.375 in. wide with a 0.250-in. wide reduced section. Tested with the sur-

section of the sheet 90° to the surface and to the rolling direction.

5 Minimum bend radius without cracking on a single longitudinal specimen 3 in. long by 0.5 in. wide. Tested with the surface skin

present.
9 Annealed %2 hr in air at 1450°F and air cooled.

7 Average of 2 longitudinal 8-in. specimens with 0.5-in. reduced section. 14-ga sheet.
8 Forged at 1700°F by upsetting the 2% -in.-diam ingot on edge to a 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in.

sheet. Total reduction 35:1.

? Forged at 1700°F by pancaking the 0.5-in.-thick ingot to 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in. sheei.

Total reduction 8:1.

treating at 1750°F and annealing at 1450°F. As
indicated previously, two different sources of
chromium were employed, the fused chromium
which is relatively low in oxygen and nitrogen and
electrolytic chromium which is relatively high in
oxygen and nitrogen. The electrolytic chromium
was used to prepare the heats on which a nitrogen
analysis was made as listed in table VIII. In gen-
eral, the low-chromium alloys prepared with elec-
trolytic chromium produce higher tensile properties
than the alloys prepared with fused chromium. The
effects of chromium on the properties of the alloys
in the as-hot-rolled condition are shown by fig. 45.

Fig. 16 shows the effects of chromium on the
transformation range and illustrates the very
marked limitation of the alpha field produced by
the chromium addition and the lowering of the beta
solvus temperatures. Fig. 17 to 20, inclusive, illus-
trate typical structures of titanium-chromium alloys
given various treatments.

As with most other titanium alloys, and as shown
by fig. 21, increases in hardness are obtained by
quenching from higher temperatures, particularly
from the beta field. These increases in hardness are
quite marked for the 10 pct chromium alloys. As
shown by the data in table VIII, quenching from
1600°F did not have an overall beneficial effect on

the tensile properties. However, since the 5 to 10
pct alloys do harden by quenching from the beta
field, useful heat treatments might be developed.
As shown by fig. 22, the higher chromium alloys
age harden quite markedly, even when they are in
the hot-rolled condition; presumably, this age
hardening is a result of the decomposition of re-
tained beta. Five per cent chromium alloys in the
as-hot-rolled condition age harden only slightly.
It may be concluded from this investigation that
very good properties can be obtained from titanium-
chromium alloys, particularly when some oxygen or
nitrogen is present. Thus, alloys in the as-hot-rolled
condition and containing 4.8 pct chromium and 0.12
pet nitrogen produced the following properties:

Tensile strength, psi 182,000
Elongation in 1 inch, Pet ki
Vickers hardness 356
Minimum bend radius, in. 3t

Binary Titanium-Molybdenum Alloys: Table VIII
contains data on the mechanical properties of titan-
ium-~molybdenum binary alloys in the as-hot-rolled
condition and after heat treating at 1600°F. The
effect of molybdenum on the mechanical properties
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Fig. 17-20—Typical structures observed in binary titanium-chromium alloys made from process A
metal.

Fig. 17—Heat WG86, 2.17 pet Cr.

Quenched from 1430°F in the o { f§ field. The alpha phase is distributed in a beta matrix which transformed to alpha
during the quench. 300X.

Fig. 18—Heat WGS86, 2.17 pet Cr.

Quenched from 1530°F in the o 4 g field. Islands of alpha are distributed in an acicular alpha (iransformed beta)

matrix. 500X.
Fig. 19—Heat WGS86, 2.17 pct Cr.

Quenched from 1600°F in the g field. Acicular alpha formed by transformation of beila during the guench.

Fig. 20—Heat WC79, 10.0 pct Cr (nominal).

Quenched from 1600°F. This micrograph shows untransformed beta.

500X.

500X.

18

20

of the as-hot-rolled alloys is represented graphi-
cally by fig. 45. ‘

Fig. 23 graphically represents the effect of molyb-
denum on the transformation range and also illus-
trates the restriction to the alpha field. Fig. 24, 25,
and 26 show typical structures of titanium-molyb-
denum alloys after various treatments. As shown
by the data in table VIII, the tensile properties of
the titanium-molybdenum binary alloys are not
favorably affected by solution heat treatment from
1600°F. Hardness tests after heat treating at 1450,
1550, 1600, 1650, 1700, and 1750°F showed that
little or no increase in hardness occurred as the
result of quenching from the beta field. These
data are graphically illustrated by fig. 27. This
hardness increase is believed to be the result of the
formation of acicular alpha instead of the usual

equiaxed-type of alpha formed by recrystallization
in the alpha field.

Alloys containing up to 5 pct molybdenum do
not respond appreciably to solution treatment,
though alloys of higher molybdenum content may
respond more favorably. Fig. 28 shows the response
of the various alloys to aging treatments after
quenching from 1450 and 1750°F. These data show
that an increase of 70 Vickers numbers occurs in
the 5 pet molybdenum alloy after quenching from
1450°F. Slight increases in hardness also occurred
when the 5 pct molybdenum alloys in the as-hot-
rolled condition were aged at 750°F for 2, 4, and
8 hr.

It may be concluded that molybdenum is a
favorable alloy addition to titanium, and that its
effects on the properties are similar to those ob-
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VICKERS HARDNESS

Fig. 21—Effect of solution tem-

perature on the hardness of

titanium-chromium alloys pre-
pared from process A metal.

B
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rolled titanium-chromium alloys 600
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1750 .T_. .r,. 0 ALPHA PHASE
M ALPHA + BETA
B BETA PHASE
1700 i ILI
B
o 1650 | o — . . :
° Fig. 23—Tentative dia-
m N gram showing trans-
=t \\ formation range of
b N titanium—o0 to 5 pet
& te00 .. molybdenum  alloys
o
= made from process A
e \ \\ metal.
1550 \\ CILEI-—*-[AYI
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1450 L m-m— | m—
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MOLYBDENUM CONTENT, PER CENT
24 25
Fig. 24-26—Typical structures observed in binary
titanium-molybdenum alloys made from process
A metal.
Fig. 24—Heat WC83, 1.86 pet Mo, 0.07 pct C, 0.051
pet N, 0.11 pct W.
Quenched from 1530°F in the o + 3 field. Photograph shows
islands of alpha in an alpha matrix, which transformed from
26 beta during the quench. 300X.

Fig. 25—Heat WC83, 1.86 pct Mo, 0.07 pet C, 0.051
pet N, 0.11 pct W.

Quenched frora 1600°F in the ¢ 4 S field. Islands of alpha
are distributed in an acicular alpha (transformed beta)
: matrix. 300X.

Fig. 26—Heat WC83, 1.86 pct Mo, 0.07 pet C, 0.051
pet N, 0.11 pet W. .

Quenched from 1700°F in the S field. Photograph shows
acicular alpha, which transformed from beta during the
quench. 3500X.
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Table VIIL. Properties of Titanium Binary Alloys Prepared from Process A Metal Base (Group VI Elements)

Annpealed 1450°F+

Heat Treated 1750°F3

Heat Treated 1600°F2

\ Composition, Pet } As-Hot-Rolled Tempert

£0S—STVLIW 4O TYNIANOT ‘0561 HOYIYW ‘881 “TOA IWIV SNOILDVSNVYL

|

* Some ductility.

t Very little ductility.

1 As hot rolled at 1450°F.

2Heated in air % hr at 1600°F and quenched in cold
water.

3 Heated in air % hr at 1750°F and quenched in cold
water.

+ Annealed % hr in air at 1450°F and air cooled.

5 Average of 2 longitudinal 14-ga specimens 3 in. long
by 0.375 in. wide with a 0.250-in.-wide reduced sec-
tion. Tested with the surface skin present.

8 10-kg load. Hardness at the center of the cross section
of the sheet 90° to the surface and to the rolling di-
rection.

* Minimum bend radius without cracking on a single
longitudinal specimen 3 in. long by 0.5 in. wide.
Tested with the surface skin present.

8 Average of 2 longitudinal 8-in. specimens with 0.5-in.
reduced section. 14-ga sheet.

8 Segregation of chromium observed in microscopic ex-
amination and no analysis made for chromium, to be
replaced by Heats WC79 and WC78, 10 and 15 pect

chromium, respectively.

1 Forged at 1700°F by upsetting the 2V;-in.-diam ingot
on edge to 0.250-in. slab, then ground and hot rolled
at 1450°F to 0.060-in. sheet. Total reduction 35:1.

1l Forged at 1700°F by pancaking the 0.5-in.-thick ingol
to 0.250-in. slab, then ground and hot rolled at 1450°F
to 0.060-in. sheet. Total reduction 8:1.

12 Chromium added as fused metal low in oxygen and
nitrogen.

[ |
Actual Tensile [Elong., Minimum Tensile |Elong., Minimom Tensile |Elong., Minimum Tensile |Elong.,
Strength,5 | Pet in Bend Strength,5 | Pet in Bend Strength,5 | Pct in | VHNE Bend Strength,8| Pet in
Hcat No. Intended c N w psi 1In. | VHN® | Radius,” In. psi 1In. | VHN¢| Radius,’In. psi 11In. Radius,” In. psi 1In. | VHNS®
Titanium-Chromium Alloys
WAOQ1L Unalloyed | 91,900 15.0 211
WG6910 Unalloyed 75,000 215 163 1/64 62,000 26.0 147 3/64 ]
WG4210 Unalloyed 82,100 18.0 1683 1/16 74,300 22.0 149 1/16
WG9 Unalloyed 74,000 22,5 189 1/32 70,000 21.0 157 1/32
WA41 5 Cr ) 103,100 1.0 461
WAs1 |10 Cr 188,600 15 | 425
WAeR |15 Cr \ 152,100 7.0 | 327
WAB310 25 Cr (207 Cr 007 0116 0,11 | 157,90 10.0 306 3/16 150,000 2.0 380 >1/4
WAB210 35 Cr 3.27 Cr 0.09 0.088 115 169,600 7.5 330 3/16 141,400 2.0 359 >1/4
WAB110 50 Cr (478 Cr 009 0.118 0.20| 182,400 7.0 356 3/16 106,300 1.0 ‘ 385 =>1/4
WAB169¢,10| 10.0 Cr 0.1 0.086 158,200 4.5 347 1/4 152,200 3.5 143,700 35 } 349 =>1/4
WAB1700 | 15,0 Cr 0.13 0.067 149,700 7.0 306 >1/4 152,200 6.0 ] 139,300 45 | 323 3/64
WGE610,12 25 Cr 2.17 Cr 124,400 14.0 248 3/16 146,400 2.5 272 =>1/4* 283 =>1/4t
WGE71022 | 35 Cr |3.35 Cr 132,400 9.5 230 3/16 136,000 1.0 283 >1/4} ' 317 =>1/4t
WG4310,12 5.0 Cr 4.38 Cr 186,600 6.0 281 =>>1/4* 118,700 1.5 316 >1/4% 442 =>1/4*
wC790,32 | 10,0 Cr 135,900 1.5 316 >1/4* 126,500 11.0 407 1/16 380 =>1/4*
wC7810,2 | 15.0 Cr 153,300 7.0 296 =>1/4* 142,200 9.5 314 3/32 311 3/16
W@G12w.12) 50 Cr 150,800 8.5 289 3/16 113,800 1.5 326 ] >1/4 320 >1/4
Titanium-Molybdenum Alloys
WCTne Unalloyed 0.04 0.026 76,700 21.0 184 1/32 74,300 20.0 170 1/32 I
WC9510 Unalloyed 0.05 0.026 77,500 22.0 191 1/32 76,700 22.0 169 1/32
wCsgowe Unalloyed 0.06 0.020 71,400 22.5 180 1/16 72,300 24.0 162 1/16
WAOQI1210 | Unalloyed 90,300 16.0 203
WAL 5.0 Mo 158,200 6.0 348
WAB1010 2.0 Mo 0.12 0.029 128,300 13.0 266 1/4 111,800 25 344 >1/4
WAB1110 2.5 Mo 0.32 . 0.027 135,700 11.0 267 3/16 120,600 2.0 359 >1/4
WABSW® 3.5 Mo 0.16  0.027 121,400 15.5 258 3/18 136,000 2.2 345 >1/4
WABS§!0 5.0 Mo 0.14  0.027 152,600 5.5 318 >1/4 109,400 2.5 300 >1/4
W(C8310 2.0 Mo [1.86 Mo 0.07 0.051 0.11 | 109,600 14.0 225 3/32 106,700 7.5 262 3/16
‘w8210 2.5 Mo (2.36 Mo 0.07 0.087 0.38 113,300 10.0 233 1/8 114,200 9.5 255 3/16
WC8110 3.5 Mo [3.82 Mo 0.06 0.042 0.26 125,900 115 246 3/16 115,500 13.5 248 3/18
WCg4r0 5.0 Mo (4.65 Mo 0.05 0.049 0.03 144,900 6.5 268 =1/4 110,000 11.5 ’ 259 3/16




Table IX. Properties of Titanium Binary Alloys' Prepared from Process A Metal Base
Group VII Elements

As-Hot-Rolled Temper! Heat Treated 1600°F:

| Tensile | Elong.,] ' Minimum Tensile | Elong., Minimum
[ ,, Strength,?] Pct in | Bend Strength,3| Pet in Bend
Heat No.| Inlended } psi | LIn. } VHN! | Radias,5 In. psi ‘ 1In. | VHN! | Radius,’ In.
. S . .
Titanium-Manganese Alloys
WH48 |Unalloyed 87,500 22.5 203 . 3/64 76,900 16.5 179 , 3/16
WC43 [Unalloyed 002 0.030 0.05 75,000 20.5 190 3/64 71,000 23.5 172 3/64
WC63 1.0 Mn 1.0 Mn 0.02 0.03¢4 0.16 101,700 16.0 221 3/32 109,500 15.5 251 3/16
WC44 25 Mn|2,08 Mn 0.02 0.029 0.06 128,000 14.0 253 3/32 141,200 7.0 316 1/4
WC41 5.0 Mn {437 Mn 0.0 0.042 0.05 157,900 7.5 303 1/16 147,200 2.0 413 =>1/4
WHS53 1.75 Mn 113,600 14.0 251 3/16 118,500 5.5 266 >1/4*
‘WHS1 25 Mn 141,200 105 270 [ 3/16 141,700 1.0 343 =1/4*
‘WHS80 3.5 Mn 145,100 11.0 363 3/16 86,400 0.0 348 =>1/4+
WH78 5.0 Mn 162,800 6.5 315 3/16 140,700 1.0 397 =1/4%
WHS82 7.5 Mn 196,800 2.5 384 =>1/4= 100,700 1.0 386 >1/41
WH57 10.0 Mn 177,400 5.0 394 =>1/4t 142,000 3.5 362 =1/4*
* Some ductility. o B
1 Very little ductility.
1 As hot rolled at 1450°F.
2 Heated in air % hr at 1600°F and gquenched in cold water.
% Average of 2 longitudinal 14-ga specimens, 3 in. long by 0.375 in. wide with a 0.250-in. wide reduced section. Tested

with the surface skin present.

+10-kg load. Hardness at the center of the cross section of the sheet 90° to the surface and to the rolling direction.

S Minimum bend radius without cracking on a single longitudinal specimen 3 in. long by 0.5 in. wide. Tested with
the surface skin present.

8 Forged at 1700°F by upsetting the 2%-in.-diam ingot on edge to 0.250-in.
1450°F to 0.060-in. sheet. Total reduction 35:1.

slab, then ground and hot rolled at

Table X. Properties of Titanium Binary Alloys® Prepared from Process A Metal Base (Group VI Elements)

Composition Pct, As-Hot-Rolled Temper? ' Heat Treated 1600°F* Annealed 1450 °F*
Mini- Mini~ | |
Actual Tensile |Elong., mum Tensile |Elong., mum Tensile |Elong.,
Strength,t| Pet in Bend |Strength,*| Petin Bend |Strength,”) Petin
Heat | Intended psi 1In. | YVHNS | Radius,® psl 1In. | VHNS5 | Radius,® psi 1In. | VHN5
No. Y N w In. In. .
Titanium-Iron Alloys
WC31 |Unalloyed|0.14 Fe 0.04 0.048 0.23 85,900 18.5 199 3/64 74,300 19.5 174 3/64
WA13 2.0 Fe 136,400 1.5 339
WA1l4 3.0 Fe 148,300 1.0 440
wC27 0.25 Fe |0.40 Fe 0.04 0.036 0.3¢ 95,300 21.0 211 3/32 80,500 21.0 201 3/32
wcCs 0.50 Fe )0.68 Fe¢ 0.08 0.026 0.51 93,200 17.0 221 3/16 94,600 17.0 232 3/32
WC25 1.0 Fe (1.15 Fe 0.05 0.037 0.50 110,300 17.0 220 3/16 114,900 10.0 254 >=>1/4 |
WC37 2.0 220 Fe 005 005 0.47 ! 146,500 8.5 305 3/16 146,500 2.5 468 =1/4
Titanium-Cobalt Alloys
WC101| Unalloyed 0.03 0025 0.46 76,700 19.5 189 3/32 70,800 19.0 194 3/32
WAO012| Unalloyed 90,300 16.0 203
WAZ0 2.0 Co 111,800 14.0 244
WC115) 1.0 Co )1.02 Co 0.03 0.047 0.31 108,500 18.5 221 3/16 102,900 10.0 255 =>1/4*
WC103| 2.0 Co |1.90 Co 0.04 0.021 0.32 | 110,700 8.0 242 3/16 115,800 4.0 305 =1/4*
WC102| 3.0 Co |3.05 Co 0.04 0.022 0.23 | 135,000 10.0 271 3/16 119,400 3.0 354 =>1/4%
Titanium-Nickel Alloys
WAO |Unalloyed 91,900 15.0 211
WA15 1.0 Ni 94,500 16.0 220
WAI6 2.0 Ni 111,600 3.0 271
WA17 5.0 Ni 111,400 2.0 272
WAI8 | 100 Ni { | 100,000 | 20 | 259
WD1 10.0 Ni |11.4 Ni 0.07 0.029 0.59 | 100,600 1.0 ‘ 298 =>1/4 78,100 0.0 527 >1/4

t As hot rolled 1450°F.

2 Heated in air % hr at 1600°F and quenched in

3 Annealed % hr in air at 1450°F and air cooled.

+ Average of 2 longitudinal 14-ga specimens, 3 in.
in. wide with a 0.250-in.-wide reduced section.
the surface skin present.

510-kg load. Hardness at the center of the cross section of
the sheet 90° to the surface and to the rolling direction.

cold water.

long by 0.375
Tested with

s Minimum bend radius without cracking on a single longi-

tudinal specimen 3 in. long by 0.5 in. wide. Tested with the
surface skin present.

7 Average of 2 longitudinal 8-in.
reduced section. 14-ga sheet.

8 Forged at 1700°F by upsetting the 2%-in.-diam ingot on edge
to 0.250-in. slab, then ground and hot rolled at 1450°F to
0.060-in. sheet. Total reduction 35:1.

* Some ductility.

+ Very little ductility.

specimens with 0.5-in.-wide
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Fig. 29—Tentative diagram
showing transformation
range of titanium—o0 to 10
pct manganese alloys made
from process A metal.

Fig. 30-33 (below)—Typical
structures observed in binary
titanium-manganese alloys
made from process A metal.

Fig. 30—Heat WC63, 1.0 pct
Mn, 0.02 pet C, 0.034 pet N,
0.16 pct W.

Quenched from 1550° F in the
o -+ g field. The predominant phase
is alpha with acicular alpha
(transformed - beta) in the grain
boundaries. 500X.

Fig. 31—Heat WC63, 1.0 pct
Mn, 0.02 pet C, 0.034 pet N,
0.16 pct W.

Quenched from 1650°F in the
a 4+ B field. Islands of alpha are

shown in an acicular alpha
(transformed beta) structure. 500X.

Fig. 32—Heat WC63, 1.0 pct
Mn, 0.02 pet C, 0.034 pct N,
0.16 pet W.

Quenched from 1700°F in the f§
field. The structure shown is acic-
ular alpha which transformed from
beta during the quench. 500X.

Fig. 33—Heat WHS82, 7.5 pet

nominal Mn.
Quenched from 1450°F in the £
field. With high manganese pres-
ent, the beta phase has not trans-
formed in the guenched specimen.

500X.
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Fig. 38-39—Typical structures observed in binary
titanium-iron alloys made from process A metal.

Fig. 38 (above)—Heat WC37, 2.20 pct Fe, 0.05 pct

C, 0.05 pet N, 0.47 pet W.
Quenched from 1600°F in the a 4 B field. Islands of alpha
in an acicular alpha (transformed beta) matrix are shown
500X.

Fig. 39 (below)—Heat WC37, 2.20 pect Fe, 0.05 pct
C, 0.05 pct N, 0.47 pct W.

Quenched from 1650°F in the S field. The structure shown is
acicular alpha (transformed beta). 300X.
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tained by the addition of the fused chromium.

Binary Titanium-Manganese Alloys: The me-
chanical properties of the titanium-manganese
binary alloys in the as-hot-rolled condition and
after solution heat treatment at 1600°F are shown
by the data in table IX. The effects of manganese
on the properties of the alloys in the as-hot-rolled
condition are graphically represented by fig. 45.

Fig. 29 shows the effects of manganese on the
transformation range and the very marked restric-
tion of the alpha field produced by small additions
of manganese. Fig. 30 to 33, inclusive, show repre-
sentative microstructures of the titanium-manga-
nese binary alloys.

Fig. 34 shows that titanium-manganese binary
alloys are hardened by quenching from the higher
temperatures, as are some other titanium-base al-
loys. At 4.37 pct manganese, the hardening is quite
marked even at a quenching temperature of 1450°F.
The data in table IX show that the tensile properties
of these alloys are not favorably affected by quench-
ing from 1600°F. However, since marked hardening
occurs, even at low quenching temperatures, favor-
able heat treatments may be developed. The re-
sponse of the titanium-manganese alloys to aging
is illustrated by fig. 35 and 36. These data show
that the quenched alloys containing 2 and 4 pct
manganese age substantially at 600 to 750°F. Data

not included in the paper show that these alloys con-
taining 3.5 to 10 pct manganese also respond ap-
preciably to aging treatments in the as-hot-rolled
condition. At 3.5 pct manganese, the increase in
hardness of the as-hot-rolled alloys is only about
30 Vickers. At 10 pct manganese, the increase in
hardness is 90 to 100 Vickers points.

It may be concluded from these data that manga-
nese is one of the most interesting alloy additions
made to titanium. An addition of 5 or 7.5 pct
manganese to titanium produced the following
properties:

5 Pct Mn 7.5 Pct Mn
Tensile strength, psi 162,800 196,800
Elongation in 1 inch, pet 6.5 2.5
Vickers hardness 315 384
Minimum bend radius, in. 3t >4t

Binary Titanium-Iron Alloys: Table X contains
data on the mechanical properties of the titanium-
iron alloys in the as-hot-rolled condition and after
heat treating at 1600°F. The data on the tensile
properties of the alloys in the as-hot-rolled condi-
tion are represented graphically by fig. 45. Fig. 37
shows the effects of iron on the transformation range
and illustrates the very restricted range of the
alpha field. Fig. 38 and 39 illustrate representative
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microstructures of the titanium-iron binary alloys.

The effects of various heat treatments on the
hardness of the titanium-iron binary alloys are il-
lustrated by fig. 40. It is quite evident that the 2.2
pct iron alloy is markedly hardened by quenching
from 1550°F. In all probability, such heat treat-
ments will be useful for some applications even
though the tensile data, table X, show that a quench
from 1600°F was not beneficial.

The response of these binary alloys to aging is
illustrated by fig. 41 and 42. It will be noted that
the 2 pct iron alloy tends to age slightly after
quenching from 1600 or 1700°F. Data not indicated
in the table also show that the 2 pct iron alloys age
harden about 40 Vickers numbers when the as-hot-
rolled material is aged from 2 to 8 hr at 750°F.

Although the increase in strength obtained by
additions of iron is accompanied by a considerable
sacrifice in ductility, it is quite probable that this
element will be a useful alloying addition to
titanium.

Binary Titanium-Cobalt Alloys: Data on the me-
chanical properties of the titanium-cobalt binary
alloys in the as-hot-rolled condition and after heat
treatment at 1600°F are listed in table X. The ten-
sile properties of the alloys in the as-hot-rolled
condition are graphically represented by fig. 45. Fig.

43 shows the effect of cobalt on the transformation
range and the restriction to the alpha field.

As with other titanium-base alloys, some increase
in hardness occurs when they are quenched from
elevated temperatures. The increase is quite
marked for the 3 pct cobalt alloy and becomes
slightly greater when the temperature is increased
to 1750°F. This is shown by fig. 44. However, as
indicated by the data in table X, the tensile proper-
ties of the alloys are not beneficially affected by the
quenching treatment at 1600°F. None of these
cobalt alloys age hardens appreciably when the as-
hot-rolled material is aged up to 8 hr at 750°F,

Like iron, cobalt produces some increase in
strength at a considerable sacrifice in ductility.
However, in small amounts, it may have a useful
function in complex alloys of titanium.

Binary Titanium-Nickel Alloys: A small amount
of data on the mechanical properties of titanium-
nickel binary alloys is listed in table X. Relatively
few data are available, however, because these al-
loys were fairly difficult to prepare in the arc
furnace. However, alloys have been successfully
made recently but data are not yet available.

Summary

Binary alloys of titanium with silver, lead, tin,
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Fig. 45—Relative effects of alloying additions on the tensile properties and hardness of binary titanium
alloys prepared from process A metal.

when the alloys are aged in the hot-rolled condition.

The data so far indicate that the best properties
of titanium alloys are obtained in the as-hot-rolled
condition, though no data are presented on the al-
loys which have been aged after hot rolling. An-
nealing produces slightly lower tensile strength
with only a slight increase in ductility. Although
the data are limited, cold working the annealed
alloys does not appear to be beneficial since the loss
in ductility is accompanied by only a slight increase

in tensile strength.

The studies of titanium-base alloys are being con-
tinued under the sponsorship of the Air Materiel
Command, Wright-Patterson Air Force Base.
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