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ABSTRACT

Wrought bars of tungsten-base alloys were produced by
extrusion of arc-cast billets under a variety of conditions.
Billets of W+0.6Cb alloy were successfully extruded using
temperatures between 3200 and 4200°F and reduction ratios
between 3.9:1 and 8.3:1. A comparison was drawn between
W+0.6Cb extrusions produced from material melted by four
suppliers. Differences in material characteristics could
be traced to electrode suppliers.

The W+6Mo+2Cb alloy was extruded between 3400 and 4200°F

using ratios from 4.1:1 to 7.4:1. Surfaces were generally fair
to poor and internal cracks were discovered in many extrusions.
3 Machining billets from 4-inch ingots instead of 3%-inch ingots \
R produced only a slight improvement in extrusion quality. Q:
; o
; Instrumentation of the extrusion press to measure ram load, bt
L die load, and ram position has enabled & realistic determination RS
{ of container friction and a modification of basic extrusion A
- theory. oy
:; Jacketing tungsten~base billets with molybdenum was found {¥;§
3 more advantageous than applying glass as a lubricant, particular- ;5}@
. ly at elevated temperatures. IAESL
While swaging has been the most successful method for re-~ 'i%m
duction of tungsten-base extrusions, higher tensile properties ‘-33
were obtained at 3000°F on forged material, (46,200 vs. 63,300 »ﬁé
psi for W+0.6Cb). An ultimate strength of 48,200 psi was ob- .;ﬁ?g
tained on swaged W+6Mo+2Cb alloySA Nedi
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I. INTRODUCTION

The objectives of this investigation were to develop new
processes and techniques for the extrusion, forging, rolling,
and swaging of refractory alloys, including a metallurgical
evaluation of the material during each stage of the processing
cycle. This investigation is a continuation of 822 a supplement
to the work previously reported in ASD-TDR-62-670(1),

The tungsten + 0.6 percent columbium and the tungsten + 6
percent molybdenum + 2 percent columbium compositions were
selected as the subject alloys for this investigation. The
tungsten + 0,6 columbium alloy was developed by the Union Carbide
Metals Company and a tensile strength og 60,600 psi at 30000F in
vacuum was reported in WADD-TR-60-144 (2 , indicating that this
binary composition was considerably stronger than unalloyed tung-
sten or other tungsten-base alloys containing minor additions.

A number of investigators have developed reliable arc melting
techniques for producing sound ingots of the W+0,6Cb composition.
A successful vaggum arc melting process is described in detail in
ASD-TDR-63-296\3), Ten W+0.6Cb billets were chosen to supplement
extrusion information reported in ASD-TDR-62-670.

The 92% tungsten + 6% molybdenum + 2% columbium composition,

hereafter abbreviated as 92-6-2, was modified from the orig%nal
. The

88W+6Mo+6Cb alloy developed by the Crucible Steel Company

88~6-6 alloy exhibited a tensile strength of 62,000 psi at 30000F
in vacuum. Crucible's 88-6-6 ingots were made in l%-~inch seg-
mented molybdenum molds by melting multiple wire electrodes with
alternating current. Severe ingot cracking was encountered while
developing melting parameters to produce the 88-6-6 alloy in 3%-
inch water cooled copper molds with direct current. The colum-
bium content was reduced from 6 to 2 perc?ns so that crack-free
3%-inch diameter ingots could be produced!®). The 92-6-2 alloy
was chosen for this investigation to compare its extrudability
with W+0,.6Cb,

II1. PROGRAM

The program consisted of four work areas which were accom-
plished concurrently. The work areas were: (a) basic extrusion
study, (b) thermal-mechanical effects study, (c) maximum yield
effort, and (d) Air Force Materials Laboratory internal program
support. These are described as follows:

Manuscript released by the authors November, 1963, for publication
as an ASD Technical Documentary Report.
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(a) A basic study of extrusion variables to determine
optimum conditions for the extrusion of refractory

alloys constitutes one of the major areas. The ?ﬁ?ﬂ
particular alloys in this study were W+0.6Cb and e
92W+6Mo+2Ch. el
(b) The thermal-mechanical effects area consisted pri- ?jﬁj
marily of establishing the forging, rolling and s
swaging aspects of the program and the major portion ﬁf%
of the metallurgical testing, evaluation, and analy- RN
sis. A

b
by

b
13
XS
P..
<

(¢) Extrusion work scheduled in conjunction with Air
Force, Navy, and other governmental agency contrac-
tors directed toward obtaining the maximum yield
from experimental alloys.

(d) Internal program support consisted of processing a
variety of experimental material and providing ser-
vices to support internal programs in the Air Force
Materials Laboratory.

I3

A program outline describing the work conducted under work
areas (a) and (b) is as follows:

1
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A. Basic Extrusion Study

1. W+0.6Cb (seven arc cast billets)

a. Sectioned one billet to examine macrostructure.

b. EBExtruded six billets to rounds at 3800 and
40000F,

¢c. Evaluated extrusions.

LA : !

84

.-

o (1) Surface, soundness, dimensions

(J (2) Weight percent yield

Ef (3) Hardness, microstructure, and recrystalli-
E} zation behavior at nose, center and tail
o 2. 92W+6Mo+2Cb (thirty arc cast billets)

SN

@ a. Sectioned one billet to examine macrostructure.
k-

-2 b. Extruded eight billets to study extrusion

. parameters.

o

N c. BExtruded twelve billets to rounds at 3800, 4000
& and 42000F to provide material for workability
ég evaluation.

A 2
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)
d. Extruded nine billets to rectangles at 3800, ﬁff
4000, and 4200°F to provide material for e
workablllty evaluation. g&;
e. Evaluated extrusions, =E
]
(1) Surface, soundness, dimensions T
(2) Weight percent yield st
(3) Hardness, microstructure, and recrystalli- ]
zation behavior at nose, center, and tail : p!
(4) 30009F vacuum tensile tests P
B. Thermal-Mechanical Effects Study i?ﬁ
The following refers to both the W+0.6Cb and the 92-6-2 %ﬁ:
alloys. 3*;
1. Forging :lq
a., Forged annealed samples to establish minimum aﬁf
permissible forging temperature. N
—q
b, Forged annealed samples at three temperatures vy
" and four reductions to evaluate material. -ﬁg}
RIN
[ ¢. Evaluated forgings. :Qgi
F . .-“ [
' (1) Hardness and soundness S
(2) Recrystallization behavior qﬁg
l: \:_:
2. Rolling b
a. Rolled annealed forgings at three temperatures ﬁfﬁ
: and four reductions. d
¢ =
; b. Evaluated rolled material, el
e ]
? 3. Swaging -
5: a. Swaged round extrusions at three temperatures
; and four reductions.
% b. Evaluated swage stock.
Q (1) Surface, soundness, dimensions
s (2) 3000°F vacuum tensile tests
N
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1IT. THEORETICAL CONSIDERATIONS(G)

Figure 1 is a schematic illustration of an extrusion pro-
cess., Referring to this figure, the general force equation in
the x-direction is expresscd as

Ft = Fff + Ffb + Fd (1)
where

F, = total force required to sustain extrusion

Fff = frictional force between the container and the
follower material

Ffb = frictional force between the container and the
upset billet (a function of the normal force, N)

Fqy = forec applied on the die (deformation force +

die friction)
Prior to this time fabricators have measured only the

total force, and material cxtrudability has been related to an
extrusion constant (K-factor) which is given by:

K=A|FE 2

Rl
where
‘o = cross-secticnal area of the upset billet
Ax = cross-sectional area of the extruded product

It is generally assumed that the lower the extrusion con-
stant, the more casily deformed is a material during the extru-
sion operation.

It was determined from recent tests on 1018 steel extru-
sion billets that the force required to overcome container

friction varied from extrusion to extrusion and was markedly in-

fluenced by the type of applied lubricant, thg condition of the
container liner, and the billet temperature Some of the

scatter in extrusion constant data encountered throughout indus-

try is caused by these variations.

Unique instrumentation (discussed in Section IV) of the

extrusion press at the Air Force Materials Laboratory has made it
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possible to measure directly the force on the die and the change PO
of billet length in the container in addition to the total force -
required for extrusion. Die force data provide more meaningful
determinations of material deformability because they are un-
affected by container friction.

Typical data traces, siiowing total force on the ram, F_, the
force on the die, F,, and ram displacement are displayed scﬁe—
matically in Figure 2. Were billet friction the only cause for
the difference between the total force and the die force, the ex-
trapolated f{ would intcrsect Fgq where bhillet friction was zero,
or at a point corresponding to zero billet length. Considerable
disnlacement is observed at this point which is attributed to
friction hetween the follower material and the container. The
total force on the billet must he expressed now as Ft—Ff . The
friction force, Fpr, which was indeterminable before die load data
were available, is assumed to be constant during the extrusion
stroke when the coefficient of friction bhetween the billet and the
container is calcuiated.

At any instant }, the force required to sustain extrusion of
a hillet is given by(8 :

F,= Foe(%ul') (3)
where:

Fi = total force exerted on the billet
= deformation force exerted on the billet

F
D = diameter of the upset billet
u

= coefficient of friction between billet and container
liner

L. = length of upset billet

LT

Previously, investigators determincd the total force curve
only, procceded to let Fj in equation 3 equal the measured Ft.,
and assumed that the deformation force, Fg, was equal to the
measured F¢min. It has been pointed out that the actual force on
the billet is F, - F £ and the deformation force, F is equal
to the force measurea behind the die, Fd.

To calculate the coefficient of bhillet friction, u, the
total force (as cxpressed by equation 3) at two points during ex-
trusion are subtracted from onc another, and the resulting equa-

O,
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The coefficient, u, can be calculated from this expression. S

Inasmuch as u is influenced by departure of the billet from ideal- O
ly plastic behavior, billet temperature, and the effect of the com-

position of the layer between billet and container liner, the &Ei

values of u should be considered "effective" coefficients of fric- S,

tion. guﬂ

Ty

IV. EXPiERIMENTAL PROCEDURE £33

The details of the basic extrusion process and general AFML ’E:_

practices relating to subsequent metalworking operations used in ?ﬁ?

this investigation have been described in ASD-TDR-62-670. Eguip- o

ment added or modified and any procedural changes made during the 'g%

contractual period are discussed in the following section. 3&.

A. Extrusion Fos

-".2(:

A Minneapolis-foneywell Model 1508 Visicorder .

(Figure 3) was installed at the extrusion press in place 2N

of the 9068 model, a smaller and somewhat less versatile -

instrument. The new recorder uses a wider chart and

R

presently employs nine active data channels, although up
to 24 channels are available if desired. The nine chan-
nels provide data on ram load, die lcad, ram position,

SO

ram speed, extrusion temperature, and the load on each ﬁ}&
of the four tie rods. Tie rod tension is recorded dur- DY
ing extrusion as a means of measuring the uniformity of
loading and to detect if the bolster becomes misaligned. tﬁﬁ
Ram load is measured with a pressure transducer
attached to the hydraulic system. Ram specd is measured
by a tachometer coupled to a drum which is rotated by a Tay
cable fastened to the ram. The cable is under spring '
tension to eliminate slippage and backlash. A 10-turn T3
variable potentiometer is attached to the drum shaft )
opposite the tachometer and produces a voltage which 0
varies linearly with the ram position. 4
The die load measurements are obtained from a load L
5 cell positioned directly behind the die by modified back- {ﬁ?
o up tooling, shown in Figure 4. This modification does Py
[ not significantly alter the extrusion procedure, although ?uﬁ
- strain gages must be protected from overheating and cali- Ch'
o bration of the load cell must be checked occasionally to ﬁbﬁ
e insurc that false readings are not obtained because of
- plastic deformation of the cell under high die loadings. gf;
L
The first set of tooling for die force measurements EH:
was designed to accommodate a nominal 1.25-inch diamecter NG
(6:1) extrusion. A .125-inch clearance was considered éﬁ;
ey
Lol
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adequate to minimize the possibility of interference between
the extrusion and the load cell due to nose bursts or other
extrusion deformities. This required a 1.5-inch bore in the
load cell, placing it somewhat at a disadvantage with respect
to cross-section. The stem of the press will withstand at
least 700 tons without plastic deformation, but to allow pas-
sage of the extrusion, the load cell cross-section is reduced
nearly 25 percent and the maximum load to about 3530 tons.
Increasing the bore diameter to accommodate larger extrusions
further reduces allowable tonnage. The calibration step,
where a room temperature steel billet is pressed against a
die and the stem and die loads are matched against a hydrau-
lic gage, endangers the load cell because the full press
tonnage is transmitted directly and can be reached very
quickly. Fortunately, in practice, die loads have not ex-
ceeded 400 tons even though stem loading is considerably
higher because of container friction.

in instrument for sensing the temperature of the emerging
extrusion was purchased and is being tested. The device was
manufactured by Radiation Electronics Company and is sold
under the tradename "Thermodot". It focuses infrared energy
emitted by an object onto a lead sulphide detector which
generates a signal that is amplified and recorded on the Visi-
corder. The backup tooling was modified to allow sensing of
the extrusion temperature, and both the die load and tempera-
ture of the extrusion can be measured simultanceously.

Forging

The inert atmosphere forging chamber was removed from the
forze press. Mechanical difficulties and operational encum-
berances were such that neither time nor funds would allow
the experimentation and modification considered necessary for
the chamber to be operated effectively. Difficulties included
fracture of the %-inch clear plastic chamber top by a combina-
tion of tightly-~fitting seals and minor die misalignment. The
cracked ton was patched and the o-ring seal around the die was
replaced by plastic bellows.

A large quantity of argon was required to effect an ade-
quate exchange of atmosphere inside the chamber and a stieady
flow of argon was required to maintain sufficient positive
pressure to preclude cntry of air during forging. Fluctua-
ting argon temperatures and changes in chamber volume accom-
panying press movement made it difficult to insure adequate
positive pressure of argon. A small quantity of air in the
chamber would result in oxidation of the tungsten susceptor
and the hot specimens, and the reliability of optical tem-
perature control would be reduced by the fumes.
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A.

The induction furnace would keat tungsten and molyb-
denum specimens to 3200°F without difficulty, and speci-
mens could be forged without surface discoloration when
the chamber was adequately purged. No suitable means was
found to slowly cool samples of alloys sensitive to ther-
mal shock.

Since relatively few tungsten or molybdenum base
samples comprised a single forging experiment, argon
consumption on a per-sample basis was very high. Also,
surface condition and as-forged dimensions as influenced
by oxidation were secondary to alloy deformability and
internal soundness. The latter characteristics can be
determined readily by heating in an argon atmosphere re-
sistance furnace and forging in air.

The Minneapolis Honeywell Model 906B Visicorder,
which was used to measure extrusion variables prior to
its replacement by the 1508 model, was moved to the
forge press so that pressing speed, ram displacement,
and deformation pressure can be recorded.

Swaging

A Fenn Model 6F, 2-die rotary swaging machine
(Figure 5) was purchased during the contractual period.
Swaging dies from 1.188 to .375-inch diameter are in use
at this time.

V. DISCUSSION AND R&ESULTS, BASIC EXTRUSION STUDY

W+0.6Cb Billets

Ten billets of W+0.6Cb alloy were requisitioned to
fulfill the requirements of the basic extrusion study.
Eight billets were ordered from the Wah Chang Corpora-
tion and two billets were obtained from the Oregon Metal-
lurgical Corporation to provide an opportunity to compare
billets provided by these two suppliers to the material
produced at AFML and Universal Cyclops which was extruded
previously.

The seven billets received from the two suppliers
ranged from 2.941 to 2,950 inches in diameter, 4.313 to
4,750 inches in length, and between 20.3 and 22.3 pounds.
A %-inch x 45° chamfer was machined into the top (lead)
end of each billet to aid in the initiation of extrusion
and to minimize die damage. Billet hardness averaged
65 Rockwell A. The suppliers' ultrasonic and zygle
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examinations indicatced that all billets were sound and
visual examination of billet surfaces did not disciose
any other defects. A comparison of billet structure
could not be made because the five Wah Chang billets

had been extruded before it was learned that the order
was not to be completed, and no Wah Chang material was
sectioned for macro—~examination. One of the Oremet bil-
lets was cut longitudinally and the macrostructure is
shown in Figure 6 with a macrosection of a W+0.6Cb ingot
produced at AFML shown for comparison.

The analytical data for the W+0.6Cb billets are
shown in Table 1, These data indicate that the W+0.6Cb
billets sunplied by Wah Chang and Oremet are very simi-
lar in chemistry to the majority of other W+0.6Cb
billets extruded at the AFML facility, however, three of
the billets supplied by Wah Chang contained roushly twice
as much columbium as the other billets.

Extrusion of the W+0.6Cb Alloy

The six W+0.6Cb billets extruded as part of this
program were coated with Corning #7900 glass, heated to
either 3800 or 4000°F, and extruded using ratios between
4.3:1 and 7,3:1. All the billets w:re successfully ex-
truded and the data are summarized in Table 2., The Wah
Chang billets used to produce extrusions 994, 993, and
996 contained more columbium than the rest, as mentioned
in the previous paragraph, but doubling the columbium
content at these concentrations apparently has little
effect on extrudability.

A number of other W+0.6Cb billets were extruded at
AFML and comparisons of material characteristics may be
drawn by examining data from billets produced by Univer-
sal Cyclops for Part I of this investigation, and from
material produced in the AFML arc furnace for a separate
arc melting study(3 . Extrusion data for these billets
are listed in Table 2 and comparative analytical data
are shown in Tables 1 and 3.

Figures 7 and 8 show the K factor values obtained
from the W+0.6Cb billets listed in Table 2. Considerable
data scatter (the causes of which were discussed in Sec-
tion III) is evident; and, for this reason, a K factor
band is shown instead of a line.

Several total stem load and die load traces are
shown in Figure 9. Only total load traces are available
for extrusions 992, 993, and 994, but both total load and
die load curves are shown for extrusions 995, 996, 997
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and 1050. Traces have been superimposed for ease of comparison.

The total load decreases in each case after the billet be-
gins to extrude because of decreasing frictional effect as billet
length decreases, although the load always increases again after
extrusion is more than 60 percent complete because of billet heat
loss and the diminishing effectiveness of the high temperature
lubricant. This increase is not reflected as sharply at the die.
The degree or effect of material heating during deformation in
the die is not known.

in Figure 9 it will be observed that total load for extru-
sion 1050 decreases while die load increases. Since all billets
were coated with Corning 7900 glass except for the one from which
extrusion 1050 was produced, the increasing die load in this
instance is believed to result from greater billet heat loss due
to the absence of the glass coating. This provides an indication
of the insulating properties of the coating.

The die load data obtained on the four W+0.6Cb alloy billets
extruded during this program are shown below. The die K factor
figures were obtained by inserting the maximum (breakthrough)
tonnage values on the die into the equatio . Corresponding stem
load data were extracted from Table 2 for comparison.

STEM DATA DIE DATA

Extrusion Temp Max Min K Max Min K
Number (9F) Ratio Tons Tons (psi) Tons Tons (psi)

995 (WC) 3800 6.6:1 450 410 64,300 370 360 53,000
996 (WC) 4000 6.4:1 500 430 72,500 360 335 52,200
997 (OM) 3800 6.5:1 560 480 80,800 340 305 49,100
1050 (UC) 3800 6.2:1 3500 460 74,000 390 370 56,400

The K factor values obtained at the die were plotted in
Figure 9 on the same scale used for plotting K factors in Figures
7 and 8. While the conclusions that might be drawn are limited
because die load data were obtained on only four billets, the
above tabulation indicates that little correlation exists between
the K factor measured at the stem and the one measured at the die.
Based on total locad measurements, the Oremet billet was the most
difficult to extrude, followed in order by extrusion 1050, 996, and
995. Die load measurements indicate that the Oremet billet was the
least difficult to deform, followed in increasing order by extru-
sions 996, 995, and 1050. As discussed in Section III, the die
measurements are considered a more reliable indicator of billet
deformability.
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foos.

The frictional force on the follower material has already }32
bizen discussed (see Section III) and tends to increase the stem Cied
load above the load required to actually deform the material. 75§
During extrusion of the Oremet billet, it was noticed that a por- O
tion of the zirconia pedestal block, upon which the billet rests
during heating, had adhered to the base of the billet. In addi- N
tion to the force required to extrude the alloy, considerable .
force was needed to overcome friction between the abrasive zirconia =
and the container liner. This condition contributed to the high w4
stem load recorded for this extrusion. KN

If the die K factors plotted in Figure 9 present an accurate iy
indication of the effect of temperature on deformability, the slope A
of the line shows that changing billet temperature has a less pro- -
nounced effect on die K factor than on the stem extrusion constant. . S
The degree of data scatter at the die is not evident, considering A
the conditions of extrusion and the number of measurements.

The coefficient of friction between he b11 et and the con-
tainer was calculated by use of equation 4 Page 5)  The results

of these calculations are as follows:

Extrusion Coefficient of

Number Billet Friction
995 0.050
996 0.070
997 0.085
1050 0.045

Analytical data in Tables 1 and 3 indicate that the W+0,.6Cb
billets supnlied by Wah Chang contained a higher interstitial and
residual metallic impurity level than billets supplied by Universal
Cyclops and AFML. However, the results of deforming operations are
not in agreement with the apparent differences in purity levels.
The extrusion data show that the Wah Chang material was more easily
extruded and photomicrographs (Figures 10 and 11) show that the
alloy showed a stronger tendency to recrystallize during the pro-
cess, both signs suggesting a higher purity material. This ten-
dency also was noted when extruding a W+0.6Cb billet produced in
the)AFML furnace from Wah Chang electrodes (Ingot VA-86, Extrusion
956).

The apparent lack of correlation between billet chemistry and
extrudability does not indicate analytical error, but rather it
reflects a difference in analytical and reporting techniques, with
a predominance of higher "less than" values reported by Wah Chang

11




implying higher impurity levels. Ingot VA-86 was produced in the

AFML furnace from the same electrode lot utilized by Wah Chang for
their ingots. The analysis of this ingot by Le Doux, Inc., shown

in Table 3, indicates very little difference in chemistry exists <
between this and other ingots shown in the table except for carbon .
and oxygen. While the "less than" values reported by Wah Chang

are undoubtedly courrect, the actual values appear considerably -ﬁ%
lower than many of those indicated. Differences in extrudability L
and other properties may be related to electrode suppliers as well y
as to differences in arc melting technique. R
Data have been extracted from Tables 1, 2, and 3 and arranged ;iﬁ
to show the relation of carbon content to K factor. All of the e
billets listed below were heated to 3B800CF for extrusion. e
L
Billet R
Extrusion No. & Electrode(a) Extrusion Reported K Factor b
Number Source Source Ratio ppm C (psi) rsf
752 KC11384(UC) GE 4.1:1 44 80,500 .
753 KC11388(UC) GE 7.6:1 44 82,500 o
755 KC1146A (UC) Sy 1.4:1(0) 45 87,500 vt
756 KC1146B(UC) Sy 5.5:1%) 45 84,400 o
757 KC11374(UC) GE 6.7:1(7) 27 87,400 =4
762 KC1145B(UC) Sy 4.2:1 50 30,800 o
1050 KC1148B(UC) Sy 6.2:1(¢) 43 74,000 %ﬁgg
896 VA-68(AFML) GE 6.3:1 44 Stuck i:fﬂ
935 VA-78(AFML) GE 6.4:1 10 75,000 -
936 VA-79(AFML) GE 8.4:1 18 75,000 :ﬁg;
948 VA-83U(AFML) GE 6.4:1 123 Stuck o]
951 VA-83L(AFML) GE 3.0:1 123 stuck(®) B
956 VA-86(AFML) We 6.4:1 6 72,700 e
957 VA-87(AFML) W 6.4:1 51 Stuck %ﬁjl
958 VA-88(AFML) GE 6.4:1 230 Stuck S
966 VA-91(AFML) GE 6.4:1 230 Stuck g;ﬁ
974 VA-92(AFML) W 6.3:1 25 83,800 q
992 31015T(WC) WwC 4.3:1 30 76,000 Q}Q
e
995 31192B(WC) WC 6.6:1 30 64,300 Fagd
L
1
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(a) Sources: UC - Universal Cyclops, GE - General Electric,
Sy - Sylvania, AFML -~ Air Force Materials
Laboratory, W - Westinghouse, WC - Wah Chang

(b) Rectangular Die
(c) No glass lubricant
(d) Billet heated to 4200°F

RO 15
AN

Lo

L‘n:l

More data on the effect of carbon can be determined by
converting 4000°F K factor data to 38009F data. This was done
by adding 6,000 psi to the 4000°F K factor values, which would
be the expected increase according to the slope of the K fac-

tor band.

Billet Converted
Extr, No. & Electrode Extr. Reported K Factor
No. Source Source Ratio ppm C (psi)
632 KC1072(UC) Sy 4.4:1 21 95,400
746 KC1143A(UC) Sy 4,0:1 20 80,700
747 KC1143B(UC) Sy 7.9:1 20 82,000
758  Kcli47a(uc) G 4.5:1%) 60 77,800
759  kcl1a78(uc)  eE  7.0:1(P) 6o 88,000
763 KC1145A(UC) Sy 4.1:1 50 79,400

(Notes of previous tabulation apply)

The addition of carbon alone to the W+0.6Cb alloy could
be beneficial if increases in elevated temperature strength
can be obtained while still having an extrudable alloy. A
"go - no go" diagram is shown in Figure 12, where successful
and unsuccessful extrusions are plotted according to carbon
content and extrusion ratio. It appears that 40 to 60 ppm
carbon is the critical range where the W+0.6Cb alloy becomes
80 resistant to deformation that it cannot be extruded by

present Air Force Materials Laboratory extrusion techniques
and equipment.

c. Evaluation of W+0.6Cb Extrusions

The surface condition of extrusions were rated according
to the examples shown in Figure 13. Surface condition was
determined after oxide, glass lubricant and adhering Sil-0-
Cel had been sandblasted away. The surfaces of the W+0.6Cb
extrusions were generally good, regardless of the supplier.
Defects that did exist were of such a nature that frequently
one was able to identify the source of the billet from the
nature of the extrusion surface, An ingot melted in the AFML
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furnace from Wah Chang electrodes produced an extrusion surface o
similar to that found on extrusions produced from material melted &;;
by Wah Chang. AfML and Universal Cyclops ingots melted from General :
Electric electrodes produced extrusions which had similar surfaces. Eﬁi
Examples of extrusion surfaces are shown in Figure 14. tf@
Except for obvious laps, seams, and fissures, little could be Cjﬁ
said about the exterior layer of the extruded material. It was ti:
found that many defects were hidden by smeared metal and were not ]
detected until sampleswere severely etched or subjected to defor- =
mation perpendicular to extrusion direction. Machining 60 to 100 S
mils from the surface removes all but the most serious defects. It AN
is believed that greater material recovery could be ohtained by im- gﬁﬁ
proving billet machining methods to avoid <enerating minor surface A

cracks that tend to propagate during billet extrusion. The surface
of extrusion 1050, which was produced from an uncoated billet, was

found to be at least as good as if not better than the surfaces of

extrusions produced from glass-coated billets.

L -
MM R '.".“‘?"
S Y e S
Pl 3 . _* ‘I"l‘

The dimensions of the W+0.6Cb extrusions generally increased
from nose to tail because of die wear. Dimernsional variation, in
inches, of extrusiouns produced from Wah Chang billets and from
several Universal Cyclops billets are shown below.

£xt, Temn.
No. F Nose Center Tail

992 (WC) 3800 1.482 1.483 1.483 hes,

993 (WC) 4000 1,482 1.479 1.482 ﬁ}

994 (WC) 4000 1.135 1.130 1.140 A

995 (WC) 3800 1,123 1.197 1.208 &3
& 996 (WC) 4000 1.215 1.210 1.214 %
E*’ 752 (UC) 3800 1.518 1.520 1.523 i.-il
' A
‘gg 753 (UC) 3800 1.116 1.118 1.120 o
0 743 (UC) 4000 1.225 1.228 1.230 k2
3 744 (UC) 4000 1.141 1.144 1.156 3
h: 935 (AFML) 3800 1.203 1.208 1.208 }q
,‘3}:‘ 936 (AFML) 3800 1.063 1.065 1.074 @
& )]
o 956 (AFML) 3800 1.214 1.215 1.216 s
o From the data it is apparent that the effect of the W+0.8Ch '3
o alloy on the dies is about the same, regardless of billet source. !
__-;, “
Qﬁ Extrusions were sampled according to the diagram in Figure ;S
3: 15 unless special sampling was required for a separate study. —
- .
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Nose, center, and tail samples of W+0.6Cb extrusions produced
from billets supplied by feoir different arc melting facilities
are shown in Figure 16. These structures resulted from ex-
truding at 3300YF through round dies giving approximately a
6.5:1 reduction ratio. In all cases the center sample shows
more recrystallization than either the nose or tail sauples.
This observation is supported by the hardness data which is
presented in Table 4. The nose and tail sections were harder
than the center section. The structure contained in the cen-
ter sample is considered representative of that contained in
about 75 percent of the bar. The nose region of the bar suffers
heat loss during transfer and from contact with the relatively
cold nose plug in addition to being subjected to less deforma-
tion. The tail region suffers gsreater heat loss because of
the length of time for contact with the cold container and the
proximity of the graphite follower block which is normally at
room temperature when nlaced in the container.

92W+6M0o+2Cb Billets

Thirty billets of the 92-6-2 composition were to be ob-
tained from two outside suppliers, so Oremet and Wah Chang
were contacted and requested to gquote on 15 billets each.
Because of the tendency of arc melted ingots of this alloy to
crack, both of the mentioned suppliers declined to quote on
this order and it was necessary to produce all of the ingots
in the AFML furnace.

Electrode material for these ingots was obtained from the
General Electric Corporation as l¥-inch diameter, hydrostatical-
ly pressed and hydrogen sintered bars of a 94 percent tungsten +
6 percent molybdenum mixture. Each electrode contained a 3/8-
inch bore through which wires of columbium were inserted to
provide the 2 percent addition., All electrodes were joined
mechanically with a 1-3NC thread. The characteristics of the
material, as provided by the supplier, are shown in Table 3S.

The ingots were produced without difficulty using para-
meters similar to thos? geveloped during the investigation of
arc melting this alloy 5). a typical melting record for the
production of 3¥-inch ingots is shown in Table 6. The melting
current was increased slightly, from 3300 to 5300 amperes, in
an effort to obtain better inzot surfaces. An arc cast ingot
and a machined billet are shown in Figure 17 and the ingot macro-
structure is displayed in Figure 18. The ingot grain size is
considerably finer than the grain size of the W+0.6Cb ingots
shown in Figure 4, a result of the 6 percent molybdenum
addition and the increased columbium content. Some ingot
microstructures are shown in Figure 1Y9. These structures are
typical of tungsten base alloys and do not show any second
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phase at the grain boundaries although a fairly large number
of voids are evident at low magnification, where inclusions
were removed during electropolishing and etching.

Although all billets were machined to a nominal 2.940-
inch diameter, lengths ranged between 3.5 to 6.6 inches, and g
weights varied between 15.6 and 18.5 pounds. No ultrasonic AN
facilities were available at AFML for detection of internal
billet flaws, so as an alternate, visual inspection was used

to detect flaws that extended to the billet surface. Billet 4
hardness data are shown in Table 7 and billet analyses are Vo
shown in Table 8. Efxg
Extrusion and Evaluation of the 92W+6Mo+2Cb Alloy ff%:

Extrusion data for 92-6-2 billets are summarized in Table , _j
9. Generally the pressure required to extrude the 92-6-2 O

billets exceeded that needed to extrude the W+0.6Ch alloy at AR
the same temperatures and reductions. Scatter in K factor -
values was even greater at elevated temperatures (Figure 20)
than that observed for the W+0.6Cb alloy.

A major problem with the 92-6-2 alloy has been the condi-
tion of the as-extruded surface, which was usually rated from
fair to poor. Some surface flaws extended deep enough to pre-
clude any possibility of obtaining material for subsequent
workability operations. Examples of 92-6-2 extrusions origina-
ting from 3%-inch ingots are shown in Figure 21. Also, a num-
ber of extrusions contained internal cracks similar to those
shown in Figure 22. Cracks which appear to follow extrusion
flow lines and which show crumbling or other evidence of
relative motion at the interface were apparently present in
the billet prior to extrusion., While cracks may have occurred
during heating to extrusion temperature or during billet upset
in the container, it is most likely that they were present in
the ingot prior to billet machining. Additional precautions
were taken to avoid thermal shock during cooling of the ingot
in the furnace after melting was completed. Throttling the
mold cooling water to a trickle soon after melting was com-
pleted is believed to have contributed significantly toward
eliminating this problem. Cracks of a different type were
present in other 92-6-2 extrusions which did not follow flow
lines and were quite fine, showing no crumbling along the
edges. These cracks are believed to have occurred after ex-
trusion was completed, althouzh no direct evidence is available
to support this conclusion.

T
Extrusion surface defects were believed to be a function .LE
of ingot surface and/or arc melting practice, where ingot O
defects extcnded deep enough below the surface to preclude Ht}
their complete removal by machining to billet diameter. It p~&
o
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was thought that a 4-inch ingot would be of sufficient diameter RN

to contain surface defects in the layer removed by machining, so “'“?

the arc furnace water jacket was modified to accomnodate 4~inch Ff?t

molds and the balance of the 92-6-2 ingots (beginning with VA-94) Ry

was made in the larger molds. Electrodes measuring 1-3/4 inches NI

in diameter were ordered for these ingots and the characteristics ATl

of this material are shown in Table 5. More melting current was iﬁiﬁ

required to obtain a smooth surface on a 4-inch ingot, and 6300 o

to 6500 amperes was used instead of the 5500 to 5800 amperes which M

scemed satisfactory for the 3%-inch ingots. A representative }ixg

melting record for the production of 4-inch ingots is shown in aﬁ%g

Table 10. SN

.i\‘; )

Changing to the 4-inch diameter ingot resulted in more material

losses by machining without significantly improving extrusion sur- x#

faces. Examples of extrusion produced from 4-inch ingots are shown

in Figure 23. All extrusions after 943 (Table 9) were made from

billets originating from 4-inch ingots.

The 92-6-2 alloy is more sensitive to failure from thermal
stresses than is the W+0.8Cb alloy. It was found in several in-
stances during the investigation of W+0.6Cb, that extrusions which
did not clear the die and were subjected to rapid cooling in the
runout tube were still sound and suitable for workability evaluation,
The original 88-6-6 alloy could not be obtained as sound ingots
because stresses developing during cooling would cause severe crack-
ing, and reducing the columbium content from six to two perccnt A
has not completely overcome this problem. Com i

As was the case with the ¥+0.6Cb extrusions, the dimensions
of the 92-6-2 alloy bars increased from nose to tail due to die
wear. Dimensions, in inches, of several 92-6-2 extrusions are
as follows:

Extr. Extrusion
No. Temp., °F Nose Center Tail
911 3800 1.484 1.485 1.492
912 4000 1.481 1.491 1.494
913 4000 1.223 1.223 1.230
914 4200 1.493 1.502 1.520
915 4200 1.150 1.154 1.162
926 4000 1.473 1.475 1.493
927 4000 1.490 1.491 1.502
928 4000 1.494 1.494 1.496
943 4000 1.499 1.503 1.517
1008 3800 1.484 1.488 1.488
1309 4000 1.505 1.505 1,510
17
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It is difficult to relate directly the die wear caused by
extrusion of the 92-6-2 alloy to that measured during extrusion
of W+0.6Cb because the abhove tabulation contains a predominance
of 4:1 extrusions while similar data for ¥W+0.6Cb reported pre-
viously shows a predominance of 6:1 extrusions. Considering
that 4:1 extrusions require less pressure and the distance between
nose and tail measurements is about 2/3 that of 6:1 extrusions,
the 92-6-2 alloy causes considerably more die wear than a super-
ficiel comparison of data indicates. It is not certain whether
the effect on dies is simply a function of the 92-6-2 alloy's
increased resistance to deformation or whether it is related to
the poor surfaces of the 92-6-2 extrusions.

The flame-sprayed zirconia coating applied to steel dies is
believed to be a most significant development contributing toward
successful high temperature extrusicns; however, variation in die
design as it might further improve the process has received scant
attention. figure 24 shows the die designs used during this in-
vestigation. The dimensions to which the dies are machined are
shown, and the indicated ratios are obtained after application of
a 30-mil coating of zirconia. Unserviceable dies can be reclaimed
by removing all of the old coating and applying a new layer.

An effort to improve die lubhrication involved the addition of
molybdenum disulphide to the zirconia during the flame spraying
step. The coating spalled from the die during a trial steel ex-
trusion, indicating that the MoS9 interfered with the adherence
of the Zr02. No 92-6-2 extrusions were attempted with this type
of die.

The effect of extruding through rectangular dies is not ob-
literated by data scatter and Figures 7 and 20 clearly indicate
that more pressure is required to produce rectangular cross-
sections. The effects of non-uniform deformation, greater die
surface, and variable entry angle are significant but difficult
to isolate for separate study. Three round extrusions were made

U using dies with entry cones greater or less than 90 degrees, but
w extrudability differences were not great enough to be indicated
o by K factor data, and this study was abandoned because die load
9 tooling was not available until near the end of the investigation
- and no billets were available for this determination. It is

: interesting to note that the 60° die did not increase the pressure
o required to produce W+0.6Cb extrusion 742 although it was expected
- that die friction would increase appreciably as die entry angle
o was decreased to this value. No difficulties or advantages were
9 noted when producing W+0.6Cb extrusion 744 with a 100 degree die
3 or 92-6-2 extrusion with a 120 degree die.
éﬂ HHardness data from several 92-6-2 extrusions are shown in
- Table 11, Hardness variation across the section and along the
. length of the extrusion was not significant., Although the 92-6-2
=
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alloy shows ample evidence of being more resistant to deformation A

than the W+0.6Cb alloy over a wide rangze of temperatures, rcom aa
temperature hardness data indicates that it has less resistance e

to hardness indenter penetration. ‘§}§

‘:":.\{’.

Specimens were cut from several extrusions for machining L)

into tensile specimens (see Figure 25). The specimens shown in {&FQ

Figure 26 contained a fairly large amount of recrystallization RBAN

which accounts for the relatlvely low values obtained at 3000°0F b

in vacuum. These data are shown in Table 12, Qﬂ@

kN ;_\' [

Extrusions 941 and 942 were produced using graphite nose and iaé

follower blocks heated to 2800°F instead of the usual 1600°F steel A

nose plug and the room temperature follower block. This was done P

to reduce the breakthrough tonnage by decreasing the amount of -

billet heat lost to the nose plug, and to reduce the force re- L

gquired to push the tail of the extrusion through the die because o

of heat lost to the cold follower block. Stem load traces indi- N

cated that the shape of the extrusion curve was not changed gg;i
appreciably, in fact the breakthrough tonnages were higher than plas

normal. No additional work was done with heated sraphite nose ﬁvﬁf

and follower blocks. S

L ..'\‘.

In an attempt to overcome the difficulty with poor extrusion et

surfaces, and to experiment with a substitute for glass as a lubri- S

cant, some of the 92-6-2 billets were machined tc a smaller diameter s

to enable their use with copper, steel, and molybdenum jackets. One p?ﬁﬁ

i billet was extruded using a copper jacket and two each were extruded ﬁr;g
K with steel and molybdenum jackets. The copper and steel cans were f?ﬂi
E painted with 9776 glass on the inside, inserted into the container, e
- and allowed to reach container temperature (800°F). The copper iﬁﬁ
' jacket was used with extrusion 1042 and it did not affect the K
factor nor inprove the extrusion surface. Judging from the copper hﬁsé

in the runout tube, this jacket melted quickly and squirted from Bﬁﬁ{

the die under high pressure. The steel jackets used with extru- t,:ﬂ

sions 1045 and 1047 lowered the K factor somewhat (although this el

: may have been a function of reduced billet diameter) but the sur- ,ﬁ§?:
: face of the extrusions were very poor. P**%
The molybdenum jackets had a high enough melting point to ﬁikﬁ

permit being heated with the billet. Although these billets were &;ﬁ;
extruded without any glass coating, the K factor values were very b

low (Flgure 20). The same die was used for both extrusions and Ay

-

«
*e
<

was in excellent condition afterwards. Some pressure reduction

was undoubtedly due to the reduction in billet diameter required
for accommodation of a 1/8-inch jacket. A number of bulges and

cracks in the jacketed extrusionn indicated that a poor surface

:gs underneath, and removal of the jacket confirmed this observa-
ion,
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The 92-6-2 alloy did not recrystallize as readily as
the W+0.6Cb alloy. The microstructures of several extrusions
are shown in Figures 27 and 28. The structures in figure 28
were photographed at lower magnification to show that alter-
nate bands of wrought and recrystallized structure are presgent.
It was noticed during prevaration of samples that some relief,
or unevenness of surface, was nresent after electropolishing
and etching. These ridees were believed to result from seg-
regation, and the areas of varying composition were elongated
during the extrusion nrocess. These regions reacted at 4if-
ferent rates when subjected to polishing and etching. This
condition also favors bands of recrystallized and wrought
structure. To avoid this inhomogeneity, better arc melting
practices must be established and long time, high temperature
heat treatments of these ingots should be investigated.

Lubrication fvaluation

While nearly all of the refractory alloy billets extruded
up to this time have been coated with a glass that has the de-
sired viscosity at billet temperature, it appears that the
actual lubrication value of the glass is not significant under
the conditions of extrusion in the high temperature range used
for tungsten base alloys. Except for the possible benefits
the coating affords in retarding oxidation losses and lessen-
ing billet heat dissipation, the use of glass often may be
deterimental to the extrusion process.

The choice of a glass composition for application to a
billet has depended entirely on the temperature to which the
billet will be heated for extrusion. Since glass viscosity
is temperature-denendent, a composition with too low a soften-
ing temperature will flow to the base of the billet during
heating. This will cause the billet to stick to the zirconia
pedestal block so that both the block and the thermocouple may
be destroyed when the billet is removed. Also, the apparent
increase in billet diameter at the base caused by an accumu-
lation of displaced glass makes it difficult to manually insert
the billet into the container.

To compensate for the thickness of the 30-mil coating
normally applied, billets are machined to a smaller diameter
than would be necessary if a coating were not used. Before
the billet hegins to extrude, it is upset to container diameter
by ram pressure. In the initial stage of upset, the billet
bulges in the center until it contacts the container, and as
the billet approaches container diameter, the lubricant is
progressively squeezed toward the ends. The glass forced to
the rear of the billet is removed from the region where
lubrication is needed and it may even increase frictional
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=
effects when it becomes mixed with the graphite follower Q“i
block and is chilled. The material machined from the billet A
diameter to compensate for glass coating thickness permits !
a large amount of deformation as the glass is squeezed from e
the center, a condition likely to initiate failure inside the fjg
billet and/or cause propagation of minor flaws in the billet L
surface. NG
Inasmuch as certain glasses require high temperatures 4
before they become fluid enough to lubricate, it follows that RN
they must be maintained at high temperatures Jduring the extru- RO
sion process to function as lubricants. The container of the A
extrusion press is limited to a tewmperature range of 500 to }Hﬂ;
1000°9F by the nature of the heating elements and the properties oo
of the steel. The high temperature glasses are rigid and
abrasive at this temperature. The higher the softening tem- ?2{%
perature of the glass, the thicker will be the non-lubricating T
layer between billet and container. A glass that is liquid RO
at container temperature but viscous enough at extrusion tem- e
perature to preclude running off the billet would be ideal W
for this process but is not available. !
Some of the K factor data scatter reported in this in- Y
vestigation is believed to result from various effects caused Q&ﬁ}
by the use of high temperature glass. No ingots of 92-6-2 Qq&i
were extruded without a glass coating, but the W+0.6Cb billet St
used te produce extrusion 10350 (see Table 2 and Figure 7) was ... u
X heated to 3800°F and extruded without applied lubrication. An e
4 oxide coating formed, however, during the heating process. Loy
3 Extirasion pressure was so low in this instance that extrusion "
£ of "bare" billets is worthy of further investigation. While -
2 the value of glass as a lubricant is doubtful under the con- SRR
‘ ditions required for the extrusion of tungsten base alloys, g
b the application of glass to the 92-6-2 billets is not related R
> to the poor surfaces of the extrusions. The same lubrication SSESY
3 techniques did not adversely affect the extrusion surfaces 2
. ofW+).6Cb or other tungsten base alloys. The employment of AT
E copper, steel, and molybdenum cans, while reducing the effort NS
1 required for extrusion, did not improve surfaces and in some e
. cases affected the surfaces adversely. It appears that poor E—
g surfaces on 92-5-2 extrusions were more a function of the '
. nature of the alloy and less a function of extrusion practice. N
4 v
é As mentioned previously, the use of copper and steel cans ..
with the 92-5-2 alloy did not produce any significant improve- [
3 ment, but molybdenum jackets materially reduced extrusion pres-~ fﬁﬂq
% sure. Future studies should investigate plasma-sprayed coat- e
K ings of pure molybdenum 30 to 60 mils thick to compare the qu;
i suitability of this technique to the successful but expensive I4f§
3 method of applying molybdenum cans. Py
5
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VI. THERMAL-MECHANICAL EFFECTS g
..‘~._‘:
A. Forging !
[ e
To obtain preliminary forging data on the W+0.6Cb Lo
alloy, portions of extrusions 750 and 752 were selected N
for study. This material was extruded through 4:1 dies )
at 3200 and 3800°F, respectively. Portions of the 1i- S
inch rounds were painted with Corning 7052 glass, heated e
to 2700°F, and "side forged" to blanks measuring 4 x 2% e
X % inches. These blanks were cut into smaller samples A
measuring approx1mately 1 x 1% x ¥ inches and annealed fuf
for one hour at 3400YF to insure complete recrystalliza- &;;
tion. Annealing conditions were based on the data con- SN
tained in Table 13 which show the recrystallization be- LR
havior of W+0.6Cb in the as-extruded condition. The .
structures after recrystallization were essentially iden- &gﬁ
tical in spite of the difference in extrusion temperature. s
No data were available on forging the W+0.6Cb alloy Tl
at temperatures below 1600°F, so samples from each extru- e
sion were heated to 1000, 1200, 1400, and 1600°F and re- 9
duced 75% by forging. These samples were not glass T?]
coated prior to heating and specimen oxidation was found ;:1
to be minimal at these temperatures. All samples forged L
in the 1000 to 1600 degree temperature range showed edge {0
cracking, with the severity of cracking decreasing as e
forging temperature increased, so that only minor flaws . 4
could be observed in the samples forged at the highest .
temperature. The dies of the forge press were machined tgﬁ
from an f1-12 tool steel and were heat trecated to 49-51 Rg. EREN
These dies showed the impression of the 1000°F samples Lol
and one die cracked during forging of the 12000F samples. el
Although one forging die was destroyed, the balance of rv!
: forging was completed by keeping the samples away from R
$fj the cracked area. N
L M ‘
s Heat is extracted rapidly from the forging by the @3{
*% forge press and all samples were chilled as a result, BT
- All specimens forged between 1000 and 14000F showed a w
- large number of fine internal cracks when sectioned. It o
o is not known whether this would have occurred if chilling ol
were avoided by using heated dies and/or a forge hammer, b
e and samples were cooled slowly to room temnerature after RN
® forging, or whether samples would have cracked at these Bt
. low forging temperatures and high reductions regardless
Ek of the precautions.
ki- Reliable hardness data could not be obtained on any
o of these samples because the fine network of cracks caused
‘8 crumbling around the impression. All hardness readings
E-::,' 22
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were in the 55 to 63 R range which were obviously in error. It %;;
appears that obtaining major reductions by forging 1600°F has no v
practical value. The low temperature range may be useful for oper- |
ations involving minor deformation, however, such as straightening DEI
extrusions or rolllng samples where it is desired to keep oxidation 3;§
losses at a minimum. @:i
QL A

Additional pieces of round extrusions were side forged and bt
annealed, as described previously, to obtain samples for determin- -
ing the effects of forging to several reductions at 1600, 2000 and GO
24009F, Two samples each from extrusions 993, 763, and ?61 were e
used for this study. These three extrusions were made with 4:1 oSN
dies. Extrusions 993 and 763 were extruded at 4000°F and 761 was NN
extruded at 32000F. While the original extruded structures, shown —a
in Pigures 10 and 1l, were quite different, the structures after .4
gide forging at 27000F and annealing one hour at 3400°F were the o
same except that the recrystallized grain size of the 993 samples N

v s
()

T e D

was somewhat larger. AR

The annealed samples were cut diagonally to produce wedges o
(Figure 29) and marked along the sloping surface so that percent

reduction could be obtained from the original dimensions indicated ;ﬁ?F

by the markings. No glass ccatingswere employed on samples during AR

4 forging., Reductions from 20 to 80 percent were obtained with one s

] stroke of the press. Some crack indications were present in both e

samples of 761 and one sample of 993. These cracks may have occur- S,

red as a result of cooling too rapidly from the annealing tempera- .

ture. These specimens were used for determination of forgeability, Sl

effect of reduction on recrystallization behavior, and hardness. ROt

All samples survived the forging step without separating, although Sl

the original cracks were now more obvious. Edge cracking that o

occurred during the preliminary forging study at 1600°F was not gl

present in the region reduced 80 percent in the wedge at this tem- mqrg

perature, and except for the orlglnal defects already mentioned, ey

forging at 1600, 2000, and 2400°F was satisfactory. Hardness data 5&32

from these samples are shown in Table 14. oo

N

The samples were heated for one hour at 3000°F to determine 380

the effect of forging temperature and reduction on recrystallization. .._{

Some of the recrystallized structures are shown in Figure 29. Only e

a small amount of wrought structure was detected in the samples, as Lo

recrystallization was essentially complete. Large grains existed bﬁf]

in the portion of the sample reduced 20 percent and fine grains RO

were present in the region of maximum reduction. Although grain N

) size did not increase uniformly along the samples, the trend of —

¢ the grain size relative to percent reduction was unmistakable. e

E The 92-6-2 alloy was forged also, but more rectangular extru- -

sion stock was available and the pre-forging step was not necessary. IO

| Samples cut from the as-extruded bar were annealed at several tem- Y

: peratures for one hour to determine the effect of annealing on ;77%

5 el
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hardness. Because of the scarcity of sound material, portions
of extrusions 898, 399, and 900 were used for this study, since
these data could be obtained on unsound material. The original
strustures are shown in Figure 26, and the effect of recrystal-
lization temperature on structure is showa in Figure 30. Hard-
ness data in Table 15 indicate that the material becomes some-
what softer as annealing temperature is increased. Estimated
percent recrystallization resulting from annealing 1 hour at
temperatures between 2600 and 3400°F are shown in Table 16 and
samples for subsequent forging operations were annealed for

one hour at 3400°F based on this data.

Preliminary forging studies, using 70% reduction, at 1200,
1700, and 2200°F indicated that 2200°F was the most favorable
temperature, as other samples contained a large number of
cracks. Samples of 92-6-2 forged at the three temperatures
are shown in Figure 3l.

The few large samples of rectangular extrusions that were
sound enouzh for cutting into wedges were badly cracked after
annealing and no additional forging studies were done on the
92-6-2 alloy.

Rolling

Only a small quantity of W+0.6Cb samples was available for
rolling after other operations had been completed. Samples of
¥+0.6Cb round extrusions 761, 763, 992, and 993 were prepared
by forging and annealing in the same manner as used when pre-
paring samples for forging. Extrusion 759 was a rectangular
extrusion and only the 3400°F recrystallization was needed.
Although more care was observed in sample preparation, most
of the pieces broke during early rolling passes. The 1600,
2000, and 2400°F temperatures used were less satisfactory for
rolling than for forging, although better rolling results were
obtained at the hichest temperature. Rolling results are as
follows:

Initial final

Sample Temp., °F Thickness Thickness Remarks
759 1600 . 087 - Cracked on first pass
759 2600 . 589 .223 10 passes,minor cracks
removed between passes
759 2400 . 087 .125 12 passes,minor cracks
removed between passes
761 2000 . 709 . 980 split on third pass
763 2000 741 .680 split on first pass
763 2400 . 742 .625 split on second pass
992 2000 .698 .963 split on third nass
993 2400 . 748 . 460 split on fourth pass
24
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Most samples showed signs of failure cduring the first )
rolling pass and where it was practical to do so, defective 1
areas were removed before further rolling was attempted. A = :
common cause of failure in the samples forged from rounds end RN
annealed was a tendency of the specimens to split in the cen- t}?ﬁ
ter as it emerged from the rolls, so that two pieces half the el
desired thickness were obtained. Samples of extrusion 7359, A

5
2

which was rectangular and required only a one hour anneal at Cat
3400°F before rolling, showed a strong tendency toward edge
cracking. Rolling was halted occasionally while cracks were
removed by grinding or by cutting off the affected area. Ex-
amples of sample cracking are shown in [Fisgure 32, and available

e

[}
l'l

' O oY
. o »
o]
o'

&

hardness data are shown in Table 14. ;ii;
The capacity of the rolling mill would not permit heavy .
reductions on initial passes, but a more successful product {ﬁﬁb
might have been obtained if the annealed specimens had been Y
forzed 40 percent or more before rolling was attempted. No aeiny
material of the 92-6~2 composition was suitable for rolline. e
AW
C. Swaging ﬁ??%
% -:,"s J
Swaging proved to be a usef::l method of reducing extruded I}}i:
sections of refractory alloys in order to evaluate the effect NS
of a deforming operation on these materials., One is limited e
to a fixed set of reductions which are presently determined by RIS
available die sizes. The largest die will swage a bar to tﬂfg
1.188 inches. Subsequent swaging passes utilize 1.062, ,937, 3§{u
.843, .750, .687, and .609-inch dies. Several smaller dies A
(to .375 inch) were not used for tungsten swaging because }if@
stock diameter was not suitable for tensile specimens. bl
Dies were machined from hot-work die steel (VASCO-M2) and Q\.:
; heat treated to 48-52 Re. The metal working portion of the J}}%
' dies measured 1% to 2 times the diameter, which places them in cg{%
the "finishing die" rather than the "working die" category, as Eﬁ\\
they resemble the design commonly used for straightening. Die fﬁy@
blocks were cleaned between passes usinz a toolmaker's grinder St
' and emery paper to remove adhering tungsten oxide. Inspection RS
1 after cleaning disclosed a number of circumferential cracks in oy
the working surface of several dies after the first tungsten Y
bar was swaged at 27000F, however, this condition did not AT
worsen noticeably after additional bars were swaged. N
Both the W+0.6Cb alloy and the 92-6-2 alloy were checked FTT%
for cracks prior to swaging by etching the end of the bar with R
a strong HF-HINO3 solution and checking with dye penetrant. ~Iﬁ§
When cracks existed they were usually obvious enough after DI
etching to make confirmation with dye penetrant unneccessary. A
e
25
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Current swaging practice at the Air Force Materials Laboratory
entails heating the as-extruded bar in a Harrop portable Globar
furnace or a Pereney Globar furnace and swaging with three to five
minute reheats between passes. Annealing was done after first
swaging to a diameter from which the .609-inch die will produce the
desired reduction. Extrusion samples less than 7 inches long are
difficult to handle because the length is insufficient to permit
swaging to the center of the bar when the sample is inserted into
the dies from either end. On the other hand, the internal dimen-
sions of the two-mentioned furnaces will not allow reheating of
bars more than 17 inches long because the furnace doors cannot be
closed. The bars must be slowly cooled, cut to shorter lengths,
and reheated before swaging can proceed.

Sections of W+0.6Cb extrusions 974, 994, 995 and 997 were used
for swaging evaluation. Swaging samples were removed from the above
extrusions according to the diagram on Figure 15. In order to
evaluate the effect of swaging on the as-extruded surface, the only
pre-swaging preparations made were to sandblast the sample and
remove serious defects by cutting off the affected portion of the
bar. If surface preparation had been considered necessary, a
single swaging pass would have been required to straighten the ex-
trusions sufficiently to allow machining in a lathe.

Samples from extrusions 974, 995, and 997 were neated 30
minutes at 27000F and swaged from the nominal 1.2-inch extrusion
diameter to .937 inch in two passes. Sample 294 was heated to 2400°F
for 30 minutes and swaged to .843 inch in three passes. Three to
five minutes were allowed for reheating between each pass. No diffi-
culties were encountered in any of these operations, however, it was
noted that the material heated to 24000F was more ditrficult to feed
manually into the dies.

In view of the additional reduction of the as-extruded section,
which previously had recrystallized completely after one hour at
3200°F (Table 13), it was assumed that the extruded and swaged
material also would recrystallize comnletely under these conditions,
After subjecting specimens 994, 995, and 997 to this annealing treat-
ment, it was discovered that the recrystallization was only about 90
percent complete. Specimen 974 was annealed at 3400°F for one hour
which resulted in completc recrystallization and even produced some
grain growth.,

Samples 974, 995, and 997 were swaged to .609-inch bar stock
at 27000F, and a sample of 995 was swaged to .609 inch at 2400°F,
which reduced the annealed structure 60 percent in four passes.
Sample 994 was swaged from ,843 to .687 at 2200°F, a reduction of
35 percent. Some microstructures of annealed and swaged samples
are shown in Figure 33,
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The appearance of the as-swaged surface of the .609-inch
stock was superior to that of the original as-extruded samples.
This was due in part to the nature of the dies, although most of
the improvement occurred as a result of oxidation in the furnace
and during transfer to and from the swaging machine. The vola-
tility of the oxide enabled removal of the outer layers of material
containing the minor surface defects.

Swaging of W+0.4Cb bars had been done previously at the
Westinghouse Nﬁterials Manufacturing Division, Blairsville,
Pennsylvania(3 . These samples were essentially the same size
as those just described, but the heating to 2800°F was necessary
before the operator could force the material through the dies
manually. The apparent difference in swageability was a result of
different die designs. The dies used for swaging at Blairsville
used a 20 degree entrance angle while the 12 degree entrance angle
employed in the Ffenn dies at the Air Force Materials Laboratory
allowed swacing of W+0.6Cb alloy as low as 2200°F,

Two bars of 92-6-2 alloy were found suitable for swaging.
Bxtrusion 1028 was swaged at 2700°F from the original 1.17-inch
diameter to .609 inch without an annealing step. Three-inch sec~
tions were cut from the rod and two of the four samples showed
internal cracks. One sample was machined into a tensile specimen
and the other was annealed one hour at 3400°F before machining into
a specimen., Tensile data on the 92-6-2 alloy are shown in Table
12, Extrusion 1043 appeared suitable for swaging and withstood
reduction to .937 inch, a one hour anneal at 3400°F, and further
reduction through the .843-inch die. The bar began to break into
several pieces while it was being worked in the .750-inch die and
swagi g was discontinued. Microstructures of swaged 92-6-2 are
shown in Figure 34,

The results of the high temperature tensile tests of the
swaged W+0.6Chb is shown in Table 17, and test results on other
samples of wrousght W+0.6Cb alloy are shown for comparison. The
data in Tabhle 17 indicate that swaging temperature does not
appreciably affect high temperature tensile properties, at least
in the range of swag%ng temperatures used. Air force Materials
Laboratory personnel 9) obtained apnreciably higher strencth
values by forging samples between 40 and 54 percent at 2675°F
and machining round samples from the center. Of particular sig-
nificance is that their samples were maintained at 3000°F for
15 minutes before stress was applied, while the sample tested by
Union Carbide(2) was held at temperature for only five minutes.
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VII. MAXIMUM YIELD EFFORT %%3@
A variety of billets have been extruded for other L%&
acencies having government contracts that involve extrusion :
of refractory and other alloys. One of the alloys of which Eﬁé
a large number of billets have been extruded was a sintered ™
Cr+Mg0 composite developed by the Bendix Corporation. The S
composite, designated as "Chrome-30", contains 93.5 percent jﬁb
chromium, 0.5 percent titanium and 6.0 percent magnesium ?ﬁq:
oxide. e
el

From the data compiled in Table 18, it is noted that e

this alloy may be extruded easily using temperatures as low e
as 2000°F and extrusion ratios as high as 12:1. This alloy Wi
had been extryded at 12:1 at 2000°F during Part I of this R
investigation 1). Extrusion surfaces were sencrally very ";
good and die life was considerably longer than it was with o
refractory alloys. Details on subsequent working operations y¢§
and property data are contained in ASD-TDR-63-297 "Development oy
of Chromium Composite Alloy with High Temperature Oxidation }Hi
and Erosion Resistauce", Eﬁi
A number of molybdenum base billets were extruded and ?T%

data from this work are summarized in Table 19. K factor g
data are plotted in Figures 35 to 37. The extrudability PR
reference line for the molybdenum-base extrusions was cbtained PR
from data gathered during Part I of this investigation, where f
a large number of TZM (Mo+0.3Ti+0.1%Zr) billets were extruded 3
over a wide temperature range. Nt
N

Nine molybdenum-base billets were extruded into tubing :Q*

.
v
3

'l’-'l’;_’ .;_:. 3
r-’g!.l. . e o

for the Atomic Energy Commission. Conventional 6:1 round
dies were used with %-inch zirconia coated mandrels, which
changed the ratio to 8.8:1. Billets measured 2.945 inches in

diameter by five inches long and contained a one-inch bore

through which the mandrel was inserted just prior to extrusion.
.. Because of fairly large tolerances, billets were supplied in {9k
it wrought form to reduce the chance of billet failure during ﬁﬂ
[ upset which was more likely to occur if arc-~cast material was ﬁEQ
9 used. i
e No press modifications were necessary to enable the Q{'
L extrusion of tubing. A sketch of the billet, follower block, b
- mandrel, and dummy block is shown in Figure 38. Ram pressure g{:
hat applied directly to the dummy block forces the mandrel through Eﬁ
4 the die with the extrusion, and the press "bottoms out" before T4
1o the tapered portion of the mandrel reaches the die orifice. )
Qx “he only difficulty encountered with this arrangement was the s
e inability of the graphite to push the tube off the mandrel e
X after it had emerged from the die. Tapping the mandrel out &
AN of the tube afterward would cause the zirconia mandrel coating S
.
S
l;:t =8
Ik
N
4;
>
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to spall, otherwise the mandrels could have been reused without
recoating.

Several of the AEC billets (extrusions 1057 to 1060) emploved
pyrolytic graphite as a canning material to reduce extrusion effort.
The graphite jackets were inserted into the container and allowed
to reach container temperature while billets were beins heated.
Billet bulge during unset forced the graphite away from the center
so that it was trapped at the billet ends, spoiling the surface of
the nose and tail of the extrusions. The use of graphite cans did
not materially affect extrusion pressures. Except where graphite
had an adverse effect, the surfaces of all tubing extrusions were
good, particularly the interiors.

Most of the tungsten-base billets extruded during this part
of the program were molybdenum jacketed. The particular signifi-
cance of molybdenum jacketing becomes apparent when comparing K
factor data from billets that were extruded during Part I of this
investigation but were not jacketed. The data obtained from ex-
truding four tungsten base compositions are plotted in Figure 39,
and the data from Table 20 of the same compositions extruded with
1/3-inch thick molybdenum jackets is plotted also for comparison.
While the extrudability of each of these alloys, relative to one
another, is very similar with or without jackets, the very signifi-
cant reduction in the pressure required to accomplish extrusion is
obvious when jackets were used. The 10 percent reduction in billet
cross-section resulting from machining the billets to a smaller
diameter so the jackets can be used does not wholly account for
the differences in extrudability. The information in Table 20
indicates that all the jacketed extrusions exhibited good surfaces,
however this observation was based on the surface condition of the
extruded jacket only, as no opportunity was available to inspect
what lay beneath this covering. In the case of the 92-6-2 jacketed
extrusions mentioned earlier, it was found that a relatively smooth
jacket could conceal flaws in the extrusion.

Data obtained on sintered and arc cast unalloyed tungsten
(Table 20) was plotted in Figure 40, and data from unalloyed
tungsten billets extruded during a prev1ous 1nvest1gat10n(10)
are plotted in Figure 40 for comparison. Considerable differences
in extrudability of "unalloyed" tungsten exists, depending on
billet source.

The centerlines of the K factor bands of the W+0.6Cb and
92-6~2 alloys were shown in Figure 41 for reference to compare
alloy extrudability. If jacketing affected the extrudability of
the W+0.6Cb alloy as it did other compositions, a much wider
temperature and extrusion ratio range is available for investigation.
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VIII.  INTERNAL SUPPORT PROGRAM e

..-.‘.:\‘

Extrusions produced in this portion of the program }§§

were to support the project requirements of the Air Force P

S Materials Laboratory in work areas not directly applied ﬁﬁ;
>, to this contract and the data from this work are contained R
in Table 21. :.:_-.::
The tungsten base ingots produced during the arc uﬁi

melting investigation were extruded as part of the internal e

5 support program and the complete evaluation is given in e
¥4 ASD-TDR-63-296. Data on W+0.6Cb ingots pertinent to this &7
>, program are included in the discussion of W+0.6Cb in this e
- report. Several of the W+0.6Cb billets contained minor oSy
additions of titanium and zirconium, and the effect of ﬁi&

these additions on extrudability are shown in Table 21, €

extrusions 946, 947, 955, 964 and 965. It will be noted ey

that adding zirconium to the alloy decreases extrudability ﬁ:ﬁ

while adding titanium has the opposite effect, the reason ¢

being that zirconium is not lost to any degree while melt- o

ing and becomes a solid solution hardener, while titanium §~”

is almost completely eliminated and the alloy is purified y

in the process. In order to evaluate the effects of arc
s, melting, nearly all extrusion for the arc melting contract
o was done at 38000F with 6:1 dies. The data in Table 21
indicate that fair to poor extrusion surfaces resulted
occasionally when arc melting and extrusion variables

were not suited to one another.

.
3
o
e
e
. -
N
.

o Five columbium base billets were extruded at 3000 and
\$ 3200°F with 10:1 dies. This material did not extrude well

: and most of the extr .sions exhibited a large number of
circumferential cracks. This was believed to be a function
of material oxidation during heating. The application of

e a protective coating (other than glass) is recommended; and,
2 since extrusion pressures were not close to the limit, it

’
>
L )

,.,,w,,-
o)

:}| would be advantageous to reduce billet temperatures as well. jﬁ;
j@ Billet surface effects masked the significance of adding %ﬁﬁ
= tungsten and molybdenum to columbium, éig
?: Air Force Materials Lahoratory personnel are currently f:%
o engaged in a temperature-friction study using the die e
¢ pressure load cell and the temperature-sensing device Q{:
o described earlier. Most of this work has been done on ol
V) 1018 steel hillets because of their low cost and availabil- Jjé
9 ity. Considerably less tonnage is measured at the die P
%3 than at the base of the billet in many cases, and the E
RO tonnage differential was influenced strongly by lubrication g

s

l, -’ A. "4 ’
. ' Jor- >
- N I > e e S N
R PPNV
RN S e
PRI Srter bt Sn g

> practice. Data from the temperature-sensing device clearly
N shows the difference in temperature between the center of
N the billet and the ends, although this device may not be
(¥
N

>
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as useful for measuring variations in temperature of refractory
alloy extrusions because of interference of volatile oxides.

IX. REFERENCES N
RN

1, Carnahan, D. R., and Visconti, J. A., Extrusion, Forging, ﬁwﬁﬁ
Rolling, and Evaluation of Refractory Alloys; Westinghouse Ry
Electric Corporation, ASD-TDR-62-670, October, 1962. A
RSt

2, Investigation of the Properties of Tungsten and Its Alloys; Tl
Union Carbide Metals Company, Division of Union Carbide ;*‘?
Corporation, Niagara Falls, N.Y. WADD-TR-60-144, May, 1960. Pt

3., Reimann, G. A., Vacuum Arc Melting of Tungsten + 0.6 Eii;f
Columbium; Westinghouse Electric Corporation, ASD-TDR-63-296, sy

s
.
vt
]
L R

April, 1963.

4, Westgren, R. C., and Reynolds, W. T., Research on Workable
Refractory Alloys of Tungsten, Tantalum, Molybdenum, and
Columbium; Crucible Steel Company of America, Pittsburgh
Pennsylvania WADD-TR-61-134, April, 1961 ’

5. Reimann, G. A., Vacuum Arc Melting of a Tungsten Alloy
(Tungsten - Molybdenum - Columbium); Westinghouse El2ctric
Corporation, ASD-TDR-62-781, August, 1962.

6. Pierce, C. M., Unpublished work used for basis of theoretical
discussion.

?. Pierce, C. M., and Air Force Materials Laboratory personnel,
private communication, to be published.

8. Pearson, C. E., and Parkins, R. N., The Extrusion of Metals,
John Wiley and Sons, Inc., New York. 2nd ed., 1960, p. 204,

9. DePierre, Vincent, and Saul, George, Effects of Thermal-
Mechanical Processing Variables on 3000°F Short-Tlime
Tensile Properties of Tungsten + 0.6% Columbium Alloy;
fAeronautical Systems Division, ASD-TDR-63-782, August, 1963.

" .
k]
. 1)
. U &
ars :
< ®_ v’ - - -

1. Tombaugh, R. ¥., Green, R, C., Gehrke, J. H.,, Dsvelopment of
Optimum Methods for the Primary Working of Refracfory Metals;
[larvey Aluminum Inc,.,, WADD-TR-60-~418 Part II, August, 1961.

e\

aataara

ALY
ot .' Ir_" i
s & \‘\‘(~ K

SRR

1

Nt
"‘I
I_f‘l

g
o [ ]
o
.
n,

AT
S I
st e

. :’-‘.' G

P e,

31

e
LAy
“'

L 4
a
»'x’ »
i I

1’9
o
b‘l

.
L2
v e tw

R O G N R I UL
SOOI Ly agds P LA RN A R

RAS TR LACRES AT Y } s AT A T NI AT N o e e Tty e Tt e T T e T (LT
ifn&k\k»ls_‘(&%i}{-ﬁ'\’vﬂ\\::?\;u‘f{ \'t-’.!\:.s 1.\-&.} s:%i%&i’:‘gn\%tém PR AV ENE PRy }\ PR S EN TR R S A ?g'{-"-

- PR
w4 ,‘. I’_
L
A
RSN

e e e e e e e
k4 ‘Q\\‘.:g\.:,.:{};y.‘:'.'.j.';:r'_'."-_\' ~
8 Sall M
AR NS L T A




O QPRI W | 2, W e 507 S 3 W AP W s ottt W RIE D' T Vv

*3jawaJd() pue Juey) YeM Aq parrddns saar sjTnsoa TeorjAieuy

*UMOYS SanTBA UBY)] SSOT 9Jde SanyeA [enior 1eyl S83IIpUI. mHMm

*3STMISY]0 PORBOTPUT S$SaTun UOITTIW Jad sjyaed ur pajzgodaa sosdyruB TIV wﬁmm

. (*8AV g9) (*3ay 99) (*38AY v9) ssoupJdel Wﬂﬂm
(*3av) g9 L9-¥9 89-S9 99-%9 V TT2a00Y T
0C«  OCa 0S+«  OS« 0C« O« Iz EASE

02+« OB« 02+ 0B« 02+  OT« A L

0Ocx« 0%« OCx 0%« 0T = O0Zx L wr..}m

0% » 0%« OCx 0C= o™ O%= us VLMU

00T« 00T « 00T« 00T « 00T« 00T x ) m.u..w. X

0%« 0Cx 0C» OCx 0C « 0%« ad m&.«m..

03¢ « 03 x 0T x 0™ 0%« OCx N SO

oS 09 o¢ 0¢ o1 cg oW N

0%« 03« 0T« 0GC« 0%« 0C * uy et

0%« 0%« 0T« 0%« 02T+ 0%+ 3W it

02« 02 02+ 03« 00T+« 00T« a4 mww,

OV « OV » O x O « OF « OV « no b

02« 03« 02« 02 02 02« D 2 e

GC » 0Cx« 0Cx 0T x 0%« 0%« 0D “‘“...mﬁ..r

Cx Cxu Cx Cx Cx Cx PO ......H...m

0°2 0°2 0°¥ g3 T S°1 d e

0%« 03 x» OC« 0C » 0C=« 0%« TV A

4 Dige

— Bt

SoT3TaNdW] OTTTEBIOW TenprIsay oy

-- -- 8°0 6°0 9°0 9°0 1°1 0°1 uaJoapLy AT,
- - ob 143 (4 02 o8 | g2 ua30J3 1IN S
0%« og 0S « 0S « 0S « 0S « 0L 08 ua34Ax0 R
CCx 03T« 0« 0f» (o] 3 0C 0C« 0« uoqure) g
%L8°0 %0S ° 0 LT L2°1 02°T 61°T %69°0 %89°0  wWnIquRiod e
- YL
£-22STWO  T-£2STWO wojjog GO, woljog doj wojjog  doj 303Uy g
EETTENT) c021e 2617¢ ST0TS mmw
Fueyd uem o

SSHNUGUVH NV STFSXTYNV IATIIE QO9°O+M e

T W79Vl




- [ . - - P - . O St P S - AR e

. TR R PRI g SIHONHS l o 297 s d TR
7 s i pXnay AP g N N
PR et s - ¥ i

b %\.hw\..m RNt B PR ERATRLIPUL, WS VAP Ok W LA SN LS . Y
a7 S

RIS

e

£ i

S

3 At M

A

PR

YAl

gt

#30Jans 1y o8 *eIp 9IT°T 00S°28 009 0c9 1:9° [o01334 0182 8° 12 889V X 9£6°T on a8e1104 £S
2duzans py 68 *BIP KIS'Y 00S8‘08 (1874 oy T 008 018 8° 1S 0ELV X ¥L6°T on VRCTI0N (3
yonis - - - 1:1°8 00ce ovee 9°02 Heb*y X 26°C on 9,2 110M 16
909Juns po c8 “vIpP 28S°'T 000°96 osy S6v 1:C°v 00ze ovLL 9°tT RV X ¥E6°CT an f9eT110M 0se
90VJang ph 08 ‘eIp £60°T 00092 osy 08¢ 1:6°L 000Y 0062 8°1c QSL'v X TY6°T an acy 110X IAZ2 m-nu(.-.m.
oowvjans J4 8L *UIP 02C°T OOL'beL ose [} T:0°¢ 000Y 0062 0°cc OSL Vv X T¥6°7 oNn YerTION ovL ~ &u«u“
o¥p 001 ‘odwgans py €6 ‘etp IHI°T 00S*ve 018 j324 1:2°L (101134 006 8°1c OgL*Y X 226°C on YSPTION |47
odujyans ph o8 *eIP $32'T 00v‘18 03224 3+ T:e°9 o0ov 0062 8°1¢ 889°b X 9£6°C on a6£T10M ere
1P ,09 todmyans ay L8 *OTP 93T°T 00S‘ce SLy ovs T:9°L 000V 0062 L2712 one*y X ¥e6°C on YeeTTON 4 74
eduyang a4 06 P£6° X 998°'T 00b‘68 06¢ o6b v r 000Y 0062 8°92¢ GL8°C X SL6°T on 62010M cco
b ELFEN - ndaded 599 T1:0°9 ooee abLL 0°22 GLR*Y X 0S6°F an LE6DN 6ty
9dvjans ph -- &36* X £Y16°T 0OOF‘'SOT 41234 0Ls Ty 000% oveL 8°¢T 8RT°S X 0€6°C on 0560 2344
20uJang pH - “wyp 82C°T 000'201 obt |82 L2 Al 4 oove orLL c*0e 00¢ b X BL6°T an L69¢ iee
99vJans JIg - *etp 032°1 QOR‘es ooY oLs T:i¢°9 ao8e 018 (A% 120°C X 8¢6°T TRAY T6-VA vi6
3onmys - m——— wesce S-a——e — ov9 1:p°9 00Re 0182 0°eg €86°F X OV6°C TRIV 16-\ A 996
yoN3s§ - e mmmee memeee - 06S L3 A ) 008¢ 018 v°ee 1¢0°S X ¥v6°Q THSY fR-¥A 856
b el 3] - === emmms mee—e- —-—- 0£9 Tiv°9 008e [0 §:75 1°¢3 000°S X gv6°e TRV 28-VA LS6
oduJyuans pH -- *uTpP SIT'T 00L'TL ocy 00¢ 1iv°9 00RE 018 0'¢c 00G*S X L£6°C TRAY 98-YvA 956 3]
Ryomas - mmm= messe mmee—e —— 029 1:0°¢ ooty 0062 1°¢¢ 0c0°¢ X 116°¢ THAV TE8-VA 126 ©
Xomg - m———e semee cmeeea —-— 03gL T:%°9 0GRe (o) §272 F AN 000°¢ X IV6°C THAY Ng8-V A 8v6
80V)aNS DA - *eIp 090°T 000°'Se 09¢ 06¢ T8 008L 0182 1°48 8C6°Y X OV6°T THRAY 6L-VA 9¢6 .LW
@duJans DA - *eIp 80T°'T 000°Se oLt S18 1:v°9 008¢ 0182 g8‘ce €TR"t X TV6°CT TRIY 8L-VA cee m.......w.,
yoms - —mee dememss emeeee —-—- ove 1:2°9 008¢ 0182 6°91 €T9°¢ X ¥v6°C THWIV 85-VA 968 “wr.\r..mn
20VJUNS A 08 *uIP $OT°T  008‘08 o8y 09¢ 1ig*9 oneg 0062 9°'1e §29°'v X 0¢6°C HC £=€2STHO L66 v \,.».,x.
22VJans Jd 08 *eIpP 013°'T 00S‘ce ot 00s T:%°9 000V 0062 102 eTL°y X LV6°T oM 12611e 966
eduJans phH S8 *eIp ©61°Y 002'P9 (V284 oSy 1:9°9 008¢ 0062 £°%e 052t X 9¥6°C OR geell1e S66
adugans py <8 ‘eYp 02T°'T 009'02 ovvy 0zgs Tiv°L 000t 0062 €12 00S°Yy X 6¥6°T om 20cie v66
2%uJans ph 0L *eIp 6L¥°T OOb'zTL 0z¢g 062 Tiey 000b 0062 2°1S £€9S°b ¥ 1¥6°3 oM 4g101¢ £66 M..
82uJans pn 99 *utp 28¥°T  000°9L ose oty L3 0 4 008¢ 0062 £°0c eTe ¥ X €Vv6°C oM 1eT0TE 266 IR
SHJIVWIY (%) Amv:uﬂ.ﬂ J0108y (suo1) (suoy) o13vYy (Jo) +5SUID (°q1) (saysut) 324no0g *ON O\ x «-.\LM
BIOIX sUOISUdWIq Wt EERLX 20104 *dual, nByoM (4rBue x°eia) j08ul *a3xy i)
HoySNIIXF %udd ‘UK *xely *J1x3g 301718 8zZI§ 3I91711Y e a”“v
YIVA NOISN¥IXE G09°0+N 40 A¥VWWAS o
? hm
g F1avi e
P
W:\ X
WuW
v‘h(
AL
e
iy
N .
o
A,




% i e ¢ < L e N s ] P A AT Bl VSR TR e e 4
2 I e ARt W TR W A Wl s 0N W Rt
PTduTe esou 3u poutuido Suotsueutp uoTeniixy (a0 1a035 sdoroky Tessoarun  0n
4 o0COT 03 paivoy puv J039J0QE] STUTJI38H 09304 JaTV THAY
88113 1288 YITA POIVOD YIO1S STOT ‘NOOTQ ISON "dsoy aaouwwuwwa»mr uosas0 . o :
10A9q Sp X .§T°0 ‘oduys puo 301178 O Juuvyy yem oM :sdaJnog
sJaoqunu ssvT3 Suyudo)d, ‘€T 2an314 uY POYSTITYBIS® pavpuels 03 Suypaodse Pojvl §3d2BJANG
200Jans po £8 'UYP PEZ'T  000°Ve 09v 008  t:g°9 0088 ouoy 8° 21 SL8°C X 626°C on  BIYPSYTON OSOT
soujans pp 06 ‘OIP G93°T 008'98 00§ 026  1:6°C 00zt £I6L o°ze 0SL°P X £26°2 on g0v110N 222
aovjans po 99 *uIpP 625°T OOV'CL ove 08¢  T:7'% 000% 0062 8°12 0SL'b X 606°2 on \SPITON  g£9L
oouyans po o *OYP ¥6¥°T 008°'06 see o8y  r:g°¢ oose orse 8°1e 0SL°b X §£6°T an gstT1od  T9e <t
asejuns pon 8L "UIP PES°T  002'86 o9Y ot1s 1:0°¢% 00gge ovee 9°12T 889°F X ¥£6°T an €9eTION 192 0
oovjans po $6 S6S° X 6588°T 000°C8 ost 065  1:0°2 000Y 0062 0°ze 0gL'F X 986°T a0 4L¥1TON  6SL
odujans G 68 016" X 0S8°T 008°'Te oce ooV 1:i:g°y 000v 0062 2°02 0SZ'V X 9£6°2 on VLETION 862
eonJans Ja4 26 029° X pL8°T 00b*L8 09¢ 029 9 008g o182 vete S29°V X 636°T on YICTION  2Se
oowjans pp 26 9£L° X £O6°T 00b‘vs g6V 0es  t:g°g o0|e 0182 Loz 0S2°V X $£6°2 an 295TTO%  9S¢L
asejaus po 06 S£6° X 998°T 00S°28 osy 08t  1ipy 008¢ o182 ‘T 0SL°V X $E6°CT on VOPTION  SS2
ooujans 1y 68 006° X 006°T 000°‘90T sev 065  t:i:g°p ooze oveL 2 02 LV X FC6°T on VErTION  ¥S2
oaviey (€3] (soiout) Jojoug (sun3) (BUO}) OIILY (Jo) 88810 (- Q1) EELERE D) 3oanog “ON “ON
PIOIX  sSuUOYSUdWE(Q wdu 8940y aodoy .nEmh kU ETY (yisuo1 x°©IQ) 303Uy *a3X3
uoysna3xy yeag UK XUy *a3x3 397110 9ZYS 391119
AGOBCﬂaCOOV g dTuvy

x .xu .n
.A“‘w axmmr\r\ mv




ol BT A

S TABLE 3

ANy W+0.6Cb BILLET ANALYSES
é?: (data from previous investigations)a L
Et; Billet Extrusion E
jii Number Number %Cb ppm C ppm O ppm N ppm H ppm Fe ppm Mo &
3] KC 1072 632 .54 21 5 13 1 9 20 v
W KC 1136 750, 761 .64 10 6 10 *1 15 98 =
o KC 1137 751, 757 .62 27 12 11 %1 2 50 ;g
N KC 1138 752, 753 .62 44 12 10 *1 1 64 o
N KC 1140 772 .84 10 15 21 1 =1 40 4
7 KC 1143 746, 747 .52 20 5 20 1 1 *1G i§
. KC 1145 762, 763 .56 50 12 24 2 1 *10 X
x5 KC 1146 755, 756 .63 45 20 14 2 5 *10 a2
ﬁi: KC 1147 758, 759 .64 60 14 18 2 5 *10 ;S
- KC 1148 754, 1050 .54 43 10 26 2 5 *10 )
o VA-68 896 .58 44 9 8 83 5 - 2
< VA-78 935 .68 10 17 22 1 10 - 3
VA-79 936 .74 18 9 14 *1 15 25 :3
VA-83 948, 951 .69 123 8 13 3.7 10 30 53
VA-86 956 .66 6 21 6 1 10 20 E%
VA-87 957 .57 51 25 12 1.8 10 60 "
VA-88 958 .62 226 15 20 2.1 10 20 i@
VA-91 966 .56 230 28 19 1.8 10 40 Fg
vA-92 974 .57 25 12 12 2 30 40 5§
ot
Residual Metallic Impurities ;é
(approx. same on all billets) ﬁ{
Al *10 Cu *10 Ni *10 2
Cr *10 Mg *10 Si 30 to *10 N
% Co *10 Mn *10 Ti *1 e
o (a) ASD-YDR-62-670, ASD-TDR-63-296 ~
E?T * Indicates that actual values are less than values F}
b shown. Y
§§ KC series pillets analyzed by Universal Cyclops Corporation, EE
éi Bridgeville, Pa. R
_%? VA series billets analyzed by Le Doux, Inc., Teaneck, N.J. R
s 35 fﬁ
o
o 4
s =
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TABLE 4 :5“

N

W+0.6Cb EXTRUSION HARDNESS ;’:

(Average of 3 Rockwell A Readings) ' i:

b

Extr. Nose Center Tail ;ﬁ
_No. Edge Center Edge Center Edge Center -
992 72.3  72.7 72.3  72.7 72.7  73.0 )
993 74.0 72.3 71.0  71.3 73.3 74.3 l:-':}
994 74.3  72.0 71.0  71.0 73.7  74.3 L
995 73.0  73.2 70.0  70.0 72,0  70.5 .
996 73.0  72.0 70.0  71.0 73.5  72.5 f\f
997 73.0  74.0 72.0 72,0 71.0  71.0 i
935 71.3  70.7 69.7  70.0 73.0  73.0 ;
936 68.7 69.0 69.7 70.3 72.7 72.0 £
956 69.3  69.3 69.3  69.7 72.0  71.0 b
974 72.3  71.0 69,7  70.0 72.7  73.0 E
E

738 71.3  71.3 71.0  69.7 73.0  72.7 s
742 72.0  7L.7 70.7  70.3 71.7  72.0 3
743 70.7  71.3 71,3 70.7 72,0  72.0 L
750 72.7 1.7 71.7  71.3 73.7  74.0 |
752 71.3  71.3 76.0  69.7 71.7  72.0 P

762 73.0 72.0 71.0 71.3 72,7 71.0
763 71.7 71.7 69.0 69.7 72.0 72.0
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TABLE S
SUPPLIER'S DATA ON S4W+6Mo ELECTRODES

MO ST
A r l' Xl

Material information on electrodes used
to produce 3%-inch (lot 09227)and 4-inch
(lot 01310) ingots in AFML furnace.

1. Spectrographic Powder analysis (ppm)

09227 01310 09227 01310
Al *10 *10 Mn *10 *10
Ca *10 *10 Mg *10 *10
Cr *10 *10 Ni *10 =10
Cu 10 *10 Si 10 10
e 10 10 Sn *10 *10

2. Processing History

The material was processed accordlng to a schedule
consisting of hydrostatic pressing and hydrogen fur-
nace sintering to a temperature above 1800°c.

3. Density (percent of a theoretical density of 18.32/cc)
and weight (1lb.) of electrodes.

Electrode Density Weight £lectrode Density Weight
09227-1 92.0 28.0 01310-1 91.1 34.5

-2 92.1 30.5 -2 91.2 41.0

-3 92.0 28.0 -3 91.0 40.0

~4 92.6 28.5 -4 91.0 40.0

-5 92.0 28.0 -3 91.6 39.0

-6 92.4 30.0 -6 90.9 33.5

-7 92.0 25.5 -7 91.6 39.0

-8 92.4 25.0 -8 91.0 40.0

-9 92.0 28.0 -9 91.0 40.0

-10 92.0 28.0 -10 91.3 25.0

-11 92,2 29.0 -11 81.7 22.0

-12 92.6 28.5 -12 91.4 38.0

-13 92.7 26.0 -13 91.0 40.0

-14 92.0 28.0 -14 91.6 39.0

-15 92.4 27.5 ~15 91.4 21.0

-16 92.0 28.0 -16 91.2 33.0 :

-18 91.3 35.5 A

e, e O ‘-
Nitrogen 1 ppm ) ’ -
Hydrogen 1 ppm &
Carbon 10 ppm §4;

*Indicates that actual values are less than values shown.

-
NI
"1 .1 -
PP o ~%e » Ty

i,
L y gl
Z
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: TABLE 6 o
X 3
N TYPICAL MELTING RECORD OF W+6%Mo+2%Cb o
: W
é: (Using 3% inch mold) N
3 Y
'_ Heat number VA-73 el
N Electrodes 09227-2, 09227-8 b
oy Electrode size 1.44 x 55.5" Eh
¥ Leak rate .5 micron per minute Y
Mold size 3.5 x 18" g
h' Electrode ‘__-_‘C_
Time Pressure Stirring Travel
- Min. Sec. Amperes Volts (Microns) (Amperes) (Inches) l:{
0o 0 4000 24  0.005 2 0 R
o 1 30 4800 28  ——m—o 2 0 Lor

;;;_.

. 2 20 5200 28  0.08 2 - .
X, 3 00 5800 28 0.1 2 3% AR
*«é 8 00 5800 26  0.06 3 6 it
7 9 00 5800 27  0.08 3 9 R
R 11 10 5800 > 3 11 -
& 13 45 5300 28  0.06 1 15 by
& 16 45 5800 28  0.08 2 18 o
£3 19 15 5800 28  0.07 1 22 o
) 22 00 5800 2Y: J— 1 26 :
E 28 00 5800 28  0.05 1 30 2
o 30 25 5800 28  0.05 1 39 g
i 31 00 4600 -~ 0.03 % -~ 5!
“ 32 15 2500 - —— % - -
%}_3 33 20 POWER OFF 0.03 - - 3
‘L:;: <
>

ro- 5% 2
T’v <ot '; J".It "n 4.

>

.,.
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TABLE 7

o bk

o hn
.

2> P

2 2
¢t
po s

HARDNESS OF S2W+6Mo+2Cb BILLETS

A
25!

s
Roind
el

Billet BHN,* Top BHN,” Bottom éé

ey

VA-69 285 285 L3

VA-70 280 290 L]

VA-71 285 300 e

VA-72 290 272 2:1£§g]

VA-73 285 285 N

VA-74 272 285 e

VA-75 302 308 ‘jf

VA-76 295 320 &j

VA-84 300 290 £
VA-94 272 285
VA-95 280 290
VA-96 302 308
VA-97 285 285

VA-98 285 300 e

b :&

VA-99 300 290 g‘,@;

tj"" T

bk

ﬁ‘i\.

*+ 10mm tungsten carbide ball, 3000 Kg. load el

;’{‘.\_::‘

AR

o

e

\}
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TABLE 10
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TYPICAL MELTING RECORD OF ¥W+6%Mo+2%Ch
(using 4-inch mold)

-
-
ta

-

Heat number VA-99
Electrodes 01310-12 and 01310-14
Electrode size 1% x 39% qu

g
A PR

I e 00

Mold size 4 x 18"

Electrode {§g
Time Pressure Stirring Travel {ﬁg
(Min.) Amperes Volts (Microns) (Amperes)  (Inches) %@
0 4000 28 .005 2 ""i
4700 27 .03 2 :
1 4800 28 .03 2
2 5300 28 .03 2
3 6300 28 .035 2 %
3% 6300 28 .03 4 2
6 6300 28 .023 4 4
6300 28 .03 3 5 N
9 6300 28 .03 2 7
14 6300 28 .026 2 14% %
%'; 18 6300 28 .03 2 19 e
Ly 20 6300 28 .03 2 21 e
}9— 21 6300 28 .03 % 22 %:_f:
i;f; 22% 6300 28 .04 % 24 E;\
; 23 4100 28 .02 % 25 %r
1 23% 3100 28 .02 % 25 EL
’r 23% 2500 28 .016 1% 25 d
3 25% Power Off -—- .024 - —
3 ‘
i
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TABLE 13
RECRYSTALLIZATION BEHAVIOR OF W+0,6Cb

Showing Percent Recrystallization in As-Extruded Samples
Heated for 1 Hour at Indicated Temperature

Percent Recrystallization

Sample  As-Extruded 2800° F 3000° F  3200° F 3400° F

995 N 20 25 40 100 100
C 70 75 80 100 100
T 0 10 50 100 100
997 N 5 10 90 100 100
c 40 50 60 100 100
T 0 20 80 100 100
750 N 5 20 50 80 100
c 10 25 40 75 100
T 0 20 50 80 100
754 N 0 20 50 80 100 =
c 10 25 50 75 100 S
T 0 20 50 75 160 N
L ]
756 N 0 30 50 70 100 R
c 5 35 55 85 100 PR
T 0 40 50 80 100 SO0
P.._\;':.::L"
757 N 5 30 45 70 100 T
C 10 25 45 75 100 prrid
T 5 20 45 70 100 S
758 N 0 20 50 70 100 AR
c 5 25 50 75 100 TR
T 0 30 50 75 100 NRE
759 N 5 30 55 80 100 b
‘ C 10 30 55 80 100 s
T 5 30 45 75 100 T
763 N 0 25 40 70 100 AR,
C 5 30 40 70 100 RSN
T 0 30 45 75 100 b«
N, C, T - Nose, Center, Tail Samples N,_j
: deveNe,
:"‘,'_,'. (%
;J".}M
45

'."'\.’-" P T " '\s‘; u") ‘Q\h'hr
-

SRR i }-‘w s ;Lm:ﬁ AN

i&l‘-




Sample
761
763
763
293
993
Sample

759
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- 759
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14

EFFECT OF REDUCTION ON W+0.6Cb HARDNESS

(Forging and Rolling)

Rockwell A Hardness of Forged W+0.6Cb

(Average of 3 Readings)

Orig.
Hardness
(Annealed)
70.3
71.0
71.7
70.0
71.0

Forge

Temp.
(°F)
2600
2000
2400
1600
2400

Hardness at Percent Reduction

20%

40%

60%

80%

71.0
70.7
71.0
71.7
71.0

71.0
70.3
70.7
72.0
70.0

72.3
71.0
71.0
72.0
70.7

Rockwell A Hardness of Rolled W+0.6Ch

(Average of 3 Readings)

Orig.
Hardness
(Annealed)
71.0
70.7
71.0
72.0
71.3
70.7
70.0

Rolling

Temp.
(°F)
1600
2000
2400
2000
2400
2000
2400

46

Hardness

20%

at Percent

40%

60%

72.7
73.3
72.0
73.3
72.0

Reduction
80%

71.0
71.3
70,7
72.0
71.7
71.3
71.0

- oy - -

1.7
71.0
72.3

72.0
72.3

72.7

- e o

71.3
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TABLE 16

PR

RECRYSTALLIZATION BEHAVIOR OF 92W+6Mo+2Cb ALLOY

Showing Percent Recrystallization ian As-txtruded Samples
fleated for 1 Hour at Indicated Temperature

ik

d" -, . -
4
A
I Sethy

v
LR .I:(l

i

Percent Recrystallization

,.
}

s |
At Ad
/e hi

Sample Extruded 2600°F 2800°F 3000°F 3200°F  3400°F

YN

.-

8 .*}J

2

838 N 10 10 25 40 90 100
20 20 30 40 90 100
0 10 25 40 90 100

=1 Q)

{3 't' ‘:"lr
» s }

v roe
- » LIPS 4
L R AN

899 15 15 20 40 90 100
40 40 50 60 100 100

0 10 25 40 30 100

.

Y 5
.

LWL A

v Y L
I PN
. A
l'l‘ - s Ya

_a2Z

900
40 40 45 50 100 100

15 15 20 50 95 100 {{;{.
0
5 10 25 50 95 100 oo

SOZ

N, C, T - Nose, Center, Tail Samples o
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BENDIX Cr+Mg0 EXTRUSION DATA

Billet Composition, 93.5% Cr+0,5%Ti+6%Mg0
Unless Indicated Otherwise

TABLE 18

*Indicates Rectangular Extrusions

Bendix Max. Min., Peak K
Ext. Billet Density Temp. Force Force Factor
No. No. (%) Ratio (OF) (Tons) (Tons) (psi) Comments
p 808 442 84.4 *11.7:1 2400 340 280 37,000 Gd Surface
o 809 444 83.8 *12.1:1 2400 390 310 42,000 Gd Surface
o 810 430 85.2  *11.7:1 2300 390 310 43,000 Gd Surface
E; 811 431 84.7 *12.1:1 2200 435 390 47,500 Gd Surface
E% 829 455 83.8 *9.,2:1 2000 580 550 70,500 Gd Surface
gi 830 456 82.8 *8.1:1 2000 590 540 77,000 Gd Surface
o 831 457 83.4 *8:1 2000 620 540 80,500 Gd Surface
.. 832 458 83.4 *8:1 2000 580 540 75,500 Gd Surface
- 833 459 83.4 *8:1 2000 590 540 76,500 Gd Surface
o 834 460  82.9 *8:1 2000 590 530 76,500 Gd Surface
o 844 481 82,1  *8.4:1 2000 590 530 75,000 Gd Surface
845 482 83.5 *8:1 2000 600 940 78,000 Gd Surface
846 483 82.9 *8:1 2000 580 525 75,500 Gd Surface
847 484 82.9 *7.8:1 2000 580 530 75,000 Gd Surface
849 485 84.0 *8.6:1 2000 600 570 75,500 Gd Surface
850 486 84,2 *8.7:1 2000 600 590 75,500 Gd Surface
851 487 85.0 *7.8:1 2000 600 540 79,000 Gd Surface
852 488 85.4 *7.8:1 2000 600 560 79,000 Gd Surface
853 489 86.6 *7.7:1 2000 620 580 81,500 Gd Surface
854 490 84,6 *7.4:1 2000 610 570 82,500 Gd Surface
855 491 85.6 *8.5:1 2000 610 530 77,000 Gd Surface
856 492 85.6 *8.3:1 2000 620 3560 79,500 Gd Surface
857 493 86.5 *8.3:1 2000 610 540 78,500 Gd Surface
858 494 86.5 *8.3:1 2000 590 330 5,500 Gd Surface
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BENDIX Cr+Mg0 EXTRUSION DATA

TABLE 18 {(continued)

Bendix Max. Min. Peak K
Ext. Billet Density Temp. Force Force factor
No. No. (%) (OF) (Tons) (Tons) (psi) Comments
8359 495 84.4 2000 590 570 75,500 Gd Surface
860 496 86.5 2000 600 540 79,000 Gd Surface
861 506 86.6 2000 600 520 79,000 Gd Surface
862 507 88.4 2000 NR NR e Gd Surface
863 508 87.4 2000 610 570 76,000 Gd Surface
(Uncoated Die)
866 512 §82.9 2200 630 NR 80,000 Gd Surface
(Trouble Getting
Billet In
Container)
867 513 82.6 2300 ——— —— me————— Stuck
868 497  83.5 2000 575 480 73,500 Gd Surface
(Uncoated Die)
869 498 84,2 2000 670 610 85,000 Fr Surface
(Uncoated Die)
870 499 85.4 2000 610 480 78,000 Gd Surface
(Uncoated Die)
871 500 84,4 2000 610 4350 78,000 Gd Surface
(Uncoated Die)
872 313 82.7 2450 660 500 ——mee Very Badly
Cracked
(Uncoated Die)
883 521 83.5 2500 580 530 70,500 Pr Surface
(Fir Tree Effect)
884 515 77.0 2500 370 330 45,000 Gd Surface
885 516 77+v3 2500 370 330 45,000 Gd Surface
886 522 79.0 270G 660 570 e Fir Tree
Effect (Entire Surface)
887 502 82.9 2000 560 495 69,000 Gd Surface
888 503 82.8 2000 560 480 69,000 Gd Surface
889 504 84.6 2000 570 490 70,000 Gd Surface
890 505 82.8 2000 545 440 67,000 Gd Surface
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TABLE 18 (continued) RO

BENDIX Cr+Mg0 EXTRUSION DATA z‘f

R

Bendix Max. Min. Peak K

Ext. Billet Density Temp. Force Force Facter M

No. No. (%) Ratio (OF) (Tons) (Tons) (psi) Comments :j:::

897 540 77.9 *9.2:1 2500 350 350 67,500 Gd Surface :g.:

S02 532 81.5 *9.4:1 2000 510 400 61,500 Gd Surface :

903 533 81.5 *9.4:1 2000 420 380 351,000 Gd Surface 1:

oG4 534 81.2 *9.4:1 2000 500 430 60,000 Gd Surface ;.::

90s 535 81.6 *9.2:1 2000 940 460 66,000 Gd Surface %"l

906 537 83.8 *9.2:1 2000 580 460 70,500 Gd Surface ;';-:

907 538 - 83.0  *8.5:1 2000 510 400 64,500 Gd Surface Ia

508 539 82.9 *8.5:1 2000 560 500 70,500 Gd Surface tf:

920 034 ———— 10:1 2200 455 450 53,000 Gd Surface r_‘

921 535 ——— 10:1 2200 435 435 51,000 Gd Surface 2

922 557 ———— 10:1 2200 395 370 46,000 Gd Surface ‘:‘

923 558 ~——— 10:1 2200 390 380 46,000 Gd Surface ’L

924 552 —_——— 10:1 2200 400 380 46,000 Gd Surface :h‘

925 553 — 10:1 2200 380 380 45,000 Gd Surface IE

944 — — 10:1 2200 440 410 52,000 Gd Surface ;

945 —— ——— 10:1 2200 440 410 52,000 Gd Surface ﬁ

1013 542 85.4 *9.6:1 2200 410 340 47,000 Gd Surface 54

?I. 1014 543 77.9  *9.6:1 2200 400 320 45,000 Gd Surface  iu
f‘,; 100Cr {:
o 1015 544 81.0  *9,6:1 2200 400 360 45,000 Gd Surface ::\
Y 1016 547 81.3 *9.6:1 2200 400 360 45,000 Gd Surface =
o Cr+9Mg0 h
o 1017 564 87.6  *9.6:1 2200 420 360 49,000 Gd Surface if
b Cr+8ThOg o
1018 566 ---=  *9,6:1 2200 420 360 49,000 Gd Surface ;3
° 100Cr |
oS 1019 567 81.3  *9.6:1 2200 400 340 45,000 Gd Surface gﬁ
o Cr+3Mg0 0
W 1020 568 81.6  *9.6:1 2200 400 360 45,000 Gd Surface g
5\6&? 1021 569 70.4 *9,6:1 2200 400 340 45,000 Gd Surface },g
& 52 3
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TABLE 18 (continued) ey
BENDIX Cr+MgO £XTRUSION DATA ggfﬁ
ey
Kt
Bendix Max. Min, Peak K e
Ext., Billet Density Temp. Force Force Factor iy
No. Ro. (%) Ratio (°F§ (Tons) (Tons) (nsi) Comments L
1067 570 78,7 *10,0:1 2200 560 430 66,080 Gd Surface S@E
Cr+6¥gCraoly T
1068 575 79.3 *10.0:1 2200 335 355 63,130 Gd Surface e
Cr+5Mg0 P
1069 576 81.0 *10,0:1 2200 585 355 65,490 Gd Surface
Cr+4Mg0
1076 577 79.0 *10.0:1 2200 550 360 64,900 Gd Surface
Cr+2Mg0
1071 578 79.1 *10,0:1 2200 545 355 64,310 Gd Surface
Cr+1Mg0
1072 374 77.9 *8.0:1 2500 525 445 61,950 G4 Surface

(Some Temperature Loss)
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TABLE 19
MISCELLANEOUS MOLYBDENUM ALLOYS

Max Min Poak K

Extr. Billet Billet Temp Force Force Factor
No. Agency Composition Condition Ratio Glass (°F§ (Tons) (Tons) (PSI) Comments
848 L Mo+25%+.12r AC 7.5:1 7900 4000 500 410 67,000 Good Surface
910 M Mo+.5T1 (1) 7.7:1 0010 2200 540 320 71,000 Extrusion Cracked
985 AEC Molybdenum HR 8.8:1 7810 3200 440 400 55,000 Tubing, G4 Surface
986 AEC Molybdenum HR 8.8:1 7810 300G 550 480 69,000 Tubing, VG Surface
991 CM Mo+.262r+.04C AC 6:1 7900 3800 480 400 74,000 Temp & Friction
Study
1023 GE Mo+1Zr+.1C AC 10:1 7900 3650 610 510 71,980 Fair Surface
1024 GE Mo+1.25Ti+,52r AC 4.,3:1 7900 3500 470 430 89,000 Fair Surface
+.1C
1025 GE Mo+1,25Ti+,.52r AC 4.3:1 7200 3500 460 420 89,000 Fair Surface
+.1C
1029 CM M0+0.05C+1,5Cb AC 4:1 7740 3000 495 425 91,500 Fair to Gd Surface
+0,5T1+0.32r
1030 CH M0+0.100+1,25T1 AC 4.2:1 7740 2800 505 430 93,500 Good Surface
+0.32r
1032 CH Mo+0.1Be+0.003C AC 4,2:1 7740 3000 480 300 90,800 Good Surface
Jacketed
1035 CM Mo+0.05C+1,5Cb AC 4:1 7062 2600 610 510 119,000 Good Surface
+0,5T1+0,32r -
1036 CM Mo+0.10C+1.25T% AC 6:1 7052 2800 650 645 98,300 Stuck iy
+0.32r oY
1037 CM Mo+8.10€+1.25?i AC 4:1 7052 2800 565 480 110,000 Good Surface ?”;
+0.32r 3
1038 CM M0+0.10C+1.25Ti AC 4:1 7052 2800 540 490 110,000 Good Surface tj;
+0.324r -3
1039 CM $0+0,05C+1,5Ch AC 4:1 7052 2800 570 500 111,000 Good Surface ,~
+0.5T1+0.32r k~1
e
1040 CM M0+0.05C+1.5Cb AC 4:1 7052 2800 565 500 113,200 Good Surface ﬁh
+0,5T1+0.32r g’{'ﬁ
1041 CM Mo+0,05C+1,5Cb AC 4:1 7052 2800 570 505 114,000 Good Surface ‘é
+0.5Ti+0.32r o
1046 CM Mo+0,10C+1,25Ti AC 6:1 7052 2800 700 L B Stuck ;h
+0.32r €3}
L 1054  AEC Molybdenum HR 8.8:1 None 3000 600 530 75,000 Tubing, Gd Surface %_,
i 1055  AEC Mo+, 5%T1i HR 8.8:1 None 3500 510 415 63,800 Tubing, Gd Surface ;kj
£§ 1056  AEC Mo+0.5T1+0.08Zr HR 8.8:1 None 3750 320 340 64,900 Tubing, Fr Surface ;1,
l{ 1057  AEC Mo+0.5Ti1 HR 8.8:1 None 3500 500 370 62,400 Tubing, Fr Surface {%,
#} 1058  AEC Mo+0.5T1 HR 8.8:1 None 3500 535 420 66,800 Tubing, Fr Surface ?}]
‘i 1059 AEC Mo+.5T1+.08Zr HR 8.8:1 None 3700 550 470 66,800 Tubing, Fr Surface "f
\ 1060  AEC Mo+.5Ti+,082r HR 8.8:1 None 3700 No Reading  ~eww--- Tubing, Gd Surface §7%
o “3
- '.‘!
{ (1) Composite billet ai%
\C, Agency Code W = Westinghouse, M = Marquardt, AEC = Atomic Energy Commission, '1]
X CM = Climax Molybdenum, GE = General Electric :iJ
. !

Surfaces rated according to standard established in Figure 13.
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TABLE 20
MISCELLANEQUS TUNGSTEN ALLOYS

Max. Hin. Peak K

Ext, Billet Tenp. Force Force Factor
Ro. Agency Composition Ratio Glass (°F (Tons) (Tons) (psi) Comments
8i2 C W+.089HL+.0Q02C 4.2:1 7740 3600 410 360 77,000 Gd Surface (Mo Jacketed)
813 c W+3.2Mo+.102Hf 4.2:1 7740 36900 410 345 77,000 Gd Surface (Mo Jacketed)
+.002C
814 c W+3.2Mo+.062r 4:1 7740 3600 410 345 80,500 Gd Surface (Mo Jacketed)
+.003C
815 Cc W+.99Cb+.06C 3:1 7900 4000 NR NR  ceoeee Gd Surface
864 WC W *6.2:1 7740 3400 465 400 68,000 Gd Surface
865 wC L} *6:1 7741 3200 480 415 72,500 Gd Surface
873 c ¥+1.0Cb+.002C 4.,2:1 7810 3800 395 330 74,000 Very Gd Surface
(Mo Jacketed)
874 c W+3M0o+1Cb+ 3.8:1 7810 3800 365 330 72,000 Ga Surface (Mo Jacketed)
.002C
875 C W+.1Hf+.002C 6.5:1 7740 3600 460 430 67,500 Gd Surface (Mo Jacketed)
876 c W+3Mo+1Cb 8.7:1 7810 3800 500 460 62,500 Gd Surface (Mo Jacketed)
+.002C
877 C W+3Mo+.1HS 8.,6:1 7740 3600 560 495 70,000 Gd Surface (Mo Jacketed)
+.002C
878 c ¥+.052r+.002C 9:1 7740 3600 560 495 68,500 Gd Surface (Mo Jacketed)
879 Cc W+1.0Cb+.002C 8.4:1 7810 3800 495 460 63,000 Gd Surface (Mo Jacketed)
880 c W+.1Hf+.002C 9:1 7740 3600 530 495 63,500 Gd Surface (Mo Jacketed)
881 c W+3Mo+. JHS 8.7:1 7740 3600 560 525 70,000 Ga Surface (Mo Jacketed)
+.002C
882 c W+.052r+.002C 9.2:4 7740 3600 560 525 68,500 Gd Surface (Mo Jacketed)
891 C W+3Mo+.05Zr 9,1:1 7740 3600 545 480 67,000 Gd Surface (Mo Jacketed)
+.002C
892 c ¥W+.05Z2r+.01B 9.4:1 7740 3600 545 480 65,500 Gd Surface (Mo Jacketed)
893 C W+3Mo+.052r 9,3:1 7740 3600 620 599 75,500 Gad Surface (Mo Jacketed)
+.002C
894 c W+.05Zr+.01B 9.2:1 7740 3600 570 540 69,500 Gd Surface (Mo Jacketed)
918 W Sintered W, 6.5:1 7900 4000 430 380 63,000 Fair Surface
88% dense
975 W Sintered W 6.5:1 7900 4000 500 450 73,000 Fair Surface
1011 W Sintered W 6.5:1 7900 4000 530 430 78,000 Fair Surface
1031 c W+.003C+3.0M0  4.2:1 7740 3400 400 360 73,400 Gd Surface (Mo Jacketed)
+0,052r
1033 C W+.003C+3,.0Mo 6.5:1 7740 3200 530 430 76,900 Gd Surface (Mo Jacketed)
Y +0.052r
O 1034 c W+.003C+3.0M0  6.4:1 7740 3100 590 520 87,000 Gd Surface (Mo Jacketed)
) +0,052r
g 1064 L W+60ppmC+20ppm0 4.2:1 7740 3200 390 335 72,000 Fair Surface
K +.15Mo
3; All billets from arc melted ingots except 918, 975, and 1011}.
:? Agency Code WC = Wah Chang, C = Climax, W = Westinghouse, L = Ladish
bﬁ Surfaces rated according to standard established in Figure 13,
y%
E.’;!
h“
SR 55
0y
ki
.\".\' SRR S A -\p
\\‘»tx‘ CSRANARY -j:‘»\':‘m\" ,1 e
ot 1-.'~j~\.1~.t.}"ub}~. Y ~‘\‘\

A




3

aoeyang id 00S°‘89 oce 07 44 oves 002g 1:6°8 MST+ad 666 ﬁﬁ%
vﬂ-.xu!J

soByang ad 000°‘ES 0ge 09% oviL 002 T:S°01 Mog+ad 866 W%N
537
00b—-9dvuuoy aTg ‘S9TPNIS %
uoT}OTLy ¥ dway, 000°TL —— o8V 0064 008 T:£°9 %0 +aZ9g * +ol 166 mmu
\\wx
avdByANg Jag —————- 3urpeay oON OT8sL 008 T1T:G6°S8 qi9°0+M $96 mmﬁm
e _“
1Ly0°+ HML

aorJUNS IJd  002'T8 1013} 4 0S¢ OI8L 008 T:G6°9 JAZ2T°+tqD9° +M ¥96 A
iy

00s‘¢s 0cs oLs 01I8L 008 1T:S€°9 JZ2T°+q09°0tM G<S6 mmm

aovyaNg PH  009°'3L oLy S6v 0184 008E T:S6°9 T120*+409°0+M Ly6 s

© :

2ovJyang Py  000°LL 0Ly (03544 0t8sZ 008 T1:6°9 JIZ90 °+qD8°0+M 9¥e W oone
aoeJaNg JdJd 000°LS 09% 09¢ oviL 000 T:S°8 RG+ONG+qD ov6 .wmw

!

adevJyang Id4 000°LS 00¢ 48] 4 ovLL 0008 T:6°8 Me+qd 6¢6 .um“
adsegang pn 000°‘s¥ 06¢c 08¢ o%LL 002 T1T:GS°8 OWS+4D 8¢6 TWN,
uorsnaixy L3708y —————- Juyrpeay oON ovLL 002¢ 1:2°6 ad €6 WWW
vk

(329)oep 19931S) mﬁm

PaxdBvI]) TBIJIIJBY  —=—==—= —— ovs OTO00 00cc T:L°L TLG*+Ol 016 L
- B

uoyjesjsuowdq ssddd 000°89 oty 00S 006L 000y T1:G6°L MSG+OlW 133421 Mwn
EEUETTY) (1sd) (suo}l) (suo]) sselH (4do) ©OTIIBVY UoT1TSO0dUOD *ON mmw

103084 d2%ua04y 9040y *dwa ], 1911 1d °1X3 wwﬂ

A dead TUTH X8l N

T
. h.
47'*".I

e

LY

JA0ddNS WVID0dd TVNYIINI

HENIAY

hS)

TS T8Vl

-
v im



s

I

",
R
TABLE 21 (continued) &j
H
INTERNAL SUPPORT PROGRAM b
Temperature and Friction Study Data :t
S
Breakthrough F
Temp. Tonnage ,k*;l’
Extr. Composition Ratio Lubricant (OF) Stem Die {:-\
952 1018 steel 8:1 8871 1600 640 360 %%g
953 1018 steel 8:1 8871 1600 580 350 _
960 Copper 6.0:1 Graphite 800 540 240 =
961  Copper 6.0:1 None 1000 500 200 §%§
962 Copper 6:1 Graphite 800 540 240 'Z_;:::?;
963 1018 steel 6:1 Graphite 1600 540 340 pe3d
967  Copper 6:1 Graphite 1200 450 175 R
968  Copper 6:1 None 800 450 310 ;ﬁ&
969 1018 steel 6:1 Graphite 1600 460 340 §§§
970 1018 steel 6:1 Graphite 1600 540 330 -
971 1018 steel 6:1 Graphite 1600 470 280 g?g
972 1018 steel 6:1 0010 1800 340 240 5;5
976 1018 steel 6:1 None 1600 540 300 S
977 1018 steel 6:1 0010 1600 410 280 g
978 1018 steel 6:1 None 1800 350 260 E%g
979 1018 steel 6:1 0010 1800 430 260 %;g
980 1018 steel 6:1 None 1950 370 230 G
981 1018 steel 6:1 0010 1950 290 180 ons
988 1018 steel 6:1 0010 1600 340 280
989 1018 steel 6:1 None 1950 340 240
990 1018 steel 6:1 None 1950 320 250
1000 1018 steel 6:1 None 1800 570 255
1001 1018 steel 6:1 None 1600 640 260
1002 1018 steel 6:1 None 1600 640 260
1003 1018 steel 6:1 0010 1600 640 NR
1004 1018 steel 6:1 0010 1600 500 260
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TABLE 21 (continued) NG
AN
INTERNAL SUPPORT PROGRAM {ﬁ.}%
SN
Temperature and Friction Study Data oo
A
Q
Breakthrough ‘1 ;
Temp. Tonnage :g.jé,
Extr. Composition Ratio Lubricant (O9F) Stem Die [59%)
I3
1005 1018 steel 6:1 Cu jacket 1600 260 260 ;‘\ﬁ
1006 1018 steel 6:1 0010 1600 370 310 ]
1007 1018 steel 6:1 0010 1600 360 280 4
1065 1018 steel 6:1 None 1600 590 210
1066 1018 steel 6:1 0010 1600 620 260
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Figure 1 - Schematic Illustration of an Extrusion Process
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