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FOREWORD

This report was prepared by members of the sclentific starf
of the Metals Research Sectlon of the Lamp Division of Westing-
house Electric Corporation, under USAF Contract No, 33(615)-1638.
The contract was initiated under Project No. 7351, "Metallic
Materials"”, Task No. 735101, "Refractory Metals". The project
was administered under the direction of the Alr Force Materials
. Lab,, Research and Technology Division, Air Force Systems Command,

with Mr., J. T. Gow as proJject engineer. Thils report presents the
resultc of resecrch and development conducted during the period
from May 1, 1965, through April 30, 1966,

-

The authors of this report have been engaged in the various
programs of the contract as follows:

Project Manager - H, G, Sell
Preparation, Fabrication, and Characterization ‘
of Experimental Alloys - W. R. Morcom

Thermo-Mechanlical Characterization of a Westing-
house High Strength W-3,8 v/o ThOp Alloy (ThDW~WHS) - G. W. King

The authors wish to thank Drs. N, F, Cerulli and Luil Vel for
' analytical support and Messrs, R. K, Courtney, J. J. Corcoran,
1 R. P, Watson, R, E. Bednarz, and W. R, Wheatley for wvaluable
- assistance,

The Dynapak extrusions were carried out at the Westinghouse
Astronuclear Laboratories under the direction of R. Begley, and :
the large size extrusion billlets were hot compacted at Aerospace "1 B
Corpeoraticn, El Segundo, California, under the direction of . :
Dr, J. White. A varlety of W-Re-ThOp alloy samples were supplied ;
by Chase Brass and Copper Company, Waterbury, Connecticut. The i
authors aratefully acknowledge these contributions.
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Ti:ds technical documentary report has been reviewed and is
approved,

The maauacript was released by the authors November, 1966,
for publicatlon as an AFML Technlcal Report.

I. Perlmutter

Chief, Metals Branch

Metals and Ceramlcs Division
AF Materials Laboratory
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. meters on dispersold distribution and strength properties,

ABSTRACT

The mechanical properties of a W-3.8 v/o ThOp alloy with
superlor high temperature tensile and creep strength have been
determined from room temperature to 3000°C, This alloy has
been produced by two separate technigues in rod form, The
alloy has been found to exhiblt a tenslile strength as high as
15,500 PSI at 2400°C and at a strain rate of 0.05 min~l and a
1 hour creep rupture strength as high as 12,500 PSI at 2200°C.
The DETT of this alloy anncaled at 2400°C for 1/2 hour 1is ,
190°cC.

Four experimental W-5.7 v/o ThOp alloys have been pro-
duced to lnvestigate the effects of chemical prccessing para-

The high temperature stvength propertles have been essenti-
ally reproduced i alloys in which the thoria dispersion was
added to tungsten oxide. In those alloys in which the thoria
dlspersion was added to the meval powder, the strength improve-
ments were much smaller.

11 G M R s

Substructures and dispersoid distributicns have been ex-
tensively studled by electron transmission microscopy and by
various replication techniques. In the superiod strength
W-ThO2 alloys, the thoria dispersed second phase contains a
high fraction of particles having dlameters smaller than
1000R. The thoria distiibution is very stable and effects
the retention o' a polygonized substructure to 2800°C,

A high temperature strength evaluation was also made on
W-Re~-3.8 v/0 ThO2 alloys having 5, 10, 15 and 25 w/0 Re con-
centration, These alloys have significantly lower strength
above 2000°C than the ThDW-WHS (W-3.8 v/o ThOp) alloy.

This abstract 1s subject to special export controls and
each transmittal to forelgn governments or forelgn nationals
may be made only with prlor approval of Metals and Ceramics
Division, Alr Force Materials Laboratory, Wright-Patterson
Alr Force Base, Ohio 45433,
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I. INTRODUCTION

In the high temperature materials development field, 1t does
not often occur that one can report about the sueccessful develop-
ment of a vastly improved material. This 1s the favorable posi=-
tlon in which the authors of this report find themselves in regard
to the alloy W-3.8 v/o ThO2 (in preceding progress reports referred
to as Westinghouse-Special alloy but from hereon designated ThDW-
WHS alloy-~-thoria doped tungsten, Westinghouse high strength alloy).
As the substantial amount of information on high temperature ten-
slle and creep strength, low temperature ductllity, and other met-
allurgical properties contained in this report will show, this
specific W-3.8 v/o ThOo alloy, as well as alloys similarly produced
on an experimental basis, have reproducibly superior high tempera-
Ture strength characteristics to those of any other currently
avallable tungsten base alloy or pure tungsten.

That a W~ThOp alloy could be made with very favorable high
temperature mechanical properties was already demonstrated under
the preceding contract (AFML-TR-65-407, Part I--subsequently re-
ferred to as Ref. 1) from results on 1l different alloy systems,
including W-ThOp, which were investigated on a screening basis,

The fact that this should be possible was indicated during several
earlier development efforts (2, 3); however, these efforts achieved
only marginal success.

At the closing of the last contract period, two of the 11
alloy systems were chosen for further development work. The
first cholce was the W-ThOp alloy for the reasons given above.
The second cholce was the system W-Re-ThQO2 from the viewpoints
of improved low temperature ductility (4) and potential high
temperature strength,

The immediate effort that was required at the beginning of
the contract differed for the two alloys. In the case of the
W-ThOp alloy, prevlious contract results had shown that hot press-
ing of blends of elemental powders did not present the optimum
method of consolidating a blllet with a fine and mechanically
effective dispersion. It was initlally assumed that the lower
temperature required for consolidation by hot pressing would
help to retaln a finer dispersion. However, electron transmission
microscopy revealed varlous degrees of agglomeration depending on
powder contamination and heat treatment after pressing. In the
course of thls evaluation, the observatlon was made that Ho self-
resistanca sintered and swaged ingots produced from a certain
alloy powder prepared by the Lamp Divislon's Engineering Depart-
ment, had retained a flne dispersion which imparted significant
strength improvements.



The problem reverted thus back to the powder i1tself and,
specifically, to its chemlcal preparation. Therefore, four
experimental alloy batches were preparcd differing In the
method in which tne thorla was chemlcally introduced, and the
mechanical properties were compared with those of the engineer-

ing material (ThDW-/AS'. The alloys were consolidated by self-

resistance sintering znd by hot compaction. Fabrication was
accomplished by extmuslon and swaging.

In the case of the W-Re-ThOz2 alloy, the problem faced at
this laboratory was poor fabrlcabillity in that swaging of die
pressed and high temperature sintered ingots was only margin-
ally successful. Addlitlonal attempts were made to swage W-5%
and 10% Re alloys with a 2 w/0 ThOp dispersion but agaln with
very poor yleld. This experience differed from that of the
Chase Brass and Copper Company where fabrication of these
alloys from sintered ingots was successfully accomplished.
Alloy rods of the desired compoasitlons were made avallable
and included in the evaluation by courtesy of the Chase Brass
and Copper Company.

Evaluations of the two alloy systems were primarily made
with respect to high temperature tenslle properties and dis-
persion characteristics. Tor the high strength alloy ThDW-WHS,
the ductile brittle transition temperature (DBIT), the creep
properties, and the recovery behavior were also determlned 1n
considerable detail. In all evaluatlions, various techniques
of electron microscopy were extensively employed. The results

.were correlated with existing theories of dlspersion strength-

ening and reasonable agrecement was obtained with equations de-

rived from the Orcwan mechanlsm as modified by Kelly, et.al. (5)}.

The work hardening chiracterlstics of the W-ThQp alloys were
found to be in qualitative agreement with the theory of Fisher,
et.al, (&),

In the final analysls, the strongest high temperature alloy
18 shown to be the engirsering material (ThDW-WHS) which repro-

ducibly demonstrates in the annealed condition (1/2 hour, 2u00°¢C)

a tensile strength A 5 %imes that of_pure tungsten at 2400°C
tested at a strain rate of 0.05 min-l and a 1 hour creep rupture
strength at 2200°C of ~ 12500 PSI. Two of the experlmental
W-ThO2 alloys exhiblted eguivalent tengile properties. Future
efforts required for the development of sheet fabrlicatlon meth-
ods for this alloy are outlined in the summary of thils report.
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TI. W-ThO» Alloys

The effect of a thoria dispersion on the mechanlcal prop-
erties and structural stabillLy of tungsten was reported by
Jeffries as early as 1624 (7)., In recent years, a great deal
of effort has been made to utilize dlspersoclids 1In other metals
to improve high temperature strength, Notable success has been
achleved, in some instances, with TD-nickel (Ni-2 v/0 ThOz) as
one of the most outstanding examples (8).

The present research program was directed towards the de-
velopment of a tungsten base dispersed second phase alloy with
superior high strength properties above 0.5 T; and with low
temperature ductility at least comparable to that of pure
tungsten,

One primary obJective of the present work has been the de-
talled characterizatlon of the most promlsing alloy, ThDW-WHS.
Such characterization has been performed with respect to par-
ticle size and distributlion. recovery, and mechanlcal properties,

In addition, since the chemical apprcach to dispersing the
second phase proved more rewarding than the mechanical technlque
(miiling), a second major objective has been to investigate sev-
eral chemlcal dlspersion techniques. To this end four W-ThOp
alloys were prepared by new technlques chosen alsc to produce
very fine dispersions. In all four alloys, the ThO», was added
to the matrix tungsten or tungsten oxlde as a Th(NOq)q solution.
The concentration of ThOp was selected to be 5.7 v/6, 1l.e.,
between the two levels previously used (1). Thls “"compromise"
concentratior was chosen with the hope of further lmproving the
strength of the 3.8 v/o alloy, but reducing the fabrication
difticulties encountered with the 6.5 v/o alloy {1). Por the
consollidation of these alloys, hot pressing was stlll used as
a standard method, but in one alloy (ThDW-2) a second method, ;
self-reglstance sintering, was also employed, i

™

For the purpose of scale-up, 2.25 1in, diameter billets
were hot pressed at Aerospace Inc. and were conventionally ex-
truded at the WPAFB facllity. Three of the alloys processed
in this fashion were also produced in the smaller billet size
(1.25 in. diameter) and processed by high rate extrusion,
Finally, the effect of swaging temperatures on rods of less
than 0.400 in, was investigated to some extent in two of the
alloys.




A. Preparation of Alloys

1, Dispersion Technlques

The techniques empnloyed to incorporate the ThOp disper~
80id Into the basc powders are described beclow:

ThDW-WHS (3.8 v/o ThO2) - The starting materlal for this
alloy is ammonlum paratungstate (APT) of high purity. A typlcal
analysis 1s reported in Table 1. The APT 1g converted to tung-
sten oxide at about 600°C in nitrogen or in air. The oxide
formed in nitrogen is blue (approximate formula WpoOsg) whereas
a yellow oxide (WO3) forms in alr. Mixtures of the Tio oxides

con be employed. he oxide powders are loaded into a twin shell
blender, and while the bliender shell is turning, the Th(NO3)y
-solution 1s sprayed into the oxlde by the centrifugal action of a
rapidly rotating "attritor" bar.

In addition to homogeneously dispersing the solutlon,
thils bar also effects some comminution of the oxide particles.
After the totzl amount of solution is added (~107 of the oxide
charge by welght) the attritor bar rotation is stopped, but
tumbling of the doped oxlde 1ls continuszd while drying.

The dried doped oxlde 1is subsequnntly reduced 1n hydro-
gen at temperatures from 750-31000°C. The resulting metal powder
which has a FSSS in the range 1.2-2 ¢ 1s then sieved (250 mesh)
and tumbled. Normally, this powder 1s processed in quantities
amounting to 350 Kga. per batch.

ThDW-1 §5.7 v/o Thg?z - The first experlimental alloy was
prepared [rom a . baltch of the same oxlde employced for
ThDW-WHS, and processing techniques were ldentical with the
following exceptions:

(a) In addi“ion to the Th(NO§)4 solution, solutions of
;Si 207 and Al (NO were added to glve the
resgect ve w 1ght conce trations of 0.4, 0.k and
0.1%. These additives were included because silica
and alumina were previously found to promote a finer
thoria dispersicn (1).

(b) The attritor bar was permitted to rotate for about
3 times the perlod employed in the preparation of
ThDW-WHS thus promoting greater comminution.

(¢) The reduction conditions were altered (temperature
range 850-1000°C) to produce a fincr metal powder.

The mean particle slze (FSSS) of thils experimental batch
was 3 6}&
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ThiW-2 (5.7 v/o ThOp) - The second experimental alloy
batch was essenvially a& lavoratory produced Thiv-WiS equivalent
with a higher concentration of thoria., It provided a measure
of the concentration effect and also served as a control for
the alloy TahDW-l. It was prepared in the same guantity and by
the same technlque as ThDW-1 with the exception that the K and
Al =alts were omitted. The mean particle size (FSSSX of this
. batch was 1.5H.

ThDW=-3 (5.7 v/0 ThOp) -~ The third alloy variation was

prepared by the adqdaition of a Th(NO3)y solution directly to

igh purity metal powdexr (U4 Kg. batch size). In this alloy
and the fourth experimentai alloy (ThDW-4), the doping was
performed on the reduced powder in an attempt to achieve a
more effective dispersion because of the very fine particle
size of this material (0.34). The quantity of solution em-
ployed was just sufficient (~11 w/0) to make up a fluid
slurry which was milled (1) for 3 hours to homogenize the mix.
. The slurry was then decanted directly into a stainless steel
tray and frozen under vacuum., The frozen state was maintalned
until no further condensate formed in the LN trap between the
contalner and the pump. At this point, the relatively dry pow-
der was removed and further dried in air at 80°C. The freeze-~
drying technique was employed in an attempt to minimlze segre-
gation of the thorium salt during drying.

On the first run, this final drying step proved desgtruc-
tive to the entire batch in that relatively slow, but nearly
total, oxldation occurred. This pyrophoricity was probably
promoted by the exothermlec decoumposition of the nltrate, even
at this relatively low temperature. Althougzh the oxlde formed
could have been reduced for further experimentation, 1t was
dlscarded, and a second batch was made with the final drying
performed in No. The dried mix was then heated in Hy to a
temperature of 900°C to decompose the Th(NO3)4. The mean par-
ticle size (FSSS) of this batch was 1'3P’

ThDW-4 (5.7 v/o ThCp)} ~ The fourth alloy in this series

was prep3red DY THE 204ITISH of an alcoholic sclution of Th(NOgz)y

to the same high purlty tungsten (4 Kg. batch size) used for
ThDW-3. Again, the amount of liquor added was Just sufficlent
to form a fluld slurry which was milled, dried under vacuum;
and finally dried at ~A,80°C in alr. This alcchol-vacuum tech-
nique was employed to permit accelerated drylng and thus possi-
bly minimize thorlum salt segregation. The thorium salt was
again decomposed in Hp at 900°C. No pyrorhoricity was observed
with thls material, Its FSSS was S.QJ. .

¥ FSSS - Flsher Subsleve Slze
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W~5 w/o Cb-5.7 v/o ThO2 = As the mechanical property
data of The W-RKe alloys evolved (1), doubts arose that this
serles of alloys would provide the high temperature strength
desired. Consequently, an alternative solid solution system
was sought. On the basls of other data (9), a W~Cb alloy was
selected. In this case, the constltuent metal povders were’
milled for 20 hours in the tungsten mill with a Th(NO3)u solu~
tion. Drying in alr was performed at 80°C, and the décompcsi-
tion of the Th(N03)u was accompllished 1n an argon atmogsphere,

B. Consolldation of Alloys

1. Hot Pressing

Previous contract work (1) demonstrated the efficacy
of thils technique for producing maximum denslty billlets which
could subsequently be fabrlcated by extruslon, although prop-
ertles determined on prevliously hot pressed materials were
somewhat inferlor $o those of the same materlal which had been
self-reslstance sintered. However, because of the difficulties
anticipated in pressing ingots for self-resistance sintering,
and in attaining satisfactory denslties by that method, hot
pressing was agaln employed as the stendard consolidation tech-~
nique.

Since it was desired to Initliate a preliminary scale-up
vhich required billet sizes larger than the hot press in this
laboratory could consclidate (1.25 in. dia.), the hot pressing
of larger billets was performed by Dr. J. White of the Aerospace
Corporation.

For the small bllliets, the apparatus and the pressing
procedure employed have been described previously (1). One
variation, the use of a tantalum foll liner to reducc possible
carbon contamination, was tried., However, most of the compacts
prepared with the foll were found to have circumferentlal cracks
of such a depth as to render them useless. The cracks are be-

.1lieved to have resulted from folds occurring in the foll during

pressing. All the billets were then successfully pressed wlth-
out a liner,

Fox the 2.25 in, dia, billets, powder of five composi-
tions (including powder of the W-Cb-ThOp alloy) was forwarded
to fAerospace Corporation for hot pressing in an apparatus described
elsewhere (10)., The W-ThOo powders were from the same experimental

- batches used for the 1,25 in, dia. blllets, Contrary to the ex-

perience in this laboratory, all large billets were pressed suc-
cessfully with a tantalum foll liner 1n a mold of different design.
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Initlally, attempts were made to produce the larger size
billets with a length to diameter ratio approaching two. This
resulted in fracture of the mold, and subscquently this ratlo
was reduced to sllightly greater than 1, after whlch satisfactory
billets were produced. The majJor differences between the prcas-
ing techniques are given below (Table 2):

Table 1

Supplier's Analysis of Ammonium Paratungstate

Element
Compound W03 Mo NVR*  NH3 Al Cu Fe Na Si

Analysis®*¥*
w/0 89.00 L0002 <.005 5.4 <:,002 <0003 <.003 <§002 <<.OOO4

¥ Non-Volatille Resldue
*% Balance Hp0

Table 2

Comparison of Hot Pressing Techniques

Westinghouse Aerospace_Corp.
i1.25 in, dia. x 1.9 in. length 2.25 1n. dla. x 2.5 in. length
Single piece molg ' Split mold
Single acting press - Double acting press
No liner _ ' Ta foil liner
Handled in sair prior to hot Handled in inert gas prlor to
pressing hot pressing
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Table 3

Carbon Analyses of a Hot Fressed ThDW-2

Section No.*

1llet After Conditioning

Carbon Content (wt. ppm)
(Low Pressure Combustion)

1 (edge section) ' 87

{center sections)

83
100
70
6
81
101

(edge section) 113

* To obtain the sections a 1/B" thick disc was cut from the
billet; from this a 1/4" wide dlametric strip was cut and
sectioned perpendicular to the diameter,

Note ¢

Commercially pure tungsten nominally has about 40 wt. ppm,
. ecarbon, R .
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Following pressing, all billets were conditioned by sur-
face grinding to remove C,03-0,05 in, from all surfaces. This
removal represents roughly two to five times the depth to which
centamination was metallographlcally ohservable. Carbon deter-
minations made across the dlameter of one billet after grinding
are listed in Table 3. The average carbon concentration is
higher than normally found 1n commerclal puriily tungsten and a
amall surface to center gradlent 1s observed.

A 1listing of all obillet compositions, dimensions, and
densitles 1s presented in Table 4,

Table 4

Dimensions and Densltles of Hot Compacted Extrusion Bllilets

Bllieg¥us Lensity

 Designation Composition .. -  Dimensions {% Theo.)
TRODW-WES*  W-3.8 v/o T0p % 1.20 x 1.26 92
ThDW -1 W~5.7 v/0 ThOp** 2.10 x 2,04 gs
' , cee ©1.20 x 1.45
ThOW-2 S " 12,10 x 2.14 91
ThDW -3 . oo ) . 2.10 x 2.00 95,
ThDW -4 " 2.10 x 2.00 95
1.20 x 1.46 . 92
~ ThIW/Cb~-1 W-5 w/0 Cb~5.7 v/o ThO» 2.10 x 1.60 96

*  The Dynapak extruded ThDW-WHS 13 a second blllet equlvalent
to the material referred to as Alloy No. 2 in previcus work.

¥ ThiW-1 also contains compounda of potassium, silicon, and
aluminum at levels less than O. 5 w,o.

#**Dimensions glven as diametver x lengbth {inches).

2. Self-Reslstance Sintering

The fact that the ThDW-WHS alloy ls consolidated by self-
resistance slntering made 1t necessary to attemot this consolil-
- dation process for the experimental alloys, in splte of the
liabilivies mentioned before. Consequencly, two alloys {ThDW-1
and uClw-2) were pressed at room temoperature in a conventional




open mold at 40 KSI 80.375 x 0,375 x 24 4in, for both alloys,

and elso 0.725 x 0.700 x 24 in, for ThDW-2), The alloy ThDW-2
was successfully sintered in both sizes to 93-96% of theoretical .
density. The schedules used (essentially the same employed for .
ThDW-WH3) entailed a rise time to the maximum temperature !
(~26850°C) of 15 min. for the small and 35 min. for the larger :
ingots, All ingots were held at this temperature for 20 min.
Several schedults were trlcd on ThDW-1, but adequate density
could not be obtalned, and internal vclds were found in the
sintered ingots. These volds zare presumed to be the result l
of premature surface asintering which precludes the escape of
volatile material retained interrnslly-~-probably some compound
of the silica and/or alumina added to this alloy.

It 18, of course, necessary throughout the foregoing
processes to minimize contamination of the oxlde or the metal.
Iron and nickel are generally accepted as beilig undesirable
contaminants in tungsten, and reactlons of thoria with carbon
have been reported in the literature which result in the for-
mation of free thorium (11). Thorium in the form of the free
metal is reported o have a very high diffusivity in tungsten
(12), whereas, as will be shown later, the oxide is very stable
in the completely dense tungsten matrix. Therefore, if thorium
1s formed as a result of carbon contamlnatlon, coarsening of
the second phase can occur during subsequent high temperature
processing.

C. Fabrication of Alloys

1, Dire~t Swaglng of Self-Resistance Sintered ThDW-WHS and
' ThDW -2 Ingots

.
L I el IR L

Sintered ingots 20 x 0.5 x 0.5 in. werc warm swaged |
directly into rods of ~s0.185 in. dia. The dle llne was the
same uased for extruded alloys (Table 5). The initial preheat
temperature for ThDJY-#HS was 1700°C and was gradually reduced
to azbout 1200°C as the rod dlameter was decreased. TFor ThDW-2,
a prehest temperature of 1650-1750°C was used at all sizes, be-
cause some edge cracks were present in the as sintered ingots.
Intermediate anneals were employed during the reduction to the
final rod size, : :

b e 1ot s+ o S1m

2. Extrusion

Previcus work (1) had demonstrated the feasibllity of
high rate extrusion (Dynapak) for alloys of thls type, and the
orimary breakdown of the 1.2 in, dia. billets was again per-
fcrmed iIn this fashiona. The 2.2 in. dia. billets, however, -
were extruded in a c¢onverrtlonal press. This variation was in-
vestigated because, from the eqguipment standpoint; fewer prob-
1ems were anticlpated in scale-up, R

10




ggble 5

General Swaging Schedule for Extruded Alloys

Machine.81ze

Preheat

1st end 2nd end

Temp. (°C)

#6 1700-1750
" u
" "
" "
U "
’ ‘ n Li]
n o
»ﬁm 0
- “
. )
" "
.” "
. "

Time (mir)

15
10

"
"
10
n
"
n

n

n

10
10

"
"
6
"
"
"

it

-oon

Stze (in)

1,000 + .010

.855 "
. 740 "
630 "
.630% "
.560 + ,005
a0 "
400 "
.30 "
.285 "
240 - "
+205 "
.185 "

#* A1l of the high rate extruded meterlal was stqrted on the #&_

gwager at 0.630 in,
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Prior to extrusion, all billets were encapsulated in
molybdenum. Capsules of the configuration previously employed :
(1) were used with the 1.2 in. dla. billets, while the capsules

tional extrusion was performed. The extrusion parameters are b
presented in Table 6, : :

The W-5 w/o Cb-5.7 v/o ThO2 billet broke up severely on
extrusion. All other pillets, as extruded, had good surface
chiaracteristics (Mo capsule) and relatively uniform diameters
(no indication of breaking up of the core alloy) throughcut
- thelr length, Swaging was thus begun without removing the
molybdenum case. Only the high rate extruded billets were
sampled, as extruded, since the conventionally extruded billets
were barely long enough for swaging.

3. Swaglng of Extruded Billets

The swaglng schedule used 1s shown in Table 5. Due to
“the short lengths involved, no continuous swaging was feasible;
hence, temperatures at the point of materlal deformation were
higher at the ends and progressively lower as the center of the
~rod approached the dle., The maximum temperature drop due to
thls limitation 1s estimated to be ~300°C. This 1s encountered
-on the smallest dles with rods exceeding ~s30 inches. The erfect
1s essentially negligible with short pleces of large dlameter.

Materlal losses during swaging were high (Table 7). Al-
thc agh the as extruded surface of the molybdenum capsules had
indicated sound billets in two cases (ThDW-1l - large billet and
ThDW-WHS - small billet), swaging breaks are helieved to have
resulted from pre-existing cracks. This was suggesated by the
- almozt total penetratlion of molybdenum into the cracks, which
is not belleved possible under the swaging conditlions employer..
The most common source of 1oss, however, was spllitting, particu-
larly at the ends of the rods. Such splitting 1is a problem in
the fabrication of thorlated tungsten and in these alloys was
probably aggravated by the limitations of the hand swaging
process, Addltional factors may have been the higher concen-
tration of thoria and a less than optimum working schedule,

4. Rolling

Since the projected end use of the high strength alloy
1s sheet, a single preliminary attempt was made to roll two of
the compositions being investigated (ThDW-2 and Tth—ﬂﬁS). Both
vere pressed at room temperature in a standard mold to 0.750 x
1.500 x 15 in. and self-resigtance sintered (~~2850°C, 30 min.)
to densities of A, 17.2 gm/em3. The billets were subsequently L
cut into 4-5 in. lenglhs and conditioned as shown in Fig. 1. -
The rolling schedule 1s given in Table 8. _ '

12
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. ' Table- 6

Extrusion Parametcra for W-Thi0p Alloys

1,20 in. dia. Billets
(Dynapak Extrusion)

Preheat Temperature 1950°C
(induction)

Preheat Time 5 mih;

Transfer Time 10-20 sec.

Extrusion Ratio , 6:1

Die Composition Steel

(Zr0p coated)

Lubricant None
© Jacket Material ‘Molybdenum
N.D.*

_\Ram Speed (Running)

% N.D. -~ Not Determined

13

Standard Extrusion)

& 1980°C

25 min.f;
. N.D.*
' '6.3;_1

¢ Hel2 Stesl -
- {2r02 coated)

. "MoSg
. "Molybdenum

. 5.5-6 .0 in./sec.
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Table 8

Sheet Rolling Schedule for W-ThO> Alloys

Mill ~« 10 x 12 inches
Preheat - 1600°C, 15 min. each pass

Reductions - (1) .630 - .505 in.
2 -5(5 - 031 il’l.
3) .318 = ,170 in.

A two-high 10 in. dia. x 12 in. mill was used and all pass-
es made in the same directlon,

Nelther billet was sultable for further rolling after
the third pass (also shown in Fig, 1). The ThDW-WHS alloy
showed slight edge cracking after the first pass, and at
0.170 in., severe edge cracks were closely spaced throughout
the length of the ingot. The ThDW-2 showed no ¢racking in
the first two passes but developed a longitudinal center
crack on the third pass which separated the blllet for two-
thirds of its length. The suriaces of thils crack showed a
pronounced laminar structure (Fig. 2).

While these initlal rolling attempts have not resulted
in useful material, they are encouraging enough to suggest
that further eéxperimentation with rolling variables willl per-
mlt production of sheet material.

D. Characterization of the ThDW-WHS Alloy

The properties of the ThDW-WHS alloy were determined in
greater detall than those of the€ experimental allcys, hence
its properties will be reported separately throughout the
remalnder of this report.

1, Microstructure of As Worked Rod

The optlcal microstructure of the as worked rod is
shown in Fig. 3. The grain structure is highly elongated,
and the fibers are non-uniform in wildth. The average grein
width, which may include some subgralns as well as high angle
grain boundaries, 1s about 16pm The substructure was examlned
by electron transmission microscopy and is characterlzed by

15




Fig.l Rolling Billet (Center). ThDW-WHS Billet After 3
Passes (Left). ThDW-2 Billet At'ter 3 Passes (Right).

Fig. 2 Laminar Structure of Rolled ThDW-2 Billet After
3 Passes,




Fig. 3 Milcrostructure of As Swaged ThDW-WHS (Etched
in Murakami's Reagent) - 500X




the presence of tangled dislcecations wilthin well de
grains (Fig. 4). The subgrains of the as worked m
elongated and have an average width <f about 3P'

2. Particle Size Digtribution

The fine particle distribution (<CC.lp) was determined
from carbon extraction replicas (Fig. 5 and at higher magnifi-
cation Figs, 6a and 6b). The extraction replica technique em-
ployed (with minor modifications) was reported by Koo (13).
Mounted specimens are mechanically polished through 4-0 emery
paper, then electropolished for about 12 minutes in a 1.,5% KCH
solution at temperatures below 5°C, After thoroughly rinsing
in distilled water, a layer of plastic film 1s applled and
stripped from the sample surface in order to remove surface
debris, Carbon is then deposited in a vacuum evaporator
(~10-5 Torr) from a source at right angles to the surface.
The carbon film i1s scribed into small squares wlth a sharp
tool following which the sample 1s chemically etched in a 1,5%
Ho0p solution untll segments of the carbon fillm float free.
Finally, the films are thoroughly washed in distilled HoO,
collected on grids and dried in a vacuum desicator.

The extractlion replicas were examined in a Hitachi
HU-11A electron microscope. The structure was photographed
at 20,000X and further enlarged to 40,000X, Both as worked
(Fig. 6a) and annealed (Fig, 6b) specimens were replicated.

The thorla particles are present over a wide size
range (<50 - >1un). The larger particles (>10,0008) are
rod-like in shape after fabricatlion as shown in the optical
micrograph of Fig., 3 and the extraction replica of Flg. 5,
whereas smaller particles are essentially spherical (Fig. 4).
However, no attempt has been made to include larger particles
in the size distrlibution determination, because they are con-
sidered to be relatively incignificant in the strengthening

LY 1
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process of thils alloy.

The distribution was established on the baslis of the
method developed by Ashby, et.al, (14). The significant re-
lationshlp is that which equates the number of particles per
unit area in a plane of polish (Ng) to the mean diameter of
particles (X) as follows:

Ng = Ny /X Eq. 1
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Pig. 4 Electron Transmisslion Micrograph of As Worked ThDW-
WHS ~ 40,000X

Fig. 5 Extraction Replica of As Worked ThDW-WHS - 6000X
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Fig. 6b Carbon Exiraction Replica of Thoria Particles in

i

Annealed (1/2 Hr., 2400°C) ThDW-WHS - L0,000%




where N 1s the number of intercepts per unit length of line
grawn randomly over the area of the micrographs, The param-
eter sought ia the mean interplanar spacing Dg, defined by
Kochs (15} as the average distance from a particle to its
next nearest twe or three neighbors*, It is glven by:

1
By = 1,18 ()2 Eq. 2
3

- In order to apply these equations, the mean particle
diameter was first determlned by countl the number of par-
ticles in intervals of 250& (i.e., 0-250K, 250-500f&, etc.)
within randomly selected areas of slix micrographs from each

“of the respective samples. Tne total number of partleles in
each size range was then multiplied by the medlian of that
range, and all size ranges summed and the total averaged.

In the case of the as worked material, 612 particles were
 wounted aithin a total area of 12pc, and 448 particles within

" -an area cf Qup? oi the annealecd 3peclmensa. :

Next, an array of random lines was scrlbed on the micro-
‘graphs and the number of intercepts ccunted. Five lines of 20
length each were scribed on eleven plates of the annealed speci-
men to glve a total length of 110y, and lines totaling 703.1n length
v re scribed on 11 plates of the as worked materlal., The results
ol the evaluation are summarized 1n Tavle 9., The distribution

' curves are plotted In Flg. 7. :

# It was originally pointed outb by Koeirs and further discussed by
Kelly, et.al. (5) that the mean interplanar spaclng and not the
mean center .to center spacing between particles 1s the appro-
priate measure in calculating the Interaction between a gliding
dislocation and a random array of obstacles,
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Table 9

Partlcle Size Distribution Parameters of Thbwjﬂﬁs

As Worked Annealed
Mean particle 402 + 233 386 + 230
diameter, X, angstroms '
No. of intercepts per . 0,65 0.27
micron, Ny : ‘
No, of particles per 16 7
micron2, W
Mean interplanar 0.3 0.u44

spacing, Dg, microns

The fact that fewer fine particles are observed in the
annealed samples as compared to the as worked samples, suggests
-that some coarsening has occurred, However, the statistical
cdata do not permlt a definite concluslon, since the large sigma
values obscure any small shifts which may have occurred in the
‘mean particle dlameter,

3. Recovery

Annealing studies were mede at temperatures between 1600°C
and 3100°C in order to assess the effect of the dispersion on the
recovery and/or recrystallization behavior. Optical and electron
transmlssion microscopy as well as room temperature hardness
measurements werc employed for thls evaluatlon.

a, .ffect of Annealing on Room Temperature Hardness

All specimens were initlally ground through 3-0 emery
paper and then electropolished to remove a% least 0,005 in. frou
the surface. Each speclmen was annealed repeatedly in a vacuun
“of approximately 5 x 10 -mm Hg,., and the Vickers Hardness mcasured
alfter each annealing period. At least six hardneas indentatlons
were made to obtain an average value, Perlodically, when the
hardness indentations became too closely spaced, the surface was
reground and again electropolished. At temperatures below 2800°C,
the specimens were annealed by radlatlon heating whlle at higher
temperatures they werc annealed in an electron beam furhace, On

23




N
N

AS WORKED

o @

>

o N
v L
—_—

/\ ANNEALED
o

(o]
T Y

AVERAGE NUMBER OF PART!CLES/pz

N

A LY i..

[\ S

| 24 6 6 10 12 14 1618 20 22 24
; PARTICLE SIZE X 10%

FiG. 7 PARTICLE SIiZE DISTRIBUTION OF W-3.8 %TI Qz(ThDW-ﬂHS)

26




WM AT WPt s

all runs, the temperature was measured by an coptical pyrometer,
which was calibrated agalnst melting points of pure metals.

The hardness data for a glven determinatlion varied by about

+ 15 units from thelr average values.

The results of lsothermal anneals at various tem=
peratures on the room temperature hardness are recorded in
Tabie 10, These data are to be compared with an average value
of about 485 VHN for the as worked alloy and about 370 VHN for
fully recrystallized pure polycrystallline tungsten, At tem-
peratures up to approximately 2700°C for 10 hours, changes in
hardness indicate that onrly recove i1s occurring. The extent
of recovery at temperatures below 2800°C decreases slightly
with decreasing temperature. However, at or above 2800°C,
the materlal recrystalllzes after a short time anneal, and
the hardness drops to that of recrystallized tungsten,

b, Effect of Ammealing on Mlcrostructure

The microstructures of the alloy after annealing
for various times at temperature ranging from 1600-2800°C
are depilcted in Figs. 8Ba, b, ¢ and d. The results of grain
size measurements %width of elongated grains) are listed in
Table 11 along with the grain slze of the alloy as worked.

Annealing for long perlods at 1600°C caused a re=-
duction in the overall average grain size (dy) from ~16p (as
worked) to 6l (after annealing for 65 hours), This 1s attrib-
ubed to the formation of new subgraln boundaries by the process
of polygonization. However, the average primary graln size,

( pg which does not include small recovered {or possibly re=~
crystallized) regions within large grains, 1s apparently un-

changed.

On the other hand, annealing at 2400°C or at higher
temberatures causes the grain size to increase. In addition,
after annealing at temperatures above 2400°C, small recrys-
tallized areas, such as are typlcally formed by nucleatlon and
growth processes, become clearly recognizable within the worked
grains., These areas are marked "A" in Figs. 8¢ and 8d and were
identified as belng recrystallized by the fact that such arsas
vere free of eteh pits, whereas the surrounding matrix was
heavlily etch pitted by a bolling concentrated hyavogen peroxide
solution, However, the predominant mode of recrystallization
appears to be by the straln induced migratlion of boundaries al-
ready present, rather than by nucleation and growth, since con-
slderable coarsening of the grain structure had oucurred before
such areas are seen.
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Effect of Isothermal Annealing at Various

Table 10

Temperatures on Room Temperature Vlickers Hardness

Temp.,°C Time
1600 Hrs,
2100 ‘Hrs,
2400 Hrs,
2660 Hrs,
2800 Hrs.
3100 Hrs.

1/2
e

1/60
fish

1/60
fs2

1/12

463

1/60
72

1/60

407 -

1
454

1/20
&3

1/6
i

1/2
s

1/20
&7

1/20
59

Vickers Hardness Number

2
471

1/6
i
1l/2
448_
2
445
1/6
e

1/6
¥o1

26

-6

471
1l/2
w3
5
45y
10
430

1/2
%

£

65
466

1
b9

2
448

2
435
1
371

e

2
50

7
ul7

405

372

6

454

6 i1
398 407
6

366

.
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(v) dt, mm

.016

.006
.023

.019

168
.135

-
5
F
i
Table 11
Effect of Annealirg on the Orain Size
(Width of Elongated Grains) of W-3.8 v/o0 ThOo
Annealing Time _
Temperature, °C Hrs, dp, mm
As Worked — -
1600 65 .012
2400 R —
e - 2400 5 021
2800 24 194
3100 6 .135
(a) dp is the diameter of the "primary grains' after annealing
{b) T¢ includes small grains and subgrains formed after annealing
in addition to the primary grains,
§
i
4
£
3
27
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Fig. 8 Microstructures of Annealed ThDW-WHS
a) 65 Hrs,, 1600°C - 500X
b) 1/2 Hr., 2400°C - 250X
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Fig. 8 (Cont'd,) Microstructures of Annealed ThDW-
WHS - (¢) 4 Hrs., 2800°C - 500X;
{d) 24 Hrs., 2800°C - 100X.
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¢. Effect of Annealing on Substructure

The effect of annecaling at varlous temperatures on
the subsiructure was investigated by electron transmission mi-
croscopy (ETM). In some instances, the same annealed specimens
which were used for hardness measurements and optical micros-
copy studies were subsequently thinned and cxamined in the
electron microscope. In other instances, additional samples
were annealed at varlous temperatures to obtain information
concerning the state of the substructure at intermediate times.

The transmlssion specimens were prepared by first
grinding ribbons (~,30 mils thick) from rods. The ribbons were
sectlioned to an appropriate size and then electrolytically
thinned further in two stages. In the {irst stare, a dimple
was formed on opposing faces of the ribbon by an clectrolytic
Jet of 5% KOH; in the second stage, perforation was completed
by lmmersing the specimen in the same electrolyte and continu-
ing to clectropolish, A spotlight was located behind the foll
80 that the perforation could be detected at the earliest possi-
ble moment. Accelerated etching around the larger thoria par-
ticles was generally encountered and caused difficulties in
obtalning large transmission areas. In all examples of the

- substructure shown here, the plane of the lolls was parallel to
the rod axis,

Examples of the substructure formed after annealing
for 65 hours at 1600°C and for 30 minutes at temperatures between
2400 and 3000°C are shown in Figs. 92, b, ¢ and d. The anneal at
1600°C caused a reduction in the average subgrain size (width of
elongated grains) of the as worked material from about 2.8
(Fig. 4) to about 1p (Fig. 9a). The decrease in subgrain size
was caused by the formatlon of many simple dislcocatlion boundaries
such as marked "2" in Fig. 9c. The same area is shown in the
1a A TR o TN = bt

- camN e dla [EPR TP ~ L
enlarged micrograph of Flp., 10 to better resclve the nature of

the boundary.

The substructure of specimens annealed for 30 minutes
at 2400°C and 2720°C (Figs. 9b and 9c) is very similar to that
shouwn in Fig. 9a except that the subgrain slze 1s about 29, and,
in general, there are fewer dislccatlons within the subgrains.
Networks of dilslocatlons such as shown by the arrow in Fig, 9c
vere found throughout the substructure at all annealing tempera-~
tures below 2800°C. However, many isolated dislocations pinned
by the thoria particles were 3ti1ll retalned within the subgrains.
Clear evldence of sub-boundary pinning by particles is seen in
Fig. 9b (see arrows), In this case, the boundary is noving away
from 1ts center of curvature.
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Fig. 9 Electron Transmissicn Micrographs of Annealed ThDW-
WHS - (a) 65 Hrs., 1600°C; (b) 1/2 Hr., 2400°C
- 20,000X
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Fig. 9 (Cont'd.) Electron Transmission Micrographs of
Annealed ThDW-WHS - (c¢) 1/2 Hr,, 2720°C;
(a) 1/2 Hr,, 3000°C - 40,000x
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Fig. 10 Enlarged Area of Flg. ¢ Showlng Low Angle Boundarles
50,000X

Formed by Arrays of Dislocations -
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_ After anreg]-ng for 1 howr at 2800°C or for 1/2 hour
at temperatures above 7?800°C, the subgrain size, in gensral, has
Incireaged to a size too large to be measured at the lowest magnil-
ficavlon possible 1In the electron mlcroscope., One subgraln was
located witnln a o1l annealed for 1 hour at 2800°C. The analysais
o' gelected area diffractlon patternz taken across 1ts boundariles
established the fact that the mlsorientation was small,

Only in one case, in fact, was it posalble tc Iden-
tify a high angle grain boundary. Thla boundary WhL(h was lo-
cated in a specimen annealed for 1/2 hour at 3000°C {(Fig. 9d)
ha¢ a misorientation equal to or greater thar 13°, This bound-~

ary was also pinnaed by a thoria partilcle,

d. Surmary and Discussion of Recoveyvy Data

The combined information from hardness tests, optlcal
and electron microscopy presents a coherent picture of the effect
of the dlispersion on the recovery and recrystsllization of the
warm worked ThDW-WHS alloy. There 1s a flrst stage which only
involves recovery, and has been found to prevail at 2720°C for

£ least 10 hours and at all less rlgorous annealing conditions.

- At temperatures of ’800°C or higher, a second stage, namely,

recry atallization ».curs

The hardness data as well as optical and electron mi-
croscopy show that, at 2800°C, 1t takes about 30 minutes before
recryatallization commences, During this period, there 1ls a drop
in hardness which 13 zccompanied by the dzxvelopment of a well de-

fined substructure of elongated subgrains (average width about 2p),

largely made up or simple dlslccatlon type boundaries. Mnealing

for allghtly longer times results in a rapld disappearance of the

suhgraing and an lncrease 1n the graln s=ize of primary graling, and
a further decrease 1in the hardness to tha* of recrystallized pure

tungsten,

At 3100°C, the entire sequence occcurs very rapldly
The recrystalllzed stricture remains highly elongated, and g;dins
which extended the entire length of a 1/2 inch sample were some-
times obgerved. Thus, the growth iIn the direction parallel to
the rod axis 1z mach greater. The substructure during the re-
govery gtage was ,-a'iczo elongatad in the working directlon. The
recryste llxzafion nuclei', when [lrst detented, are almost
sphorical but at latter stages of anneallng become elongated
(Fig. 83 ~ sce arrows). The preferential directional growth
can be attributed to the stiringers of large partlcles parallel
to the working direcction (Fig. ©).

The mechanism ¢of recovery 1s primarily vhe f'ormation

of low angle sub-boundarles by polygonization. For recrystalli~
zation, two competitive processes occur. One is the {ormation and
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growth of "nuclel’, and the second 13 the growth of pre-exisbting
boundaries by atraln induced grain boundary migration. Strain
Induced graln boundary m’ gration 1s, however, the chief mode
of recrystallization, but there is an incubation pericd re=- .
guired bhefore 1t takes place. :

The conclusions drawn from this annealing study of
the ThD¥-UHS alloy find support in the literature. Cahn (16)
has recently discussed, among others, two models which could
apply. One is the "bulge" model, attributed to Balley and
Hirsch (17), which 1s analogous to the model for straln induced
grain boundary migraticn with the exception that an incubation
period 1s requlred 1n some cases. The second model describes
reerystallizasion by the growth of preformed nuclei (18). This
model is quite similar to the origilnal model of Cahn {19) ex-
cept that the lncubation period represents the gradual "healing"
¢t the preformed nucleus (which in part can consist of high
angle boundaries) by poulygonization rather than by the formas
tion and growth of a new subgrain. The recovery and recrys-
tallization phenomena observed can be correlated, to some degree,
with elther of these two models. However, the authors consider
recrystallizatcion by growth of preformed nuclel (seccond model)
to be the rate controlling process becausc of the extenglve
polygonlzation that precedes migration of boundaries.

Whatever the mechanlsm, however, 1t 1s clear that
the disperscid has greatly increased the recrystalllizatlon tem-

. perature above that of pure tungsten., Reerystalllzatlon in
similarly worked pure tungsten will oceur in less than 30 min-
utes at temperatures as low as 1400°C. However, in the ThD-
¥ita alloy; the matrix doaes not recrystallize even after 30 min-
utes at 2800°C. The effects which recovery and recrystallization
have on strength propertles will become apparent later.

E, Mechonlcal Properties of ThDW-WHS Alloy

1. Ductile-Brittle Transition Temperature (DBTT)

e DBTT was determined in tension on speclmens annealed
or 1/2 heur at 2400°C., In addition, one specimen was tested in
the as worked condition and a second after an anneal at 1850°C
fTor 1/2 hour. The specimans were electropolished to remove
approximitely 0.005 In, from the gage dlameter before testing
ot o surain rate of 0,005 min™* . The test tempera..res verc
measured with two iron-constaontan thermocouplen. DBecause of
vhe gripping arrangemont, only one thermocouple could be attach-
od Yo Lne pore scetlon. The other wag attached Yo the tensile
hea, The average teaperature difference Letween the two loca-
tions (~s0.5 in. apart)'was + 5°C and considered to be inconue-
cuentlal., ' :
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The stress-straln behavlor 1s deplcted schematleally
4n Fig. 11, In Region I (<Z140°C), the material fractured in
a completely brittle manner. In Reglon II {140-200°C), yleld
points were observed and the mode of fracture changed from
brittle to ductile. Examlnatlon of the surfaces of the gage
sectlons of the fractured tensiles did not reveal Luders band
markings, although most specimens fractured within the Liders .
strain region. The specimens tested at 176°C and 193°C had a
yield point followed by a Luders -train, work hardening, and
neclzing prilor to fracture (Fig. 1i). In Reglon III (> 200°C),
the alloy exhlblted the typlcal flow curve of a ductile
material,

The ductility (% R.A.) 1s plotted in Fig. 12, In-
cluded in this figure are data on pure tungsten, The DBTT
of the alloy is about 190°C with a ductility tall extending
to below 15C°C. This compares wlth a DBTT of about 300°C
for the pure tungsten control.

The strength properties are rscorded in Table 12 and
selected parameters from this takle are plotted in Fig. 13.
In cases of ductile fracture, the true fracture stress (cor-
rected Tor necking) 1s reported {(20). In those cases where
fracture occurred prior to necking, the maximum engineering
siress 1s reported., The temperaturz dependence of the yleld
stress and the fracture stress is typlcal of bec metals in
the DBT reglon. In the fully ductile conditlion, the ..ue
fracture stress of the alloy and of pure tungsten 1s approxi-
mately the same,

A DBTT of about 200°C was previously reported at this
laboratory for high purity tungsten and for a W-3,8 v/c ThOo
alloy tested in the stress-relieved (1560°C, 1/2 hourg con-~

"dition (2, 21). VWhen compared with the DBTT (~ 400°C) of
commercially pure tungsten ammealed at high temperatures, the
DBTT of the ThDW-WHS alloy is significantly lower. The lattier
alloy alsc has higher strengih ail low temperatures than pure

tungsten or the previously tested W-3,8 v/o ThOz alloy.

The effect of prior deformation In the ductlle tempera-
ture reglon on the DBTT 1s confirmed In this alloy, in that an
as swaged specimen exhlbits 6% R.A. at room temperature. Anneal-
ing as low as 1800°C destroys this ductility. Nevertheless,
after annealing at 2400°C for 1/2 hour, the alloy ls more duc~
tile than pure tungsten. 'The difference in the DBTT'tc (exceed-
inec 100°C) may be altrlbutable {o the retantion of a substructure
ir. the alloy. More investigation is requlred, however, to elu-
cldate thls suppasition. ‘
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FIG.1I SCHEMATIC REPRESENTATION OF ENGINEERING
STRESS STRAIN CURVES OF ThOW-—WHS AT VARIOUS
TEMPERATURE REGIONS. -
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Tabie 12

Low Temperature Tenslle Properties of Pure Tungsten
and ThDW-WHS3, Annecaled at 2400°C, 1/2 Hr. Except

as Shown, Te..ted at 0,005 min~1 i

Temp, Prop. Yield Ult. Fract. % % }
°C Limit ,KST Stress,K3I Stress,KSI  Stress,KSI Elong. R.A,
ThDW-WHS !
i
15% 169 (c) 191 101 203 o.4 6 :
15%% —e mmeenaa — 145 0 0 §
a3 -  mme——— —— 99 0 0 .
115 -—- ——————— - 96 0 0 ;
141 J123 a) 134 -~— 134 1.1 1 !
143 132 a) 1 - 141 0.4 5 !
152 119 b) 127 -—— 130 2.0 1.2 !
161 122 a) 133 - 134 1.0 2.5 |
163 139 . a) 144 -~ 147 0.6 2.2 %
175 122 b) 131 - 139 2.8 5,0 !
176 109 b) 123 127 131 5.2 3.0
181, 119 b) 128 — 36 1.9 5.5
120 106 b) 11 - 132 8.0 13.5
193 95 b) 109 111 126 11.5 43,0
198 122 a) 133 - 135 1.1 3.0
255 &6 ic 91 95 116 15.3  506.0
326 49 c) 67 85 104 15,2 57 .0
Pure Tungsten
2 34 c) U4z ——— 52 1.1 1.5
EEE 32 c2 38 - 61 2.3 3.0
278 20 cé 33 — 65 5.3 6.5
289 14 a) 15 57 110 32.0 49.0 |
325 10 (c) 1b 55 107 32.8 50,0}

*  Annealed 1/2 Hour at 1850°C.
** As Swaged
gag Upper Yield Stress
Lower Yield Stress
)} 0.2% Yield Stress
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TUNGSTEN AND ThOW-WHS
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2. Elevated Temperature Tenslle Properties

The tenslle properties of the ThDW-WHS alloy, processed
both by self-resistance sintering and swaging, and by hot press-
ing, extruding and swaging (the latter 1s designated Alloy No, 2
in accordance with previous work (1)) were determined over the
temperature ranges of 300-3000°C and 1500-2400°C, respectively.
As a control, pure tungsten was tested over the range 300-~-2400°C,

The materials were ground into buttonhead tensile spcei~
mens (0.092 in. gage dia. x 1.00 in, gage length) for tests up
to and Including 2400°C and into longer tensile specimens de-
signed for gripping outslde the hot zone (Fig. 14) for tests
above 2400°C,

Tests were performed on an Instron tensile machlne, and
most tests were run at a cross hecad speed of 0,05 min~l on speci~
mens annealed for 1/2 hour at 2400°C. The tests above 2400°C
were made on as worked material at a strain rate of 9.1 amin-1,
except as noted, The effect of straln rate was determined to
some extent by comparing the slower straln rate data with test
results obtailned at a strain rate of 2 min~l. All tests were
carried out in vacuum of ~v5 x 10-5mm Hg. Specimens were heated
by radiation, A cursory evaluatlon of the effect of anneallng was
made by comparing data from an as werked material, with data from
material annealed at 2400°C for 1/2 hour and, in one instance,
annealed at 2825°C for 1/2 hour,

a. Test Results

All tenslile test results are summarized in Table 13.
Pertinent parameters are plotted in Figs. 15 and 16, and true
stress=truc strain curves for ThDW-WHS and pure tungsten at
various temperatures are presented In Fig. 17.

i it i

erties of the alloy ThDW-WHS, At the lowest test temperatures,

the alloy is stronger than pure tungsten by a factor of 1-1/2 to

2. The ultimate strength ratio increases with increasing tem-

perature, and it reaches the value of about 5 at 2400°C. The

yleld strength ratics are even more striklng, varyling from about

4 at the lowest test temnaratures to about 6 at 2U00°C., These

ratios are plotted in Fig. 18 for *h~ complete temperature range. .
Included in Fig. 18 ars the same ratios for Alloy No. 2. The !
property improvements in Alloy No, 2 are not ag f{avorable as in !
the allcy ThDW-WHS.

Fig. 15 cleariy shows the outstanding strength prop- i
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) The ductility (% Elong,., and ¢ R.A.) is plotiled in
Fig. 16. ThDW-wH3 has lower ductility than pure tungsten up to
about 2000°C. Roove that temperature, the ductility or ThLW-
W3 1s equal toor vetler than that of pure tungsten. Alloy
Tio. 2 1s more ductile than ThDA-WHS in the temperaturc range
investigated.

The deformatlon behavior of ThDW-VIS is signifi-
cantly different from that of pure tungsten, ~While the stress-
straln behavior ¢of pure tungsten was normal al all temperature.,
both ThDW-WHS and Alloy No. 2 exhibited, at or above 1000°C, o
sehavior which couild be attributed to work softening (22) or
carly plastic instabllity. To distinguish between Lhose two
possible causca, tesls al 2200°C were rcpeatedly interruapted
and the diamecter of the page sectlon measured. It was thus
determined that no neclkling was occurring through an extensive
plaatic reglon, although the slepe of the stress-strain curves
Is negative after a few per cent of plastic strain, The ob-
served behavior must therefore be attributed to work softening.

The effect of strain rate 1s as expected in that
the strength increases wlth increased straln rate, _The 1n-
crease of the strain rate from 0.05 min™* to 2 min=l results
in a strength increcment of about 205,

For the test conditlons employed, anncaling at
2400°C for 1/2 hour has an affect on strength of ~20%5 at or
below 1650°C. The effect becomes negliglble above that tem-
perature. Annealing for 1/2 hour at 2825°C (one test) further

IR SRS e | 3 4 1. P B P N A A AAND N
Slightly recguces the sorasgun at 20870,

The work hardening coefflclents were calculated
from the relationship ¢ = Kgl' for ThIV-WHS and pure tungsten
over the entire temperature range for the specimens anncaled
at 2400°C for 1/2 hour and strained at 0,05 min™l, The re-
sults for the allcy show (Table 13 and Fig. 19) that the work
hardening coefflicicnt varies 1little cover the wholzs tompera-
ture range with a small minimum indicated at 1200°C and a
plateau in the temperature range 200C0°C Lo 3000°C. The
average value for n of 0.08 confirms the high work harden-
ing rate of the alloy. On the other hand, the werk harden-
ing coefficients for pure tungsten are higher throughout the
entire temperature range and show a clear trend to lower
values at higher temperature, A platecau is apparent in the
temperaturs range 800-1400°C,
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b. Discussion of Tenalle Resultas

There cun bo no quecclion that significant dispersion
strcnfthen*nf has bkeen cchlieved., It was, therefore, of in-
terest Lo compave Lhe yield strength (1/235% = &, where Cg
is the initial flow stress) of the alloy and its tempera-
ture dependence with theorctical predlictions, TFor this
purposc, calculations were made on the basis of the simple
Orowan model as extended by Kelly and Hicholson (5) (Eq. 3

belov)
~ o , Gb d-2r 1 .
C‘C—m + n‘-r'ﬂ in LY:-‘T)_- mm Eg. 3
, 1
where ¢ = 1/2 (1 + =7

The following values have been used:
G (shear modulus) = 3/8 E(Young's modulus)
b (Burgers vector) = 2,74 x 10~8¢m R
d (interpl. spacing) = 4.4 x 10" %cm
¥ (Poissons ratio) = 0.33

ARG e

2r (mezn particle dla.) = 4.0 x 107%cm

(matrix shear strength ¢f pure tungsten)

The temperaturce dependence in this eqguation 1s essen-
tially that of the shear modulus, as calculated from dyramic
modulus data (23). Fig. 20 compares the experimental results
with theoretical rredictions,

...-v-.-.-..
A L g A € . v

The comparison shows reasonable agreement in the values
of the critical resolved shear stress up to about 1200°K but
appreclable deviation at higher temperatures., Obvioualy, the
temperature dependence of the eaperimentally deterained flow stress
is pgreater than that of the shear modulus which is the only temper-
! ature dependent purameter in the theoretlcal model, Since pris-
matic dislocaticn loops and Jogs were scen in fractured tensile
specimens (Fig. 21), the deviation may be explained on the basis
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Fig. 21 Electron Transmisslon Milcrograph of
ThDW-WH3, Tensile Tested at 26C0°C,
at 0,05 min~1 - 7500X
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of thermally antlvated cross slip, as postulated by Hirsch (24).
The latter would result in an increase in the effective inter-
planar spacing, 28 suggested by Ashby (25).

A calculaticn or the actlvation encergy which can be derived
from the effect of straln rate on the temperature dependence of
the flow gtress should further elucidate the rate controliing
mechanism. In accordance to Seeger {(26), the flow stress is re-
lated to the energy Upg needed t¢ overcome an infternal stress or
to cut through an obstacle ny the followlng equation:

& = NAbYpexp --(-*-I'hf{,‘—;f—ﬁ)- Eq. &

where T¥*, the effective stress acting on the dislocation is
equal toT (the applied stress) minusTg (the internal stress
due to other obstacles). The other parameters have their
usual meaning. Eq. 4 can be rearranged to read as follows:

< =Tg + Up/Vg - KI' In (NAbYo/é)/Vf Eg. D

A plot, therefore, of T versus temperature should glve a stralight
line with an intercept at 0°K equal toTg + Upy/Vp, Oor as exnress-
ed in the following equation:

T =T +T* with T* = Up/Vr ' Eq. 6

In order to celculate Uy, the activation volume Ve must be de-
termined and an estimate of T¥* nmust be made. The zlope, M, of
the straight line is: ' :

M = -K 1n (C/)/Ng Eq. 7

where C = NAby, and is assumed to be constant. Hence, Vg can
pe calculated by applying £q. 7 to two different straln rates
which ylelds: :

Vp = =K 1n (f‘a/fl)/am Eq. 8

[ STUC T ——




A plot of T versTs temperatuie for ThDW-WIS at the two strain
rates, 0.05 min~+ and 2 min~=t, is shown In Fig. 22. The two
straln ratg curves have a common Intercept at about 37,000 PSI
(25,5 x 10%ynes/cm®) at 0°K. By substituting the experimental
valgi

107

8, the actlvation volume is calculated to be about 3 x
cm-2,

The agreement, at low temperatures, between experimental
data and the cxtended Orowan model (Fig. 20) implies that Tg
in the alloy is no greater than g of pure tungsten, i.e.,
neicher the incoherent particles nor the retained defect struc-
ture increasgses the effectlve internal stress acting in the

slip plane, By extrapolzting T of pure tungsten to 0°K

(Fig. 22), the maximum value of Ty ls found to be about 6,2 x
10%dynes/em™¢, and nence T¥* of the alloy 1is about 19 x 108dynes/
cm™¢, Substituting for Ve and C* in Eq. 6. the activation en-
ergy Uy 1s calculatad to be equal to aboul 3.8 eV,

On the basis of Schoeck, et.al. (27) an activation energy
of 3.8 eV is higher than required for the thermal activation of

crosg slip In bce metals. However, jogs 1n screw dislocations,

formed here by crogs slip, wiil move non-conservatively, and

hence, the activation energy of 2.8 eV could represant the en-
-ergy requlred ror the non-conservative motlon of Jjogs. Indeed, S
energies of that magnituds for the formation of a vacancy have

been predicted by Fhoeck (28) for the non-~conservative motion _
- of Jogs., The value of 3.8 eV is in good agreement with that R
v expected for the fornation of vacancles in tungster (approxi-~ .
mately 1/2 the activation energy for self-diffusior (29)). :
A theory of work hardening by Fishzz, et.al. (6) predicts
that work hi.lening in dlispersed second phiase alloys will re-
sult in a greater sgitrength Increment than in the pure matrix
due to an Orowan type particle-disleccation interaction. The
maxlmum strength increment predicted is 0.1 of the shear modu-
lus;, and this maximum wceuld be reached after a finlte strain
corregsponding to a critical stress acting on the particles and
depending on the particle size. For particles smaller than
1000A; this critical stress 1s directly proportional to the

shear modulus and lnversely proportlional to the particle radius,

e e e A

) As shown 1In Pig, 23, the strength increment in both alloys
(ThDW-WHS and Alloy No. 2) reaches a maximum after less than 3%
strain., However, whlle the theory predicts this strength to re-
mairn constant, l.e.. no further work hardening to occur, the

strength decreases by work softenlng as dlscussel earlier,

.
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Ar.other factor in agreemsnt 1s that the ThDW-WHS alloy
reaches a much higher strength increment than does Alloy No. 2,
which has a coarser dispersicn (1). In addition, the maximum
increment in the tensile flow stress is about 0.01E (Hart (30)
predicts 0,1lE).

The temperature dependence of the strength increment 1s
greater than that of the shear modulus, 1n disagreement wlth the
model. However, 2s polnted out earlier, an additlonal tem-
perature dependent mechanism is operating in these alloys.

3. Cree Properties

Creep tests were performed in the :ame2 Instron machine
used for lensile testing by suspending dead welght loads from the
lovgr pull rod. The vacuum at test temperature was about 5 x
1072 torr, and the specimens were heated by radiatlon from a
tunzsten hzating element. The loads Included a tare welght of
8.2 1bs, representing the effect of vacuum on the pull rod and
{he slight frictlon caused by the vacuum compression seal, a
Neoprene gasket 1n contact with the pull rod surface. The com-
pression scal was later replaced by a bellows seal to determine
vhether or not the friction seal had affected the creep measurc-
ments; the data obtalned were, however, essentlally identical to
thcse obtalned with the friction seal.

Extension of the specimen durlng creep was mecasured by
a dial gage which reads dlrectly to one micron, The uncertaincy
in the dial position was less than Q.5p. Hence, the lowest creep
strain which could be detected was approximately 4 x 1072,

The tests performed were creep rupture tests, temperature
cyeling tests, and t:sta involving changes of stress at constant
temperature. All test materials were annealed at 2400°C for
1/2 hour except vhere otherwise Iindicated in Table 14. Pure
tungsten was used as the control.

i
i
1
+
i
!
!
!

In order to avold spurious effects which mlght arise
through malntaining the specimen under load while the furnace
was not at thermal ecuilibrium. a speclimen was loaded to 2
stress level insufficlent to cause measurable creep in perilods
of hours, and the temperature cycled. Reprcducibly, the tem-
perature could be changed 100°C in elther directien, and the
syatem returned to complete equllibrium within 5 minutes,
Therefore, 1n subsequent runs when changlng temperature, the
t2st specimens were unloaded and relnaded after 6-7 minutes.

PR ST 3



Stress, KSI

Table 14

Creep Rupture Data for ThDW-WHS

and

Pure Tungsten at 2200°C

Annealing
Temp., °

10

3.5
3.4
7.6

2400

"

w :
€ (s eggyxsgghe)

min

Time to Rupture
(min.

ThDW ~-WHS
g
4.6

9.5
26,0
56.0

. 7.5

4.3

Pure Tungsten

13.0
9.0

Cooled under load
after 75 min.

144
39
22
45

Cooled under load
after 30 min,

39

55
1




a. Experimental Results

The creep rupture data of ThDW-WHS and pure tungsten
at 2200°C arc summarized in Table 14, The onhe and 10 hour creep
upture strengths of the two materials at 2200°C, as calculated
from a Larson-Miller plot (Fig. 24), i3, respectively, 12,500 PSI
and 9,500 PSI for ThDW-WHS and 3,700 PSI and 2700 PSI for pure
tungsten. The alloy has a creep rupturc strength which is higher
than that of pure tungsten by a factor of ~u5. It can be further
secn (Table 1L aind Fig. 241) $hat ermnealing at 3100°C does not sub-
stantially lower the creep rupture strength of the alloy.

Data derived from temperature cycling tests have been
compiled In Table 15. Typical creep curves for ThDW-WHS and for
the pure tungsten control obtained by cycling between 2200°C anc
2100°C arc reproduced in Fig. 25. The ThDw -WHS creep beshavior
was characterized by the following distinct features:

1. When the tesft temperature was decreased, delay
times from 3 to 14 v inutes duration were ob-
served wlth one exception. In some cases, these
viere preceded by a transient cirecp stage.

2. When the temperature was Increased, delay times
verc absent; however, a transient creep stage
was normally observed.

3. Creep tended to become more erratic after auneals
ing at temperatures above 2400°C and/or after
strains in excess of 1- 2%.

Creep of pure tungster occurred in an erratic fash-
Jon and was accompanied by transient creep following a tenmpera-
ture change, Data obtalned as the result ol changes in stress
at constant temperature are gsummarlizei in Table 16. This table
includes actlvation vclumes calculated in the usual fashion in
accordance to Eq. 9.

. KT € :
Ve = 3 1n (z-%) Eq. 9

Delay times were not observed on decreasing the
load, and transient creep was negliglble,
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b. Discussion of Creep Results

The exceptional high strength of ThDW-WHS 1s also
confirmed in the creep rupturce proparties of this alloy. Of
particular significance is the fact that after annealling at
3100°C, good creep rupturc strength is retained. In this case,
thils must be attributed directly to the dlspersion, since the
substructure, as discussed earlier in thils report, 1s com-
pletely removed by this anneal (0.9 Ty).

The mechanlsmr responsible for the creep strength
of ThDW=-WHS 1s not clcarly evident., The attempt to determine
the apparent activation energy controliing the creep ratec from
Eq. 4 is complicated by the transient creep effects and the
erratic creep behavlior of both the alloy and pure tungsten.
However, by ignoring the inaccurccles introduced by these
factors, one can tentatively inverpret the data.

As Table 15 shows, the activation energy of pure
tungsten at low strain (<3%) 1s ~220 Kcal/mole and the
activation energy of the alloy at similar stralns is ~~140 Kcal/
mole, This compares vilth an activation energy for self-diffusion
of tungsten of about 150 Kcal/mole (29).

Following Schoeck (28), it is assumed that the climb-
ing of edge dlslocatlions is the rate controlling wprocess in hlgh
temperature creep and that Jogs must be present for this process
to occur, If the Jogs are formed by thermal fluctuations, then
the activation energy will be equal to that for self-diffusion
plus the cnergy of formation of 2a jog. However, 1f Jogs are
formed by intersection with the "forest" dislocations, then the
activation energy will be cqual to that for self-dlffusion.

Using S:eger's Equation (26):

8Hj = Gb° A1/10 Eq. 10

where Al is the increase in length of the dislocation when a Jjog
forms and is estlmated to be about b/2. Substituting for Al and
using the empirical relationship Gb &= 50KT,, one calculates the
energy of formation of a Jog in tungsten to be about 0.8 eV.

The comparison of these theoretical predictions with
the experimental results indicates that for inltial creep to
occur in pure tungsten, thermal actlvation of Jogs is required.
Other investigators have determlned creep activation energiles in
pure tungsten of 170 Kcal/mole (31). In the alloy, on the other
hand, Jogs are formed by intersection with the retalned substruc-

66

TP




ture. Thig interpretation 1s supportved by the observed decrease
in the act*vation energles of both materials with increasing
strain,

To explaln the observed higher creep strength of the
alloy, in view of its lower activation energy in relation to
pure tungsten, and in terms of Eg. 4, one must consider the rel-
ative magnltudes of the acvivation volumes of the two materials
{(Table 16). The actlvatlon volume of the alloy is ahout an

order of magnitude lower than that of pure tung geten, whereas
Uo of the alloy 1s only about 0,65 Uy of pure tungsten. Hence,
the ictivation voiume 1ls the dominating term 1n the exponent of
Eq. 4.

F. Characterlzation of Experimental Alloys

1. Optical Microgtructures

The alloys which exhiblted significantly improved sirength
were examined by conventional metallography Iin the as worked con-
dition., These were compared wifh head and gage sections of specl-
' mens which were tensile tested at 2400°C after 1/2 hour aaneal at
2400°C. Fipgs, 20 and 27 demonstrate changes etrfected by the anncal
alone and the anneal plus strain, For comparative purposes; micro-~
graphs of ThDW-WHS are included (Fig. 28),

As dlstinct from the ThDW-WHS aliloy, all the as worked ex-
perimental alloys show a finer but also slongated graln structure
wilth graln width varying from one €0 gseveral mlcrons. Foliowing
the anneal, the graln widths increase by a faotor off 2 to 3. Some
particle coarsening is alsc observed (Figs. 26 and 27). In addi-
tion, although 1t 1s not demonstrated in the mlerogr iphs, exag-
gerated grain growth was observed 1n both the head and gage
sectiong cf ThDW-2 (conventional extruslon) and ThDW-WHS (Alloy
"No, 2~2) with some grains reaching a size “>»1mm. The strained
zage sections 1n mnst cases show stlll greater graln broadening,
and a2 higher area of abnormally large grains. 7Thils may posslbly
‘be the result of strain induced growth,

particle sizc or dls-
tribution by optical microscopy. As has bc@n pointed out earlier,
magniflcatliors »5000X are essential to even qualitatively asseas

these parameters,

Ko attempt was made to analyze This

Cre ey =Y wrewe

antd
ar.a

2. Repllca Electron Microscopy

Electron microscopy of carbton replicas was used in the
program to observe particularly Lne nature and behavior of the
second phase particles and strvetural chaages at sequential
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stages uwhroughout processing. Numerous modifications in the sam-
ple preperation technique were made during the Investigation to
improve efficiency and quallty of the resulting specimens. The
technique ultimsvely arrived at 1s shown in Table 17. The C-Pt
pellets whilch were used were established to be superior tc WO,,
Au, or Pt from the standpoint of resolution. All micrographs
were taken on the Hitachl HU-11, at 100 KV (75 KV was used in a
few instances).

Fig. 29 pic“ures the alloys (1.25 in. dla. billets) after
hot pressing. At tuls stage, the density of the alloys ranges
from 87% to 92% cf theorctizal density (Table 4). In relation to
the fine powder used for preparatlon, it is evident that some
grain growth has czseuvvred, 1t will be noted that the second
phase particles are not c¢learly brought out, at thls stage of
processing, by the technlque employed so that any particle size
differences which may exlst cannot be deduced from these replicas.
The alloy W-5 w/o Cr-2.8 v/0 ThOp appears to have undergone the
greatest grain growlth during hot pressing.

Figs., 30 and 31 show the W-ThOp alloys after extrusion.
Marked structural differences are already evident. Replicas of
all alloys show further grain growth ln varying degrees, with
ThDW-1 showing a 1istinctly elongated structure. ThDW-3, the
- only conventionally extruded alloy shown, reveals the most
marked growth (Flig. 30). Thoria particles are distinctly vis-
ible in all alloys and range in slze from ~,0.1lp. to 2u., ThDW-1
1s seen to have the [inest distribution (~ 0.3w mean size esti-
mated), while ThDW-3 contalns aimecst exclusively particles on
the order of 2\ dia.

Figs. 32, 33, 34, 35. and 36 deplct the condition of-
the alloys after deformation by swaging (>>90% R.A.). At this
stage of processing, the dlfferences among the alloys are very
marked, and particles are distincetly resolved in all systems.
Alloys ThDAd-1 and 2, and Thi®-WHS (Alloy No. 2-2) show extremely
fine dispersions {cstimated wmean particle size ~0.1W), while
ThDW-3 and 4 show essentially no fine dispersion. It should be
noted, however, that {ine particles are considerably less dis-
tinct (in some cases not secen av =1l) 1n transverse sections,

T T e Bt e a4 S NG A I 0 GG M N S 6

Figs. 37, 38, 39, 40, an?d 41 represent the condition of
the alloys after tensile testirz., The replicas were made from
fractured tensile specimens wiaich were annealed for 1/2 hour at
2400°C and tested at 2400°(¢., An obvilous changz from the as
worked structures s the rounding of all larger particles., With
regard to the fine particies the micrographs reveal some areas
vhere their density 1s gigalficantly higher than observed in the
as worked specimens. Thils is believed ©o result from an etching
phenomenon. With regard to parslzsle coarsenlng, examination of
many micrographs leads to the tentative conclusion that 1t occurs
to only a slight extent, if at =11, '
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9.
10,

1l.

12,

Tahle 17

Flow Shcet for the Preparation of Replicas

Polish specimens through papers in standard fashion. Per-
form final polishing on automatic polisher-lapper with
Linde B alumina unti. structure begins to appear without
etching.

Etch with Murakami's reagent for 2 seconds.,

Immerse in ultrasonic cleaner (detergent in water) for
~5 minutes, Rinse several times.

Using BioDn and Methylacetate "blot" specimen surface 2
or 3 times.

Make plastic replica with BioDn and Methylacetate and,
after drying, strip from specimen.

Shadow plastic replica wlith C-Pt mixture at ~vH6 x 10'6 torr

L] o
(15-20° inclination).

Deposit carbon perpendlcularly on plastic replica in 1p
Argon.

Place plagtic-carbon repllica, carbcen side down,én drop of
melted BloDn wax on glass slide.

Gently score renliica into sections of appropriate size.

Inmerse slide and veplica in Mcthylacetate and slowly heat
to ~60°C. Hold at that temperature for ~1 hour,

Pick up detached pleces of carbon on grid, and stralghten
them by dipping them £irst in an 80 acetone/20 water sc¢lu-
tion and then immedlutlely in distilled water,

Dry for ~»1 hour at 30-40°C
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G. Mechanical Properties of Experimental Alloys

Tenslle testing was conducted on specimens of the dimen-
sions used throughout this work (Buttonhead with 0,093 in. gage
dila. x 1 in. gage length). _All specimens were annealed at 2400°C
for 1/2 hour in vacuum (1072 torr) before testing. Strain rate
was 0.05 min~+4, and standard temperatures of testing were 1500Q°C,
1850°C, and 2400°C. The tensile properties derived from tests
are presented in Table 18 and the ultimate tensile strengths
plotted in Fig. 42, The properties of the ThDW-WHS and Alloy
No. 2-2 are also listed for comparison. -

It 1s readlly evident at the higher test temperatures
that the tensile strengths of the alloys preparsed by doping in
the reduced mctal powder stage (ThDW-3 and 4) are inferior to
those doped on the oxide (ThDW-l1 and 2). The properties of
ThDW-1 show the greatest strengthening observed in any of the
alloys tested at the lowest test temperature (1500°C), but its
strength decreases rapldly with lncreasing temperature until it
is about equal to that of ThDW-2 at 2400°C. The strength of
ThDW-2 1s about the same or slightly less than that of the
ThDW-WHS alloy.

Since the quantity of the material for test was limited,
e thorough evaluation of all the parameters was not possible.
Hiowever, three rather definite comparisons are warranted:

1. Hot Pressging vs. Self-Resistance Sintering: Two
alloys--ThDW-WHS and ThDW-2~-were prepared by both
techniques. Tn both cases, the self-resistance
.8intered materials display a slightly greater ulti-
mate tensile strength and,. generaily, a slightly
higher ductility.

2, Low vs. High Swaging Temperature: Varlations in
swagling temperature {(ThDW-4) showed improved prop-
erties for the 1500°C preheat temperature as com-
pared to the 1700°C temperature.

3. Dynapak vs. Conventional Extrusion: The comparison
of‘ﬁigh rate vs, standard extrusion (ThDW-2 and
ThDW-%) is not consistent, i.e., high rate extruaion
is marglnally more effective for strengthening in
ThDW-4 while standard rate 1s distinctly more effec-
tive in ThDW-2., However, it must be kept in mind

that ThDW-U was doped on the metal powder,
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TION OF TEMPERATURE.
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H. Discussion of Experimental Alloy Results

The preparatlion and processing of the four experimental alloys
were planned to explore the effects of a number of parameters on
tenslle properties., The data which resulted will be discussed as
it relates to the areas of chemical processing, agglomeration in-
hibltors, thoria concentration, consolidacion method, break-down
method and thermo-mechanical effects, in that sequence. A final
section will be concerned with replication results.

The properties determined demonstrate unequivocally that major
property differences arise in the W-ThO» system as a function of
mode of incorporation of the second phase, In the two superior
alloys (ThDW~1 and 2), the most notable difference is the addition
of the Th(NO3)y solution to the oxide powder prior to reduction,
rather than tTo the metal powder after reduction. The use of tumble
drylng in the preparation of these alloys may have contributed to
strength improvement, but, in view of the poor properties of the
freeze dried batch (ThDW-3), in which it is difficult to conceive
appreciable Th(NO3)y segregation during drying, it is belileved
that tumble drying is not the influential factor., This leads to
the conclusion that porosity in the oxide powder (or some other
morphological characteristics) 1s the cause in promoting the
desired dispersion. Thls result is in general agreement with
earlier experlences at this laboratory in that the introduction
of ultrafine thorila powder to wo; did not yleld a significant in-
crease in high temperature tensile strength (32). Maykuth, et.al.
(4) have also reported severe agglomeration of thoria during con-

solidation in a system in which the Th(NO3)4 solutlion was added to
a reduced metal powder.

In previous work (1), 1t was indicated that Al and S1 compound
additions were effectlive in inhiolting agglomeration of ThOz par-
ticles, In the present work, the same effect ig also indilcated.
The exceptional tensile strength of the ThDW-1 alloy at 1500°C
may reflect a filner dispersion or may simply reflect the additional
concentration of second phase which results (as in the case of
commerclial lamp tungsten) from the addition of these salts. The
sharp drop in strength at higher temperatures can be explalned on
the basis that the Al and S} compounds would be expscted to begln
liquefying around the lowest tsst temperature and to become com-
pletely liquid above 2050°C (this does not consider possible two
and three component phases with ThOp). Fabricatlon results show
that the workabllity of thls alloy has been impalred by the addi-
tion of the Al and S1 compounds,

In regard to dispersoid concentration, the direct comparison
c¢f the propertles of ThDW-2 (self-resistance sintered) and ThDW-
WHS, with 5.7 v/o and 3.8 v/o ThO2, respectively, shows that the
Increased amount of ThOo did no%t appreclably enhance the high
vemperature strength, A gimllar effect was observed by Fraser,
et.al. (33) in a Ni1-ThO» system, This result may be attributed
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- and distribution from surface repllcas,

to a higher degree c¢f agglomeration in the 5.7 v/b alloy which
might be expected to arlse elther frow the closer proximity of
the partlcles during processing or concelvably from the 1ln-
abllity of the tungsten oxlde particles, as a result of thneir
morphology to effectively retain additional ThOs.

The strength advantage of alloys consolldated by self-re-
sistance sintering over those consolidated by hot pressing,
thourh small, i3 belleved to be significant. It 1s sugpested
that the difference observed may be due to a more thorough re-
moval of trace impurities by self-resistance sintering in Hp
and/or to a minor pick-up of carbon from the mold in hot press-
ing.

The mechanlcal property data derived from materlals in
which the breakdown technigue was varied (high rate extrusion
vs. conventional extrusion, vs, direct swaging) can be in-
terpreted to show that the material properties arc relatively
inscenslitive to the range of technigues employed. Thils broad
latltude of feaslble brzakdown technigues ls gulte encouraglng
for future work, )

The slightly improved strength of the ThDW-4 alloy swaged
at the lower temperature does not necessarldly predlct simllar
Imprcovements in the higher strength alloys. However; in view
of the marked dependence of the strength of TD-nlckel on thermo-
mechanical treatment (34), such a prediction is believed reca-
sonable, and further work is warranted in this area. At this
poilnt, it is significant to note that grain size (which is a
result of thermo-mechanical treatment) 1s not reflected in the
relative strengths of the alloys. In fact, the strongest alloy
at 2500°C (ThDW-WH2) having a lower ThOo concentration and a
particle size und distribution quite similar to ThDW-1 and 2,
has a grain size orders of magnitude larger (Filgs. 26, 27, and
28). In this light., the strength of that alloy must arise
solely as a result of retained substructure and/or of the secona
phase particles.

The iarge number of replica microgruphs taken (80-S0 speci-
nens, ~ 500 plates) to ilmplement the present study reveal numer-
ous interesting but--in many cases--lncompletely understood
effects., As noted earlicr, transverse sectlions consistently
showed fewer fine particles than longitudinal ones; alsoc, as
may be seen from the replica micrographs as a3 whole, different
surfoce features were developed in various alloys as the result
of etehing (e.g. many mlcrographs show a clear effect of anl-
gotropic etching). All of these effects compounded the uncer-
tainty in attempting to quantltatively evaluate particle size




_the larger partlcles in the gnge sectlons of ténslle specimens

The frequency with which fine particles ave observed at the
aplces of etch plts is conatrued to lndicate either a strain
field associlated with th2 particles (contrast effects of such
a field have not been observed in transmisslon) or the associ-
ation of particles wlth dislocations (this has been ochserved )
in transmission on the ThDW-WHS alloy). Quite frequently,
small "pits" are observed around the periphecy of larger par-
ticles (e.g. Fig. 36, right, a and b). No concrete explanation
can be advanced for this pncnomenon, though 1t may be conjectured
to result from lmpurity segregation and subsequent sclective
¢tching. In a pumber of specinens (e.g. Fig. 40, gage sectlon),
an apparent porosity is frequently evident at necks and ends of

tested at 2400°C. This can tentatively be attributed to frac- i K
turing of these particles as a result of stresses applied to i
them due to the matrix deformation, Such fracturlng would :
presumably be inhlblted under the essentlally hydrostatic com-
pressive stresses applied during fabrication.

It should be noted, as a final polnt, that there 1s rea-
sonable correspcndence betiieen the repllca observations on
ThDW-WHS and the extractlon and transmission observations
presehted earlier., Of course, wlth particles as fine as those
present in transmission specimens, a greater density of par-
ticles wlll be observed because of the thleckness of the foll,
Nevertheless, estimates of both particle size and interparti-
cle spacing from the ThDW-WHS repllcas are 1n falr agreement
with the same paramecters presented ln Table 9 for extractlion
speclmens,

IIT. W-Re-ThOp Alloys |

The development of a dispersed second phase alloy with a
tungsten~rhenium solild solution matrix has retoined consider-
able interest because of the beneficlal effects of rhenium on
the low temperature ductility of tungsten (35) and the insig-
nificant strength improvement by rhenium alone at temperatures
exceeding 2000°C (36, 37). Recently, Maykuth, et.al (4) have
found low temperature ductility in a W-5 w/0 Re-2.2 w/0 ThOp
alloy produced by a specilal powder metallurgy technique, but
the high temperature strength properties of this alloy (deter-
mined only to ~s1930°C in the recrystallized condition) were
not much better than those of pure tungsten, Earller high
temperature results in this laboratory on W-25 w/o Re-1.9 v/o
ThOp (37) also have net been encouraging.
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The work discussed in the following was concerned oniy with
the effects of a thoria dispersion on the high temperature
strength properties of W-Re alloys of varying Re concentraticn.
This emphaslis on hilgh temperature strength rather than cn low
temperature ductility was in line with the basic ohjective of
this contract program.

The experimental program had the benefit of material CUnLrl—
butlions by the Chase Brass and Copper Company.

A, Preparation of Alloys

The alloy compositions listed in Table 19 were selected for
this program. Unfortunately, attempts to produce alloys No. !
and No. 5 were not successful. The alloys prepared in this
laboratory were prepared by the following technigue:

Elemental powders were flrst sleved throuzh a 325 mesh sievc
and then blended together in a twln shell hlender for 20 hour
The two elemental powders used for alloys ThDYW/Rz-1 and Tan/
Re~2 viere pouder from the experimental batch Thiw-2 (3ection TI-
A-1) and opure rhenium powder purchased from the Chase 8Brass ann
Copper Compainy.

The blended composition: were pressed at 30 KSI into 24 in.
long x 0.375 in. sq. bars. With the exceptlion of coupusition
No. 4, no problems were enccuntered irn pressing. Compositlon
No. 4 (W-5 w/0o Re-5 v/o ThOo) did not press recadily, in that
the pressed ingoL wag very fragile° ”he fourth presslng attempt
Tinally yilelded two pieces oF, swagable length. NAll oresszed bar;
(including two sections from Alloy No. &) were presintered in
Ho at 1100°C for 1 hour. Bars of allays Nos. 1, 2, 3, and 5
vere then self-resistance sintered in Ho to the densitles list-
ed In Table 19 by ralsing the temperabture within 10 minutes
from rcom temperature to about 2300°C and heolding at 2800°C
for 20 minutes. Composition Ne. % which dild not yleld a press-
ed bar of sufficient length for self-resistance sintering was
vacuum sintered (two 7 inch lengths) at 2750°C for 45 minutes
As normally observed in tungsten sintering, the vacvum trea t-
ment dld not result in as high densities as the seil-reslslaiice
sinterlng, in an Ho atmosphere. The flnal uensities were 10.0
and 16.5 gn/cc, rcopcctivnlv.

Attempts were made to swage the sintered ingots from pre-
hcat temperatures of about 1850°C. When scvere cracking was
encountered in 2lloys Nos. 2, 4, ani 5, the remazining sound
pleces were encapsulated in Mo. In splte of thls precaution,
material suitalle for ths machining of tensile speclinens was
not obtained from the Alloy No. ?w 5 w/o Re~5 v/0 ThOn), and

only a plece long enough fcx two tensiles was obtained f{rom




Alloy‘No._S (w-10 w/b Re =R v/b ThOp). Some difficulty was also
encountered in swagling the W-10 w/o Re, W/Re=-Control No, 2
(Table 19).

In contrast to the poor material yleld at this iaboratory,
the alloys (CBC Nos=. £-9) from Chase Brass and Copper Company,
which were consolidated by a simlilar technique, could be faori-
cated. The supplier provided the following pirocessing inforaa-
tion:

"Dry blended powders were pressed into 9 inch long
X 9/16 in. sq. bars at 60 XSL. Tne pressed bars
were consolidated by presintering at 1650°C follow-
ed by sintering at £550°C brightness Tor 3 hours,
both steps carried out in hydrogen. The sintered
ingots were hot worked by swaging. When at 1/2 in.
dla., the rods were annealed in hydrogen for 5 min-
, utes at 2550°C brightness in a resistance bell.
-The material was then further nhot swaged down to
- --slze with about 15% reduction per pass. After the
- finishing pass (0.188 in. dia.g, the samples fur-
nished were given a stress relieving treatment of
15 minutes in Hp at 165C°C."

B. BHigh Temperature Tenslle Properties

A relatively complete set of high temperature strength data
was obtained vp to 2400°C. Tests were conducted in vacuum of
~10°5 torr on specimens annealed fcr 1i/2 hour at 2400°C. The
strain rate was 0.05 min~i, and for the CBC-alloys (Nos. 6-9),
2.0 mlrn™} was slso employed. The test data have been compiled
in Table 20, Included in this table are test results for pure
"~ tungsten.

The effect of various rhenium concentrations on the tensile
"astrength of pure tungstern and the effect of thoria on W-Re solld
solutions at the strain rate 0,05 min~l are seen in Fig. 43, To
better delineate the effect of thorlia and facllitale the com-
parison vith the Cemperature dependence of the tenslle strength
ol pvre tungsten and the supzrior W-3.8 v/o ThO2 alloy (ThDw-
WH3), the data are replotted in Fig. 44,  In addition, the
eftfect of straln rate Is displayed in Filg. 45,

It will be roted that rhehium strengthens tungsten up to
2400°C, The strength increment (Fig. 46) 1s directly propor-
tional to rhenium concentration and 1s temperature dependent
but drops to an insignificant value above 2000°C (<5000 PsI),
bzing essentially concentration independent above that temper-
aturc¢., The decrease in strength with increaslng temperature




Table 19

W-Re and W-Re-ThOp Alloys Prepared by Powder Blending,

N

.

)
1
3
4
5

6%
T*
8%

C¥%
7

Sintering of Cold Pressed Bars and Swuling

Desigcnation

W/Re-Control 1
W /Re-Control 2
W /Re-Control 3
ThDW/Re-1
ThDV /Re =2
CBC-1

CBC-3
CBC-14

Compositlon

w§5 w/o Re

W-10 w/0 Re

W-25 w/0 Re

W-5 w/o Re-5.0 v/0 ThO2

W-10 w/0o Re-5.0 v/o ThOp
W-5 u/o Re-3.8 v/0 ThOp

W-10 w/0o Re-3.8 V/o ThOp

'%i-15 w/o Re=3.8 v/o ThOp

W~-24 w/o Re-3.8 v/o ThCp

Density g/cm”

Sintered

-~

18.35
18,45
18.00

16,0 and 16.5
18.2

- v o

¥ Sunplied by the Rhenium Divislion of the Chase Brass and
Copper Company, Waterbury, Connecticut,




Lc
LE
Ge
9t

09

6T
6S
gh
&8

v'd

%

*9AdlY) ULBJI4G-56ed4S JUTJIeaUTIUT WOIJ DPSATISG #

Z2 S't o' %

- A o°L
he LT L 9T
GE It G'Oh
149 G*e 0°S
ge T 1°LT
L aT 0° 4t
92 9 9%
g2 0T h°'%
Al mﬂ L°Ht
19 61 6°g2
€T 7 G* ¢
LT 8 0°6G
I BT 2’01
19 e 9°'81

"Zuold #UTBJIAS " Jun ISY .

% % *JI3S°3TN

«

.

M\D\O =
N

. 3
QN o~

~ OO 8

—-

WL ~O~ WSO

O M
(e R UN Y]

ISH T a3s* i
%2°0

00ne
00ce
0581
0061

0043
068T
0057

cone
00ce
0S8T
0051

Cone
00c3
0SST
0041

489,

7-UTW GC'O 3® DP3ISs] SAOTIV 9sBUZ PesJadST( OM~-M DPUBR Y-

(0,00t *aH ¢/1) PpeTesUUY JO §0T349d0.dJ o(}sud] edanjededwsl YJTH

02 9T4EL

oy o/m Gz-H

24 o/M O[-M

g6

84 o/t G~M

M sdand
RoT1y




e3Bd UTEBAZE | UTW 0’2 - 4
938 UTEJ3S [ UTW Cu*0 = ®© i
*SAIN) UTBJ3S-5583495 SUTISIUTIUT WodJ BSATIST « j

-~ €T -- 91 ~—-= G°C - 9'G -———— 2% 0022
-- 1T ~- b ~——= 9'T —~—— 1°€S ~-=-=  G*06G 0064t 2~ o4 /MUl
He 12 ge @22 0 g°o Ler 2°9 L2t 1°9 oofe 4
12 9T gz #t f°h 0 AR G2 0°1E G't2 0631 ly
0}3 02 ge 91 ht L 2' LS 0° L gkt SEn 0051 =080 g
8h et 26 #t 0 L°2 9° 71 5°9 9Nt 9°¢ oone %
g2 Le 02 6Ge 6 g°1 1°¢€€ £ 12 6°'gz 2°0¢ 0GRT t
0f 1€ 62 g2 71 A 0'h& €2k G0t L°hE 00ST £-0d0
, .-

6 02 h 22 0 f €€t G*9 €*€1T  g°C oonz o
92 12 ge LT f L h°Q2 €61 R'g2  6°9T 0S8t 1
5S¢ G2 g %2 61 Tt g8°CS 165 L°0E g°L2 0051 2~0g0
LY - GG -- Q -- €T .—— gty -—-- "
thy 92 7g G2 € 9 ‘0T A 2°0T 2% 0042
9t 12 g€ LT 9T g *62 9'6T 6°9T 8°GT 0631
in %9 LE 1% A _S1 651 Lont €roz g£rfte 0061 T-0d0
a B g ® a B q B q e .
eoay uy °psy *Juo1d »UTeIS JUn - ISY fTasstIln ISH ¢*aa8 i D.° auay ROT1Y

% % % %20 353k

7-UTW 0'2 puE [ _uiw CO'0 ‘8o38y UTedaS OW], 2f poalsdyl SAOTIV cOUL-dY-p

R

(0,002 "aH g/1) pelesuuy Jjo E0734000d4 B115%a], odnjedsdudy Udid

7%, 309) O otded



80} O-PURE W

7 ' G-w-5%0 Re

! 40} B -w-10"o Re
0-w-25%0 Re

P VU

80k “\ (a)® -~ W-5"Re-3.8Y ThO,

N (0) & - w-10%0oRe -3.8 Yo ThOg 3 |
X - W-10"0Re -85Y ThOg ;
(a)e - W-I5"/0Rg~3.8%0ThO,

(a) § - W-24"0Re~3.8% ThO,

ULTIMATE STRENGTH PST x!10~3

ceblirs

\or- (O)MAYERML PRO u\
D @Y THE RHENIOM
0 oi\"S'ON OF THE CH‘\SE GRASS ANO COPP&R

- | I
IGOO IBOO 2000 2200 2400
TEMPERATURE, °¢C

FI1G. 43 HIGH TEMPERATURE STRENGTH OF PURE TUNG-
STEN IN COMPARISON WITH W-Re AND W-Re~ThO

ALNLO\)'S ANNEALED '% HR. AT 2400 °C {€=0.05
MI

P

o8 3l




T e e R Rk . ot e e L.

s 8

(¥
o

STRENGTH,PSI x 10”3
3 3

o

I O-~-PURE W

B-w-5%s Re
8-W-5%0oRe-3.8%ThQ,
- © - ThOW=- WHS

A

\ A ‘W"Owlo Re
\ A-W-10"6Re-38Y%ThO,
L AN X—-W-10%oRe~5Y% ThQ,

2000

i ,_*:l
2400 1500

50 0-w-25%¢ Re

y @-W-24%cRe-3.8%0ThOs

Q40 3 ‘ _

» \

30 !

Q.

b 5

i 20 :

2 ~eo

& o} - 4

P .

? O Lyl 4 ‘.E) ) " 0\
1500 2000 2400 1500 2000 2400

TEMPERATURE, *C

FIG. 44 COMPARISON OF THE HIGH TEMPERATURE TENSILE
- STRENGTH OF ANNEALED (1/2 HR. 2400°C) W-Re
AND W-Re-ThO2 ALLOYS WITH PURE WAND ThDW—)!HS

(€==0.05 MINT!),

e e s
T e




[ 2]
'gsm W-5%Re-3.8%,Tho, ‘\ W-10%, Re—-3.8"%ThO,
- | _
a0t
Q.
=30}
(&)
&
©20f
w
=10}
-
04}1 g | L“‘ 3 2

-'; W-15%,Re—3.8%ThO, | W-24%Re-3.8%ThO,
-;50»— \ R
- \
3’.40-'\ \ -
X N
3ot |
.
o
20} =
(73]
=iob -
2D

51 3 Y L‘;; 4 2

1500 2000 2400 1500 2000 2400

TEMPERATURE , °C

FIG.45 THE EFFECT OF STRAIN RATE ON THE HIGH TEMPERA-
TURE TENSILE STRENGTH OF W—Re—ThO, ALLOYS

(—€=0.05 MIN"};———€=2.0 MIN~),

100




:|Z_I SO'0=3) NILSONNL 3¥Nd JO HLON3YIS
3H1 Ol VIHOHL + WNINIHY (TIX) GNV ‘SACTIV 34-M 30 HLON3HLS IHL OL VIHOHL
%8¢ (XX)'M 38Nd 30 HLION3YLS 3HL OL WNIN3HY (T):30 SNOILNGIILNOD TVLNINIUONI S Oid

00v2 0002 OOn_fT.i 0 00v ¢ 000¢ 00S1,,0 00p2 0002 Om_%

T T vJ
c ocosuo_ \J c "l”n c
" g S ¢ =
w [s) w PY) w
D %S . 2 % 5
.u 7 2 2
4= 34 %s2 1% o1
1 i ]
; . :
_ i
- =
- x C
S L =
¥ 1
{d = {025
” 1 p
7] it =
3 3 .
= z -
13 . m.. lomn.w_
x 2 “
3 2
pits L I m- I
s

101




is thus much greater for the alloy with the highest rhenlum con-
centration (Control No, 3, 25 w/0 Re).,

The 3.8 v/0 thoria dispersion improves the strength of all
W-~Re alloys. For the low rhenium concentraticns (5 w/o and
10 u/0 Re), the thoria contribution at 1500°C is large (~50%);
for the high rhenium concentration (25 w/o Re), 1ts contribution
to the strength at the same temperature is &£ 20%., In general,
the strength increment due to the dlspersed second phase of
thoria 1s much less temperature dependent than that due to the
rhenium solid solution. The additive effect of both the rhenium
and the thoria is such that an improvement in strength (> 5000 PST)
1s achieved up to 2000°C for all low rhenium concentrations.

The strength increment due to rhenium plus thoria at 1500°C
is equal to or exceeds that resulting from thoria alone (Fig. 44).
But in no case are these rhenium contalning alloys stronger thun
W-3.8 v/o ThOp (ThDW-WHS) at temperatures > 1700°C.

As 1t is normally observed, the tensile strength of the W-Re-
ThO,, alloy increases with increasing strain rate (Fig. 45). The
strength Increment resulting from a change 1n strain rate from
0.05 min=d to 2.0 min1 appears to be little affected by either
rhnenlum concentration or by temperature.

C. Discussion of Results

The most important result 1s that rhenlum l1s deleterious to
the strength imparted to pure tungsten by a fine thorila dispersion
at temperatures exceeding 1700°C. Two factors can account for
this effect: (1) particle size distribution, and (2) the effects
of rhenlum on recrystallization and dynamic recovary.

1. As shown in Fig. 47a for the alloy CBC-2. which i3 repre-
sentative of all the CBC alloys, the particle distribution 1s
rather coarse. In contirast, the alloy ThDW/Re-E was prepared
from ThDW-2 (known to contaln a fine dispersion) and exhibits a
much finer dispersicn (Fig. 47b) than the CRC 2alloys. The finer
dispersion of the laticr alloy is also indicated from 1ts much
higher strength zt 1500°C (Fig. 44). 1In Tact, with the excep-
tion of ThDW-l, this calloy had the highest tenslle strength
(53,100 PSI) of all alloys tested at 1500°C. It can thus ce
sald that ThDW/Re-2 has a fine dispersicen which, however, 1is
rendered ineffective by rhenium at high temperatures (5600 PSI
vs. 16000 P3I of the best W-ThOp alloy).

2. The W-Re and W-Re-~ThCp alloys, as dlstinct from the W-ThOp
alloys, completely recrystallize when annealed at 2400°C tor
1/2 hour, whereas only recovery occurs in the W-ThQp alloys.
This essentially equlaxed structure is shown in Figs. 48a and
48b for CRC-2 and ThDVW/Re-2. Mlcrographs of gage sections of
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the same 2lloys teated to fracture at 1500°C are reproduced in
Figs. 48c and 48d. 'Tthis comparisou clearly shows that the
structure morphology has not cnanged and the graln size 3s the
samz a3 or larger than that of the recrystallized materials.
The main factor, tnercfore, by whiash rnenlum suppresses the
high temperature strength 1s via lts affect on promoting re-
crystalllizarion and dynamlc recovery by ilancreasing the mobility
of grain boundariles in theie alioys.

This is corrohorated bty the stress-straln behavior of the
*igher strength W-Re and Y -Re-ThOo alloys (Fig. 49), which shows
that a dynamle recovery type mechanism is active, In this cuase,
as previousliy noted (37), the negative slope of the stress-strain
curves after small strains 1s not the result of plastic instzabillity.

IV, SUMMARY

This report marks thz end of an extended and successful
effort almed at developling a dilspersed second rhase alloy of
fangsten with superlor strength propertfies in the temperature
range 2500 to 5500°F. In the course of this effort, mony dis-
parase anproaches have beesn attempted and many hypotheses have
been confirmed or disproven. It 1s thus only approoriate thav
the work be reviswed; the achievements be put into proper per-
spective, and guidance be glven to further endeavors in this
field. ’

The highest strength dispersed second plase alloy developed
in all this work is the alloy W-3.8 v/o ThOp (ThDW-WH3)}, Its
develaopment has been closely paralleled by the consurrent devel-
conent of high temporature testing faclllitlss, hot compactieon
methods, extrusion technlques, ard electron metallogreophy. In
very carly worlk: (2, 3) zn alloy of this same composltion wug
Investigzated together with othar dlspersed second phase alloys
of tungsten (V-2rCz, W-lLO0p, W~S10p, W-TaC, VW-NbC, W-uWB, W-4sB
and W-Byc). Testing was then conducted up to 3ICCO°F and evalu-
atlon was primarily performed by optlcal microscopy. The ten-
sile test resuilts favored this W-ThOs alloy and a W-TaC niloy
over all the other alloys., The W-0,38 v/o TaC alloy was iater
found to lose its strenmth advantage at temperatures above
3500°F because of Ingtubliilty of the TaC second phasc.

Considering the W~-Th0p alloy system, the opinioil prevalled
bt hlgh strength 2t high tenperatures couvld be achleved if
only 3 fine enough thoria dispersicn could be retalned througn
processing into the worked alloy. At thut stage, the W-ThOo
alloy shoved 1ts best properiles when Lt was preparad by slurry-
ing WOz with a Th(NOS)g solution, Zollowed by firing in air at
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800°C, and, subsequently, by reduction to metal powder in Ho.
Tenslle propertlcs at 3000°F are summarized in Table 21 for
this alloy as well as for cther W-ThOp alloya made by other
metheds under these programs. A slmilar alloy, the second
alloy listed in Table 21, made by a co-preclipitation technique
outlined in Table 21 had lower tensile strenpgth. In a subse-
quent approach, a W-1.9 v/o ThOp» alloy was prepared by dry
blending of wo3 powder with submicron size thorla powder pur-
chased from thé Vitro Company, but thls alloy had strength
propertles which were barely better than those of pure tung-
sten,

The hypothesls was then advanced that the fallure to
realize strength levels In the W-ThO2 system,; theoretically
predicted by the simple Crowan equation, was the result of
agelomeration of the sscond phase durlng consolldation be-
cause of the high temperatures used in self-resistance sin-
tering, With this in mind, another alloy, W-3.8 v/o ThOp
(;#4, Table 21), was consolidated by hot pressing instead of
self-resistance sintering and was worked first by extruding
instead of swaplng. Its properties in the extruded condition
2re still not satlsfactory; however, consldering the rela-
tively unworked stute of the alloy, they were encouraglng.
Still working on this hypothesis, a new program was inltiated
which encompassed the ccreening of 11 alloy systems, includ-
ing W~ThOp. All alloys were made by milling (which had shown
promise for ultrafine comminution) and hot compaction with
Dynupak extrusion as the breakdown method. Agaln, the W-ThOp
alloy (No. 5) exhibited the best propersies of all the alloys
screened from the combined stendpolnts of high temperature
strength 2nd fabricabllity. However, electron microscony,
employed excvensively by this time, revecled that hot com-
pacticn did not prevent agglomeration from occurring and the
present work hag in Tact, shown that the methed ¢f conseli-

dation 1s of secondary lumportance,

The results from the screening program encouraged another
altempt to produce a superior W-~ThOs alloy, but this time wilth
primary emphasls on chemlcal techniques of powder preparatlon.
The program evolved along this 1line has culminated in the de-
velopment of a very high strength W-3.8 v/o ThOp alloy (#7 in
Table 21), now available in rod form. The tenslle properties
of this 3lloy combined with information on particle size and
internarticle spacing obtalned by eleztron microscopy have
dewonstrated that dispersion strengthening of tungsten at ex-
tremzly high temperaturcs (4000-5000°F) 1s now a realluy.

Yhen better fabrlcability 1s desired, this can be achicved
by raducing the ThOz concentration of the alloy (Alloy #5,
Table 21), yet the strength properties are still significantly
improved over those of pure tungsten,
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The key to the ultimate strengthening obtained in this alloy
is deduced to be the requlrement that the tung: ten oxld~ partl-
cles must have a high degrece of porosity for the Th(NO3)y solu-
tiol: to be absorbed in an effectlve fashlon., In the subsequent
Hp reducticn, the thoria which forms 1s elther tightly cmbedded
on the surface or occluded in the tungsten particles.

This deduction is supported by two facts: (1) concentrations
>4 v/o of thoria do not significantly improve the sirength of
this alioy and (2) clusters of discrete particles in the size
range 50-5008 which are rcveo .ed by electron microscopy cannot
be concelved to arise In any other fashlon in view of the par-
ticle size of tlie oxlde powder (~s20p). A similar concentration
effect has been observed in the Ni-ThOs system (33) where thoria
concentrations =>4 v/o do not add measurably to strengthening,
Thoria which has not been absorbed by the oxide partlcles 1s
likely to agglomerate because of 1ts hlgher mobility during the
drylng process and possibly in subsequent processing steps, par-
ticularly consoiildation. Impurlties may accelerate this process.

The exceptional propertles of ThDW-WHS as a function of worik-
ing variables have only been explored to a limited extent in the
present work. Certainly, thermo-mechanical hlstory as a varlable
still rieeds to be investigated and fabrication into sheet, rather
than rod, 13 essential to cxplolt the alloy for practical appli-
cation. Two approaches suggest themselves for a sheet rolling
program: :

(1) Roll from self-resistance sintered (1/2 x 1-1/2"
cross sectlon) and forged bars.

(2) Roll shieet bors extruded from either hydrostati-
cally compacted and sintered billets or hot pressed
billets,

In both of these approaches, considerable effort will be de-
manded to optimlze propertics as a function of working schedule.

Any advantage which appeared to be posslible by the addlition
of rhenlum has been negated by thils work. Altlhiough rhenium can

[ a4 s ~ N -
be expected €O improve the low temperature duetility of the

W-ThOp system, the 1l6ss in high temperature strength defeats
the obJecetive ol thils effort. ¥Wurthermore, it 1s yet to be re-
solved whether or not the best ductlillity has been achleved in
the W-3.8 v/o ThO2 alloy. The fundamental rvamifications of
these Cindlngs have breader significance and should be studiled.
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