
MCIC Report/April 1977 MC 30

H
DISPERSION STRENGTHENING

OF METALS

C-,
; I uj
‘ ‘I —i

~~, ~~~

It D D~~ ’
Metals and Ceramics Information Center U jaj~ 17 ~~
Battelle ‘-~r— .
Columbus Laboratories u u ~~_,

505 KingAvenue A
Columbus, Ohio 43201

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~



Fr ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Unclassift ed
SECURITY  C LA ~~SI~~I CA T I O9  O~ T., i~ ~ ~C I ~ IIii ..n S~n( ~ n I c r c ,fl

REPORT DOCUMENTATION PAGE
ft NUMM ’- R  2. GOVT ACCES.,ION NO. 3. R k C I P I E N T S  CA T A L G G  NUM3kJ4

(~~~~~~~7~T~j~~ 
S 

_ _ _ _ _ _ _r TITL E (a.nd Si. ibf, t l . )  S. TYPE OF REPORT 6 PERIOD COVERED

DISPERSION STRENGTHENING OFI~ETALS .,) ________________________
- — ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 

-.
~~~~~~~~

.____
~~~~

_
~~~~~~~~~~~~~~~~ / 

6. PERFORM iNG ORG. REP ORT NUMB ER

~~. A uT~~OR(a j 8. C O N T R A C T  OR G R A N T  NUMBER(s )

~~F R ~~ orraI DSA$Q76 C

9. PERF ORM ING O R G A N I Z A T I O N  N.SME A ND AQDNe ~~S * 0. PROG~~~ M ELEM ENT . P R OJ E C T . TAS K
A REA A WOR K UNIT NUMe ERS

Metals and Ceramics Information Center ~ -

Battelle-Columbus Laboratories, Columbus, Ohio ‘j 

~
) .1 ‘

I I .  CONTROLLING O FFICE NAM E AND A D D R E S S  ..~~~ * 2. REPORT D A T E

(I / Apr~~~ 77J
* 3. NLJMBEROF PAG ES

169
* 4 .  MONITORING A G EN CY NAME 6 AQCR ESS( . i  dãif~ ,.nf from Coniroliin~ Ollice) IS. S E C U R I T Y  CLASS.  (a! this report)

Army Materials & Mechanics Research Center
Watertown MA 02172 — 

Unclassified
ISa. O EC LA S S I F I C A T I O N ’O OW N G RA D I N G

SCHEDULE

*6. DI STRIBUTION ST A T E M E N T  (of this Repozij

Approv*~-d for public release ; distribution unlimited

* 7. DISTRIBUTIO N S T A T E M E N T  (of the abse racI entered in Bl.,ck 20. it di(Ie,efli from Report)

*8. S U P P L E M E N T A R Y  NOTES

*9. K E Y  WOR DS (Ci~iu,u. on reme rse aid. ,l ne cess ar y  enE idenf !y by block numb er)

Dispersion hardening Chromium Tungsten
Aluminum Iron Oxides
Cobalt Steel
Copper Nickel

20 ~~~~S T R A C T  (C.o,I,nue or, mere,,. side if nec. ,  i.ir ~- end .nnty e.~ b loc k num be r)

This roIvew consists of a brief assessment of the developments in dispersion strengthening of 21
metals and their alloys on both a commercial and experimental level with a special emphasis on
the last 10 years. For puiposes of this report , dispersion strengthening is defined as the process
of strengthening a metal or alloy by incorporating a fine insoluble phase dispersed uniformly
throughout the matrix of the parent metal. Precipitation hardening is not covered in this report

(Co**t i*med~

DD ~~~~ 1473 EDIT ION OF I NOV ~ S IS O U S O L E T E  // ,, 
-

-I
S E C U R I T Y  C L A S S I F I C A T I O N  OF T H I S  P A G E  i lfl.,r, ‘ - c  f . ni,i, dI

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _  ~~~~~



-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ..~~~~~ ..~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Unclasstfied
SECURITY C L A S S I F I CA T I O N  OF THIS PAGE(*th.m Lid , En tered)

20. (Conhinued)

although it is a form of dispersion strengthening in which the precipitated particles usually redissolve
in the matrix at high temperaturec. Because this has been a very active field of researc h and
development, properties obtained recently (primarily within the past 10 years), or from difficult -to-
obtain sources, have been given preference along with work not covered in previous reviews. This
report also identifies the most recent reviews which have been prepared for each of these metals.
Each section has its own reference list to assist the reader interested only in particular metals. For
copper and nickel (which are two of the large3t chapters), a bibliography of added references, not

S 
cited in the overview, has been provided as an additional information source.

rd

SECURITY C L A S S I F I C A T I O N  OF TH IS PA -GE ’ I4h. f l  0.510 ~ nieeCd)S 
~~~~~~~~~~~~~~~~~~ 

- 
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ______



MCIC Report/April 77

DISPERSION STRENGTHENING OF METALS

F. A. Morral, Consultant
Battelle’s Columbus Laboratories

Columbus, Ohio

MCIC-77-30

D D~~
METALS AND CERAMICS INFORMA T ION CENTER
A Department of Defense Informa tion Analysis Center 

~ n. 0 
-

Approv.d for public riles.; digtributlon unllmlt .d

- ---

~

.-- - ---.- ----.----

~

------.- - --.- --- - ---—------ .

~

-.-—. — ~~~ — - -~
- - -~“-----——-.-.--— .---- - --—.~~~~~- . —  -. --- - ---- —~~~- - .



- ~~~~~ r - .. - ~f l ” ~~~~~~~~ ’~~~~~~~~ - —c----- ----~~~--- ~~~~~~~ .... .  .. ~~-~-r-.~- ~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
_, • S ~ — 

~•*IuUl~~

ACKNOWLEDGEMENT

This document was prepared by the Metals and Ceramics Information Center (Md c). Battelle’s Columbus
Laboratories, 505 King Avenue, Columbus, Ohio 43201. MCIC’s objective is to provide a comprehensive current
resource of technical information on the development and utilization of advanced metal- or ceramic-base materials.

The Center is operated by Battelle-Columbus under Contract Number DSA900-76-C-2471 for the U. S. Defense
Supply Agency; technical aspect s of MCIC operations are monitored by the Army Materials and Mechanics
Research Center. The support of these sponsor organizations is gratefully acknowledged.

The author also gratefully acknowledges the technical assistance of Vincent Barth, Roger Runck, and Dan Maykuth
who are all Battelle-Columbus staff members or retired staff members. The editorial and typing assistance of
Mrs. Jeanne Pigeon are also gratefully acknowledged. -

•s*t i.it$’e 0

~ ~;i~lU1LSI — 

This document was prepared under the sponsorship of the Department of Defense . Neither the
United States Government nor any person acting on behalf of th. United States Government
aesimes any liability resulting from th. use or publication of the information contained in this
document or warrants that auth use or publication will b. fre, from privately owned rights.

Approved for public release; distribution unlimited

All rights reserved. Thea document, or parts thereof, may not be reporduced in any form
without written permiaslon of the Metal, and ceramics Information Center.

— - —— 5 .. — . ~~
-. 0,’~~ —--— ~~~~~~~~~~~~~ —. - — -



-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ -— - —-~~~~~~~~~~ —~~ 
- .

TABLE OF CONTENTS

Page
F. SUMMARY 

INTRODUCTION 1
BACKGROUND I N F O R M A T I O N  2

- 
SI LVER 5
A L U M I N U M  9

Commercial Aluminum 9
Experimental Aluminum 18

GOLD 24
B E R Y L L I U M  26
COLUMBIUM 29
COBALT 31

DS Co Alloys 31
DS Co-M Alloys 33
DS Co-Cr-Base Alloys 37

C H R O M I U M  46
Cr-MgO Alloys 46
Cr-Th02 Alloys 48
Other Chromium Alloys 49

COPPER 52
I R O N A N D S T E E L  66

DS Fe Alloys 66
OS Fe-Cr Alloys 71

MAGNESIUM 80
MOLYBDENUM 84
N I C K E L  90

Ni-Th0 2 Alloys 91
Ni -Al 203 Alloys 94
Ni -Hf02 Alloys 96
Other Dispersoids in Unalloyed Nickel 98
DS Ni-M Alloys 99
Ni-Cr Alloys 101

Experimental Ni-Cr-ThO2 Alloys 101
Commercial Ni-2OCr-2ThO2 Alloys 102
Other Ni-Cr Alloys 105

Ni-Cr-Al Alloys 106
DS Superalloys 110
Oxidation and Hot-Corrosion Resistance 113

LEAD 121
PLAT INUM 129

iii

_ _  : - ~~~~~~~~~~~ 
.



TABLE OF CONTENTS
(Continued) ‘ —

TIN 135
TANTALUM 138
TITANIUM 139
U R A N I U M  145
TUNGSTEN 147

W-ThO 2 AIIoys 147
Other Dispersoids in Unalloyed Tungsten 151
W-Re Alloys 155

ZINC 160
Z I R C O N I U M  162 3

iv

- -S - — - . . ~~~~~~~~~~~~~~~~~~~ . -—-- -~~~ -.~~~~~ —~~~~~~~
. 

— . - - . —.—~~~~~~~~



~~~~~~~~~~- 
-—~~~

.- ,-  —5— .- 55 5 - —--fl---. —

SUMMARY

Nearly 70 years ago, the first dispersion-strengthened alloy was marketed commercially. This material ,
thoriated tungsten, has been of considerable industrial importance since then and new uses for the alloy
are still being found. Much later, in the early 1950’s, the marketing of sintered aluminum products (SAP)
was started with great expectations that never materialized . This development, however , encouraged
research and development in applying dispersion hardening to many metals and alloys, a number of
which have been offered to industry. The main reason for interest is that these materials have markedly
improved creep resistance over the original base meta l and that this strength advantage can be main-
tained at very high temperatures, e.g., frequently up to 90 percent of the base metals ’ homologous
melting temperature (0.9 Tm).

Unfortunately, most of the dispersion-strengthened materials that have been marketed could not
compete pricewise with other materials available. Joining problems have also inhibited their wider use.
However, as the pressure for increasing service temperatures becomes greater , particularly in thermal
shields and aircraft gas-turbine engines, the prospects of using dispersion-strengthened alloys to meet
these needs becomes brighter. This would not be true without several important processing developments
that have occurred within the past 10 years. These include mechanical alloying, directional recrystalli-
zation, and new concepts in thermomechanical processing. The net result should be a promising future
for the most advanced of the dispersion-strengthened (DS) alloys. It is also probable that new uses will
continue to be found for the important established, though less glamorous, OS alloys of tungsten,
silver, and copper.

This review consists of a brief assessment of the developments in dispersion strengthening of 21 metals
and their alloys, with a special emphasis on the last 10 years.

v
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INTRODUCTION

For the purpose of this report , dispersion strengthening is defined as the process of strengthening a metal
or an alloy by incorporating a fine insoluble phase dispersed uniformly throughout the matrix of the
parent meta l or dispersant. The dispersoid is usually present in small amounts, e.g., less than 10 volume
percent, and is stab le (i.e., inert) at temperatures approaching the melting point of the matrix. The
dispersoids are not coherent with the matrix and are so small that electron-microscopy techniques may be
required to identify them. This report does not cover precipitation hardening, which is a form of
dispersion strengthening in which the prec ipitated particles usually redissolve in the matrix at high
temperatures. The precipitated particles may or may not be coherent with the matrix.

The dispersion strengthening of metals has been an active field of research and development for the last
two or three decades. Much work has been done with many materials. For example , a cursory check of
the literature reveals that dispersion strengthening has been explored on over 20 of the most widely used
industria l metals. Moreover, for some metals like aluminum, copper , and nickel, several hundred
reports and publications are available . Obviously, an in-depth analysis covering all of the work done on
all of these metals would be a formidable task.

As a compromise, this report presents an overview of the major developments which include the dis-
persion hardening of 21 metals on both commert al and experimental levels. Properties obtained re-
cent ly (primarily within the past 10 years), or frc ii difficult-to-obtain sources,have been given prefer-
ence along with work not covered in previous re iews. This report also identifies the most recent
reviews which have been prepared for each of these metals. Each section has its own reference list to
assist the reader interested only in particular metals. Finally, for copper and nickel , a bibliography
of added references, not cited in the overview, has been provided as an additional information source.

The units of measurement in the report are those used by the original authors. However , in order to
der ive some consistency, where English units were used in the original, SI units have been added in
parentheses in the text of this report. This has also been done in the captions of figures and tables. In
tables, where columns of stress data appear in English units or in kg/mm2, a column showing mega-
pascals (MPa or MN/rn2) has been added. Factors for these conversions are: 1 kg/mm 2 (or kp/mm 2) x
9.8067 = 1 MPa and 1 ksi x 6.89 = 1 MPa. Units on figures have been left as they appeared in the
original. 
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BACKGROUND INFORMATION

What we now designate as “dispersion-strengthened metals” probably originated with the development
of “ductile tungsten”.(’~ Ductile tungsten ~mp filaments were developed more than 65 years ago at the
General Electric Laboratories by C. G. Fink and W. D. Coolidge.(2) The 1913 patent(3) on the process
mentioned a product “containing additional material which will prevent coarse crystallization of the
tungsten at high temperatures”. Shortly thereafter Fink(4~ indicated that “large quantities of drawn
wire, flexible and strong, are being daily produced and used as filaments in incandescent lamps”. He
also suggested further applications.

The effect of ThO2 additions to tungsten was studied by Zay Jeffries.~
5
~ He observed that these

additions retarded grain growth at high temperatures and consequently resulted in longer lives for the
filaments . At that time, thoriated tungsten wires containing about 0.7 percent Th02 were mainly
used for incandescent lamps. Wires for cathodes usually contained 1.5 percent Th02. Additions of
Th02 were limited to a maximum of about 2 percent since it was difficult to work tungsten with higher
Th0 2 contents. These alloys were produced from a mixture of W03 and an aqueous solution of
Th(N03)4 which was dried, pulverized and sifted. The WO3 was reduced to tungsten by sintering the
mixture in hydrogen. The Th02 remained stable through the sinterirg process. However , Fink found (6)

that if rods of ductile tungsten were heated high enough in an oxygen-free atmosphere, the tungsten
and thorium alloyed.

In 1930, Smith(7) proposed internal oxidat~on of powders as a means of dispersion strengthening. The
process was later applied by Rhines (81 and Meije ring191 using copper and silver alloys and by De Jong(10)
on bery llium and copper alloys.

The use of an inert oxide as a dispersoid was not realized until later, as reported in a historical review
by Goetzel.~

11
~ He discusses what may have been forerunners of dispersion-strengthened aluminum

going back to 1940 and possibly even to a report by Masing in 1909. In 1942, a patent was issued on
dicpersion-strengthened (DS) Pt-ThO 2(12

~, as a logical extrapolation of techniques used on DS-W-Th0 2
for the lamp industry.

Around 1946, lrman (13) developed an A I2O3-strengthened aluminum named SAP, an acronym for
either “sintered aluminum powder” or “sintered aluminum product ”. SAP is a registered trade name of
Aluminum Industrie A.G. of Neuhausen a. Rheinfr” Switzerland. The manufacturing process for SAP
consists primarily of preparing the aluminum powder by a grinding process in a special atmosphere to
produce an oxide film about 100 Angstroms (0.01 micron) thick on the surface of the powder particles.
Further dry grinding breaks up the oxide-coated particles to produce a powder consisting of isometric
particles that are not only oxid iz ~d on the surface, but also conta in fine oxide particles in the interior.
Aft er compacting, sintering, and hot work ing, the resultant material contains a fine dispersion of very
sma ll particles of AI203. This SAP process was the first of the mechanical , or nonchemical , processes
used successfully to provide a uniform dispersion of very small particles of oxide in a metal. Many
investigators then decided to try adding other refractory oxides, to obtain a similar effect. The process,
of course, is confined to those metals or alloys that form stable oxides that will serve as dispersoids.
The dispersion of AI203 conferred strength to the SAP system up to the melting point of the aluminum
matrix. SAP was the first dispersion-strengthened material designed as a structural load-bearing system.
Considerable research has been done by companies in the U.S. and elsewhere to further improve this
mater ial since it first appeared on the market. SAP alloys, however , have not found widespread usage.

• References are listed at the end of this section and each section in the report.

2
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Nevertheless, in v iew of the promising properties achieved in these materials , Jaffee and his associates
at Batte lle Memorial Institute (141 and Grant and his students at M I 1(15) undertook a continuing
series of studies of oxide dispers ion strengthening of metals , in c l u d i n g  copper , cobalt , nickel , molyb-
denum, and tungsten. In the late 1950’s, several Russian investigators, including Antsiferov and Paisov ,
were involved with similar studies.

One important breakthrough which occurred in the late 1950’s was the development by Du Pont of a
chem ical codeposition process for making powders of Ni-ThO 2. (16) This process allowed the production
of much finer powders than did mechanical mixing. In the final wrought products, the stable ThO2
particles were very fine (from about 50-1000 Angstroms) and their distribution was quite uniform.
This discovery spurred interest in applying these materials to the high-temperature regime in competition
with conventionally prepared superal loys.

It was soon recognized that the oxidation resistance of the simple Ni-Th0 2 alloy was inadequate.
Research efforts were then applied to a lloying to improve the hot-corrosion resistance of the base
material. Th is research led to the development of DS-Ni-Cr , Ni-Cr-Al , Ni-Cr-Al-Y , and Co-Cr- A l-Y alloys
plus several others which display a high degree of oxidation resistance.

Concurrently, Benjamin and his coworkers at the International Nickel Company developed mechanical
alloying. This process made it possible for the first time to combine the strengthening effects of stable
ox ide particles with those from coherent intermetallics such as gamma prime. Inconel MA 754, which
consists nominally of Ni-2OCr-0.3Al-0.5Ti-0.6Y2O3, is the newest and most common ly advanced
alloy to be made by this process. This material is presently accumulating an impressive performance
record in General Electric ’s F- 101 aircraft gas-turbine engines.

Much effort has been given to a study of dispersion-strengthening mechanisms. Orowan was among the
f irst to offer an explanation based on the particles acting as barriers to dislocation movement during
deformation. His dislocation bowing concept( 17 ’ 18) has since been amplified by others (19’ 20) , yet this
is only one of several mechanisms describing “direct dispersion strengthening”. “Direct strengthening”
is one of two c lassifications devised by Ansel l(21) to describe the ways in which dispersed particles
can influence mechanical behavior as well as total microstructure. The other is “indirect strengthening”.

Direct strengthening is achieved by particles acting as barriers to dislocation motion during deformation.
Here, strengthening can be described by the various mechanisms whereby dislocations bypass particles.
Indirect strengthening by second-phase part icles arises because the particles influence the total micro-
structure as al loys are fabricated by thermomechanical processing, and the total microstructure affects
the mechanical properties. Here, the influence of particles on gra in size and shape is of substantial
importance.

As pointed out by Wilcox and C1auer 1221 , in reality, both direct and indirect strengthening occur
simu ltaneously in dispersion-strengthened alloys. Hence, the mechanisms are quite complex. Aside
from these general observations, it is not poss ible to delve more deeply into the theoretical bases of
dispersion strengthening in this overview. Rather , the reader is referred to several excellent summaries
including those by Wilcox and Clauer (22

~, Ansell~
21) , Kelly and Nicholson (19

~, and Ashby(23) .

Similarly, numerous reviews have been published and many technical sessions have been held on various
aspects of dispersion strengthening. For purposes of record, three of the more comprehensive and
most recent of these are identified as fo llows:

• “Non-Metallic Dispersions in Powder Metallurgy ”, Powder Metallurgy,(10) , (December 1962)

3
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• “Strengthening Mechanisms - Metals and Ceramics ”, 1965 Sagamore Conference, Syracuse

University ( 1966)

• “Oxide Dispersion Strengthening”, Proceedings of Metallurgical Society Conferences, 4j ,
Gordon and Breac h Science Publications (June 1966).

F inally, Hanse n ’s comprehensive bibliography on dispersion-hardened metals warrants recognition. 1241
This effort was initiated in 1963 with a collection of over 400 references and later was expanded , in
two supplements, into a bibliography of over 2000 references.
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SILVER

Silver , w ith its excellent electrical and thermal properties, is an important material for electrical, elec-
tronics , and chemical industry equ ipment. Because the pure metal is extremely soft , most applicat ions
require si lver alloys. ln electrical applications particularly,dispersion-strengthened silver alloys have
great merit since the dispersions accomplish strengthening without the severe degradation of electrical
conduct ivity that always accompanies solid-solution strengthening.

The maximum solubility of oxygen in silver is about 0.01 percent (by mass) at 939 C, but this de-
creases to approximately 0.0002 percent at room temperature. Silver oxide, however, is unstable.
Thus, other oxides are preferred as the dispersoid. Internal ox idation of alloys and of powders and
their mixtures are all useful ways for fabricat ing DS silver alloys.

As reported by Harmsen, et al.11
~, the f irst Ag-CclO contact alloys were produced in the 1940’s by pressing,

sintering, and high-pressure compacting mixtures of silver and CdO powders. These compacts were
porous and brittle because of a coarse dispersion of the oxide. The density of the materials was also
undesirably low. Some improvements in propert ies were achieved by using internal oxidation techniques
on Ag-Cd a lloys, but these materials were also characterized by coarse CdO cry stals. The next processing
advance was to reduce mixtures of Cd(OH)2 and AgNO3 and process the resulting powders. 11) Fine
particles of CdO (10 to 15 weight percent) in the silver prevent the growth of the silver crystals even
after crit ical deformation and recrystallization annealing for several hours at 800 C.

DS Ag-CdO, Ag-ZnO, and Ag-SnO~ alloys were tested by Harmsen , ‘~ Ieta l., for arc eros ion using different currents as shown in Figurel. 
~~~ ~~~~~ z~~ 5/5

The Ag-ZnO and the Ag-Sn02 alloys both had a higher erosion ______

rate than the Ag-CdO alloy. The welding, or st icking, tendency
of these al loys was also determined using the ASTM recommended 6 

~~~~~~~~~~~~~ ~~~ ~~~~~~~~weld test fixture. .~~

-~~~~

Vinaricky and Harmsen 12
~ invest igated possible silver contact 3 ~~~ “ Ai~-Cd O95/5

materials by the addit ion of up to 25 percent each of CdO, CuO , ‘
~~

ZnO Sn02, PbO NiO MgO Al’,O’~ and Zr02, all having a 2
~ 60 80 100 120 140

particle size between 4 and 8 microns. The mixtures were corn- Current , ‘m a x  ifl ilA
pacted to bars and sintered at 900 C except for the Ag-PbO,
which was sintered at 600 C. The bars were then hot worked Figure 1. Oxidation of Various Silver-
into 12-mm diameter wires. At the 25-percent oxide level, all Oxide Composite Materials
the materials were very Lritt le. The hardness and electrical
conduct ivity of these materials are shown in Table 1. Figure 2 shows the relation between oxide con-
tent and the re ign ition voltage. In contact materials , the ability to stop arcing on ac currents depends
on the thermal stability of the metal ox ide present. The presence of metal oxides such as CdO, CuO ,
ZnO , Sn02, PbO, and NiO, whose decompos ition temperatures are below the boiling point of silver ,
increases the arc extension or re ignition voltage, as shown in Figure 2. On the other hand, Zr02, MgO,
and Al2O3 decreases the reignit ion voltage.

Kornienko , et al l3), points out that fine, structural contacts made from “chemical mixtures ” have
substantially improved wear resistance over those made from mechanical mixtures. These authors
investigated the possibi lities of developing a technique to prepare a DS 7OAg- l5Ni-l5Cd alloy. They
started w ith a r~ixture of Ag2CO3 or silver oxalate plus nickel oxa late and CdCO3, which was thermally
decomposed at 450 C under carefully contro lled conditions. The mixture of powders was sintered
for 1 hour at 850 C in a CO2 atmosp here fo llowed by extrusion and annealing at 700 C. The porosity

5 

--5 —~~~~~~~~ ,— - -5 .- —— -~~~ - =~~~— .-— .- ——  ~~~~~~~— - --— ~~~~~~ -5 - — -.~~~~~~~ .- - - —.



Table 1. Density, Hardness, and Electrical Properties
of Silver-Metal Oxide Composite Materials 12

~

Oxide Vicke rs Electr ical
Content , Density. Har dness , con ductiv ity

Material y b w /o g/cm 3 kg/mm 2 MPa rn/Ohm mm 2

AgCdO 6. 4 5 10.25 82 804 1 54
12 .5 10 10.02 85 833.6 49
18.5 15 9.75 88 863 0 45
24 .4 20 960 83 8140  39
30.4 25 9.48 90 882 6 31

Agcuo 7 9  5 10. 13 78 764 9 53
15.2 10 9.82 82 804 1 42
22.2 15 9.51 85 833.6 38
29.4 20.5 9.25 87 853 2 29

A gSnO2 7 .4 5 10.11 82 804 1 52
14 .4 10 9.85 84 823.8 45
21.0 15 9.48 88 863 0 38
27 .2 20 9.26 88 863.0 32

AgZnO 7 .2 4 10.20 84 823.8 52
194 11 . 2 9.58 85 833.6 45
25 .0 15 9. 12 83 8140  38
32.0 20 869 82 804.1 37

AgPbO 5 5  5 10.41 38 372 7 57
10.9 10 10.32 49 480 5 51

A 9NiO 8.0 5 1 0 1 2  60 588 4 52
15 . 5 10 9.75 67 657.0 45

A9AI2O3 7.1 2 5  9.66 45 441 3 57
137 5 0.18 60 588 4 48

AgMgO 7 .1 2.5 995 74 725. 7 52
13 . 7 5 9.35 88 863.0 44

AgZrO2 7 .6 5 10.08 65 637 4 52

G A g CuO
U AqSnO2

150 j~~— — -•  Ag ZnO -
a AgN iO

~\ ‘L~ ____ 
0 AgCdO

E 100 ‘rçq T x AgPbO -

.2’ \ ~~~~ v A9 A12O3
V Ag MgO

50 + Ag Z r O2

°Ag 5 1 0 15 20 25 30 35
M e ta l  Oxide , yb

Figure 2. Dependence of Reignition Voltage of Various
Silver-Metal Oxide Materials on the Metal-
Oxide Volume Content (2)
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was found to be only 2.8 percent and the Brinell hardness was 63 kg/mm2 (617.8 MPa), a value close to
the hardness obtained on fine structural contacts of Ag- CdO. The wear resistance of these electrical
contacts was approximately 40 percent higher than that of the Soviets’standard SN 30 (Ag-3ONi)
contacts. Wit h an addition of 1 percent of graphite, the DS Ag-N i-CdO alloy could be used both in
moving and stationary contacts and the risk of contact sticking was practically eliminated.

Recently, Severin, et al. (4) , described the production of a whole series of DS Ag-CdO contact materials
and contacts at the Albert Funk plant in Freiberg, East Germany. These carry the designations AgCdO-6,
AgCdO-10, AgCdO-6K , and AgCdO- 1OK.

CONSIL 900~~> isa U.S. commercial Ag-CdO electrical contact alloy with long life. Reportedly, it
often replaces fine silver and conventional silver alloys if requirements call for higher current-carrying
capacity, greater resistance to sticking or welding, and/or lower temperature rise. The electrical conduc-
tivity, depending on the temper of the material , is between 81 and 87 percent IACS at 21 C. At contact
temper it is 86 percent IACS. The alloy is available as strip, rod, or wire. Suggested applications
include heavy-duty devices such as starting motors and contacts where high current , high inrush capacity,
and resistance to arc erosion are needed. Poniatowski and Clasing 161 have produced silver and cadmium
powders of 200- to 1000-microns diameter by internal oxidation. Ag-AI2O3 powders w ith a particle
size of less than 500 microns were also produced by atomizing the alloys. On further processing,
several DS Ag-A l203 alloys were made with the properties shown in Table 2.

Table 2. Mechanical and Electrical Properties of DS Ag-A l 203 Alloys at Room Temperature 16)

Electrical
A1203 Iiitim ale Stren gth Yield Stren gth Hardness Elongation , Conductivity,

% kg/mm1 MPa kg/mm~ MPa kg/mm2 MPa % m/ohm mm2

1.0 35,0 343.2 30.0 294.2 105 1029.7 8 49.5-52.5

2.0 36.5 357,9 32 313.8 110 1078.7 16 42.0-44.0

0 14.0 137.3 2.5 24.5 26 255.0 40-50 62

Note that the yield strength was increased by a factor of 12 by the addition of 1 percent A12O3. The
rupture strength, determined on the Ag-A 1203 al loy at various temperatures, i~ given in Figure 3. The
particle size in this alloy was ~“130 A. The electrical conductivity is about 80 percent that of pure
silver while the cl~emicaI corrosion resistance is comparable. The authors recommend brazing techniques
for joining. The high-temperature tensile and yield strengths of the DS Ag-A l2O3 alloy are compared
with those of pure silver in Figure 4.
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~ Strength of 2-mm-Diameter Ag-Al203 Wire (6)
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Sauer L71 covered ‘y-Al203 particles having a size between 0.005-0.030 microns with 4-6 volume percent
of silver in an electroplating bath. Control of pH in the HNO3-AgNO3 electrolyte was very critical be-
cause of the effect on the microstructu re and physical properties of the finished material. The powders
were compacted, sintered, and extruded. The high-temperatu re rupture strength Ag-A12O3 (1.38 weight
percent) 2-mm-diameter wire was 31.5 kg/mm 2 (308.9 MPa) at 200 C, 27 kg/mm2 (264.8 MPa) at
400 C, 21 kg/mm2 (205.9 MPa) at 600 C, and 16 kg/mm2 (156.9 MPa) at 800 C. Stress-rupture
strength at 800 C after 100 hours reached values of 8-9 kg/mm2 (78.5-88.2 MPa).

Lenel(8} investigated DS Ag-GaO alloys by two techniques. One consisted in the freeze drying and sub-
sequent reduction of AgNO3 and Ga(NO3)2 to silver and GaO, followed by pressing and sintering of the
powder mixture. The other technique involved internal oxidation of a Ag-i atomic percent Ga solid
solution under conditions that yielded a uniform dispersion of oxides through the specimen cross section.
No significant difference was noted between the average particle size and the particle spacing of the
second phase in either alloy. However , the grain size of the internally oxidized type was 40 times that
of the consolidated - powder type alloy. The temperature and stress dependence of the steady-state
creep rate differed widely for the two alloys. This was attributed to the difference in grain size. More
recently, other investigators have produced dispersion-strengthened silver by electrophoresis.~

91

Stoeckel~
10

~ Miskovicova (111, and Besterci112} have investigated the parameters of internal oxidation of
Ag-Al and Ag-Mg alloys and how they relate to the theories of dispersion hardening.

Hansen113
~ summarized the work of Brimhall , et aI.(14 on the accelerated and delayed recrystallization

of OS Ag alloys.
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ALUMINUM

Commercial Alloys

The original development of SAP (sintered aluminum product) alloys in the 1940’s spawn ed an intensive
series of international alloy development programs for these materials. This is evident from Table 3, which
lists the designations of some of the commercial SAP alloys that were subsequently developed in seven
of the world’s major manufactur ing countries. Unfortunately, for reasons which are not completely
clear , several of the earlier leading producers have at least temporarily discontinued production of
these materials. This includes Alusuisse in Switzerland and Alcoa in the U.S. The suspected reasons
for this disinterest include:

1. Comparatively high production costs relative to melted and wrought alloys
2. Lack of customer confidence due to insufficient accumulated service experiences
3. Difficulties with joining
4. Reports of embrittlement on long-time stressing.(1)

On the other hand, much work has been and continues to be done with these materials and these
interests a lone are deemed sufficient cause to document the characteristics of these famous SAP alloys
in this review.

Some physical properties for alloys containing 6-14 percent Al203 are given in Table 4. Room- and
elevated-temperature tensile properties for some of these same materials in the as-received condition
are given in Table 5.

Hammad~
4) has invest igated the effect of testing temperature , stra in rate, and annea ling treatments on

the tensile propert ies of alloys containing from 1-7 percent alumina. Some of his results for the
ISML 960-4 percent Al203 al loy are shown in Figures 5-7. As shown in Figure 5, the ult imate tensile
strength decreases rapidly with temperature to 400-450 C and slowly in the temperature interval 450-
670 C. The effect of temperature on ductility is strongly dependent on extension rate, particularly
at high temperatures. From room temperature to 300 C the ductility increases slightly and does not
seem to be influenced by stra in rate. At temperatures from 300-650 C, increasing stra in rates markedly
increase tensile ductility, particularly for material in the as-received condition. As expected, annealing
the 4-percent AI2O3 alloy for 4 hours at 600 C decreases its ultimate strength and increase s tensile
duct ility, w ith these effects being most notable at temperatures below 350 C.

The tensile properties of SAP alloys as a function of alumina content at 400 C were determined by
Gualandi and Jehenson 15) as shown in Figure 8. Figure 9 from this same study shows the Stress to
produce rupture in 1000 hours at 400 Con these same materials.

Solom ir~
61 has determined the ef fect of 2-year annealing treatments at temperatures up to 500 C on

the tensile properties of a SAP alloy and compared these with the same treatments on conventional
commerc ial alloys. In general, the SAP alloy showed inferior strengths at test temperatures below about
150 C, but considerably greater strengths above 150 C. The tensile ductility of the SAP alloy, however,
was the lowest for all of the materials tested and decreased, w ith increasing exposure and test temper-
atures, to nearly zero after holding 2 years at 500 C and testing at 500 C.

Porembka 17
~ has reported extensively on the creep and stress-rupture properties of the alloys produced

by Alcoa and Alusuisse. Some of his stress-rupture data for the SAP 895 alloy at 371 C (700 F) ,
427 C (800 F), and 482 C (900 F) are given in Figure 10.
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Table 4. Physical Properties of Aluminum-Aluminum Oxide AiIoys~
21

XAPOO 1 , XAPOO2, XAPOO3, XAPOO4 ,
Property XAPOO5 SAP 920 SAP 895 SAP 865

Specific gravity 2.74 2.74 2, ’5 2.77
Density , lb per cu in 0.099 0.099 0.099 0.100
Electrical conductivity at

25 C (77 F), %IACS 47 44 39 34
Thermal conductivity , cgs 75 F 0.43 0.40 0.36 0.32

units (calculated on 400 F 0.44 0.43 0.39 0.36
basis of electrical 500 F 0.45 0.43 0.40 0.37
conductivity) 600 F 0.45 0.43 0.41 0.38

700 F 0.45 0.44 0.41 0.38
800 F 0.45 0.44 0.42 0.39
900 F 0.45 0.44 0.42 0.40

1000 F 0.45 0.44 0.42 0.40
Average coefficient of 68-212 F 12.0 11.8 11 .5 11.1

thermal expansion, 68-392 F 12.6 12.4 12.0 11 .7
pen F x 10-6 68-572 F 13.1 12.9 12.5 12.1

68-752 F 13.6 13.3 12.8 12.3
68-842 F 13.9 13.8 13.0 12.5

Melting range of aluminum Solidus for all alloys = 1180-1200 F
phase, F Liquidus for all alloys = 1215 F

Oxide phase melts at 3700 F(approx)
Specific heat, cal per g 68 F 0.213 0.212 0,211 0.210

(calculated) 212 F 0.225 0.224 0.223 0.223
Damping 1.5 to 2.5 times as much damping

capacity as other bare wrought alloys

l able 5. To~.si Ie Prope rties of Selected SAP AIloys 13
~

Yield Strength Ultimate Ten-
Temp., (0.2% Offset ) sile Strength, Elongation,

Materials C kg/mm 2 kg/mm2 %

SAP 93O R.T. 11.8-14.7 22.6.24.6 18-26’
400 6.8- 8.4 6.8- 8.8 6-11 ’

SAP 895 R.T. 17.8-22.5 28.6-36.4 8-12’
400 8.8-10.8 9.8-1’L8 3- 7’

SAP 865 R.T . 20.6-23.7 33.4-36.4 6,9’
400 10.8-11.6 11.6-14.0 2.5-6 ’

SAP~lSML 930 R.T. 16.4-17 .9 24 .2-25.8 15.0’ 18.1”
400 7.5- 8.8 8.2- 9.2 6.3’ 3.4”

SAP-ISML 895 R.T. 21.2-22.7 29.5-30.9 12.0’ 11.8”
400 8.9-12.6 10.7-13.1 3.5’ 1.9”

SAP-ISML 865 R.T. 25.7-28.0 36.0-38.2 7.5’ 7.9”
400 11.9.14.5 13.5-14.5 2.0’ 1.7”

• Elongation in 5 diem.
“ Elongation in 10 diem.
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N. Hansen of the Danish Atomic Energy Commission has written extensively 181 on studies of dispersion-
strengthened aluminum alloys and has included an extensive bibliography.

Hansen (9) has also investigated the effect of powder blending, and powder var iables such as particle
size, volume concentration, and type of ox ide (A 1203, Si02, Zr02) used as dispersoid, together with
manufacturing variables such as extrusion temperature , reduction ratio in extrusion, and heat treatment
after extrusion. Major variab les were particle size and oxide concentration. Generally, it was found 

- -

that the strength increases and the elongat ion decreases with decreasing particle size and increasing oxide
concentration. The elongation measured after extended creep testing was, however, pract ically the same
for all products--of the order of 1-3 percent.

Matejka in Czechoslovakia 110) invest igated the application of plasma technology on the preparation of
ODS-Al and reported that this process has interesting possibilities.

Simi l a r ly ,  Polakovic~
111 has described a technique and equipment for introducing Al 203 into metall ic

melts using ultrasound.

In 1963, Solomir~
121 described the product ion of large SAP billets (0.5 meter in diameter and weighing

over 400 Ibs) by sintering them in a high vacuum without any protective sheath and then conveying
them to the extrusion press in a transport chamber filled with inert gas. Hot upsetting was also carried
out in an inert gas atmosphere. It was possible to obtain gas contents of less than 2 ml per 100 g of
SAP which is about the same amount found in wrought aluminum alloys. He indicated that a similar
but greatly simpl ified method of vacuum sintering produced a large amount of SAP with a gas content
of 4-10 ml per 100 g. An important concern in this process was the distribution of the oxide since an
uneven oxide dispersion lowers the tensile strength and elongation in the transverse direction.

Kursikov , et al. (13) undertook an investigat ion to determine the optimum temperature range for the
hot plastic working of SAP. This was done by checking the compressive and tensile properties in the
range 20-550 C. It was found that with rise in temperature , the strength decreased and the ductility
showed anomalous behavior. It was established that the elongation anomalies were not linked with
tl’-~ initial condit ion of the material (type of semifinished product) and loading conditions. It was
concluded that , to reach the necessary level of stress in the production of large sized blanks, the hot
working should be done between 350 and 400 C.

Kurbatov, et al. (14) noted that when a re-pressed SAP compact was heated at a temperature above the
melting point of the aluminum matr ix for a limited time and subsequently deformed, the mechan ical
properties of the mater ial were extremely stable and higher than the usual properties of the SAP
materials.

Shelamov 1151 investigated the possibility of producing SAP foil by the direct rolling of powders. The
process consisted of cold rolling, sinter ing, intermediate rolling, and cold rolling. Using a roll diameter
of 180 mm , the best quality strip was obta ined at a roll opening of 2.3-2.5 mm with a rolling speed of —

0.05 m/sec. This dependence of the strip thickness on the fill ratio of SAP was found to be very
close to that obtained by Vinogradov for pure aluminum.

Severden ko, et al. (16) developed the following rolling technology for SAP strips with a thickness of
up to 150 microns: compacting cold or hot rolling to a preliminary thickness of about 2.5 mm,
annealing at 600 C for 3 hours, and final hot rolling with reheating to 450 C for 5 minutes for each
pass. The area reduction per pass should not exceed 10 percent. Strips of several meters length and a
width of up to 100 mm were produced.

14
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Fridlyander , et al. (17) invest igated the structure and recrystallization behavior of SAP 930 plate material .
This work included the development of pole figures showing the textures that were developed during
fabr ication. Analysis of the pole figures and of the size of the coherent scattering regions showed that
structura l changes occur even after heating at 300 C for 100 hours. Primary recrystallization occurs
under these conditions. Secondary recrystallization (new grains 1-10 microns in size) does not occur.
Heating of the cold worked plate at 450 C leads to replacement of the deformation texture by the
recrysta llization texture.

Ko lesn ikov 1181 determined opt imum conditions for drawing and flanging (bending) of 1.5-mm-thick
sheet of SAP-i. Understandably, he found that when the bending lines coincide with the rolling direction
of the sheet, the minim um bend radius increases markedly. The relationship between the maximum
drawing coeffic ient and the tool curvature radius was determined during die forming with heating.

Shelamov , et al.,(see reference 120 of reference 19) have described their experiences in the production of
clad sheets and pipes.

Gualandi , et al. (5) of the Instituto Sperimentale Metalli Leggeri (ISML) of Italy have described a number
of their act ivities in producing a nuclear grade SAP. These activities were concerned with ( 1) the achieve-
ment of complete structura l stability during prolonged heating through an effective degassing treatment
during the processing of the materia l, w ith the attainment of better weldability as a consequence;
(2) the improvement of the quality of the starting powder material in order to obtain the maximum
uniformity of the semifin ished products; (3) the development of methods to fabricate straight tubing
w ith narrow dimensional tolerances and finned tubes with straight or helical fins; (4) the complete
elimination of metallic impurities (e.g., iron) in order to achieve improved corrosion resistance , better
formab ility, more homogeneous behavior toward organic materials, and sma ller neutron absorption;
and (5) an understanding of the structure of these materials.

Aastrup, et al. (20) have reviewed different welding methods as applied to sintered aluminum products.
A major problem in jo ining is to prevent a decrease in high temperature by strength by disturbing the
spec ific distribution of dispersed particles. Gas content may be another important factor since the
presence of a large amount of gas in the materia l is likely to result in a porous welding zone. The
investigation by these authors was on 16-mm rod of SAP 930, SAP 895, and SAP 865, and also on some
multifinned tubing. References are given on work done on the various methods which are grouped
as fo llows:

I) Direct joining of SAP to SAP
a) f lash welding
b) magnetic- force welding
c) frict ion welding
d) hot-pressure welding
e) cold-pressure welding
f) ultrasonic welding

II) Joining SAP to SAP using an intermediate layer
a) eutect ic bonding—Ag-Al , Al-Si
b) braz ing

Il l) Joining SAP to aluminum alloys
a) all of the above processes
b) fusion welding.

Given the same material and specimen configuration, the zone adjacent to the bonding line will have a
similar appearance regard less of the pressure-welding processes used. Mechanical properties of welds
made by different pressure-welding methods are expected to be alike if carr ied out under optimum

15
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conditions (see Figures 11 and 12). The mechanical properties measured probably indicate what can be
expected in SAP welded by any pressure-welding process. That is, an ultimate tensile strength a little
lower than the longitudinal strength of the parent material (about 90 percent for SAP 930) but well
over the transverse strength of the parent materia l and a relatively poor elongation for the welded material.

Fusion welding can be used to join SAP and aluminum. With aluminum as a filler material , TIG and MIG
welding can also probably be used for joining SAP to SAP. In all cases, success is largely dependent on
close heat control and a process that prevents the arc forces from being directed onto the SAP materials.1201

For practical purposes, the authors recommend that attent ion be paid to the inferior high-temperature
strength of unalloyed aluminum as compared with SAP . This necessitates particular emphasis on joi nt
design in order to keep stresses low in the unalloyed aluminum part. However , the primary function of
such a joint can be to provide tightness while the load is carried by other means. In fusion welding of
SAP, a swelling of the parent material can be expected adjacent to the fused zone.

According to the data of Nikiforov (see reference 150 of reference 19), the use of AM96 alloy wire in
argon-arc weldin9 can produce welded joints in dispersion-strengthened aluminum alloys with strengths
of 30-35 kg/mm’~ (294-343 MPa) at room temperature. Good results were also obtained on soldering,
particular ly when both parts were of SAP. In contact welding (roller or spot), a good jo int was
produced when the parts to be welded were clad with some weldable aluminum alloy.

Ki shnev, et al. (21) have described their experiences with argon-arc and diffusion-welded,finned SAP-i
tubes. The diffusion welding showed a number of advantages: (1) parts of complex configuration ,
including helically finned tubes, could be welded; (2) the welds were free of porosity; (3) the welded
zone had the same corrosion properties as the parent metal; and (4) the structure and strength properties
were v irtually identical with those of the parent metal .

Hansen, in his 1967 paper1221, rev iewed the main properties of sintered aluminum products of interest
when considering their application in nuclear technology. These include strength, elongation, corrosion

res istance, homogeneity, purity, compatability with fuel , and resistance to irradiation damage. He found
that nuclear-grade SAP has acceptable propert ies for use as pressure tubes and canning material in organic
reactors whereas for water-cooled reactors , the corrosion resistance was inadequate. He pointed out
that manufacture of sintered aluminum products by various methods-milling, high temperature oxida-
t ion and powder blending-gave products with basicall y the same properties.

Cunningham~
231 has also reported on wor k sponsored by the U.S. Atomic Energy Commission on the

long-term irradiation of SAP material which was encouraging to the production of nuclear grades of
SAP materials.

Ruedl and Kelly 1241 studied damage and diffus ion phenomena in aluminum and SAP alloys following
bombardment w ith oxygen or an inert gas. It was found that there is a dose and dose-rate dependence
for the appearance of damage in these materials following 9-keV oxygen and neon bombardments.
The arrangement of the damage for low doses depends on whether the damage is produced by oxygen
or neon. In the f irst case, the damage is more aligned, wh ile in the second it is more random. The damage
in oxygen-bombarded foils anneals out roughly in the temperature range for aluminum self-diffusion.
The damage in neon-bombarded foils, on the other hand, persists to above 500 C for aluminum and to
above 625 C for SAP. In addition, spec imens heated above 500 C showed small bubbles and large
undef ined features. The latter were probably gas pockets or blisters near the metal-oxide-skin interface.

Hansen and Clauer1251 studied the characteristics of high-temperature dispersion hardening by fabricating
an A I-A1203 alloy having coarse elongated grains. Under these conditions, the contr ibution of grain
boundary sliding is minimized and most of the deformation must occur within the dispersion-hardened
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matrix. The creep characteristics of an alloy containing 0.8 percent A1203 were studied and related to
theory.

Falzone , et al. (26) made comparat ive observations to study the plastic deformat ion of SAP 960, cold
rolled and racrystal l ized. The difference in behavior between as-rolled and recrystallized SAP sheets in
the temperature range of 300 K to 600 K was related to the dislocation networks. In the recrystallized
samples and in the as-rolled ones at the higher temperatures, the experimental results are consistent with
back stresses due to the long range interactions between the dislocations held back by the oxide particles.

Guyot 1271 has also studied the mechanisms of plastic deformation of SAP materials , and compared his
exper imental results with theoretical models of dislocations.

Nechaev and Pustov(28) investigated the relaxat ion of vacancies , dislocations , and pores during the
quenching and annea ling of OS A l-Al203 alloys w ith different dimensions and distribution of oxide
inclusions and, accordingly, with different grain sizes , i.e. , from 1-1 000 microns. Relative electrical
resistance, hydrostatic weighing, and optical and electron microscopy were among the techniques
used.

Earl ier , Polyanski i (29) invest igated the structure of SAP-i thin films by electron microscopy. Paisov ,
et al. (30) have also reported on stud ies of the structure and properties of the three common types of
SAP .

Experi mental Alloys

Recently, Wilcox (311 synthesized the 7075 and 2024 precipitation hardening aluminum alloys with a
hi gh volume fraction of dispersoid (about 12 volume percent of Al203). Ribbon melt-spun 7075 and
2024 alloys were ball milled to fine flake (‘\.‘0.25 micron thick), compacted , and extruded. These
alloys were named PH-OS 7075 and PH-OS 2024. In addition alloys with 1 percent A1203 of the same
material were made and named MS 7075 and MS 2024. For comparison purposes, billets of commercial
7075 and 2024 were extruded under the same conditions as above. The analysis of PH-OS 7075 was
2.2 percent Mg, 1.5 percent Cu, 5.5 percent Zn, 0.1 percent Cr plus A1203 and that of PH-OS 2024 was
1.3 percent Mg, 4.0 percent Cu plus  Al 203. The alloy contents of magnesium , copper , and z inc were
very close to those of the corresponding commerc ial alloys. Figures 13, 14, and 15 summarize some of
the data obtained and compare the new alloys with SAP 865 and with the commercial alloys in the
strongest condition. The PH-DS alloys did not recrystallize on annealing at 500 C, while MS alloys
recrystallized to fine equiaxed grains, 1-10 microns in diameter , during the 500 C anneal. Superplastic
behavior of the MS alloys was observed with elongations as high as 185 percent , but these alloys exhibit
only marginal superplastic ity.

The as-extruded PH-OS 2024 and PH-DS 7075 had yield strengths superior to the SAP 865 alloy over
the temperature range of 25-400 C. At temperatures greater than 250 C, the PH-DS alloys had higher
strength than their commercia l counterparts heat treated to optimum strength (7075-16 and 2024-T81),
but their duct ility was low. The high-temperature creep strength of the PH-OS alloys was far superior
to commercial alloys.

Reinolds , et al. (32) investigated the influence of additions of magnesium (0.8-4.5 percent) and Cu
(0.6-1 .7 percent) on the creep at 500 C of SAP alloys. Whereas , in the alloys without Al 203, the
addition of magnesium reduces the creep rate by approximately 100 times, the addition of Mg in com-
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Figure 15. Comparison of Creep Behavior at 450 C Between PH-OS and Commercial 7075 (31)

bination with A1203 causes a drop in the creep rate of only 2.5 times. The overall influence of alloying
of the matrix on the heat resistance of the a lloys is, therefore, negative because of lowering of the
melting temperature of the matrix. In the area of low and moderate temperatures, however, OS Al a l loys
with an alloyed dispersant have higher heat resistance than those with a non-alloyed matrix.

Pai , et al. (33) introduced Al 203 part icles in pure aluminum as well as in Al-Si-Cu alloys , using super-
heated melts and stirring. Up to 4 percent Al203 was accepted if 4.5 percent magnesium was also added.
The melt was cast into permanent molds. Hard and strong castings resulted.

Much research has been done to understand and develop a theory to exp lain the hardening of dispersion-
strengthened alloys , both of single crystals as well as of polycrystalline material. Hansen1341 has compared
accelerated and delayed recrystallization of such al loys , including oxide dispersion-strengthened aluminum.
He noted the oxide additions retarded recrystallization while dispersed intermetallics may accelerate
recrystallization if the particle size and the interparticle spacing are above a certain value. If smaller ,
recrystallization will be delayed.

Matsuura , et al. (35) invest igated the work-hardening characteristics of aluminum single crystals con-
taining equiaxed silicon particles of a few hundred Angstroms diameter , which were obtained by aging.
The stress-strain curves showed a region of low work hardening followed by a region of rapid hardening.

The addition of other dispersoids than oxides has been investigated(36) for the specific purpose of
raising the modulus of elasticity of aluminum. Thus , aluminum powders (200 mesh size) were mixed
with MnAl6, N iA l 3, and CrAl 3, then cold pressed , sintered , and hot coined or hot pressed and extruded.
If the volume proportion of the dispersoid was substantial , it was possible to increase the modulus by
20-50 percent. More effective was the addition of fine TiC powder over the range of 5-40 weight
percent (3-27 volume percent). A 15 weight percent addition resulted n a modulus of the order of
13 x 106 psi (.09 x 106 MPa).
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More recently, Misra and Upadhyaya (371 added up to 8 volume percent of TiC or WC to aluminum and
by thermal-cyclic sintering achieved high densities. After hot deformation at 400 C, the Al-TiC alloys
were consistently harder than the Al-WC alloys on the basis of equivalent volume percent of carbide.

Towner 1381 found that a coarse atom ized A l-FeA l3 alloy had better combinations of ductility and
strength than SAP alloys of medium oxide content at temperatures from 25-430 C.

The Aluminum Company of Canada recently described1391 some new alloys that utilize insoluble
part icles for dispersion or grain-boundary strengthening in combination with a fine grain size, i.e., from
0.5-3 microns. The insoluble particles are intermetallics, wh ich are held to a size of about 0.3 micron
in diameter by the plastic deformation of a rapidly solidified ingot of eutectic composition. The
eutect ics that are applicable contain brittle rod-like intermetallic phases of a small volume fraction
(5-10 percent) and include the Al-Fe-Mn , Al-Mn-N i, and Al-Fe-Si systems. The principal interest in
these materia ls is for large volume markets (e.g., automotive sheet) where a relatively cheap alloy
with an improved combination of strength and ductility at room temperature is needed rather than
for specialized uses where good elevated-temperature properties are needed. Figure 16 illustrates the
range of room-temper ature tensile properties available in one of these candidate alloys.

~~~3O0 - \ U.T.S. 
-

_ _ _ _ _ _ _ _ _ _ _ _ _ _  0
As Rolled 250 350 450 550

Annealing Temperature,C -

Figure 16. Room-Temperature Tensile Properties of A l- 1.6Fe- 1.9Ni-0 .5 Alloy After Various 2-Hour lsochronel Anneals 1391
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GOLD

Fuschillo and Gimplfl1 have recommended a gold 2-volume-percent Th02 alloy wire for applications
requiring good tensile propert ies and hardnes% combined with low resistivity and oxidation resistance
at high temperatures. The alloys were prepared by dissolving gold in aqua regia to form a solution of
Au C l 3. Oispersoid particles of Th02 or Al203 were then suspended in a dilute basic solution of the
AuCl3 by st irring. Hydrazine was added causing the gold to precipitate and uniformly coat the oxide
part icles. When the reduction process was complete, the powdered alloy was filtered and vacuum
dried. The al loy powders were then degassed in dry hydrogen at 900 C for 4 hours and pressed into
2.5-cm-diameter slugs, canned in copper, evacuated, and extruded at 650 C with a 30: 1 reduction.
Then they were cold rolled into wire with intermediate anneals.

The tensile properties of the alloys are summarized in Table 6. The best properties were obtained in
a 3.4-volume-percent Th02 alloy. The 3.5-volume-percent AI203 alloy showed considerable particle
growth when heated at 900 C. Recrystallization in the 3.4-volume-percent Th02 alloy occurred about
200 C higher than for pure unalloyed gold. No appreciable grain growth was noted in the alloy after
anneal ing at 100 C for 4 hours.

The electrica l resistivity of the alloys was greater than predicted by a simple volume effect. This is
attributed to impurities which were introduced and to work hardening during the processing steps.
The sl ightly lower temperature coefficient of resistivity was attributed to the tendency of Th02 to
absorb impurities at high temperatures. The Au-Al203 alloy showed a greater increase in resistance
for a given volume of oxide. This may be related to the lower free energy of formation of A1203,
leading to a higher a luminum content in the gold.

Sautter~
21 in 1963 invest igated the electrodeposition of gold with dispersoids and since has studied the

creep behavior of Au-Al 203 alloys. In 1968~~, he reported that a fine dispersion can introduce a thres-
hold stress for creep initiat ion . A substantial increase in threshold stress was observed between pure
gold and gold alloys strengthened with particles of 1-micron diameter. A later publication (4) confirmed
the existence of porosity in these alloys. Finally, the role of surface energy on high-temperature creep
strength was assessed. (~

) The steady-state creep in the Au-A 1203 alloys at very high temperatures and
low stresses was found to proceed in two stages, both of which show a linear dependence between
creep rate and applied stress. It was suggested that creep in the first region is associated with the move-
ment of pinned grain boundaries while in the second region the effect of pore growth is also included.
Equations describing the threshold stress as well as that for pore growth were derived from grain
boundary and surface energy considerations. Good correlation was obtained with experimental results.
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Table 6. Tensile Properties of Dispersion ~St rengthened Gold Alloys 111

Test Ultimate Tensile Yield Strength
Temperature , Strength (0.2% offsetL Elongation,

Alloy C psi MPa psi MPa % 
—

Au-3.4 vol. % Th02
Cold rolled 55% 25 31,500 217 26 ,500 183 2.7

260 28,500 196 25,500 176 2 .7
537 17,900 123 16,300 112 2.0

Au-3.5 vol. % A1203
Cold rolled 60% 25 35,000 241 32,000 220 1.4

260 32 ,800 226 29,500 203 3.2
537 11 ,100 76 8,900 61 5.1

Au-6.4 vol. % A12O3
Cold rolled 50% 25 35,000 241 33,000 227 1.0

260 21 ,900 151 19,800 136 1.0
537 8,400 58 7 ,100 49 2.1

Au made by powder metallurgy
Cold rolled 60% 25 29,700 205 26 ,800 185 1.9

260 16,100 111 — — 4.2
537 7 ,800 54 6,900 48 12.0
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BERYLLIUM

Two dispersion-strengthened beryllium alloys are available commercial ly (1)— Berylco PS-20 (sheet) and
PR- 20 (plate). These alloys contain about 1.4 and 1 weight percent of BeO, respectively. Both alloys
have found application in aerospace and nuclear reactors because of their low density, high spec ific
strength, very high modulus of elasticity, and high neutron-scattering factor. Lockalloy t’), a Be-37A1
alloy may also be strengthened by the presence of 0.7 percent of BeO and A1203.

Actually, all industrial grades of beryllium are essentially dispersion hardened since they are made from
powder containing from 0.7-1.5 percent BeO. Due to the unavoidable presence of oxide films, blanks
produced from fine-grained powder have higher mechanical properties than those from large-grained
powders. (2)

Webster , et al. (3) invest igated the structure and creep properties of beryllium with various morphologies
and compared them with PR-20 and ingot beryllium. For material given 10 percent reduction, the lowest
recrystallization temperature (650 C) was found for the oxide-free ingot beryllium. This recrystallication
temperature increased to 760 C for PR-20 with a coarse oxide dispersion. An experimental alloy with a
f iner dispersion recrystallized at 1085 C, after a 10 percent reduction. An anomalously high creep
strength was found for the latter material- 3700-3800 psi stress at creep rate of 10-2 percent per second
at 980 C. This was explained partly by the efficient oxide dispersion and also by the residual dislocation
structure. After annealing at 1200 C, this alloy lost most of its substructure and its creep strength
decreased significantly. The authors concluded that the creep strength of beryllium at 980 C is con-
trolled by a dislocation substructure that is stabil ized by a fine BeO dispersion, and the volume of liquid
phase present in the grain boundaries. Further , th9 effectiveness of a BeO dispersion in stabilizing a
dislocation substructure is inversely proportional to the BeO particle size. The volume of liquid phase
present in the grain boundaries at 980 C is proportional to the total amount of aluminum and silicon
in the alloy. (31

This work was a sequel to previous work on the recrystallization of beryllium 14) where , in an alloy with a
median size of oxide of 600 Angstroms, a dislocation substructure was maintained up to very near
the melting point of beryllium. The extent to which the recrystallization temperature was raised was
inversely proportional to the size of the oxide dispersion.

Moberley, et al. (5) studied the processing of beryllium and its alloys by powder metallurgy to produce
isotropic mater ial. The classical techniques produce anisotropic materials , which is undesirable for
certain bery llium applications. The influence of oxide content on the properties of sintered blanks
is presented in Table 7. Higher strengths were obtained, as expected, w ith the higher oxide content and
finer gra in size. The yield strength of the fine grain size FP-17 compacts is 10-20 percent higher than
that of the SP 200 samples. At room temperature , all samples exhibited a maximum 2 percent elonga-
tion before fracture. After deformation leading to the rupture of the oxide grids and fragmentation
of particles, elongations above 4 percent were obtained.

Since hardening with its own oxide does not give beryllium sufficient creep resist ance at elevated tem~perature s, other dispersion agents seem to be needed. Watts (61 studied the stability of tungsten and
Th02 dispersions in bery llium. The tungsten powder was produced by the decomposition of ammonium
metatungst ate and the Th02 from thorium nitrate. It was found that during hot pressing or sintering the
beryllium containing Th02 reacted above 750 C producing ThBe2, while that containing tungsten pro-
duced two beryllides, WBe22 and WBe 12, above 850 C.

Interesting results have been achieved by dispersing Be2C in beryllium. Grant 17) reports some wor k done
by Greens pan , who mixed beryllium powder with f ine carbon black, then pressed, sintered, and extruded
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Table 7. Strength and Ductility of Sintered Bery Ilium 1
~

1

Test Yield Strength Ultimate Tensile
Temperature , (0.2% offset) Strength Elongation,

C psi MPa psi MPa %

NP-50 (0.8% BeO)
25 27 ,500 189 39,000 269 2.0

200 23,500 162 33,000 227 2.0
400 21 ,000 145 35,000 241 14.0
600 16,500 114 29,000 200 15.0

SP-200-C (1.8% BeOl
25 34,000 234 44 ,000 303 2.0

200 30,500 210 41.500 286 2.5
400 25,000 172 34,500 238 4.0
600 20,000 138 26,500 183 6.5

FP-1 7( 1.8% BeO)
25 38,000 262 51,000 351 2.0

200 35,000 241 47,000 324 2.5
400 30,000 207 45,000 310 8.5
600 24,000 165 32,500 234 6.0

P.50 (3.0% BeO)
25 35,000 241 46,500 320 1.0

200 32,000 220 44,500 307 1.5

Table 8. Be2 C Extruded Powder Product 17
~

Stress Rupture
Material psi MPa Life , Hr_

650 C (1200 F)
Pure beryllium 10,000 69 0.2

5,000 34 1.6
2,500 17 35.0
1,500 10 455.0

Be + C powder product * 10.000 69 4.0
7,500 51 22.0
5,000 34 181.0
3,000 21 2800.0

730C(1350F)
Pure bery llium 2,000 14 0.95

1,000 7 8.0
700 5 22.0
600 4 164.0

Be + C powder product ’ 5,000 34 2.55
4,000 28 29.3
3,000 21 860.0

‘Contains 0.8 percent C, equivalent to about 2.5 percent Be-C.

27

- -5 ---- -5



S

the mater ial. The creep-test results at 650 C and 730 C are given in Table 8. As shown, the carbide-
strengthened alloy has much super ior rupture life to the pure beryllium at both test temperatures.

Lympany, et al. ~
81exp lored the effects of a luminum, sil icon , germanium , copper , silver , vanadium ,

ruthenium, samarium, and manganese in Be-BeO alloys. They found that by proper control of metallic
alloy content, BeO level , and grain size , mechanical properties somewhat better than those found in
hot-pressed beryllium metal were obtained. They also described the production of hardware by piessure-
less sintering, iso-pressing, and slip .asting of powders with especially selected additions.

Moberly, et al. )
~

) studied the systems Be- BeO , Be-Be2 C, Be-Si , Be-WBe22, and Be-Al 203. Mechan ical
tests showed that strengthening was a lways obtained with the addition of a hard second phase dispersoid.
Increas ing the fraction of dispersoid increased the strength, but also decreased the duct ility at the tem-
peratures studied ( 25-600 C). The highest strength was obtained in beryllium which contained a homo-
geneous dispersion of 20 percent BeO. Two alloys, Be-2OBeO and Be- i 5Be2C, exhibited good creep
strength up to 750 C. Microstructural analysis showed that the dispersed particles limited the beryllium
grain size. BeO was the most effective in this respect. It is of interest to develop DS.Be alloys with a
low temperature ductility equivalent to or better than that of commercial purity polycrystalline Be.

Skorov has published results which suggest that dispersion-hardened beryllium has higher corrosion
resistance than cast berylIium. 110

~ For example , accelerated local corros ion was observed on extruded
specimens of Be-BeO alloys after 140-160 days’ exposure in 320 C, pressurized water. However ,
specimens cast in a vacuum ruptured after less than two days.
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CO LUM B I UM

Columbium is amenable to carbide strengthening but this mechanism is regarded as being outside the scope
of this review. Also , solid-so lution strengthening (with or without additional carbide-precipitation
strengthening) has provided a wide variety of columbium alloys which retain a good balance between
moderate-to-high strength at elevated temperatures and good weldabi lity. However , there apparent ly
has been little incentive to develop dispersion-strengthened columbium alloys. A major reason is that
columbium has a high solubi lity for oxygen and nitrogen and is seriously embrittled when saturated
with these gases. Nonetheless, there have been a few dispersion-strengthening studies conducted on
columb ium within the part 10 years, and these are reviewed in the paragraphs which follow.

Osipov l’) investigated the inf luence of Al 203 on the creep activation energy of columbium. Creep
test s were made in vacuum (“s.~10 S torr) on specimens annealed at 1300 C for 4 hours prior to testing.
Electron-beam zone-refined columbium of 99.99 percent purity was used for comparison. Creep
rates determined on three alloys are given in Table 9. As shown, the steady-state creep may be lowered
by 2 to 3 orders of magnitude under the test conditions by the presence of Al203.

Table 9. Creep Rates of Cb-A1203 Al loys111

Weight Creep Rate , Weig ht Creep Aate ,
Percent Stress Temperature , percent! Percent Stress - Temperature , percent!
A 1203 kg!mm2 MPa C minute x i03 AI203 kg!mm2 MPa C minute x

0 9.2 90 850 3.30 1.90 9.5 93 1300 0.98
9.2 90 920 20.70 9.5 93 1400 1.77
3.2 31 1200 216.00 9.5 93 1450 4.90

1.62 3.0 29 1200 0.47 2.90 8.7 85 1200 1.34
6.0 59 1200 1.30 8.7 85 1300 3.07
3.0 29 1300 1.57 8.7 85 1350 7.90
6.0 59 1300 4 .28

10.6 104 1300 14.00

Osipov , et al. (2) also investigated the electrical characteristics of Cb-Al 203 thin films. The Al 203 and
Cb were evaporated together in vacuum and condensed on a glass plate. Different evaporation condi-
tions were used to produce films of different thickness, from 0.7 to 1.2 microns. Their resistivity varied
with composition from 20 to 8.108 ohm-cm. The changes of electrical resistivity and temperature
coefficient with temperature were also determined for these fi lms.

Best and Pfeiffer 131 investigated the superconducting behavior of cold worked wires of sintered, unalloyed
columbium and columbium containing additions of Al203 in amounts up to 2 weight percent. A l 203
was found to have a definite influence on the values of the residual resistivity, the magnetization
behavior , and the critical current density, whereas the critical temperature , T~, remained nearly
unaffected. Primarily, the upper cr itical field, Hc2, is strongly influenced and increases to more than
twice the va lue of that of pure columbium by the addition of 2 weight percent A1203.
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COBALT

For the sake of convenience , dispersion-strengthened cobalt alloys have been somewhat arbitrarily
classified in this review into three groups:

OS-Co Alloys—dispersion-strengthened cobalt
DS-Co-M Alloys , where M is a meta l other than chromium
OS-Co-Cr-Base Superalloys where chromium is the major alloying metal.

DS Co Alloys

In 1959, Adkins , et al. 1’1 1 investigated some 35 Co-base alloys containing 0.1-10 volume percent of
Cr203, Ti0 2, Si0 2, and A 1203. The tensile properties at room temperature of the strongest alloys are
compared in Table 10. Figure 17 shows the creep properties of these alloys at 500 C. Each of the alloys
showed considerably better creep resistance than unalloyed cobalt. Figure 17 also illustrates the
effectiveness of decreas ing the particle size of Ti02 from 2 to 0.02 microns on improving the creep
resistance in Co-Ti02 alloys.

Table 10. Room-Temperature Tensile Properties of Cobalt and Cobalt Alloys Containing Non-Metallic Dispersions 11)

Ultimate Tensile 0.2% Offset
Alloy Cor~ , os ition , Strength Yield Strength Elongation in
volume percent psi MPa psi MPa 1 inch , %

Co 111 ,000 765 57,000 393 12

Co- 1 Cr203 118,000 813 56,000 386 20

Co- 0.2 Ti02 111 ,500 768 68,000 469 16

Co - 0.l SiO 2 118,500 816 43,500 300 14

cobalt Pure cobalt

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Co-2T i0~(F)

0.2 
?

‘
~~~~ 

Co —I cr o Co-0.2T 10 2 (Fl

o p’— )
~

_ , J. I I I J I I
40 80 20 160 200 240 2&.)0 40 80 120 160 200 240 280

Time , hours
Figure 17 . Creep Curves of Cobalt and Vario us Cobalt Alloys Tested at 500 C under 12 ,000 psi~~

[( C) Average particle size about 2 p; (F) Average particle size about 0,02 i.d
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Palme~
2
~ investigated the effect of these same ox ides and also the effect of additions of some carbides .

The room-temperature properties are shown in Table 11. Figure 18 shows the creep behavior of selected
alloys at 500 and 650 C. Pa lme also tested additions of Al 203, MgO , Th0 2, Zr0 2, TiC , TIN , and

boron.

Table 11, Room-Temperature Properties of Sintered Cobalt Samples With Various Additions~
2
~

Tensile Yield Elung- Briruell
Strength Strength ation, Hardness

Addition kg/mm2 MPa kg/mm 2 MPa % kg/mm 2 MPa

none 79 774 40 392 17 205 2009
0.5% Ti02 65 637 44 431 6 194 1901

0.5% Cr203 65 637 47 461 6 207 2029

1%WC 76 745 38 372 10 225 2205
5% WC 59 578 38 372 5 240 2352
1%VC 66 647 34 333 7 220 2156
5% VC 69 676 32 313 14 250 2450

2% Ti02 69 676 47 461 5 213 2087

(very fine)

3

Fracture
C
8) —

C)
6) -

650 C

I 

5OO c 05T
~~~~~~~~~~~c

0 50 100 150 200 250

Time , hours

Fi gure 18. Creep Curves of Cobalt with Non-Metallic Additions Tested at 500 and 650 C Under 8 kg/mm 2 (78.4 MPa) 121

Gatti~
31 inferred from results with Fe-A l 203 alloys that Al 203 in cobalt would coarsen in the same way.

He concluded that the ability of these systems to overage could restrict their use in high-temperature
applications.

An E. I. du Pont de Nemours patent~
4
~ gives as an examp le a DS Co-7 vol. % Th02 alloy with a yield

strength of 14 ksi (96 MPa) at 815 C (1500 F) .
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Esenwein , et al. 151 determined the effect of La203 and Al203 in amounts up to 20 volume percent on
the hardness and strength of cobalt at temperatures up to 900 C.

Eiyutin, et al. 161 found that dispersed particles of Al 203 in cobalt arrest the process of recrystallization
to a considerable degree. They also suppress the grain-boundary peak of internal friction temperature
curves, the effect being more evident in the case of sintered and hot-rolled specimens than in the as-
sintered condition. In a later paper 171, it was concluded that the Al203 dispersoid accelerates self-
diffusion , but that dispersoid agglomeration also occurs,slowing down the process.

Opara and Zhuk181 studied the oxidation behavior of sintered binary cobalt alloys , containing additions
of 1-10 weight percent of MgO, Zr02, and Al203, in air at 900 C, 1000 C, and 1100 C. The Co-MgO
allo ys were the only ones which displayed lower weight gains than unalloyed cobalt.

Bufferd and Gra nt19~ prepared a Co-lO vol. % Al203
alloy and determined its stress-ru pture life at 815 C,
as shown in Figure 19. 5 0 -

‘~ 2 0 —  
1500 F

Thibaudon, et al. 110
~ prepared dispersions of re- :~ 10 —

fractory carbides and nitrides (Cr3C2, TiC, VC , CrN , 
~Ti(0-N) , VN ) in cobalt by chemical means. A gas- : 0 CI-3 Pure Co

— V C1-4 Co- IOVo I % AI z0~solid reaction was used in conjunction with mix-
tures of H2-CH4, or H2-NH 3. Through the use of 

I I ‘‘ 10 
‘

hig h-quality starting materials it was possible to Time , hours

obtain products which were characterized by a Figure 19. Stress’Rupture Curves for Pure Cobalt
very homogeneous distribution of the dispersoid and a Co-Al203 Alloy at 1 500 F
in the dispersant. 1816 C)191

Towner, et al. 111 ’ 12) investi gated DS ferromagnetic materials having a high Curie temperature , such as
cobalt at 1 121 C, as a potential creep-resistant , soft, magnetic material for high-temperature power
systems. They prepared and evaluated a series of cobalt alloys containing additions of Al203, BeO,
and Th02. Properties of these alloys are shown in Table 12.

In further work 1’131 , a Co-0.25Zr-7.5ThO 2 alloy and a Co- lO vol. % Th02 alloy exhibited the highest
creep strength associated with adequate magnetic properties. However , Fe- 27 Co-base alloys were
favored over the cobalt-base alloys because their saturation magnetization values at 1200 and 1600 F
were 25 percent hi gher.

DS Co-M A lloys (a)

As a part of a larger study, Mincher 1’14
~ pr epar ed a series of Co-3ONi-Th0 2 alloys. The 30 percent nickel

was added to suppress the allotropic transformation of cobalt to room temperature.WJ The compo-
sitions and tensile propert ies of swaged bars of the four alloys investigated are given in Table 13 and
the stress-rupture properties in Table 14. Figure 20 gives the logarithmic variation of tensile strength
with Th02 content in the two alloys. Figure 21 shows the variation of stress rupture and tensile
strengt h at 1095 C as a function of secondary work.

(al M designates metals other than chromium .
(b ) Hi gh~purity cobalt at room temperature is hexagonal close-packed (h .c.p. l while above 419 C it is face centered

cubic (f .c.c .).
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Table 13. Tensile Properties of Swaged Bar of the Co-2ThO2 and Co-3ONi’2ThO2 All oys 114
~

R.T. 1400 F (760 C) 2000F(1093C)
U.T.S. El. , U.T.S. El., U .T .S. El.,

Alloy ksi MPa % ksi MPa % ksi MPa %

Co-2ThO2 136.1 937 8 24.1 166 16 12.1 83 9
Co-2Th02-0.2Zr 145.2 1000 13 35.4 244 24 20.3 140 13
Co-3ONi-2Th02 147.5 1016 20 37.9 261 6 16.9 116 13
Co-3ONi-2ThO2-0.2Zr 165.4 1140 15 49.1 238 16 20.4 141 9

Table 14. Stress-Rupture Behavior of the Co-Th02 and
Co-3ONi-Th0 2 Alloys at 2000 F (1093 C)~

14
~

Rupture Life , hours

at 8,000 psi at 15,000 psi
(55 MPa) (103 MPa)

Alloy Stress Stress

Co-2ThO 2 0.6 —

Co-3ONi-2ThO 2 4.3 —

Co-4ThO 2 > 21 ,0 > 22.0
Co-3ONi-4ThO 2 >100.0 4 .9
Co-2Th02-0.2Zr >100.0 >100.0
Co-3ONi’2Th0 2’0.2Zr >100.0 4 .7

22~—--

~ 20~ 
. “ 1

~14~~~~~

- 

‘ 

~~ 181 . . - - -  . 
~~
‘-
~~

‘

~~ 16~ —— ‘1.0 - .

~ 
20 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
6

0.5 10 2.0 30 40 50 2 3 4 5 6 7 B 910

ThO. CONTENT , v o l  % REDU CTION RATIO

Fi gure 20. Logarithmic Variation of Tensile Strength Figure 21. Variation of Mechanical Properties of Co-
with Thoria Content of Co and Co-3ONi 3ONi.2ThO 2-0.2Zr Alloy as a Function of
Base Alloys 114) Secondary Work 114 1

Above.- 20-hour stress~rupture strength at 2000 F (7093 C)
(numbers indicate actual life in hours)

Below.’ Tensile strength at 2000 F (7093 C). showing loge.

rithmic relationship with reduction ratio
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As shown, the strength of the coba lt alloys at elevated temperatures was improved by a dispersion of
Th02 particles. Increase s in strength were achieved by increasing either the Th02 content or the
extent of secondary work. Additional strengthening was obtained in certain compositions by the
addition of 0.2 percent z irconium. Rupture strengths in vacuum for a 100-hour life at 1095 C was
greater than 15 ksi (10.5 kg/mm 2) for some of the compositions. Under these conditions, the Co-3ONi-
2ThO2-0.2Zr alloy showed a rupture life of 19 hours with a load of 20 ksi (14.1 kg/mm 2). These high
strengths were associated w ith a fibrous structure of elongated grains.

Drapier , et al. (15) recently studied the structura l stability of 3 oxide-dispersion-strengthened cobalt
alloys after holding them 1 hour in a vacuum at temperatures of 1100-1425 C and cooling rapidly.
As-swaged, the Co-4Th02, Co-2ThO 2-0.2Zr , and Co-lONi-2Th0 2-0.2Zr alloys showed a characteristic
fibrous microstructure with some Th02 clusters aligned in the swaging direction.

Extensive recrystallization occurred in the Co- 2ThO2-0.2Zr alloy after holding for 1 hour at 1400 C.
Since a 10 percent nickel addition is not sufficient to stabilize the f.c.c. phase down to room temper-
ature, the f.c.c.—’-h.c.p. allotropic transformat ion of the recrystallized matrix occurs extensively during
cool ing from the high-temperature treatment , as was the case for the Co-Th0 2 alloys.

The Co- lONi-2Th0 2-0.2Zr alloy underwent extensive recrystallization in the 1050-1150 C range. Sub-
stantial grain growth was observed, which was attributed to the higher deformation energy stored in
this alloy during its secondary working. For both alloy bases, grain growth is accompanied by the
formation of substantial amounts of h.c.p. cobalt on cooling from high temperature. The fact that , in
the as-swaged condition, all a lloys exhibited essentially a f.c.c. structure is mainly due to their fine
grain size.

Selected short-time tens ile properties of the alloys are summarized in Table 15.

Table 15. Selected Short-Time Tensile Properties of Thoria-Dispe rsed Alloy s 1151

Tested at R .T. Tested at 1093 C (2000 F)
Y .S. Y .S.

U.T.S. (0.2% offset ) Elong. , U.T.S. (0.2% offset) Elong.,
Alloy MPa ksi MPa ksi % MPa ksi MPa ksi %

Co.2Th0 2-0.2Zr 1133 164.4 1031 149.6 6 155 22.5 137 19.9 9
Co-lONi-2Th0 2-0.2Zr 1409 204 ,5 1409 204.5 1.0 141 20.4 138 20.1 3,3

Cheney and Smith (16) found that the technique of spray drying and selectively reducing offers a better
process for prepar ing Co-l5Mo-4Th0 2 alloys than does vapor deposition. Table 16 summarizes the
hardness data they obtained.

Table 16. Effe ct of Compositio n and Processing on the Hardness of
Spray-Dried and Reduce d Cobalt Alloy s (16 1

Hardness , RA
Sintered Hot-Worked Cold-Worked

Composition Billets Sheet Sheet
Co 55 55 64
Co-4ThO 2 67 57 60
Co-15Mo 68 70 72
Co-l5Mo-4Th0 2 74 68 —
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Hancock. et al.~
’17) compared the behav ior of 6OCo-Ni-2.5 vol. percent A1203 alloy and a Ni-2.5 vol.

percent Al203 alloy. They noted that the cobalt-base alloy had lower interfacial energy with the Al203
than did the nicke l-base alloy. This reduction in interfacial energy has important consequences in
terms of the work-hardening behavior and duct ility of the material , reportedly increasing the ductility
markedly. 1’18)

In 1955, Baxter , et al. t t9 1 investigated the wetting and bonding of Al203 with cobalt and some 10 binary
cobalt alloys listed in Table 17. Pract ically no wetting tendency was noted for the Al203 with any of
these materials.

Table 17. Bond Strengths and Contact Angles of Cobalt
Alloys on Alumina (19)

Contact Angle
Bond Strength Cobalt Alloy (to nearest 5)

Sli ght adherence Pure Cobalt 125
20% Copper 115

Non-adherence 10% Molybdenum 140
5% Vanadium 120

10% “ 110
10% Tungsten 130

5% Manganese 115
10% “ 120
10% Tantalum 125

5% Copper 130
10% “ 120

35% Chromium 130
5% Aluminum —

DS Co-Cr-Base Superalloys

A recent definition of cobalt-base superafloys is “an alloy developed for very high-temperature service
generally cons idered to be in excess of 815 C where relatively high stresses (tensile , thermal , vibratory,
and shock) are encountered and where oxidation resistance is frequently required”.(20)

Several cobalt alloys, based on the original Vital lium composition of Co-3OCr-7W-0 .5C , were among the
f irst superalloys to be used in the first aircraft gas-turbine engines. In this cobalt- base alloy, the chrom-
ium serves the same purpose as in iron- and nickel-base superalloys, which is to promote oxidation

— resistance in addition to increasing hot strength. Nickel is also useful in cobalt-base superal loys both
for its ductil izing behavior and for increasing solubility of the refractory metals. Additions of the
refractory metals tungsten and molybdenum are desirable for solid-solution strengthening.

Adkins and Jaffee~
1
~ were among the first to attempt the dispersion strengthening of Co-Cr alloys by

adding 0.2 percent Ti0 2 and 0.1 percent 5i02 to a Co-2OCr base. However , these additions were not
beneficial to the alloys ’ strength properties.

A more complex alloy base and more sophisticated processing procedures were later employed by
Mincher and Arnold 1211 who also used thoria as the dispersoid. Minor alloying additions of zirconium ,
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manganese, tantalum, and columbium were also investigated. After various screening evaluations, the
fol lowing alloys were selected1221 for scale-up studies:

Co-20N i-i 8Cr-2ThO 2
Co- 2ONi- 1 8Cr-4ThO 2
Co-2ONi-3OCr-2Th0 2
Co-20N i-2OCr- 1 OW-2ThO 2

A summary of the processing and resultant typical tensile properties of these alloys is given in Table 18.
Figure 22 identifies maximum tensile strengths and 100-hour rupture strengths after heat treatment for
1 hour at 1315 C or 1370 C. Creep data are listed in Table 19.

All alloys exhibited sensitivity to strain rate at 1095 C tens ile testing, but the alloy containing 30
percent chromium was least affected. Hot-corrosion testing was conducted at 1150 C in a high-velocity
oxidizing-sulfidizing gas flow for exposures up to 200 hours. Weight-loss data from these tests indi-
cated superior behavior for the Co- 2ONi-l8Cr-2Th0 2 alloy compared to the oxidation-resistant
Hastelloy X nicke l-base alloy.

The thermal stability of these alloys is shown in Figure 23. From this work , the Co- 2ONi-l8Cr-2ThO 2
and Co-2ONi-3OCr-2Th0 2 alloys were selected for futher development to evaluate their applicability
to turbine-vane airfoils. 123) Both alloys exhibited tensile properties commensurate with turbine-vane
operat ion, but the 30Cr alloy was stronger at room temperature , whereas , at 1095 C, the reverse was
true. Thermal fatigue testing was carried out using the cyclic conditions illustrated in Figure 24. In
these tests, the 18Cr alloy was superior (see Table 20). Conclusions from this work ,(231 which included
engine testing, were as follows:

1. “Both the Co-2ONi-3OCr-2Th0 2 and the Co-2ONi-l8Cr-2ThO 2 compositions , when worked in a controlled
manner to uniformly recrystallized structures , are potent ially advantageous material select ions for turbine-
vane applications in advanced gas turbines. On the basis of the standard guide-vane-performance parameters
(particularly resistance to bowing, ox idation and corrosion resistance , and thermal fatigue at leading edges),
the engine test showed the TO Co-Cr alloys investi gated to be super ior to all estab~ished gu ide-vane materi-
a ls in current production engines. The alloy with lower chromium content wil l require protective coating
for sustained service; however , the protective coating need for the higher chromium alloy would be minimal. ”

“Use of the 18Cr composition would be dictated for high-temperature/hig h-stress app lications. The observed
cracking may be controlled by a better design that specifically accounts for the physical and mechanical
properties. The cracking that did occur did not degrade engine performance and was most probably due to
unusua lly high thermal stresses created by a non-optimum cooling scheme. ”

2. “Both experimental alloys can be fabricated into usable form by extrusion. The working conditions must
be contro lled such that uniform recrystal lization can occur during annealing, if maximum alloy strength
is to be obtained

3. “High-temperature tensile and creep-rupture strength are proportional to grain structure for both alloys. A
recrystallized , coarse-grain alloy produces highest tensile strength , creep resistance , and creep-rupture life.
A cold-worked , or fine-grain condition will not achieve commensurate levels. ”

4. “Both alloys are stable after final annealing at 1370 C (2500 F) with respect to Th02 dispersion and grain
growth. Inert phase coalescence was not evident during the anneal or for prolonged exposures up to
1315 C (2400 F), the highest temperature studied. ”

5. “When processed to the optimur l condit ions observed in this program , the high-temperature strength of the
experimental Co-2ONi-l8Cr-2Th0 2 surpassed those of known cast , cobalt-base alloys. In similar manner , the
Co-2ONi-3OCr-2ThO 2 alloy high-temperature strength equalled those of the cast Co systems .”
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Figure 22. TO Cobalt Alloys-Comparison of Strength Levels After Heat Treatment of 1 Hour at 2500 F (137 1 C)
for Co-10Ni Alloys and 1 Hour at 2400 F (1316 C) for Co-2ONi-l8Cr and Co-2ONi-3OCr A lloys 122

~

Table 19. 2000 F (1013 C) Creep Data 122
~

Failure
Billet Stress , Time , El ., Time for Creep

Alloy No. ksi hours % of 0.2%, hours

Co- lONi-2ThO 2-0.2Zr 2503-2 14.0 18.7 4 .0 1.5
(coarse grain) 10.0 454.6+ 69.9

12.0 80.4 3.5 16.8
14 .0 4 .6 3.0 2.0
14.0 6.9 

- 
6.0 1.5

Co-2ONi-l8Cr-2ThO 2 2801-4 14.0 1.5 3.5 1.0
12.0 97.5 4 .3 10.0

Co-2ONi-l8Cr-4ThO 2 2707-2 12.0 0.7 2.3 —

10.0 3.7 3.5 3.4

I~~~ 1 Heat treated I hour/2400-2500F(13l6-1371 C)

I 1 Heat treated 100 hours/2400 F(13l€ C)

____________ 
Co-lO Ni-2ThO 2-O.2Zr (FG) 

______________

I~1 Co-lONi-2Th02-0.2Zr(CG )

11 Co - 2ONi- l8Cr-2Th0 2

___________ 
Co -2O Ni- l8Cr-4T h0 2 ___________________

II Co-2ONi-3OCr-2Th02 _________

I I I I I I I I I I
40 80 120 160 200 240 0 12 4 16 18 20 22

U.T.S. at RT , ksi U.TS. at 2000 F, ksi

Figure 23. Thermal Stab ility 1221
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Maximum Temperature Used in Each Test
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T I ME , sac

Figure 24. Time-Temperature Cycle Used in Thermal Fatigue Testing 1231

Table 20. Results of Thermal Fatigue Testing (23)

Solid Airfoils
Cycles to First Cracking

Temperature , F TO Co (18Cr) TO Co (30Cr)
2000 1000(a) 1000 (a )

+2400 577 71

- 2200 1000(b) 1000 (b)

Vane Assemblies

Cycles to First Cracking
Temperature , F TO Co (18Cr) TO Co (30Cr) MAR M-302

2000 1000 1 1000 1 1000 1
+2400 150 48 52

(a) Oiscontinued , no cracking, temperature raised to 2400 F.
(b) Oiscontinued , no cracking.
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6. “The oxidation and hot-corrosion resistance of the low Cr alloy was as good as other current Co compo-
sitions; however , for sustained operation , a protective coating is necessary. For the high Cr alloy, the
-oxidation resistance was sufficiently great as to warrant consideration of an uncoated application in
turbine environments where sulfur-salt reactions are noncontributory. Under conditions where salt in-
gestion is significant , a protective coating is again necessary. ”

7. “Vapor deposition of a CoCrAIY coating composition provides adequate resistance to each of the alloys
such that successful operation in severe corrosive environments can be realized . Coating stability with
base metal was acceptable for 100 hours at 1205 C. Pack-cementation aluminide coatings were not
adequate. ”

8. “Braze joining of each experimental alloy to cast cobalt alloys can be accomplished successfull y using
a standard cobalt braze composition .”

9. “Under the TF 30 engine endurance conditions , bow resistance of experimental vane assemblies of
each alloy was better than cast Bill-of-Material . The lower chromium alloy exhibited best resistance to
trailing-ed ge deformation. ”

10. “Under the TF 30 engine endurance conditions , the corrosion resistance of both experimental alloys
uncoated was as good as that of coated Bill-of-Material . The higher chromium composition was noticeabl y
superior.”

11 . “Under the TF 30 engine endurance conditions , t he corrosion resistance of the experimental assemblies ,
coated with CoCrAIY , was sufficient to anticipate satisfactory operation several times that of coated Bill-
of-Material. Coating degradation because of base metal was minimal. ”

Because of the favorable potential of these alloys in gas-turbine engines, further work was done to
examine the feasibility of making these alloys by mechanical attrition. 1241 This also permitted sub-
stitution of Y 203 in place of the Th02, previously used for these alloys.

The optimum blend of starting powders to produce a Co-2ONi-l8Cr-1Y 203 base composition was
determined. Using this blend, four different alloys were produced: two contained 1 percent and 2
percent Y 203 and no Al , and two contained 1 percent and 4 percent Al with 1 percent Y 203, respec-
tivel y. A full-scale property evaluation was performed for each alloy composition on extrusions pro-
duced at four different temperatures with a reduction ratio of 16:1. Only the aluminum-containing
alloys were found to uru l’ rgo  secondary recrystallization to elongated grainsof high aspect ratio. This
required annealing treatments in the rdnge of 1405-1420 C. In stress rupture, only the Co-2ONi-l6Cr-
4Al -1Y 203 composition reel the program goal of 1095 C/55 MPa/100 hr. It was found to be capable
of 1095 C/69 MPa 100 hr . However , this alloy had the poorest overall oxidation resistance which was
attr ibuted to the ta rt  tha the expe rimental lot contained only 2.78 percent Al instead of 4 percent.

This v..ork is being contiiiued under Air Force Contract F33615 - 75-C-5061. (25l The follow-on work
includes an r’f fort to increase the alloy ’s aluminum content up to 4.5 percent , and to vary the oxide
level and extrusion ratios as well as heat treatment . (At the time , the most prom ising amount of oxide
appeared to be 1.75 percent.) At the time of this review , no material had yet been produced wh ich
showed the required combinat ion of properties, 125 1

Drapier , et a l~
261 determ ined the creep-rupture properties of severa 1 Co-Ni-Cr alloys containing Th02

additions and compared them with properties of TD - Ni and other DS-Co alloys as shown in Figure 25.
The results obtained for the Co- 2ONi - l8Cr Th02 alloys creep tested at 1093 C are compared in
Table 21 . Somewhat unexpectedl y, the rupture life was found to decrease and the secondary creep
rate increase as the Th02 content was rai sed from 2 to 4 percent. This anomalous behavior was
attributed to the non - uniform deformation of the 4 percent Th02 material during secondary working.
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The 100-hour rupture strengths for two of these DS-Co alloys at 760 and 1093 C are compared with
those of two commercial cast superalloys in Figure 26. Figure 27 compares the hot-corrosion resistance
of these alloys. The importance of corrosion resistance - oxidation and hot corrosion (or sulfidation) —
has encouraged considerable research on Co-base as well as ODS-Co alloys. Unfortunately, because of
time limitations, it was necessary to restrict this review to highlighting only a few of the more recent
studies in this area.

Table 21. Creep-Rupture Properties of Co-2ONi- l8Cr-Th0 2 Alloys at 1093 C12
~

)

Rupture Secondary
Stress, Life, Elong., R . in A., Creep Rate,

Alloy MPa ksi hr % % %/hr 
—

Co-2ONi-l8Cr-2Th02 98 14.2 1.93 1.60 5.37 0.5136
69 10.0 30.17 3.00 2.21 0.00198
59 8.5 453.9 nd. n.d. 0.00107

Co-2ONi-l8Cr-4Th02 98.1 14.2 0.11 3.57 1.46 22.22
69 10.0 0.70 1.45 2.93 0.1760
49 7.1 573.6 1.96 0.98 0.0012

n.d. Not determined. 100-h RUPTURE STRENGTH . ks
0 10 20 30 40 50 ______

p~~~T (20 + iog t) x 10 ’ ~1 I I I I 1 l~~1~~F l

~ .0 .2 1.3 5 5 SO Si 55 R n ) Sl ~~~~76O C

~~~~ ~~~ —r~~~~~~~~ r~~~~~ I I — 1093 C

4ç 
~~~~:iiiiiJ Co 2ONi 18Cr 2ThO2

25 1 
~~~~~~‘s — 

- - - ~~~~
“ T~I~ Co-2OMi-1BCr-4Th0 2

2O~ - £ ~~‘
... - -
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~~~~~~~~~~~~~~ 
~~i T iJI~ Co-20Ni-3OCr-2Th0 2
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: MAR-M 509
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‘ ‘  Fi gure 26. Comparison of Creep-Rupture Strength of

TO-Cobalt Alloys with That of Two
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p = T(20 + iog t) x lO ’
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Wal lwork and Hed127~ suggested a system of superimposing oxide maps over the ternary phase diagrams
in order to select oxidation resistant compositions. On this basis , they predicted that a Co- lOCr-9A1
alloy would be suitable for the temperature range 1100-1200 C due to the formation of a protective
CoAI2O4 spinel or A1203 scale. Specimens of such an alloy were prepared and did show small weight
gains on exposure to 100 torr oxygen pressures at these temperatures , but severe spalling occurred on
thermal cycling.

Wright , et al.128
~ invest igated the effects of oxide dispersions on the high-temperature oxidation and

hot corrosion of OS-Co alloys. They determined the effects of Y 2O3 and CeO2 dispersoids on the oxi-
dation of Cr2O3 forming alloys. Co alloys containing 3 vol. % Y 203 and as little as 13 percent
chromium were found to oxidize at almost the same rates , a nd to produce scale morphologies similar
to a Co-2lCr-3 vo l. % Y 2O3 alloy. The most notable effect of a dispersion of Y 203 particles on
AI 2O3 forming Co-Cr-Al alloys was to improve the scale adhesion. A mechanism was proposed to
explain the observed phenomena.

Springer and Wright 129
~ studied the high-temperature oxidation of Co-2 lCr-3 vol. % Y 203 which was

oxidized in oxygen at 100 torr in the temperature range 900-1200 C. The selective oxidation of
chromium to form a continuous protective Cr2O3 was promoted by the dispersoid addition. Also , the
rate of growth of Cr203 was reduced compared to dispersoid free alloys and the adhesion of the Cr203
was greatly improved. It is believed that the scale forming reaction is at the metal-scale interface in
the alloys containing the dispersoid , whereas it is at the scale-0 2 interface in dispersoid-free alloys.

In a current Air Force program, Gigg ins and Pettit 1301 are investigating oxide-scale adherence mecha-
nisms and the effect of applied loads. In one future task , they plan to determine the adhesion of A1203
on a Co-2OCr-6A1-A 1203 alloy under cyclic conditions of exposure.

As a further guide to the subject of corrosion at high temperatures , a few referenc es to recent work are
appended to the other references for this section of this rev iew. (31 371
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CH R O M I U M

The main reason for interest in chromium as a structural material lies with its combination of high
melting point , low density, and moderately good oxidation resistance , especially as compared with iron,
cobalt , and nickel. Unfortunately, the ductility of chromium is adversely affected by trace amounts
of carbon and nitrogen so that the ordinary commer- ial grades of the metal are normally brittle at
room temperature. Also , the metal is further embrittled during high-temperature air exposure. The
effect of various alloying element additions and of impurities has been presented in some detail in a
booktl ) and two articles 12 ’ 3).

Some promising chromium alloys have been made by dispersion hardening. Some of these incorporated
oxide additions and were produced by powder metallurgy methods. These will be described in this
section. However , some authors define DS alloys as those produced by precipitation of a compound
insoluble in the so lid chromium solid solution , such as carbides , nitrides , or borides. 11) These alloys
will not be discussed in this review.

Cr-MgO Alloys

The development of successful DS chromium alloys began when Scruggs 14l announced a ductile
Cr- BMgO-0.5Ti alloy which was designated as “Chrome 30”. This alloy was charact erized by its con-
sistently high degree of room-temperature tens ile ductility, and its surprisingly high tolerance for
impurities. The alloy also showed improved oxidation resistance relative to unalloyed chromium at
1800 F (982 C).

This work at the Bendix Corporation was continued through a series of several research and dr’~-~~o1
ment programs under sponsorshi p of the Air Force and the Bureau of Naval Weapons. An exc~’r lent
accounting of these is available in an earl ier MCIC review by Maykuth and GiIbert. 15

~ In brie 4
shown that the high-temperature s5 rength of the Cr-MgO alloys could be improved with ri ‘ icr .‘

of vanadium, columbium, and tantalum. The effects of numerous powder-metallurgical p r o  i~s~
variables were also explored. The major compositions of interest were identified as follows

Chrome 30: Cr-6MgO-0.5Ti (a)

Chrome 30A: Cr-6MgO-0.5Ti
Chrome 90: Cr-3 MgO-2.5V-0.5Si
Chrome 90S: Cr-3M gO-2.5V- lSi-0 ~Ti-2Ta-0.5C

The strength and ducti lities of these alloys are compared in Figures 28 and 29 w ith each other and to
those of several other high-strength , chromium-base alloys. The latter include the solid-sol ution
strengthened Alloy E (Cr-2Ta-O.5Si-0. 5Ti) and the solid-solution-plu s-precipitation -strengthened alloys
C-207 (Cr-7. 5W-0 .8Zr-U.2T1-O. 1C-0. 15Y) and Cl-4 1 LCr-7.lMo-2Ta-O .09C-0. 1(Y + La)] .

Generally, for all alloy types, the alloys with highest strengths also show the highest ducti le-to .brittl’-
transition temperatures. Also , the DS Cr-MgO alloys show lower strengths but better low-temperature
ductility than the solid-solution or precipitation-strengthened alloys.

NASA investigators 161 have also studied the properties of a Cr- 5MgO alloy to determine the capabilities
and limitations of this material for structural applications at elevated temperat ure. The room-

(a) Prepared using chemically precipated MgO. All others used fused MgO.
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temperature tensile strength and yield strength were 40 and 35 ksi , respectively, and the tensile
elonga tion was 3 percent. Preoxidation at 1 095 C did not affect the strength , but preoxidation at and
above 1 205 C caused a loss in room-temperature strength and ductility. The elevated-temperature
strength dropped rapidly and at 1095 C the tensile strength was only 25 percent of the room-temperatu re
value. At 1425 C, the tensile strength was only 7 percent of the room-temperature strength.

Khodkin, et al.(71 also investigated the properties of chromium containing 3 to 9 percent MgO in both
the as-slntered and wrought conditions. As-sintered,the alloys were porous and brittle in room-
temperature bending. After deformation , the Cr-5MgO alloy had a tensile strength in the range of
25-33 kg /mm 2 (245-323 MPa), with an elongation of 3 percent. After annealing at 900-1000 C, these
propert ies increased to 40 kg/mm 2 and 20 percent. After annealing at 1200-1300 C, the alloy showed
a tensile strength of 30-35 kg/mm 2 (294-343 MPa) and an elongat on of 10 percent.

In a study of the oxidation behavior of Cr-MgO alloys 181 , the Bendix investigators discovered that
impurities contained in the MgO- particularly iron , silicon , and calcium— had profound effects. The
purest MgO at a level of 3 percent showed the least resistance to contamination and ~palling of scale.
A fused grade of MgO, in which selected impurities were added during manufacture to aid in melting,
was found to give best results. A 0.15 percent CaO addition to a very pure Cr-3MgO alloy reduced
substantially the rate of oxidation and promoted adherence of the protective scale. Additions of
0.1 percent each of Fe2O3 and Si02 were found to reduce room-temperature ductility to almost
zero. In general , best oxidation resistance was achieved with the Chrome 30 and 90 compositions
which could be exposed for several hours at temperatures of about 1230 C in air and rapidl y air
cooled to toom temperature without suffering detachment of the protective oxide layer.

The NASA studies on Cr-5MgO indicated that oxidation rates in static air were rap id above 1205 C.16 1
Yttrium additions did not improve this alloy ’s resistance to oxidation. The oxide film formed on the
surface was composed of Cr203 and MgCr 2O4, which spalled. In dynamic oxidation tests at 1760 C
for 5 minutes , the material eroded and melted. Machining, forming, and joining of this sheet material
were also studied ,

Khodkin 191 also explored the effect of MgO additions on the oxidation kinetics of chromium. He
further demonstrated that a Cr-5M gO alloy showed good thermal stability after 450 cycles of heating
to 1300 C and quenching in water, or 200 cycles of heating with an acety lene torch to 1 500-1550 C and
cooling with a jet of compressed air.
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Cr-Th02 Alloys

Veige l, et al. (10 ’ 11 , 12) prepared OS Cr-ThO 2 powder by hydrogen reduction of Cr1 2 vapor in a
“flame ” reactor. Cr-3 vol. % Th02 powuers were consolidated by hot isostatic pressing, rolled to
sheet, and evaluated. The addition of ThO 2 lowered the DBTT , e.g., from 140 to 15 C in the as-
rolled condition and from 140 to 50 C in the annealed (1 hour at 1200 C) condition. The di spersion
was stable over 100 hours at 1427 C. The y ield and ultimate strengths of the Cr-3ThO 2 alloy were
about 10 ksi (69 MPa) higher than corresponding values for pure chromium over the temperature
range 150-200 C. At 1093 C, however , the strength of the alloy was essentially the same as that for
pure chromium. Annealing the Cr-3ThO 2 alloy at 1316 and 1427 C for 100 hours resulted in an
elongated grain structure.

Arias (131 also investigated the properties of Cr-Th0 2 alloys , which he prepared using the unique pro-
cedure of ball milling the chromium powder in an environment of hydrogen halides. The reason for
using these gases is first , to exclude oxygen and nitrogen as possible contaminants on the chromium
powder ’s surface , and second, to use the chromium halides (which form by reaction) as ball-milling
aids. His most extensive work was carried out using hydrogen iodide as the ball-mi lling medium to
exp lore the effects of processing variables on the properties of a Cr-4 vol. % ThO 2 composition. 114 - 15)

With this milling technique, he was able to achieve a uniform distribution of thoria in particle sizes
from 0.02 to 0.2 micron. The effects of various processing variables on the y ield strengt h of the Cr-
4ThO 2 alloy as a function of temperature are shown in Figure 30. By isostatically hot pressing and hot
rolling the alloy, he was able to achieve impressive combinations of strength and ductility in the Cr-
4ThO 2 composition. These are compared in Figure 31 with similar values for selected alloys which
were prepared by arc melting. As shown, the strength of the Cr-4ThO 2 alloy is superior to these other
materials at temperatures up to about 800 C. Also , the alloy maintains a reasonably low DBTT
(-8- 24 C) in this test condition.

coo-
o As-ho(-pressed Cr +dv o i .%Th02

— 
A Hat roiled after hot pressinq

Cr + 4 vol. % Tri O2
— 

0 Cast, extruded, and swaqed
1(X) —

~~~ pure Cr ifrom ref . ii

I
~~ i~~ tarn i~~Temperature , C

Fi gure 30. Effect of Temperature on the Yield Strength of Cr.4ThO 2MS)
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Hed , et al.~
161 investigated the high-temperature oxidation of a Cr-3 .12 wt. % ThO 2 alloy at 1100 and

1200 C in oxygen at 100 torr for 25 hours. The rate of oxidation as compared with chromium was
significantly reduced by the ThO 2 dispersion . The morphology of the scale showed that oxygen can
diffuse slowly through the oxide scale , at least after it detaches from the metal. The continuous
oxide formed on the DS Cr-ThO 2 alloy had a rather smaller grain size than that formed on pure Cr.

Other Chromium Alloys

Recent Russian work includes that of Antsif erov and Maksimova~
171 who dispersed a-AI2O3, ZrO 2,

and MgO in chromium powder having a particle size of 90 percent less than 10 microns. The average
particle size of the oxides was approximately 1 micron. The mixtures were stirred mechanically in
alcohol for 36 hours and dried by stirring. They contained 1,3,5, and 7 wt. % A12O3 or ZrO 2 and
1,3, and 5 wt. % MgO. Increasing the sinterir-ig temperature from 1500 to 1600 C resulted in an
increase in the particle size of the dispersoid. The relative density of the sintered compacts was
approximately 80 percent. The bending strength of plate samples and their room-temperature tough-
ness was tested.

Kaputkin, et al. 1181 calculated the potential reactivity of chromium with several oxides under conditions
where they were either separated from any outside environmental effects or exposed to wet hydrogen.
In the first case , the reactivity of the oxides wit h chromium at 1000 K (727 C) , in decreasing order ,
was MgCrO4, Al 203, MgO, and Zr0 2. At 2000 K (1727 C), the order was MgO, MgCr2O4, A 12O3, and
ZrO 2. With hydrogen present at 1000 K , the order was MgO, AI2O3, Zr0 2, and MgCr2O4, and at
2000 K, MgCr2O4, M9O, A 1203, and ZrO 2.
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Sam sonov, et al.1191 studied the spark-erosion resistance of chromium alloys containing binary addi-
tions of 4 volume percent each of Al203, Sc203, Cr203, Ti02, Zr02, Hf0 2, A IN , TiN, ZrN, H f N , CbN,
VN , TaN, and Cr2N, w ith special emphasis on the Cr-AIN alloys. It was concluded that the erosion re-
sistance of the alloys is determined by their hardness, strength , ductil ity, grain size, and electrical resis-
tivity. The highest eros ion resistance was obtained in a Cr-8AIN composition.

Wagner and Erickson 120) tried two different electroplat ing techniques to produce DS chromium alloys
containing particles of BC, SIC, glass frit , Zr0 2, A1203, and diamond dust. One technique involved
reliance on the random occlusion of mechanically dispersed particles in the plating solution. The other

F technique involved the use of particles plated with a ferromagnetic coating and a magnetic cathode for
magnetic attraction of the particles to the cathode. Coatings were plated on steel Falex pins and sub-
jected to a modified test procedure with unplated steel V-b locks and oil. From the test data , coeff i-
cients of friction and wear properties were determ ined for each coating. The first technique produced
randomly occluded particles which increased the coating coefficient of friction and wear of Falex
blocks. The second technique, with magnetically attracted particles , produced an unsatisfactory dis-
tr ibution of particles along the surface of the pins during electroplating. Little variation was noted
between the coefficient of friction of the chromium plate with and without particles occluded by this
technique.

Several other investigators have explored the properties of chromium containing large amounts (more
than 20 volume percent) of oxides. These reported alloy systems include Cr-U02121) , Cr-A 1203122> ,
and Cr-Cr 203123’ 24 , 25) Inasmuch as these materials are more properly considered as cermets rather
than as DS chromium alloys, these works are not reviewed in this report. A brief review of these
studies is available in Referenc e 5.
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COPPER

To initiate this review on the dispersion-strengthen ing of copper , both the MCIC files and those of the
Copper Development Association , Inc., were searched. These searches yielded a total of 128 references ,
extending as far back as 1959, on stud ies or articles concerning the dispersion strengthening or disper-
sion hardening of copper. These included a 1966 review (containing 38 references) of the subject 1 1 1
wh ich had been prepared under the auspices of the Defense Metals Information Center , a precursor
to MCI C. A more recent review by Marsden(2) covered the period of 1967 to 1972 (with 14 references) .

Unfortunate ly, it was not possible in the time availab le for this study to locate and review each of these
128 references. As a compromise, abstracts and/or summa r ies of 51 of the most recent refe rences
were selected and reviewed to determine the most outstanding new accomplishments in th is subject
area. From these, 18 were chosen as primary references. The balance of 33 references were classified
for reader assistance according to the types of dispersoid investigated and are identified in the last
table of this section. The remaining 77 unused references have been attached as a bibliography as a
possible additional information source for the reader.

In 1969, Desy (3) compared the properties of dispersion-strengthened copper prepared by seven other
investigators who used various methods as shown in Table 22. A considerable spread in the strengths
occurred , even for alloys containing about the same volume percent of the same dispersoid , e.g.,
alumina. This, of course , is due to processing differences. Desy strongly favored the coprecipitation
process whose advantages were illustrated by comparing the disadvantages of the other methods. The
mechanical mixing method, for example , has the following disadvantages:

1. It is difficult to produce a good dispersion without agglomeration of the oxide parti .les , which tends to
cause segregation and lamination in the working direction of the fabricated material .

2. Mixing of powders on a large scale may prove to be difficult.
3. Dispersoid particle spacings are limited by the copper particle size.
4. The size of the dispersoid is limited by the powders that are available.
5. The relative sizes of the copper and oxide particles must be carefully regulated for best mechanical

properties.
6. The dispersoid particles are generall y present only at the grain boundaries of the copper , a condition

which reduces ductility.

The internal oxidation method,as conventionally used, has the follow ing disadvantages:

1. This process is limited by the diffusion rate of oxygen in solid copper. Thin sheet , wire , or powder
must generally be used.

2. Control of the particle size is difficult. The initial precipitate particles tend to grow as the process
proceeds.

3. There is a tendency for the diffusing oxygen to form copper oxides in the grain boundaries. This means
that the material is subject to hydrogen embritt lement if brazed in a hydrogen atmos phere.

The coprecipitation method has the following advantages:

1. The process could be adapted to commercial operations involving leaching of primary or secondary
copper sources.

2. The process produces well-dispersed particles in the optimum size range for strengthening.
3. Concentration of oxide can easil y be varied.
4. The process is adaptable to a variety of oxides.
5. The plastic deformation that is required to produce the optimum properties can be introduced

during the compaction and extrusion of the powder , and by subsequent cold work .
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Table 22. Comparison of Dispersion-Strengthened Copper Prepared by Various Methods 13
~

100-Hour Electr ical
Materials Room Temperature Properties Rupture Conductiv-

Oxide Tensile Yield Reduction Elonga’ Strength ity,
Method of Content , Strength, Strength, in Area, ?ion, as 450 C, % of

Source Preparation vol. % psi psi psi IAC S(8)

Desy—1 969

Aqueou s solutions of mixed Coprecipi- 2.0 alumina 46,200(bl 33 800(bl 53 (b) 23 (bl 15,000 ~~ 
Ce?

nitratet of copper and tation 2.0 yttria 57 500(c) 50 900(c) 66(cl 19 )c) 14 ,500 93 tel

aluminum or yttr ium

Zwiisky and Grant—196 1

1 micron copper powder Mechanica l 7.5 alumina 88,5OO~~ 69 9001b) 7 (b) 51b} 23,500 69.4
with 0.018 micron mixing 2.5 alumina 35 300(b) 27 400(bl 68(bl 20(bl 8,000 78.7
alumina powder

Preston and Grant—1961

Powdered copper-aluminum internal 3.5 aiuminm’ 76,000) b) 65 1001b) 31 Ib) t3 l~ 38,000 64
alloy oxidation

Jackson—i 963

Aqueous solutions of mixed Coprecipi- 0.6 alumina 44 800ld1 — — 24(dl 
— 99

nitrates of copper and tation
aluminum

h e r ,  Pasfield, and Yates— 1 964

Aqueous solution of copper Coprecipi- 2.5 zirconia 45,OO0~~ — — 25~~ — —

nitrate with colloidal tation
zirconium ox ide

McDonald— 1966

Copper-0.1O wt . % beryllium Internal 0.8 beryllia 80,000(1’? 63,ooo~1’~ 5o(
~

) 
~~~ 44,OOO~~ 85

alloy oxidation

Dot, Chevrette, and Freedman—1964

Thin strips of copper- Internal 2.5 alumina~~ 44 000(i) 29,0001m1 12 (i )  — —

aluminum alloy ox idation

London—1 963

Copper-thorium alloy added Liquid metal 2.0 thorium 36 130(k) 19330(k) 38(kl 8,0O0~~ —

to molten copper-boron process boride 1
~

1
alloy 4.0 thorium 42,400- — 38- 26~~ — —

boride t
~

1 46 4001k)

Ia) international Annealed Copper Standard.
Ib) As-extruded,
tc) As-extruded and swaged 64 percent .
(dl Annealed ‘A hour at 780 C.
id Annealed at 400 C.
If ) Annealed at 704 C.
(gI Tested at 399 C.
(hI Composition estimated.
(II Annealed 1 hour at 1000 C plus 22 hours at 475 C.
(it Reference does not state whether composition is by weight or by volume,
(k) As hot rol led.
(I) Tested at 400 C.
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As with several other metals, aluminum oxide has been strongly fnvored as a dispersoid strengthener in
copper because of its high free energy of format ion which leads to good stability and compatibility
w ith the matrix. The most notable recent advances with producing DS Cu-A 1203 alloys are those
which were achieved by workers in the Metals Group of the Glidden-Durkee Division of the SCM
Corporation. These investigators developed a new variation~

4’ ~1 of internal oxidation which is carried
out by using an oxidant consisting of an intimate mixture of cuprous oxide and a carefully controlled
amount of Al203. After reduction, the in situ reduced copper oxide forms dispersion-strengthened
copper because of the presence 3f the Al203 during consolidation. The oxidant may be produced by
any method of making DS copper where the intermediate product can be used as the source of oxygen
for internal oxidation. It may also be made by complete ox idation of the appropriate copper-aluminum
alloy or dispersion-strengthened alloy.

As a result of this effort , four commercial grades of OS Cu-Al203 alloys were introduced by Glidden
Metals(6 ,l,B) in 1973. These contain nominally 0.1, 0.2, 0.35, and 0.6 weight percent Al203 and carry
the designations of Glidcop Al-la, 20, 35, and 60, respectively. Figure 32 relates these compositions
to their nominal room-temperature tensile properties in the as-extruded condition. Since that time,
the Copper Development Association has assigned these al loys the copper number 157 and offers data
sheets for three alloys: C-157- 10, -20, and -35, respectively. 19) Physical properties for three of these
alloy grades are given in Tab le 23.
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Table 23. Physica l Prop ert ies of GlidCo p Al loys 161

Grades
Properties AL - iC AL-35 AL-6 0

Melting Point , F 1980 1980 1980
Density,

at 68 F , lb/cu in 0.3191 0,3183 0,3176
at 28 C, g/cm 3 8.82 8.80 8,78

Electrical Conductivity,
at 68 F , % IACS 90 85 80
at 20 C, megmho-cm 0.522 0.493 0.464

Thermal Conductivity,
at 68 F, BTU/ft2/ft/hr/F 208 196 186
at 20 C, Cal /cm 2/cm /sec/ G 0.86 0.81 0.77

Electrical Resistivity,
at 68 F , Ohms (circ. mil/ ft ) 11 .56 12.22 13.00
at 20 C, microhm-cm 1,92 2,03 2.16

Coefficient of Thermal Expansion
(120-850 F) in/in/F i0.8x10’6 1i , lx lO’6 1i .3x10’6
150-450 C) cm/cm/C 19.5x10 6 20,OxlO’6 20,4x 10 6

Modulus of Elasticity
psi 15.5x10 6 17 .8x106 19.9x10 6
GN/m 2 107 123 137

These alloys maintain high tensile strength at elevated temperatures as illustrated by the data in Figure 33
which compares these values to those for OFHC copper and for Ca alloys 150 and 182. Similarl y, the
OS Cu-A 1203 alloys maintain their strength after elevated temperature exposure as illustrated by the
data in Figure 34. Some stress-rupture properties of the Cu-0.35A1203 alloy are shown in Figure 35.
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Figure 33. 1,’ric l~- Strengths of Selected Copper Alloys Figure 34. Hardness of Selected Copper Alloys as Affected
at Various Test Temperatures~

101 by Exposure Temperature 1101
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Figure 35. Stress-Rupture Life of OS Cu-0.35A l 2O3 Alloy at Elevated Tempera tures (6l

Nadkarni , et al. 151 have reported the properties for a series of OS Cu-A1203 alloys prepared using the
patented Glidden procedure. In th is i nstance , the oxidants were prealloyed copper-aluminum powders.
Properties were determined after hydrogen reduction and extrusion. Details on the effects of pro-
cessing variables , including extrusion ratio and effects of cold-working reductions and annealing treat-
ments , were exp lored and are reported. Properties for a DS Cu-i .57 vol. % Al 7O-~ alloy, which corre-
sponds to the GlidCop A l-3 5 grade , were reported extensively. Figures 36, 37, and 38 compare the
tensile strength , stress-rupture strength , and thermal plus electrical conductivities of this alloy, respec-
tive ly, with those for pure copper and Cu-0. l5Zr and Cu-0.7Cr alloys.

Peterson , et a l~
11

~ investigated a Cu-i vol. % Th02 alloy which was fabricated from spray-dried and
subsequently consolidated powders. The Th02 particle dispersion quality improved during subse-
quent cold working of the alloy. Howeve r, it was found that the character of the dispersions is largel y
determined during the powder formation and consolidation process. The texture formation resulting
from hot consolidation and secondary processing Cannot be considered significant in determining the
alloy ’s mechanical response. Although cold formi ig may prove a necessary step in the production of

t r N (  t L J r a ~ geometr ies of the a l l o y ,  no appreciable improvemen t of properties was achieved by this
processing over the hot-consolidated alloy forms.

Fti schillo and Gimp 1 112 - 13’ 141 used a novel chemical-precipitation technique to prepare several OS Cu-
Th02 alloys for electrical-property studies. These alloys were made by suspending 0.1 micron Th02
, , i r t i c les in a solution of cupric acetate. Hydrazine was added dropwise to reduce the acetate and pre
cii lt , i t iOn copper on the thoria. The resistivity of a Cu-2.2 vol. % Th02 alloy, prepared this way
(then pressed, sintered, extruded, and cold swaged) was not significantly different from that for pure
copper. 1141

Hj nse n~~
5
~ reviewed the literature on the effect of dispersoids on recrystallization as well as on the

structure and mechanical properties after recrystallization. In addition to polycrysta lline materials ,
OS-sing le crystals in the systems of Cu-0.8A1203, Cu-Si0 2, and Cu-B 4C were also covered.

Graham , et al t’6) made a series of unusual alloy compositions by coprecip itation and blending.
Table 24 l ists th i’  compositions and hardness for these alloys both as-extruded and after annealing at
750 C for 1 hour. Air oxidation and tarnishing tests were made on all of these alloys , but none
showed a tarnishing rate that was significantly different from that for hig h-conductivity copper al-
though all of thr~ OS alloys did show improved oxide-scale adhesion.

_ _ _ _ _ _ _ _ _  ~~~
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Table 24. Hardness of Miscellaneous Dispersion-Strengthened Alloys t’6)

HV 10 Hardness
Alloy Composition As-Extruded Annealed

Cu-8A1-4 vol. % Al203 242 220
Cu-7A1-2 vol. % Al203 186 213
Cu-2Be-2 vol. % A 1203 186 173
Cu-24Ni-2.5 vol. % Al203 166 158
Cu-2 .2 vol. % Al203 133 124
Cu-i .Svo l .%Si0 2 115 110
Cu-2. 2 vol. % Th02 104 103
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Poniatowski and Clasing t’7) prepared and evaluated alloys in the Cu-Al 203 and Cu-BeO systems. Some
stress-rupture properties for these a lloys at three temperatures are given in Figure 39.

Donald and PoIIard~
181 have recently fabricated copper alloys using glass as the dispersoid. These alloys ,

approaching 95 percent of theoretical density, were obtained by a simple compacting and sintering
sequence without the use of working operations. The yield strength of the OS Cu-g lass a l loys  was

found to be proportiona l to the parameter d/pD5 where d is the mean particle size , p is the porosity, and
0~ the interparticle spacing. Figure 40 shows the tensile properties of these alloys as a function of
dispersoid content.

If the glass was crysta llized prior to the alloy preparation , the dispersions decreased the alloy ’s yield
strength. An enhanced densification effect was obtained by using glass supersaturated with Cu20 in
conjunction with mildly oxidized copper powder.
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In addition to the preceding studies, 33 additional references on the dispersion strengthening of copper
and copper alloys were rev iewed. For reader assistance , the types of dispersoids used in these studies
have been listed by author and technique in Table 25. A bibliography of 77 un-cited references is also
given following the numbered references.

Table 25. Additional Reference s to Dispersion-Strengthened Copper and Copper Alloys

I. Single crystals:

a) Cu-A1203 - Gould (19 ,20); Hazzeldine ( 21); Lloyd (22); Dorey (23 1
b) Cu-BeO - Gould (20)
c) Cu-Si0 2 - Mon (24); Hashimoto (251; Atkinsj n 126 ,27); Shewfe lt (28); Lloyd (29)
dl Cu-Cr-Si0 2 - Lloyd (29)

I I . Internal oxidation:

a) Cu-Al 203 - Chopra (32); Oaneli ya (33); Woo lhouse 1341; Schil ling (35)
b) Cu-Be - Jones (36)
c I Cu-Si - Jones (36)
dl Cu-Cr-S i  - Pa lmer ( 37)

e) Cu-Ni-Al - Schi lling (35)

I I I . Other techniques:

a) Cu-A12O3 - Schil ling (35 .38); Kueser (39); Schreiner (40); Denisenko (41 ,42); Burton (44 1; Crosby (45) ;
Dorey (23 1; Dane liya (33)

bI Cu-Th0 2 - Scheithauer (481
c) Cu-MgO - Goodwin (49); Rao (50)
dl Cu-ZrO 2 - Denisenko (41); Pashkova (51)
e) Cu-Y 203 - Crosby (45)
f I Cu-Si02 - 1-lashimoto (25) ; Schreiner (40) ; Ohmann (43)
gI Cu-Cr203 - Pashkova (511
h) Cu-I 102 - Schreiner (40)
I) Cu-carbides (Ti , Zr , etc.) — Motyazhev (46)
il Cu-Cr - Ohmann (43)

k I Cu-Co — Parker (47); Ashton (31)
I) Cu-W - Borok (30)
ml Cu-24Ni-A l203 - Schilling (351
n) Cu-A l-A 1203 - Schilling (381
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IRON AND STEEL

A modest effort has been expended in studying the effects of dispersoids on iron-base alloys. As a
matter of convenience in this review, these eff orts have been separated into two alloy groups, i.e.,
iron-base and iron-chrom ium-base alloys. The latter include stainless iron and steels in addition to
superalloys.

DS Fe Alloys

Alumina has been by far and away the most popular dispersoid used in iron-base alloys.

In 1959, Gaul(1) prepared several Fe-A) 203 alloys using four different techniques: a) oxidation-
reduct ion of an Fe-8A1 alloy, b) coprecipitation of Fe(OH) 3 and A l(OH)3, c) collodial mixing of
Fe203 and Al 203, and d) collodial mixing of iron powder and A1203. The alloy compositions and
tensile properties obtained are shown for different temperatures in Table 26. Stress-rupture curves
for the same alloys at 650 C are given in Figure 41. In the coprecipitated alloys , considerable
clumping of A 1203 occurred. The more random dispersions produced by oxidation-reduction and
collodial mixing of oxides produced stronger , more ductile a lloys.

Table 26. Tensile Properties of Fe-A I 203 Alloys As -Ext ruded ~
11

Test 0.2% \‘~eid Tensiie Eiorig.
Spec~rnen Temp., Strength , Strength , in 0.82

Designation F ksi MPa ksi MPa in .. %

Blank PT 16.3 112 31 .2 215 27
0% Ai 203 1200 4.0 28 5.6 39 24

1500 2.2 15 2 6  17 17
1800 2.6 18 3.0 21 8

Ox,rjat ion- PT 66.5 458 735  806 1
reduct ,on 1200 26.5 183 27 ,2 187 5
t6”~ Ai 203 1500 9. 5 65 9.6 65 2.2

1800 9.0 62 9 2  63 1 .5

coprec p rate PT 50.3 347 50.3 347 0
16”,A 1 201 1200 320 220 3 2 2  222 0.5

1500 121  83 121 83 5
1800 6 5  38 5 5  38 3

‘203 ‘ A 1 203 PT 43.0 296 52.0 358 2 5
8% Ai 203 1200 13 . 5 93 144  99 15

1500 50  34 5 1 35 10 T,n’,e to A,,pt0r~~,, 200 F

1800 4 .8 33 4 . 9 34 4 0 inr~ ,naii , o,,d,,ed 16’, Ai
203 i

Fe • Ai 203 PT 41 5 286 44 7 308 4 5  ~ Coi,,ee’p ta red ii6% Ai 2Q3 i

8- Ai 203 1200 105 72 11 4 79 20 0 Fe 203 • Ai 703 8% A 1 203i

1600 4 .0 28 4 2 29 11 Fe~~~A i7O3 i8% A 1 203 i

1800 4 4  30 5 2  36 2 -

e h:’I

Figure 41 . Initial Stress vs Time 3 Rupture of Fe
A 12O3 Alloys , Tested at 1200 ‘ (649 Cl 111
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Later , Gatti (21 invest igated the stability of Al 203 in iron by mixing the fine oxide powders and reducing
the mixtures w ith pure, dry hydrogen at about 500 C. The powders were ball milled , pressed into
slugs and canned, and then hot extruded into rods at 700-800 C. The coarsening of the A 1203 with
increasing temperature and time was observed. It was conc luded that the growth of A1203 particles
in iron results from coalescence , with large grains growing at the expense of the smaller grains.

Bovarnick and Flood(3) , fo llowing the lead of du Pont with TD-nickel alloys , produced a series of Fe-
A1203 alloys by thermal decomposition of homogeneous solution with subsequent selective reduction
in h ydrogen. On an equivalent volume percent basis , these investigators obtained greater strengthening
effects , both in tension and stress rupture, from the Al203 additions made using their technique as
compared with Gatti’ s~

11 earlier alloys. Figure 42 compares the stress-rupture data from both invest i-
gations. Some room-temperature tensile strength values determined by Bovarnick on these materials
are given as follows:

Al 203 Content , Tensile Strength, Yield Strength ,
% MPa MPa

0,41 549 431
2.8 657 480
6.25 696 608

24 . . . . , ,‘ ,  , y . , , , y ,

_ __ _  

~~~~~~~~~~
6. 25’~. A 1203

6 D ADLMaterj al -~~~~~~---—----- ~~~~~~~~~~~~~~ 
_________ C M Ô

- - ~~~~~~~~~ ____________ ~~ I 2 - fO~ Al 2 034 ~ Gatt s Material 
~~ A 1203

0 1 °~~ ‘, ~~~~~~~~~~~~~ t~] CM-2

0 . 1  1 10 100 1~~ 00.41% AI2 O3

‘[ime to Rupture. hours

Figure 42. Stress-Rupture Lives of Fe-A 1 2O3 Alloys at 1200 F (649 C) 131

Copeland and McBee~
41 found it is feasible to form A 1203 dispersoids (0.1 micron or less) in Fe-Al

alloy sheet contain ing 1 and 2 percent aluminum by internal oxidation in wet hydrogen. The tech-
nique was also applied to samp les of Fe-2 Al powder made from selected particle sizes. Tensile and
stress-rupture properties were determined on the powder alloys after sintering and extrusion. As
shown in Figure 43, the strongest of the Fe-Al /A 1203 specimens displayed a stress-rupture strength
at 800 C that approached that of type 310 stainless steel. Tensile strength at 800 C depended upon
the A l- 02 wei ght ratio of these elements in the extrusions and reached a maximum of 17 ksi .

Interna l oxidation of iron-aluminum alloys had been reported earlier by Meijering~
51, but his alloys

did not show appreciable hardening, probably because of the coarse dispersion obtained.
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Figure 43. Stress-Rupture Lives of Fe-A l /A 1203 Specimens Prepared by Internal Oxidat ion and Tested at 800 C141

Navara and Easterling (61 investigated the adhesion of A 1203 particles with the matrices of numerous
iron-base alloys. The compositions of these and the calculated contact ang les betweent the A 12O3
particles and the matrices are given in Tab le 27 . The alloy Fe-4ONi matrix exhibited such poor adhesion
with the A1203 particles that virtually all of them were separated by the deformation used.

Table 27. Contact Angles for A1203 Particles in Eight Iron-Base AIIoys~
61

Contact Angle ,
Dispersant degrees

Fe-4ONi 0
Fe-4ONi-5Mn 15
Fe-4ONi-5 Mo 65
Fe-lOCo 60
Fe-5Cr 80
Fe-l5Cr No decohesion
Fe-5Mo No decohesion
Fe-4ONi’ lOCr No decohesion

lmai and Hirostani~
71 investigated the hardness and sintering behavior of iron containing Al 203, Si0 2,

and MgO additions in amounts up to 15 volume percent. A 1203 was found to be the most suitable of
the three dispersoids tried. Thus , an alloy containing 10 volume percent of A1203 wh i ch had been
sintered and cold-worked to a 50-percent reduction did not soften even when heated above the A 3
temperature. Later , lm a i 181 reported on work done over a 12-year span on dispersion-strengthened
iron alloys. Some stress~rupture tests for the strongest alloys prepared are compared in Figure 44.

lmai found that dissolved oxygen in the matrix plays an important role in oxide particle growth. If
oxygen is contained in large amounts , FeO precipitates in the matrix reacting with A 1203 to form the
sp inel FeO-A l 203, a compound that starts to melt at about 1300 C. Imai considered these alloys
interesting, but cautioned that several metallurgical problems remained. One problem is the need to
minimize the grow th ra te of the dispersoid in the dispersant. Another is a need to minimize the inter-
par ticle distance, These are both problems that are common to all dispersion-strengthened metals.
The stress-strain curve from lmai ’s study shown in Fi gure 45 , illus trates that when the dispersoid spacing
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of an Fe- 18A12O3 alloy increases the yield decreases. lmai varied the dispersoid spacing by using the
different annealing schedules indicated on the figure.

Zwilsky, et al.191 investigated DS-iron alloys containing c~-Al 2O3, ‘y-A 1203, MgO, and Th02. The best
results were obtained for the alloy containing 10 volume percent of the ‘y-Al 203, as shown in Figure 46.

Fe -18 AI1O~
R T  i . I i O O  Ce4hr 6 1400 C

2 1200 Cx 2Iy ~5hr
I I(  - 3 1200 Cs5~’ir4 200 C~ i0h(
lOC 5 200 Cit2Otir

( I  )P~• 0 38~ )

40 800 C : ~~~~ 
N

20 
~ Timken(lG-25-6) : ~~~ ~~~~ Si02 

‘it 

,
/
(

/ 
,,

_,._
_____ (4 X)’ .074 ja )

‘ E
_ _ _ _  

_ _ _ _

0,8 Fe 
i i

____________________________ I ‘ ‘ ‘ ‘ ~~~~~~~~~~~~~
‘ 

,
0, i i 0 iOO 000 0 2 4 6 8 tO 12 14 6

Time to 2% Strain , hours Stra in , %

Figure 44 . Log Stress vs. Log Time to 2 Percent Strain Fi gure 45. Stress-Strain Curves for Dispersion-

for Dispersion’Strengthened Irons at 800 C~
81 Strengthened Irons with Various

Mean Free Path t81
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1 20 0F  I
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5 - • J.~ O/ o 41~0~
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O I l  500

Ruptur e T - n e , b ou rc
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Mitsche (101 has explored the effects of sintering environment (vacuum versu s hydrogen) on the hardness
and structure of iron alloys containing up to 5 volume percent Al203 or CaO.

Singh and Houseman1111 studied the effect of var ious dispersoids including Al 203, TiO , and ZrO 2 on
the densification of carbonyl iron during sintering in the 1350-1490 C range. The presence of the oxide
particles inhibited the degree of densification of the iron matrix to an extent that generall y increased
with the amount of the dispersoid. Zr02 was by far the most effective inhibitor , e.g., as little as 0.5
percent Zr02 virtually prevented densification at temperatures up to 1490 C. In the Fe-TiO 2 system ,
Fe2TiO 5 was formed . These particles increased densification at lower temperatures , but hindered the
process at higher temperatures .

Place and Lund(121 prepared Fe-Th0 2 alloys containing up to 1.7 percent Th02 by the coprecip ita-
tion technique. Room-temperature tensile properties for these alloys are given in Table 28. Later 1131,
the same investigators reported properties obtained in the temperature range 77.373 K. A peak in
work-hardening rate was observed in the temperature range 250-300 K.

Table 28. Tensile Properties of Fe-Th0 2 Alloys 1121

0.2% Proof
Stress U.T .S. Elongation,

Material kg/mm 2 MPg kg/mm 2 MPa percent

Fe 17 ,8 174 24 .6 241 29.0
Fe-0 ,9ThO 2 29,4 288 41 ,3 405 14 .5
Fe~1 ,7ThO2 34.2 335 47.8 468 11 .4

Towner and Pavlovic~
14l measured the coercive force (He) at room temperature and 425870 C Ofl

a series of Fe-27Co extrusions. The alloys were dispersion strengthened with boron, ZrO2, and Th02
particles ranging from 0.1-1.6 microns in average diameter. Table 29 gives some of the data obtained
on specimens with different dispersoids and after different working conditions.

Table 29. Calibration Study of Secondary Working~Coercive Force and Hardness of Fe4-27 Wt ,%Co-Base Alloys 1131

Average
A l~~II unt A E f f e c t I ve  Ave rage Se,’, l.iI~~ ~5~ lI  ~l

Dispersed S e e  of inter Se l { , r , I l . 3 I v  S’’ ‘ , ‘ ‘  I.,, , Lufl~ uI ,,l~~~,’ k l ,~l I l ’ ,Ii (._ o,’ ’( ve F
Phase, Dis petsed P~ ,l,, I,’ A o L  ,,lii 1511 k n. Heilu, I .31 H” ,’ ’ ’  i

1,’,,:,’ I P,i r l , i ’ I , ’s  S1,,,,III, Te m p l.~ C~~’~ ’ , A , ’ ., I ‘‘ ri
~ i Ar A r At

ln~ volume rn,cromm, mn,c,omm s F 8 , 800 ‘Al .? F t600 F

Fe 25 i,C,, lb.  .1 ii

20 0 90 3 .6 Ni ,,. Il ii .30 5 i 4 8 -i ii 4 1

20 0 90 3 6  1000 8 56 403  780 140 2 8

20 090 36 1250ial  28 ii, 35 .2 17 2  123 5 3
20 090 3.6 800 8 ‘3 8 ii 5 1 3 2 I

F,’ 24 5Co8.3 ,’’ OH, ,

ii .2/il ,,A ’  0 3  3 . 0 No’ .- 0 0  795 11 1 7 1  10
I, . tL l l 7~~ ’ 03  30 1000 8 51- 39 -2 2 7 9  3 3  .0
ii 4ZrO 2

i~~
1 0 3  3 0  1250 ia1 28 i ’ 31 5 1 8 3  13 3

Fi ’ 74 51,. , , ’i 1 ” i ) ,  iS
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- -  
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Previously, Towner, et al .(151 had determined the coercive force and saturation induction of iron that
had been dispersion strengthened with 0.02 to 0.10 volume fraction of Al 203 or Th02. These proper-
ties were measured at temperatures up to 80-98 percent of the critical temperature. Saturation may-
netizationva luesat a given temperature level were found to decrease in direct proportion to the volume
fraction of non-magnetic phase present.

OS Fe-Cr Alloys

Chromium imparts several important properties to iron-base alloys. These include strengthening plus
oxidation and corrosion resistance over a wide range of temperatures. To be effective at high tem-
peratures , the chromium content must be between 13 and 30 weight percent.

Daikoku, et al. 116 ’171 used liquid-phase sintering followed by hot working to produce two A1203-
strengthened grades of Fe-l3Cr ferritic steels, which both showed hi gher creep strengths than those of
wrought steels without the Al 203, Table 30 lists the compositions of the alloy steel powder matrices
used for these materials, wh ich also contained 1 volume percent each of 1’-Al203. Figure 47 compares
the stress-rupture properties of these alloys with those for analogous melted and wrought composi-
tions. Representative 650 C tensile properties for the two Fe-l3Cr-A1203 grade steels are given in
Table 31.

Table 30. Chemica l Compusition of Alloy Steel Powders used for A1203
Strengthening1171

Powder C Si Mn S P Cr Al Mo Ti

AIS I 406 0.03 0.64 0.69 0017 0.013 1291 2.86 — —

13CrMoTi 0.04 1.35 0.15 0.02 0.022 12 .9 0.14 1.91 0.41
Steel 
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Table 31. Representative 650 C Tensile Properties of A1203-Strengthened
Steels 1’

~
11

0,2% Proof Ultimate Ten’ Reduction

Stress , sile Strength Elongation , of A rea ,
Matrix kg/mm 2 MPa kg/mm2 MPa % %

AISI 406 22,5 221 32 ,2 316 14 .4 18,4

l3CrMoTi 24.2 237 34 ,2 335 33,8 57 ,9
Steel

In Russia , Borok , et al. 118~ reported work done on a 
KhI3M2 steel (l3Cr-2Mo) strengthened with

Al 203. With 3 percent of Al203 added , the rupture stress of this steel at 700 C was increased approx-

imately 50 percent, i.e., from 4 to 6-7 kg/mm2 (3.9 to 5.9-6.9 MPa).

As shown earlier in Table 27, Navara and Easterling 16l found that the adhesion of Al203 particles in a

matrix of Fe-Cr alloys containing more than 10 percent Cr was good. For an alloy of Fe-5Cr-A1 203,
however, the contact ang le was poor.

Denisenko and Van Asbroec k1’191 investigated Fe- l3Cr-2Ti0 2 steels produced by powder mixing.
The Ti02 was chosen because it had proved superior as a dispersed phase at high temperature to

A 1203, MgO, Si0 2, and Zr02. The compositions of the stee ls investigated are given in Table 32.

Table 32. Chemical Compositions of Ti02-Strengthened Steels hl9)

Amounts of Elements , Wt. %
Steel No. C Cr Mo W Ti02 Fe Ti

264 <0.005 1.480 10.8 0.01 0.01 (2 .0) — —

265 <0,005 1.450 11.3 0,06 0.56 12 .01 — —

266 <0.005 1.465 11.2 1.99 — (2.0) — —

267 <0.005 — (13 1 (2 0) (1 .01 (2 .01 — —

Tensile tests conducted at 700 C showed that the hO 2 additions had no significa nt effects on the
strength of these steels. The Ti02 additions were, however, effective in improving the creep strength
of the alloys , with the magnitude of improvement decreasing as the average Ti02 part icle size increased
from 1 to 5 microns.

De W il de , et al .~
201 investigated the effect of powder preparation parameters on ferrit ic steels corre-

sponding nominall y to Fe- l3Cr-2Mo-1W. The mechanical properties at 700 C as a function of Ti02
content are shown in Figure 48. As indicated , these workers found a considerable spread in the
strength and ductili ty values for a given T i02 content, which results from differi ng process parameters.
In general , hig hest strengths were achieved only after optimizing the ball-milling and mixing practices
and by decreasing the ori ginal oxide powder particle size,

Wright and Wilcox 121 1 invest igated the possibilities of mechanical alloying, as used for nickel-base
aU oys , in preparing a Fe- l6Cr - 2.6Y 203 alloy. Figure 49 compares the yield strength of this alloy with
that of TD-Ni and T D-NiCr. The authors believed that improved high-temperature strengths for their
Fe-l6Cr- 2.6Y 203 alloy might be realized by achieving higher “grain aspect ratios ” through improved
thermomechanical processing. The isothermal and cyclic oxidation characteristics of these alloys were
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also determined and compared at 1100 C in 100 torr (1.33 x ~~ N/m 2) oxygen. 121
~

221 In general , the
weight changes observed for the Fe-Cr-Y 203 alloy were similar in magnitude to those for the TD-NiCr
material and much improved over those for dispersion-free alloys of Fe- l8Cr and Ni-2OCr.

Sny kersand Huet l231 investigated a series of Fe-l3Cr alloys trying to improve high-temperature creep
properties in the 700 C range and so permit the use of these alloys as possible cannir,2~ materials for
fast-reactor fuel elements. First improvements were achieved by adding 2.5 to 5 percen t t itanium to
the conventional Fe-l3Cr-1.5Mo alloy. Add itional strengthening was obtained by additions of h O 2
and Y 203. The nominal compositions and code names for the alloys investigated are given in Table 33.

Table 33. Nominal Compositions and Code Names of the Ferritic Al loys 1231

Fe~ 1 3Cr-2Mo- 1 W Fe-i 3Cr-2Mo- 1 W -2T iO 2 Fe-i 3Cr-2Mo-1W ~2Y 2O3
A(s) ATO2 AYO2
Fe-i 3Cr-3.5Ti-1 .5Mo Fe-i 3Cr-3 .5T i-1 .5Mo.2TiO 2 Fe-i 3Cr-3 .5Ti-1 SMo-2Y 203
DIs) DTO2 DYO2
Fe-i 3Cr-5Ti-2Mo Fe’i 3Cr-5T i-2Mo-2TiO 2 Fe-i 3Cr-5Ti-2Mo-2Y 203
C(s) CTO2 CYO2
Fe-i 3Cr-2 ,5Ti-2Mo
M6 (cast)

Is) Indicates sintered al loy.

Creep-rupture lives for these materia(s at 700 C are compared in Figure 50 with those for some more
conventional steels. As shown, rupture times comparable with the strongest austenitic steels were ob-
tained without impairing the ductility of the alloys. The strengthening without loss of ductility in
the alloys conta ning molybdenum and titanium was attributed to the coherent phase. These alloys
were found to have excellent properties in the areas of irradiation embrittlement and sodium corro-
sion and were therefore proposed as canning material candidates for fast-reactor fuel elements.
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231

Miyazaki , et a l ,1741 investigatE d the growth of oxide particles in a Fe-25Cr-28Ni alloy during annealing at
1 iOO- 1300 C. Three volume percent each of a-AI2O3, MgO, Er2 O3, Ti0 2, and Zr0 2 were investi gated
as dispersoids. In general , the oxide particles were coagulated by annealing the alloys in air as well as
in a hydrogen stream , although the rates of growth were smaller in hydrogen than in air.
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Sands , et al.1251 investigated the effects of A1203, Th0 2, and Zr0 2 addItions to an austenitic stainless
steel base consisting of Fe- 22Cr-22Ni-0.07C. The compositions , creep rates , and rupture times for these
mater ials after testing at 650 C are given in Table 34. The stress-rupture properties are also compared
in rigur e 51. As shown , the Ti02-containing alloy had superior strength to the other dispersion-
strengthened alloys as well as to a wrought alloy except at very short times (less than 10 hours). The
authors speculated that the better creep resistance of the Ti02-containing alloy was due to the lower
solubility of Ti02 in a (Fe , Cr , Ni) oxide, which is present to some degree in all of these materials.

Table 34. Results of Creep Test s on Dispersion-Strengthened Austenitic Steel Alloys at 650 C1251

Time to Total
Extrusion Stress , Rupture , Elonga- Creep Rate ,

Specimen Dispersoid Ratio tons/in 2 h tion , % in/i n/hr

AA None Forged 10 93 30.1 17 .Sx lO’4
12 95 37. 2
14 9.6

1 None 15:1 6 16 .5 3.2
8 3,5 4 .3

i2 0,5 5,1
7 5% Alumina-i 15:1 5 290

7 121
8 209 8.1 42x 10’6
9 31

10 38 6,5 i4x 10 4
12 7 .6 6.5

5 10% A lumina-2 15:i 8 600(UB) — 56,5x 10’6
10 103 4 ,0 i2 ,Sx iO’5
12 26 3.3 96x10 5

9 12% Alumina - i 28: 1 5 500(UB)
8 3.6 7 ,7

10 0 ,7 6.6
12 0 ,2 3,7

8 15% Alumina-i 15:1 6 422 6. 5 80x10 6
8 62 5.0

10 23 4 .3
12 5.6 5,0

10 i0% Titania 15:1 12 95OIUB) i7x i0’6
14 324 C. 2 90x10 6
15 79 1.8 i5xi0 5

16 43 2.1 30x10 5
18 9 2.1

4 10% Z irconia 15:1 6 14 5,0
6 10% Thoria 15:1 10 0,4 5.4

(UBI Unbroken.
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Figure 51. Stress-Rupture Properties of Dispersion-Strengthened Auste nitic Steel Alloys . Tested at 650 C1251

lmai , et a). (7 ,8) inves t igated the growth of MgO , Ti02, and A1203 particles in a matrix of Fe-i 5Cr-
lONi-2Mo. A linear rela tionship be tween the logarithm of particle diameter and the heating time was
observed.

The exceptional , high-temperature , oxidation resistance of FeCr~~IY alloys has been known since
1964 .126) The hi gh- temperature strength properties of these alloys , however , were low and this pre-
cluded their application in hot-structural parts. Starting in 1970 , workers in the Aircraft Eng ine
Group of General Electric have conducted a continuing series of inV esT igations 127’321 aimed at im-
proving the strength of FeCrAIY alloys n the hope that these alloys could serv e in the uncoated con-
dition for jet-engine applications in the 2000-2500 F (1093-1371 C) temperature range. Most of this
effort has been devoted to exploiting the promise of oxide-dispersion strengthening these alloys ,
which are expected to offer the following unique combination of properties1321 :

• Outstanding oxidation and hot-corrosion resistance up to at least 2400 F (1315 C) in
static and dynamic gas flame—at least to Mach 1;

• High melting temperature s rang ing from 2650-2700 F (i454-1482 C);
• Creep and rupture strength approximately equal to that of TD-NiCr sheet;
• Relatively low densities of abou t 0.25 lb/in3; and
• High anistropy, which may allow orienting the low modulus direction in the major

stress axis to greatly enhance thermal fati gue life.

Initial efforts in ;his program 127 ’28 ’291 centered around the oxide dispersion strengthening of two
matrix chemistr ies- - Fe-25Cr -4A l- 1Y (Alloy 2541) and Fe-15Cr -5A l~iY- iCb (Alloy 1551-lC b). Oxide
additions were made by the SAP technique , i.e., preoxidation of atomized alloy matrix powder followed
with densif lcation by extrusion. In later research1301, the study of matrix chemistries was ex tended to
include Fe- i 5Cr-6Al-2Y (Alloy 1 562), Fe-2OCr’6AI-2Y (Alloy 2062), and Fe’25Cr-6A1-2Y (Alloy 2562).
Oxide additions as great as 8 volume percent were exp lored in most of these matrices.

By the end of 1973, the rupture strengths achieved in these ODS (Oxide Dispersion Strengthened)-
FeCrAIY alloys were equivalent to those achieved in ODS NiCr sheet. However, they were still inferior
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to ODS NiCr extrusion properties, wh i ch were 75 to 100 percent higher. The properties of ODS
FeCrAIY sheet compare very favorably to those of TO NiCr at Larsen Miller parameters above 72,
as illustrated in Figure 52.1301

The static oxidation resistance of Alloys 2541 and 1551 was not affected by additions of 1-4 volume
percent oxide. Long-time , hot-corrosion testing at 1600 F (871 C) and 1800 F (982 C) indicate that
the ODS FeCrAIY Alloy 2541 has extremely good hot corrosion resistance. After almost 10,000 hours
exposure to a hot, corros ive env i ronment, corrosive attack on this alloy was an order of magnitude less
than on any commercially available nickel or cobalt-base alloy .1321 Figure 53 shows a comparison
between FeCrAIY , TDNiCr , and Hastelloy X in cyclic 2100 F (1148 C) Mach 1 oxidation.

One of the major conclusions of the 1973 program was that attaining adequate high-temperature
strength and thermal-fatigue resistance in ODS FeCrAIY alloys was not likely by utilizing the pre-
oxidation (SAP) process of making the powders.(32) Accordingly, under Contract No. N62269-73-C-
0575 , the program has been redirected to achieve a dispersoid distribution equivalent to that in
current ODS nickel-base al lnys. Thus, chemical-oxide-dispersion strengt hening and mechanical alloying
are being used to prepare powder alloy mixtures containing 21-25 weight percent chromium , 4-5 weight
percent aluminum , and 0.4-1.6 weight percent Y203. It is hoped that these improved powder making
processes p lus carefull y controlled thermo-mechanical processing will lead to an alloy with suitable
properties as a jet-engine vane material.

The last report of this work available to MCIC 132) reported that the alloy powders had been extruded
to bar stock and rolling studies were in process to achieve the desired recrystallization textures.
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MAGNESIUM

Researchers at the Dow Chemical Company 11’2’31 have reported extensively on various techniques for
the dispersion strengthening of magnesium. Magnesium presents special problems because it has little
tendency to wet materials and is very reactive. General ly, MgO was found to be the best dispersoid as
contrasted with oxides of other metals.

It was found that the following processes worked well to produce OS magnesium: a) extrusion of
ultrafine powder , b) screw extrusion of powder mixtures , c) atomization of two-p hase alloys , and

d) interference hardening. The properties of materials produced by these processes are listed in
Table 35.

Table 35. Properties of Dispersion-Hardened Magnesium Extrusions hl)

Extrusion (al Elonga. Yield Strength Tensile
Temp. , Speed , t ion , Tension Compression Strength

Composition Fabrication Data Shape F fpm % ksi MPa ksi MPa ksi MPa

Mg (EMP) <lp powder 1/8 in . diam. 1100 ~~1 1 35 241 36 248 40 276
ZK1O + 2MgO Screw extruded 3/8 by 3/4 in . 820 4 7 35 241 22 152 42 289
Mg-1Zn-1.6Si Atomized , 35/65 mesh 1/16 by 3/4 in. 600 5 3 43 296 36 248 50 345
Mg- lZn-i .6Si Atomized , 35/65 mesh 1/16 by 3/4 in . 600 100 7 34 234 22 152 42 289
Mg-lZn-1.6Si Atomized , -100 mesh 1/16 by 3/4 in. 600 100 4 45 310 29 200 49 338
AK1 1 Interference hardened (b l  1/16 by 3/4 in . 600 100 8 44 303 45 310 51 351
AK 1 1 Interference hardened (b)  1/16 by 7/8 in. 900 70 10 48 330 36 248 51 351

Ia) 1/8 in. diam . w ire was extruded from 3/4 in, container; others , from 3 in. container.
(b) Atomized magnesium-zirconium pellets were coated with aluminum flake powder , compacted at 650 F and

heat treated 16 hr . at 780 F.

Like other metals, magnesium can be dispersion strengthened by fabricating from ultrafine powder.
The MgO film on the powder is fragmented during working and the resulting particles are dispersed
along the powder boundaries. Since the powder is very fine and is severely elongated during extrusion ,
oxide particles become well-dispersed in the meta l matrix. The strength of extruded magnesium pow-
der (EMP) is high, but its ductility is low, As shown in Figure 54, the y ield strength of EMP compares
favorabl y at room temperature with SAP (- ‘ ispersion strengthened aluminum) and HM31A (Mg-3Th-
1.5Mn), a commercial magnesium alloy designed for app lications at elevated temperatures. However ,
as testing temperature is increased , the yield strength of the EMP alloy falls rap idly, crossing the
yield-streng th line of SAP at only 200 F (85 C). The microstructure of EMP was similar to that of SAP

although the oxide was not as well dispersed. Though the MgO in magnesium does not prevent recrys-
tallization , it does inhibit grain growth. The fine grain size (2 to 5 p) of EMP is primaril y responsible
for its high strength, particularly in compression . (Wroug ht magnesium tends to twin in compression
at a much lower stress than it yields in tension. Reducing the grain size acts to inhibit twinning, thus
decreasing the difference in y ield strengths.)

Screw extruding a mixture of a dispersoid w ith coarse metal powder (or pellets) may be the easiest
way of dispersion strengthening magnesium. In this method , the powder particles are very severely
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Figure 54. Effect of Temperature on the Yield Strength of EMP, SAP. and HM3lA ~
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worked and the additive becomes well dispersed throughout the metal matrix. The addition of 2 per-
cent M9O inhibits grain growth and provides good properties , Table 35. Higher strength can be obtained
at the expense of ductility by increasing the concentration of MgO.

Another method tried by the Dow investigators was atomization of a molten magnesium alloy and
extrusion of the powders. This technique works well and silicon is an excellent choice for the disper-
soid because it has appreciable liquid solubility (about 1.3 percent at the eutectic) and essentiall y no
solid solubility. Pellet extrusions of Mg-Si , therefore , contain a fine , uniform dispersion of Mg2Si.
Table35 showstheexcel)entproperties obtained with the pellets of Mg-lZn-1.6Si alloy. The zinc
is included to improve ductility.

In terference hardening is the most effective technique for producing OS magnesium. In this method,
a dispersion of an intermeta llic compound which is essentially insoluble in the base metal in both the
solid and the liquid states is used. In Table 35, AK 1 1 is a DS alloy of magnesium made by diffusing
aluminum into pellets of Mg-Zr. Very finely dispersed Al-Zr particles are formed , and these particles
act so as to inhibit grain growth during subsequent fabrication (extrusion) even under severe processing
conditions. This alloy has the hi ghest specific strength of any metal capable of being extruded into
complex (multihollow) shapes. The yield strength of this alloy is compared with those of numerous
commercial aluminum alloys in Figure 55, which shows y ield strength as a function of solidus tempera-
ture , which , in turn, is a rough measure of extrudabi lity.

se ,. DUS ‘F O ”  “a ’ ‘

Figure 55. Properties of Aluminum Extrusion Al loys and AK 1 1111
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In the late 1950’s Busk12) reported that the Dow Metal Products Company extruded relativel y fine
(150-800 microns) pellets of ZK6O (Mg-6Zn-0.7Zr minimum) into structural shapes. This alloy,
(P)ZK6 OB, had the highest strength specifications of any magnesium alloy at the time.

Meer-son (4) has summarized the results of Ivanov , et al. (5) on some work with OS Mg-MgO alloys.
In this work , magnesium powder was subjected to additional oxidation to regulate its MgO content.
During sintering, the powder particles become separated by oxide films. Consequently, in work ing
the sintered blanks, it was necessary to employ large reductions and high temperatures in order to
in tensify the deformation of the metal particles and the disintegration of the oxide films so that the
latter could be transformed into submicroscopica l inclusions in a dense metallic matrix. Table 36
lists some tensile properties of the alloy obtained.

In contrast to most other magnesium alloys , DS M g-MgO materials retain their strength after heating
to high temperatures. Thus , the tensile strength of the Mg-1MgO materials remained unchanged
(30 kg/mm~, 42 ,670 psi) after heating for 100 hours at 450 C. Table 37 presents the creep character-
istics of some of the OS Mg-MgO materials. Increasing the MgO content from 0.1 to 0.3 percent
sharply reduced the creep strain. The Mg-M gO and Mg-5MgO materials ruptured in 100 hours at
350 C under a stress of about 2 kg/mm 2 (2845 psi) , which is higher than the short-time strength of
unalloyed magnesium at this temperature. In spite of their high mechanical properties, OS M g-MgO
materials lack adequate corrosion resistance at 400-450 C.

Table 37. creep of Mg+MgO Materials at 350 c and Stress of
Table 36. Mechanica l Properties of Mg+MgO Materuals 1~ l 1.2 kg/mm 2 111.8 MPa 1141

20C 400 C
u.T.S. Elony. , U.T.S. Elong . , Strain , %

composition kg/mm 2 MPa % kglmm 2 MPa % Composition 1 hr 2 hr 3 hr 50 hr 100 hr 250 hr

MgO 18 176 4 1 10 30 Mg+0 . lMgO 4 8 13 — — —

Mg+O.3M90 27 265 1 5 ~ ~g ~o Mg+0,3MgO — — — s 2
Mg+lMgO 30 294 2 6 59 6 _____________________________________________
Mg+5MgO 31 304 2 7 69 7 5

The mechanism of creep in DS Mg-MgO alloys has been studied by various investigators. 16 ’7 ’81 Early
French work(6l and a recent investigation (7) have shown that a dispersion of about 1 percent MgO
produces a marked creep strengthening at temperatures up to 500 C (0.85 Tm ) and also changes the
stress and temperature dependence of the creep rate. These is considerable controversy on the subject
between Crossland , et al. 18’91 and Milicka and coworkers l10’11) on the role played by MgO particles
on the creep behavior of magnesium.

The internal oxidation of magnesium alloys containing rare earth and other reactive elements was
also explored by Dow investigators.(1) This techni que was not as successful as the methods described
earlier due to the high reactivity of the magnesium base and the low solid solubility of magnesium for
oxygen.

P1anz 1121 tried to develop OS magnesium alloys by using a melting-casting technique in which Y 203,
Pr601 ~~

, Nd203, B203, or BeO were mixed with the molten metal. The method was not successfu i ,
however , as the magnesium either reduced or rejected these oxides.

In a recent rocket flight , the feasibility of making Mg-ThO2 OS material in a low-gravity space environ-
ment was demonstrateci.1131 The process consisted of melting a mixtur e of Th02 blended with
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magnesium powder. The space casting was found to be sounder than ground-cast samples and free of
internal gas voids. Further , earth-prepared samples showed clusters of dispersoids which were not
observed in the space-prepared samples.

Alloying with bery llium improves the high-temperature oxidation resistance of magnesium.141 Beryllium
is only sli ghtly soluble in magnesium. However, by processing magnesium-beryllium powder mix tures,
OS-magnesium materials containing a few percent of beryllium could be prepared.~

61 Such alloys were
found to exhibit high and stable oxidation resistance. Moreover , when dispersed oxides were added,
the material reportedly acquired high heat resistance. After plastic working, the microstructure of
these materials contained uniformly distributed grains of two phases. The strength of the Mg-Be/BeO/MgO
materials was slightly higher than that for Mg-MgO alloys.

Zelenskii , eta).) 14 1 recentl y reported on the properties of DS Mg-Be alloys containing from 0.2-2 percent
bery llium . The properties of the sintered alloys depended strongly upon the method of preparation of
the starting powders, their particle size and distribution. One of the most effective methods found for
the preparation of these alloys was to vaporize the alloy component in a vacuum and to condense them
on the same plate. These sintered OS Mg-Be alloys resist oxidation in air and CO2 at a temperature of
—‘580 C for more than 10,000 hours , thus they were claimed to be superior in heat resistance to all
exis ting magn esium alloys.

Huseby, et al. (15) studied initial and strain-aging yield points of a Mg-25B alloy in which the boron
particles varied in size from submicron to 40 microns. The initial yield point with the as-extruded
alloy was not observed below the ~O.75Tm because of a change in crystallographic texture. It was
concluded that the kinetics of strain-ag ing were complex.
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MOLYBDENUM

One of the first attempts at dispersion strengthening of molybdenum was carried out by Bruckart ,
et al.111 who used small additions (0.1- 2 percent) of various oxides and creep deformation as a measu re
of strengthening. Of the additions employed, titanium dioxide was found to be the most effective
at 980 C, as shown in Figure 56, which summar izes the resu lts of this study.

lShrIC 
~,/0

I Molybdenum 408.9 hr8 - 8.2 %
-
~~ 

Stress - relieved sheet specimens
tested in vacuum at 1800 F,
2 5 k si

o, 6 -
® 85,4 hr
i 53° ” °  316.7hr

I 74 .6%
1.00/ Si02 / ~‘ 2.O % Cr203

~

ci ‘lcJ.”—
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Figure 56. Effects of Dispersions of Small Quantities of Various Oxides on the Creep of Molybdenum at 980 C11 1

In 1965, White(21 reported on his investigation on the dispersion of various oxides, nitrides , and borides in
molybdenum after vacuum annealing 1 hour at temperatures from 1650 C to 2205 C (3000 F to
4000 F) . Table 38 gives the Knoop hardnesses measured. He concluded that of the nitrides , B N was

Table 38. Knoop-Hardness Values of Molybdenum AIloys (2)

1-Hour Vacuum-Annealing
As-Hot Temp. , F

Material Pressed 3000 3500 4000

Pure Molybdenum 210 180 172 165
Mo+2.5 vol. %:

BN 200 175 172 165
ZrN 208 200 181 190
HfN 206 200 202 196
LaB6 220 238 215 235
ZrB 2 211 185 175 185
TaB 2 205 200 185 185

239 242 210 218
M9O 242 218 220 202
Zr02 237 216 195 191
ThO2 236 209 199 195
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incompatible with molybdenum at temperatures of 1650 C because of swelling and blistering; ZrN
underwent solution above 1925 C. The refractory borides LaB6, ZrB 2, and TaB 2 were found to be
of questionable utility in a molybdenum matrix because of the apparent formation of a low-melting
eutectic. The effectiveness of Y2O3 as a dispersoid was lost owing to instability above 1925 C. MgO
containing alloys exhibited a surface loss of MgO due to volatilization during vacuum annealing at as
low as 1925 C. A relatively hi gh degree of stability up to 2205 C was exhibited by HIN , ZrO2, and
Th02 as dispersed phases. A dispersion of ultrafine ThO2 resulted in excellent resistance to grain
growth and in particle stability up to 2205 C.

Wh ite and Barr also evaluated thoria as a dispersoid in mo’ybdenum ,13~ both as a simp le binary addi-
tion and also in combinations with titanium , zirconium , and carbon. The temperature range of interest
was from 1370 C to 2205 C, with particular attention to temperatures just above 1650 C. The alloys
investigated and tensile properties obtained are listed in Table 39. Table 40 lists the hot-hardness
values of these plus a few other alloys.

Table 39. Elevated Tensile Properties of Molybdenum-Base Alloys 131

0.2% Offset
Tensile Yield

Temp. , Strength Strength Elong.,
Alloy F ksi MPa ksi MPa %

Mo 2000 21 .3 147 19.9 137 3
(0.004 C) 2500 4 .4 30 2.9 20 3

3000 2 .4 17 1.1 8 0
3500 .57 4 — — 4

Mo+2 .5ThO 2 2500 19.6 135 14 .3 99 1
(0 .005 C) 3000 10.2 70 — — 3

3500 7.8 54 4 .9 34 31/a

TZM 2000 29.1 200 28.6 197 43
(Mo-0 .5Ti 2500 9.7 67 — — 80

.OlZr 2500 8.7 60 6.4 44 101
-0 .021 C) 3000 4 .8 33 2.9 20 125

3500 1.5 10 — — 136

TZM+2’/2ThO2 2000 29.4 202 29.1 200 48’/2
(Mo-0 ,5Ti 2500 7.8 54 5.9 41 111

-0 , lZr 3000 4.6 32 2 2  15 104
-0 .024 C) 3500 1.0 7 — — 88

Table 40. Hot-Hardness Values of Molybdenum-Base Materials 131

Diamond Pyramid Hardness
Material and Composition 2000 F 2500 F 3000 F

Mo 45.8 23.8 15.3
Mo+2.5ThO 2 41.4 32 .3 24.0
Mo+5ThO 2 84 .9 56.4 32 .2
TZM 37.7 25 ,9 17. 1
TZM+2.5Th0 2 37 .9 24 .5 15.6
Mo+2Ta+0. 1C+2.5ThO 2 48.9 30.8 16. 4
Mo+1 Cb+0 . 1 C+2 ,5ThO 2 58.8 37.4 21.7
Mo+2Hf+lTi+lZr+0.1C+ — 26.0 11 .2
2.5Th0 2
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It was found that a 2.5 percent ThO 2 addition markedl y improved the elevated-temperature tensile
strength of molybdenum from 1370 C to 1930 C. In addition , it afforded a pronounced resistance to
recrystallization and grain growth in this temperature range. Additions of less than 1 percent of
elemental titanium or zirconium powders to molybdenum billets hot pressed under an argon atmos-
phere provided a marked improvement in both fabricabi lity and elevated-temperature elongation.
This is apparently a partial result of the titanium and zirconium in removing oxygen by forming stable
oxide inclusions. On the other hand , these same additions to the thoriated mol ybdenum resulted in
considerable degradation of the ThO 2 distribution resulting from a solid-state reaction occuring pri-
m a r i l y between the Th02 and the reaction-metal additions. The resulting dispersed-phase distribution
afforded no improvement in elevated-temperature mecha ni cal properties relative to TZM alloys of
the same matrix composition.

Mitche ll(4) , on internal nitriding of a Mo-lHf solid solution alloy (atomic percent), found a homo-
geneous dispersion of coherent plate-l ike HIN precipitates. This alloy — actually a precipitation
hardened a l l oy  — presented high-temperature tensile strength substantiall y superior to that currentl y
available in commercial Mo-base alloys such as TZM and TZC, However, a seve re particle-coarsening
occurred at high temperatures in regions of the nitrided alloy containing a high density of small ,
fully coherent , HfN particles.

In Russia , there has been also considerable work done on OS molybdenum alloys. A ltfinseva , et a l.15
~studied the effects of temperature, in the range 20-1500 C, upon the hardness of molybdenum and

its alloys with additions of 4 volume percent of AI2O3, Ti02, ZrO2, Hf02, AIN, TiN , ZrN , and HfN.
The particle sizes of these were: (A) 0.5-2 and 0.5-3 microns, and (B) 0.5-1 micron. The addition of
oxides and nitride in the coarser sizes gave no property improvements. With rising temperature , the
hardness of the alloys decreases in the same way as does the hardness of unalloyed molybdenum
(see Figure 57). The presence of di sperso idsT i O2 and A12O3 increased the hardness of molybdenum
over the whole temperature range, the increase being particularly marked for the alloy containin g Ti02( 106 kg/mm2 at 300 C and 78 kg/mm2 at 900 C). Nitrides of the same particl e size and ,~ li)s ’ il in the
same amounts as oxides were more effective in increasing the hardness (see Fi gure 57). In i~ t ” r ’
perature range from 20-900 C, the greatest increase in hardness was due to additions o~ A lT ’s. At
temperatures above 900 C, the addition of ZrN caused the greatest increase in hardness. A ~ro’ L~’lc~~lfall in hardness of these alloys occurred above 1100 C. At 800 C, the Mo 4AIN alloy ~~~ tI’- ’
hardness, 120 kg/mm2 (827 MPa) , wh ich is almost twice the hardness of unalloyed ‘nol ytsrIt ~ iu”

Figure 58 shows the temperature dependence of hardness of molybdenum V! i t l T  ad dt. ~. ‘

and nitrides of 0.5- 1 micron particle size. The increase in the hardness of Mo d r  •0 ,$il~
trides with particles 0.5-1 micron is again greater than that due to the oxide d ispers o . i~ 

- 
‘

improvement in hardness was due to TiN with a hardness of 390 kg. nm 2 (2687 MPa .s ’ 21
138 kg/mm 2 (951 MPa) at 1000 C, and 30 kg /mm 2 (207 MPa) at 1500 C. On m,cros - DI’
tion , the Mo-4TiO 2 alloy showed more than half of the particles with 1 micron size . ~~~~ ‘ ‘
alloy containing HfO2 oxide particles of 2-3 micron size predominated , wh ich would ~‘xpI ,in the
higher hardness of the former alloy.

Later, Altfinseva , et al. 161 determined the stress-rupture strength of several Mo AIN alloys w ith t n ’
results shown in Figure 59.

Sam sonov, et aI,(7l investi gated certain regularities in the variation of the spark erosion and strength
characteristics of a series of DS molybdenum alloys with special emphasis on the molybdenum AIN
series (see Figure 60). The AIN particles were between 0.5- 1 micron size, Erosion resistance of
molybdenum alloys with 4 percent additions of A1203, Sc2O3, Cr2O3, TiO 2, Zr02, H102, TiN ,
ZrN, HfN , CbN , VN , TaN , and Cr2N was also studied.
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Strashinskaya , et al .~
81 conducted X-ray diffraction studies on molybdenum alloyed with various

dispersoids after heating in the range of 1 500-2200 C. The following results were found:

Mo- Hf C

A Mo-3HfC alloy, after heating at 1500 C, contained all the HfC lines , but after heat ing at 2200 C. no HfC lines rem
HfC lines were found in all patterns of mol ybdenum w ith 5 and 10 percent HfC additions. The molybdenum lattice
parameter rema ined unchanged at 3.15 angstroms after heating to 2200 C.

Mo-TaC

An alloy with a 10 percent TaC addition showed all TaC lines on heating up to 2200 C. The mol ybdenum ldtt ice pa
meter was unchanged.

Mo-ZrC

A five peicent addition of ZrC showed ZrC lines up to 1500 C, but not at 2200 C. With a 10 percent addition , ZrC
lines were present even after heating at 2200 C.

Mo-ZrN

With a 3 percent ZrN addition , some lines of ZrN disappeared after heating at 2200 C , w ith 10 percent ZrN , all line~
rema ined after 2200 C heating, but a new phase , Mo2 N, appeared after heating above 1800 C.

Mo-ZrO 2

For Zr02, a 3 percent addition showed no Zr02 lines above 1500 C. With 5 percent , some wea k lines were detectei
above 1500 C, and w ith 10 percent , a ll the main lines of monoclinic ZrQ 2 were visible.

Mo-CaO, Mo-La2 03, and Mo-Nd 203

Seven percent additions were added to Mo and heated to 1500 and 2000 C. The patterns showed seven to nine line~
of the oxi des. No lines of a new phase were detected.

Unalloyed Molybdenum

Heating at 1500 and 2200 C did not affect the lattice parameter. After heating at 2200 C, however , some line broa
was observed w hich was linked w ith thermal stresses developed on cooling the samples.

Dubok 191 investi gated the possibility of reactions between Sc203 and mol ybdenum. Since none WI

observed after heating to 2100 C in a protective medium for 4 hours, it was concluded that this oxi
may be usefu l as a dispersoid in molybdenum.

Poltavtsev , et al. 1 ’
~
01 carried out hi gh-temperature X-ray studies on molybde num containing A (2O3

Zr02. The Mo-A1203 alloys were produced by the hydrogen reduction o~ MoO3 and aluminum
chlorh ydrate , and the resulting dispersoids had dimensions of the order of 50 angstroms. The purp
of the investigation was to study the elastic deformation in oxide-dispersion-strengthened alloys. Ii
was shown, that , depending on the elast ic and thermal properties of the materials of the matrix anc
the dispersoid , the molybdenum matrix may occur in a state of isotrop ic tension or compression.
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NICKEL

Research on djspersion~Streflgthefled nickel possibly goes back to the early 1950’s when Baxter~
1
~

investigated the contact angles between A1203 and nickel and some binary nickel alloys. Grant~
2
~ in

1956 showed that considerable property improvements in nickel were possible by incorporating a

10 volume percent addition of A1203. Interest in these materials grew rapidly and, by 1962, du Pon~
3
~

announced the first commercial, OS nickel material which was designated as TO-Ni and contained 2

volume percent of Th02. This material was prepared by a proprietary co-precipitation process and

aroused considerable interest. Much work has since been done to understand the alloy and strengthening

mechanisms involved. Shortly thereafter, Sherritt Gordon offered an equivalent product. OS-Ni, which

contained 3.5 volume percent of Th02. Since then, two similar commercial compositions were

announced in the ~~~~~~~ These carry the VDU- 1 and VDU-2 designations, which corre~pond to

compositions in the Ni-Th02 and Ni-Hf02 systems, respectively.

Even though the 0~j~e.dispersiOfl.Streflgth0r~ed (ODS) nickel alloys showed outstanding hot strength,

their relatively poor oxidation resistance discouraged applications at elevated temperatures. The

natural consequence of this was alloy development to improve high-temperature. oxidation behavior.

Dii Pont was again amongst the first to develop the second generation of these alloys, which was TO-

NiC and contained 20 weight percent chromium with 2 volume percent of Th02. Fansteel purchased

the rights to produce this alloy in 1968 and continued the development of commercial mill products

from it. Irs 1972, the Stellite Division of the Cabot Corporation acquired Fansteel’s rights.

The most recent exciting development associated with these alloys was the “mechanical alloying”

process developed by Benjamin and his coworkers at International NickeL (5,6,7) This has since formed

the basis for the commercial production of nickel alloys that are strengthened by the combination of

oxide dispersion and g~ r%ma prime precipitation . e.g., the MA753 and 754 designations. The compo-

sitions for these are given in Table 41, which also contains the compositions. designations, and present

commercial status of ODS nickel alloys in the U.S.

Table 41. DesignationS , Compos itions , and Cur rent Status of Commercial, Dispersion.Streflgthefled Nickel Alloys

Alloy
Designation Producer Compos ition ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TO-Ni du Pont/Fansteel 2 vol. % Th02 
Discontinued

DS-Ni Sherritt Gordon 3.5 vol. % Th02
TO-NiC du Pont/Fansteel 20Cr , 2 vol. % Th02 Discontinued

DS-NiCr Sherritt Gordon 20Cr , 2 vol. Th02
MA-753 International Nickel 20Cr , 1.5Al , 2.5Ti , 1.3 vol. % Y 203 Discontinued

MA-754 International Nickel 20Cr, 0.3Al. 0.5Ti , 0.6 vol. % ‘(203 Commercial

MA-953 lnternational Nickel Ni-Fe-Cr-Al Development

HDA-807 7 Stellite 16Cr , 4A1, 1.3 vol. %Y 203 Semi-commercial

YDNiCrAI Special Meta ls 
Semi-commercial

OSNiCrAI Sherritt Gordon 
Development

Numerous applications-oriented studies have been conducted for these aIloys.~
8’9~ In addition to a

study of their use as a skin material in the Space Shuttle, the following alloys have been examined for

the applications indicated below in aircraft , gas-turbine engines:
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TD-Ni sheet for flame holder
TD-Ni sheet vanes
TD-NiCr sheet for flame holder
TD-NiCr sheet vanes
TD-NiCr extrusion vanes
DS-NiCr extrusion vanes
MA-754 vanes and shrouds

Many papers and reports have been issued since the first comprehensive review of these materiaIs~
101

was published in 1965. As a matter of convenience, in this review, this literature has been grouped
and will be treated in the following subject cat~igories:

I. Ni alloys, where the dispersoid is
A. Th02
B. Al203
C. HfO~0. Other

II. Ni-M alloys, where M is other than chromium
Ill. Ni-Cr alloys

A. Experimental Ni-Cr-Th02 alloys
B. Commercial Ni-2OCrO2ThO 2 alloys
C. Other Ni-Cr alloys

IV. Ni-Cr-Al alloys
V. Superalloys

VI. Oxidation and Hot-Corrosion Resistance

Ni-Th02 Alloys

Ruscoe, et al.(11
~ investigated the dependence of dispersoid parameters, microstructure, and crystallo-

graphic texture on the room-temperature and high-temperature properties of an ODS-Ni-2ThO 2 alloy.
The dependence of these variables upon themomechanical processing is shown in Figures 61 and 62
and Table 42.

Table 42. Properties of ODS-Ni-2 Vo l. % ThO21’1 2
~

Ultimate
Temperature Tensile Strength
F K ksi MPa

77 298 80 551
1200 922 43 296
1600 1144 32 220
2000 1366 20 138
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Quatinetz, et aI. (12) conducted an investigation to determine the possibilities of producing DS nickel
by thermomechanical processing of comminuted and blended composites. Ni-4 vol . % Th02 and
NiO-4 vol. % Th02 were so prepared. The products were then cold pressed , sintered, hot rolled, and
subjected to 7, 14, or 21 cold-roll and anneal cycles. A number of the sheet materials produced were
stronger in the 1095 C tensile and stress-rupture properties than both the processed reference powder
and the best available commercial TO-Ni sheet. In general, the strengths of the materials produced
increased as the number of cold-roll and anneal cycles increased from 7 to 21.

Marty, et al. 113) prepared TD-Ni by wetting a powdered nickel compound in suspension within a methyl
polymethacrylate with a solution of a thorium salt , the pyrolysis of which gives at 550 C, and above a

stoichiometric ThO2. The Ni-Th02 was worked by extrusion. Thermomechanical treatment was re-
temperatures.

Cheney, et al. (14
~ investigated the properties of ODS-Ni-2ThO 2 sheet made from powders produced by

spray drying and selective reduction. Small Th02 particle size (200 Angstroms) and strongly developed
crystallographic texture were both necessary for good strength at 1095 C. The sheet with about
400-Angstroms-diameter Th02 had little texture and poor strength. The thermomechanical processing
of the alloys greatly influenced their strength because of the effects on texture , grain structure , and
the spatial distribution of the Th02.

Arias t’S) showed that dispersion strengthening of nickel can be produced by a postulated nonreactive
milling mechanism, using water as the nonreactive milling fluid. The tensile properties of this ODS-
Ni-1.8 vol . % ThO2 at 1093 C are reproduced in Table 43.

Norris, et al. (16
~ found that the mechanical aspects of cold rolling Ni-Th0 2 strip are similar to those for

pure nickel, the only significant differences arising from the varying rates of work hardening. Several
series of Ni- Th02 powders were fabricated to strip by hot rolling, cold roIling 20 to 80 percent , and
annealing to recrystallization. Strip which has been cold rolled parallel to the hot-rolling direction:
1) developed a {120} (001> texture , and textur e strength increased with increasing cold reduction;
2) had strength characteristics at 1095 C that correlated with the grain aspect ratio; 3) exhibited
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Table 43. Tensile Properties of ODS-Ni-1 .8 Vol. % Th02 at 1095 c115
~

Ultimate Tensile , 0.2% Yield
Strength Strength Elongation,

MPa ksi MPa ksi

141.5 20.5 131 19 3.7
124.1 18.0 113.1 16.4 5.0
122.3 17.9 118.3 17 ,2 3.9

increasing strength at 1095 C along the rolling direction; 4) had anisotropy in strength at 1095 C and
in tensile elongation at room temperature; and 5) had high-anisotropic , room-temperature , elastic
moduli.

Strip for which the cold rolling direction was perpendicular to the hot-rolling direction: 1) developed a
{ioo} (001) texture; 2) had strength characteristics at 1095 C which correlated with grain size;
3) exhibited minimum strength levels for intermediate rolling reductions of 40-60 percent that yielded
weakly textured microstructures; 4) had neaHy isotropic strength at 1095 C and tensile elongation at
room temperature; and 5) had lower and isotropic room-temperature elastic moduli. It was also shown
that the texture composition was determined by the characteristics of the dispersoid distribution.

Babich, et al, (17
~ investigated the recrystallization of extruded ODS-Ni-2 .8 vol. % ThO2 after cold

drawing and annealing. The material was characterized by a large temperature range between recovery,
occurring at 400-600 C, and recrystallization, which developed at 1200-1400 C. During recrystalliza-
tion, structural heterogeneities occurred which were stable up to 1400 C (0.97 Tm~ 

The number of
large grains depended on the degree of prior deformation and the annealing temperature. A large degree
of deformation (83 percent) prevented the formation of large recrystallized grains.

Petrovic and Ebert(181 investigated the primary recrystallization of commercial TD-Ni. While it
occurs readily after rolling transverse to the bar axis and annealing (800 C), it is completely inhibited
by longitudinal rolling and swaging deformations, even for very high (1320 C) annealing temperatures.
Coarse grain formation is the result of abnormal grain growth (or secondary recrystallization) , which
follows primary recrystallization. The coarse grains may be up to 500 times the size of the initial
as-received state.

Hotzler , et al. (191 established that ODS-Ni-ThO2 recrystallized prematurely during annealing when its
surface was exposed to impi.1rity atoms of certain elements having low melting temperatures, such as
sulfur, selenium, lead, and bismuth.

In TO -Ni, high internal stress remains captive, according to Lasalmonie and Strudel1201, and cannot
contribute to recovery or recrystallization as in pure metals.

Footner and AIcock121~ investigated the growth rates of dispersed Th02 particles in nickel as a function
of time at 1350 C in gases of two separate partial oxygen pressures. The diffusion coefficient and
solubility of thorium in nickel placed in contact with Th02 were also determined under the same
conditions.

The dissolution of Th02 in nickel in atmospheres of controlled oxygen partial pressure between 1295
and 1400 C was investigated by Alcock and Brown1221. It was concluded that the rate-determining
step in the dissolution process was the diffusioi1 o thorium atoms in nickel and that the presence of
oxygen in solution in the metal enhanced this process.
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Durber and Davies1231 examined some strain characteristics of TD-Ni alloys containing up to 3 vol. %
Th02, which were prepared by sequentially powder blending, hot compacting, and wire swaging.
Room temperature tensile tests and cyclic temperature tests between 77 and 293 K were made. The
flow stress was found to increase with decreasing interparticle spacing as predicted by theory. The
presence of the inert dispersoid is considered to decrease the temperature sensitivity of the flow stress.

Ansell (24) carried out studies directed toward providing an analytical rationale for the sensitivity-
insensitivity of DS systems to process history. Thermal shock was found to have little effect on room-
temperature properties of TD-Ni. The effect of thermal cycling on high-temperature behavior was also
studied. Here, preloaded specimens of TD-Ni were tested in creep and stress rupture as a function of
initial heating rate. Those specimens heated rapidly to temperature , e.g., 5,500 F/sec to 1100 F
(3050 C/sec to 595 C), exhibited much faster creep rates and shorter stress-rupture lives than those
heated to temperature using slower heating rates, e.g., 30.5 C/sec.

Murr, et al.1251 investigated the substructure of TD-Ni following simultaneous, explosive shock loading
at pressures of 80, 180, 240, and 460 kbars. Well-defined dislocation cells having average diameters of
0.8, 0.3, 0.2, and 0.1 micron for the respective pressure levels were observed in pure nickel , but were
not developed to the same extent in annealed TD-Ni due to the presence of the Th02 having a mean
particle diameter of 340 Angstroms. Deformation microtwins having an average width of 175 Angstroms
occupied approximately 1 vol. % of the nickel substructure at 460 kbars while twinning was inhibited
by the Th02 particle distribution in the TD-Ni .

Murr (26) measured the absolute (mean) interfacial free energies in TD-Ni and TD-NiC at 1200 C
utilizing techniques of scanning and transmission electron microscopy. It was concluded that the
apparent difference in particle/matrix interfacial strength between TO-Ni and TD-NiC results from a
more complex mechanism than simple interfacial decohesion involving phase separation.

Thompson127 investigated the compatibility of ODS-Ni-2ThO2 with both hydrogen charging and tests
in high-pressure h~,drogen gas. The former were conducted at 194 K as well as at room temperature .
The ODS-Ni showed small ductility losses with no change in fracture morphology.

Ikawa , et al . (28) made a study of the weldability of TD-Ni. They found that the joint efficiencies of
solid-state-bonded joints made by a one-step bonding method were about 100 percent. The joint
efficiencies were superior to those of fusion-welded joints, but the reduction of area in such joints was
inferior to that in the base metal. The joint efficiencies of solid-state-bonded joints made by two-step
bonding method were also 100 percent and the reduction of area in such joints was 80-100 percent of
those in the base metal .

Ni-A1203 Alloys

Dzneladze and his coworkers described(29~ the preparation of Ni-Al 203 alloys from carbonyl nickel
and Al203, made by calcining A12(S04)3. An alloy containing 0.2 percent A1203 was prepared in
wire form. Room and elevated-temperature tensile properties were determined as a function of
temperature and wire reduction, with the results shown in Table 44.

Severdenko, et al .(301 investigated the possibility of intensifying the comminutiori of oxides in strip
rolled directly from A1203-containing nickel powder by subjecting this material to rerolling and the
application of ultrasonic vibration, It was concluded that the application of ultrasonic vibrations
during rolling intensified the comminution of dispersed oxides making it possible to increase the
alloy’s strength and ductility at elevated temperatures.
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Table 44. Tensile Proper t ies of Ni-0.2Al 2O3 w ires (29)

Wire Reduc- Yield Strength ,
Diam., tion, Tensile Strength, MPa MPa Elongation. %
mm % As Drawn 500 C 600 C 700 C As Drawn As Drawn 500 C 600 C 700 C

3 35 637 392 382 382 637 5.3 41 39 38

2 55 686 402 402 402 686 5.0 57 59 59
1 75 784 431 421 412 784 4.6 46 42 43

Buchta and Schatt1311 tensile tested electrolytically deposited Ni-Al203 alloys. For low oxide concen-
trations, the stress found at 0.2 percent plastic elongation was in good agreement with the Orowan
stress. The Fisher mechanism evidently accounted for the hardening process only up to 2 percent
deformation . The Ashby model gave the best agreement and could be used from about 2.5 percent
deformation upwards.

Broszeit , et al.132
~ also produced layers of Ni-Al 203 electrolytically. The hardness of the layers for

alloys containing up to 10 percent A12O3 were determined as were wear test data .

Hancock, et al.(33
~ investigated the work-hardening behavior of Ni-2.5 vol. % AI2O3 alloy to study the

influence of matrix stacking-fault energy on plastic instability and ductility. Kulikov , et al.1341 investi-
gated alloys of nickel with 1, 3, and 5 percent of a-A1203 and their loss of strength on annealing.

Sergenkova and Berezutskii~
351 found that an addition of one percent titanium to OS-N i-A 1203 markedly

inhibited the growth of A1203. In a previous paper , Sergenkova t361 had reported that on the basis of
metallographic examination the A12O3 particles started to grow on annealing at 1000 C. This growth
was slight, but noticeable. The fastest growth started at 1200 C.

Perry and SmaIlman1371 studied the effect of heating a Ni-2.5 vol. % A12O3 0.1 weight % Mg alloy in
vacuo at 1200 C for times up to 225 hours. The magnesium addition was clearly found to increase the
growth rate of A1203 particles . At 1200 C, there was no apparent tendency for the growth rate to
level off even after 225 hours. The results at 1200 C differ from those reported for coarsening at 1300 C
where the addition of magnesium initially increased the coarsening rate of A1203. After 16 hours,
however, the magnesium almost completely restricted coarsening. (38)

Seroenkova , et al. 1391 have explored the effects
of A1203, ZrO2, HfO2, and Si02 in quantities ° °— —

up through 10 vol. % on the hot hardness and ~
stress rupture strength of nickel at tempera- ~ ~~~~~~~~~~~~

— --‘

tures up through 800 C. Of these dispersoids, ~~..

Al203 appeared most effect ive in improving ~ 6
the stress-rupture life. Figure 63 summarizes 

~these data. ~ 2i i  I I I I i . i i l  I I I i I I I . . . I_

0.8 I 2 4 6 8 10 20 40 60 80 00
Time , hours

Figure 63. Effects of Al203 on the Stress-Rupture Life of
Nickel at 600 C (dotted lines) and 800 C (solid
lines). 1 = Ni + 3 vol. % A1203, 2 = Ni + 10 vol.
% A12031391
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Ni-Hf02 Alloys

Plechev , et al.(40
~ prepared a Ni-2 weight % HfO~ alloy using carbonyl nickel. The Hf02 was introduced

into the nickel by chemical precipitation from hafnium oxychloride. The blanks were pressed hydro-
statically and then sintered in a hydrogen atmosphere at 1100 C. After sintering, the blanks were
heated to 1050 C and extruded into rods. The dense material was subjected to cold forging with an
overall reduction of 65 percent. Recrystallization annealing was performed for 1 hour in a vacuum of
iO-5 mm of mercury at 1400 C. The mechanical properties at room temperature and 1100 C of this
material are given below.

20C 1100 C

Tensile Strength, MPa 427 45
0.2% Yield Strength, MPa 178 42
Elongation, % 49.4 4.75

For this alloy, the mechanothermal treatment produced a dislocation structure which is stable up to
0.8 Tm.

Timofeyeva and coworkers published a series of three papers describing work on OS-N i-Hf0 2 alloys. In
the most recent~

41
~, the alloys were produced with nickel powders of 1000-5000 Angstroms containing

3.5 weight % HfO2 produced by chemical precipitation of the components from aqueous nitrate solu-
tions by (NH4)2C03, followed by filtration, drying, and heating with selective reduction. The particle
size of the HfO2 was 200-400 Angstroms. The influence of the sintering temperature on the structure
and consolidation was studied. It was found that HfO2 significantly retards the growth rate of nickel
grains and the shrinkage during isothermal heating at 1673 K. In another investigation1421, nickel
powder was mixed with a master alloy of nickel powder containing up to 20 vol. % HfO2, produced
by chemical coprecipitation as indicated above. The effect of particle size on the dispersant was
investigated using powders of 5, 40, and 70 microns. Dilution ratios of 1.02 to 1.9 were also explored.
The strength properties obtained are shown in Table 45. These properties were determined on speci-
mens that had been sintered at temperatures between 800 and 1000 C for 2 hours in hydrogen and
after thermomechanical treatment.

Table 45. Mechanica l Properties at Various Temp eratures of the Alloy Ni + 2 Vol. % Hf0 2 Produced by Dilut ion 1
~

21

Tests at 1100 C
U.T.S., Y.S., U.T.S., Y.S.,

Particle Tests at 20 C MPa MPa MPa MPa
Dilution Size , U.T.S., Y .S., Without Annealing 1200 C

Ratio microns MPa MPa Annealing for 2 Hours

1:1 5 564 541 98 87 100 88
1:1 40 595 557 74 62 73 61
1:1 70 566 539 73 — 78 73

1:0.75 5 — — 91 78 92 —

It is typical of DS-Ni produced by dilution that over a fairly wide dilution range, annealing at 1200 C
causes very little change in mechanical strength at 1100 C. This indicates the great structural stability
of the cold-deformed alloy .

In the third study, Timofeyeva~
431 investigated the behavior of Hf02 particles in nickel during iso-

thermal annealing. The alloy investigated contained 3.5 vol. % Hf0 2. The average particle sizes of
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nickel tested were 0.075, 0.350, and 0.550 micron, and, of Hf02, 0.5, 1.6, and 3.5 microns. It was
found that after prolonged isothermal annealing, in particular at 1300 C, recrystallization occurred
that was more complete the higher the nonuniformity and the more evenly the HfO2 particles were
dispersed.

Portnoy, et al .(441 investigated Ni-Hf0 2 alloys containing .. 481-4 percent Hf02. After sintering, samples were extruded
Eto a ratio of 25:1. Stress-rupture data for these materials E 7

are reproduced in Figure 64. The authors concluded that
the concentration of dispersoid may be changed within

(I) a
fairly broad limits without substantially changing the long

~~~~
I.0term strength at high temperatures. 0.8 

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Babich, et al.1451 obtained the mechanical properties 0.4
1 10 100 1000

shown in Table 46 for a DS-Ni-2.5HfO2 alloy which was Time to Failure, hours
cold drawn 80 percent and annealed for 1 hour at
1400 C. Raising the compact sintering temperature Figure 64. Variation of Stress-Rupture Time for

Pure Nickel and Its Alloys with Hat-
reduced not only the high-temperature tensile and yield nium Dioxide at 1100 C. 1)Pure
strength of the rods, but also their long-time stre”lgth. Nickel; 2) with 1. 15Hf02; 3) 2.2Hf0~ ;
Thus, over the sintering temperature range 800-1 200 C, 41 3.15HfO 2; 5) 4 .10HfO 2144 1
the value of the stress to rupture in 100 hours at 1100 C
fell from 8 to 6.5 kg/mm2 (78 to 64 MPa), whiI.~s at a
sintering temperature of 1300 C the 100-hour strength of cold-drawn and annealed rods at 1100 C did not
exceed 4.5 kg/mm2 (44 MPa).

Table 46. Mechanical Properties of Ni-2.5HfO 2 Rods After Cold Drawing and Annea ling 14
~

1

Sintering At 20 C At 1100 C
Temp., Y.S. U.T.S. Elong., R. in Area , VS. U.T.S. Elong., A. in Area ,

C kg/mm2 MPa kg/mm2 MPa % % kg/mm 2 MPa kg/mm2 MPa % %

800 35.2 345 54.6 535 21 63 11.1 109 11.7 115 7 13
1000 32.0 314 51.4 504 23.5 58 10.3 101 10.8 106 8 14.5
1200 27.1 265 49.2 482 26 54 9.9 97 10.7 105 11 16
1300 18.7 183 46.6 457 38.5 56 — — 8.2 80 11 11

Yagubets, et al.1461 produced plates of DS-Ni-1.8HfO 2 by electrolytic deposition of plates, assembly of
plates mto packets followed by diffusion welding (by rolling), and annealing to achieve degassing. The
properties of the material produced are listed in Table 47. This paper includes a detailed discussion of
the factors which influence the strength characteristics of electrcnJiemically-produced, dispersion-
strengthened metals.

Table 47. Some Properties of Nickel Containing Hafnium Dioxide Particles 1481

Ultimate Tensile Strength
20C 1100 C H~rdness

Material kg/mm2 MPa kg/mm2 MPa kg/mm MPa

Nickel (0. 1 mm foil) 30 294 — — 110 1078

Nickel with 1.8% Hf02 (electrolysis) 59.5 583 — — 199 1950
Nickel with 1.8% Hf02 (rolled and 35 343 2.8 27 — —

annealed at 1200 C for 2 hours)
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Other Dispersoids In Unalloyed Nickel

Sastry and Vasu~
471 investigated the low-temperature deformation behavior of DS-Ni 4 vol. % ZrO 2 to

study the mechanism of hardening. Later Denisenko , et al. 1481 investigated the effect of thermo-
mechanical treatment on the strength of DS-Ni-Zr0 2.

Gawrilov (491 produced layers of Ni-P-Zr0 2 and Ni-B-Zr0 2 by “chemical” deposition where the dispers-
ant was Ni-P or Ni-B produced by “electroless ” deposition. Some corrosion and oxidation tests were
made on these materials . The films having 1 to 2 g/l of the P-Zr0 2 in the suspension showed superior
reflecting power.

Yagubets, et al.~
461, in addition to producing electrochemical composites of DS-Ni-HfO 2 (as described

earlier), made similar materials using lanthanum chromite and Pr2Zr2O7 as the dispersoid. Similarly,
Portnoy, in 1971,(50) in addition to making OS-nickel alloys with Th02, A12O3, and Hf02, also made
alloys containing 3 percent ZrO2 and 3 percent Ti02.

Schafer, et al. 1511 investigated DS-Ni-MgO alloys using nickel powders of 1,0.4,0.2 micron average
particle size in combination with 0.05 micron MgO powder. The mixtures were vacuum hot pressed
and extruded at 1050 C. There was a general tendency toward oxide-pa rticle growth during processing.
A small amount of oxide (7 to 10 percent) considerably improved the 980 C stress-rupture strength ,
but further oxide additions (12 to 28 percent) resulted in a decrease in strength.

Arias~
151 used nonreactive milling to produce a Ni-1.8 vol. % Y203 alloy whose average tensile proper-

ties at 1093 C (2000 F) were as follows:

Ultimate Strength Yield Strength Elongation,
ksi MPa ksi MPa percent

19.3 133.3 17.7 122. 1 3.1

DS-Ni-BeO alloys produced by powder-metallurgy techniques were investigated by Grewal , et al.~
521.

The investigation was undertaken to gain a better understanding of the relationship between the struc-
tural changes brought about by various thermomechanical treatments in a Ni-i vol . % BeO alloy and
the accompanying changes in high-temperature proper~°s. The authors concluded that the thermo-
mechanical treatments were beneficial to both room- and elevated-temperature properties. Whereas
cold work following extrusion is generally beneficial to high-temperature , creep-rupture strength ,
intermediate annealing can further improve strength. There is an optimum annealing temperature
that must depend on the structure of the particular alloy. Whereas cold work modifies the total
structure, with decreasing benefits at room temperature beyond about 30 percent further reduction,
it can continue to improve the 982 C strength to much higher deformation.

The use of intermediate annealing treatments on top of cold work significantly modifies the dislocation
density and distribution and substructural arrays without any visible change in the grain aspect ratio
(GAR).The authors feel that this clearly demonstrates that the GAR is not the primary structura l vari-
able controlling high-temperature strength.

Kaufman1531 explored the use of splat cooling to dispersion strengthen nickel. His search for suitable
dispersoids did not lead to any substance having as good particle size stability as Th02. Thus, various
high-melting borides were not chemically stable in nickel. Also , the refractory carbides of titanium,
zirconium, hafnium, columbium, and tantalum, in submicron size, grew rapidly at temperatures as
low as 900 C. TaC appears to have the best size stability . Th2Ni 17, Y2Ni 17 have about the same size
stability as TaC even though they have a much lower solid solubility in nickel than TaC. Substantial
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hardening was also observed at lower temperatures of the alloys with TaC, Th2Ni17, and Y 2N117.
However, this strength dropped rapidly above 500 C. Some dispersion hardening was exhibited by the
alloys containing 5 vol. % TaC, 1 we ight % Th, and 15 vol. % Y2Ni17, but their strength at 900 C was
not as good as that of TO-Ni. A sp lat-cooled alloy of 20 vol. % Th2Ni 17 was internally oxidized at
500 C to form 6.5 vol. % ThO2. This material contained submicron sized particles and showed a varia-
tion of strength with increasing temperature comparable to that of TO-Ni.

Thibaudon, et al. 154) prepared dispersions of refractory carbides (Cr3C2, TiC, VC, TiOx, V 203) and
nitr ides in nickel. A gas-solid reaction was used in conjunction with mixtures of H2-CH4 or H2-NH3
to reduce and carburize, or reduce and nitride, respect ively, the raw materia ls. Through the use of
high-quality starting materials, the authors believe it is possible to obtain products that are characterized
by a very homogeneous distribut ion of the dispersoid in the matrix.

Rudio, et al.(561 developed a technique for manufacturing extruded rods containing dispersions of glass
particle mixtures. Four groups of these were prepared as listed below:

Group Glass Compositions Represented
Si02, Al203, MgO, Ti02, CeO3

II Si02, A1203, B203, PbO
III Si02, AI2O3, Li20, Zr02, CeO, B203, PbO, As203
IV Si02, A1203, GaO, MgO, FeO, Fe203, Ti02, Na20, K 20

The use of silicate materials which react chemicall y with nickel substantially increased the specific load,
i.e., the stress required to extrude the material. The use of glass rather than graphite lubrication de-
creased the specific load.

DS Ni-M Alloys*

Cheney, et al. 1141 prepared Ni-l5Mo-Th0 2 sheet with varying volume fractions and sizes of Th02, and
investigated the metallurg ical conditions affect ing the strengths at 1090 C. The yield strengths at
1093 C were: Ni-l5Mo = 13.1 ksi (90 MPa); Ni-l5Mo-0.03ThO2 13.8 ksi (95 MPa); Ni-l5Mo-
0.3ThO2 = 21.3 ksi (147 MPa); and Ni-l5Mo-3.OThO 2 = 23.2 ksi (160 MPa). Ultimate strengths
were usually w ithin 2-4 ksi (14-28 MPa) of the yield strengths and elongations were 2-6 percent. The
stress-rupture data of the above materials are given in Table 48.

Table 48. Stress-Rupture Prop erties of Ni-l5Mo-Th 0 2 Sheet1’141

Stress Rupture Elongation.
Material ksi MPa Time , hrs %

Ni-l5Mo-0.3ThO 2 16 110 0.05 5
Ni-l5Mo-0.3Th0 2 12 83 0.30 6
Ni-l5Mo-0.3Th0 2 9 62 11.7 3
Ni~15Mo-0.3Th0 2 7 48 128.8 4
Ni-l5Mo-3ThO 2 12 83 467 .9 —

Ni-l5Mo-3ThO 2 14 96 58.6 —

* M designates metals other than chromium.
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In a previous paper 1561, a Ni-l 5Mo-4ThO 2 alloy had been investigated. The strength of the alloys Ni-
l5Mo and Ni-l5Mo-4ThO 2 was reported good at room temperature [150 ksi (1034 MPa)] . The molyb-
denum strengthens the a lloy to at least 760 C. Strengths at higher temperatures were at least equiva-
lent to those of TO-Ni. Excessive cold working with no intermediate anneals lowered the ultimate
tensile strengt h of the alloy at 980 C from 18 ksi (124 MPa) to about 3 ksi (21 MPa). Repeated cold
deformation followed by intermediate anneals at 1200 C increased the strength at 980 C to at least
21 ksi (145 MPa).

Walsh and Donachie~
571 investigated the interdiffusion between TO-Ni and W. A large Kirkendall

effect in TD-Ni/W diffusion coup les indicated that nickel is the more rapidly mov ing species.

Hancock , et al .(58) studied the creep behav ior of Ni-3OCo-2.5A 1203 alloys in the temperature region
between 770 and 1000 K.

Glasgow 159) produced a complex OOS a lloy, WA Z-D , by mechanical alloying. This alloy was compared
w ith cast WAZ-20 which is strengthened by both a high, refractory-meta l content and 70 vol. % of
gamma pr ime. The composition of the alloys tested are given in Table 49. The ODS-WAZ-D alloy was
responsive to variables of alloy content, of attritor processing, of consolidation by extrusion , and of
heat treatment. The best material produced had large, highly elongated grains. It exhibited strengths
generally superior both to comparable cast and directionally solidified alloys as illustrated in Table 50.
The ODS alloy also exhibited high-temperature, stress-rupture life considerably superior to any known
cast superalloy. For examp le, its rupture life in vacuum at 1150 C under a stress of 102 MPa was
approximately 1000 hours. Tensile and rupture ductility were low as was intermediate-temperature
rupture life. Very low creep rates were noted and some specimens failed with essentially no third-
stage creep. Comparison of OOS-WAZ-D to the conventionally cast WAZ-20 and to directionally
solidified WAZ-20 indicates that oxide-dispersion strengthening may be beneficially added to even the
stror gest of superalloy compcsitions.

Table 49. Composition of Complex Nickel-Base Alloys~
59

~

Alloy Ni W Al Fe Zr B C 0 N V

WAZ -D (17W) Bal 16.6 7.3 4 .3 0.6 1 ND. 2 0.05 0.56~ 0.09 0.8
WAZ-D (8W) Bal 7 .7 6.8 4.5 0.5 1 N.D.2 0.08 0.51~ 0.02 0.8
WAZ -20 Bal 18 6.0 — 1.5 0.0003 0.11 — — —

1. Analysis believed in error; added Zr was 0.95%.
2 . Not determined , 0.015 added.

3. For 3.5 mI/mm 02, 40-hour runs.
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Table 50. Results of Tensile Tests of Large, Elongated-Grain, ODS-WAZ-D (17W)
and Comparable Data For Cast WAZ.20~

591

Ultimate Tensile Reduction
Temp. , Strength in Area , Elong.,

C ksi MPa %

ODS-WAZ-D (17W )
RT 228 1572 3 7
RT 227 1565 3 5
760 131 903 2 1

1095 42 290 2 2
1205 32 221 2 3
1260 18 124 0 1
1315 12 80 0 1

WAZ-20, Conve ntionally Cast
RT 108 745 — 4
760 109 752 — 4
1095 44 303 — 4
1205 20 138 — 5

WAZ-20, Directionally Solidified
RI 130 896 - -- 13
760 120 827 — 4
1095 44 303 — 12
1 205 20 138 — 8

Ni-Cr Alloys

Experimental Ni-Cr-ThO2 Alloys

Marty, et al. (60) described the production of dispersion-strengthened Ni-Cr alloys by mixing the
chromium powder mechanically with Ni-Th0 2 powder. The sintering-diffusion process was carried
out in a halogen-hydrogen atmosphere at a temperature range of 900-1200 C. This yielded a very
porous Ni-Cr-ThO 2 alloy wh ich had to be densified by extrusion. Thermomechanical treatment
must follow to ensure good mechanical properties at high temperatures.

Wilcox , et al. 161) studied the creep behavior over the range 700-1100 C on three Ni-Cr-i vol. % Th02
base alloys that contained 13.5, 22.6, and 33.7 weight % chromium, respectively. Similarly,
Arunachalam and Lippett l62) invest igated stress relaxation in nickel-chromium alloys containing 20 to
34 percent chromium and 1 to 2 percent ThO2. Their results fit well with the assumption that more
than a single rate-controlling mechanism is operating in this alloy system.

Lund and Nix 163) investigated the high-temperature creep of single crystal ODS Ni-Cr and concluded
that creep is controlled by self-diffusion , as for the case of pure meta ls and solid solutions. The
ducti lity of the single crystals was much greater than that for polycrystals. At very high temperatures
(~~1200 C) , the solubility of Th02 in Ni-2OGr is sufficient to cause a significant decrease in the creep
resistance of the material.
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On the basis of these and earlier similar studies, it was quickly decided that a chromium content of
about 20 percent was near optimum for dispersion-strengthened, nickel-base alloys. In the case of the
nickel-thoria system, the Ni-2OCr-2 vol. % Th02 alloy not only shows much superior oxidation resist-
ance but also much higher mechanical properties at elevated temperatures than for the Ni-2 vol. % ThO2
alloy.

Commercial Ni-2OCr-2ThO 2 Alloys

As noted earlier , two commercial Ni-2OGr-2ThO 2 alloys were developed in the early 1960’s. The f irst
of these was the TD-NiG alloy developed by du Pont (later assigned to Fansteel , then Stellite) and the
other was Sherritt Gordon’s DS-NiGr alloy.

From the outset, great interest was shown in this material , part icularly as a sheet alloy aimed at high-
temperature applications. NASA was quick to recognize the potential of this alloy as a skin material
for its Space Shuttle vehicle and supported much of the sheet development work. For TD-NiG, a
combination of powder-metallurgy techniques and thermomechanical processing was used.1641 For
DS-NiCr , pack chromizing of thin Ni-2ThO 2 sheet was selected.1651 Extensive data were ultimately
reported(66) on the tensile properties (for both longitudinal and transverse directions) of several
sizes of TD-NiC sheets (0.010- to 0.060-in, thick). Poisson ’s ratio was reported as 0.333 for longi-
tudinal and 0.338 for the transverse directions. The modulus of elasticity was given as 24 x 106 psi
(165.36 x 106 MPa) at room temperature and 4 x 106 psi ( 27.56 x 106 MPa) at 1315 C. Fatigue,
creep, and stress-rupture propert ies were also determined. Little or no creep strain was evident until a
critical stress level was applied. Then nonlinearity of creep strain versus stress was observed for a given
t ime increment, probably the result of grain-boundary damage. Data were also obtained on linear
therma l expansion, thermal conductivity, spec ific heat, and total hemispherical emittance. This
evaluat ion, in addition to the above property tharacterization, also included sheet manufacture 1671
form ing and join ing.~

681

Bearing strength, sharp notch, thermal diffus ivity, and electrical resistivity were also determined in
another study. (69)

Kane, et al. (70) invest igated the recrystallization characteristics and the elevated-temperature mechan-
ical properties of TD-Ni and TD-NiGr. They also developed a satisfactory etching technique for these
mater ials. A thermal-oxidation etch gave good detail of grain boundaries over the entire range of grain
sizes of the TD-NiCr produced (0.001 to 0.5 mm). No microstructural changes were found as result
of this thermal etching technique.

Wilso n, et al. (71 1 conducted tensile and creep-rupture tests for smooth and sharp edge-notched specimens

F of 0.38-mm-thick,TD-NiGr sheet at 538 to 982 C with the results shown in Figure 65. Plotting stress
versus minimum creep rate showed that the mechanism controlling creep changes between 538-650 C.

Murr~
251 compared the substructures and properties of TD-NiCr with other material following explosive-

shock deformation. No evidence of deformation twinning was observed in the TO-N iCr microstructure
because of the inhibition afforded by the Th02 particle distribution in the annealed material.

Ansel11241 investigated the role of process history, phase morphology, and interface strength upon the
mechanical properties of TD-NiCr. Using a thermal-shock method, the bond strength in TD-NiCr was
quant itatively measured and found to be approximately four times that for TD-Ni. Thermal shock
caused a significant drop in the room-temperature yield strength of TD-NiCr.
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Figure 65. Stress Vers us Rupture-Time Data at Temperatures From 1000 to 1800 F (538-982 C) Obtained From
Smooth and Notched Specimens of 0.015-in. (0.38 mml Thick , Stress-Relieved , TD-NiCr Sheet~
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W ittenberger 1721 correlated the mechanical properties for thin TD-NiCr sheet with the structura l char-
acteristics of the material. Emphasis was placed on tensile stress-rupture and creep behavior as related
to microstructure and sheet thickness. Measurements of the mechanical properties of two heats of
0.051-cm thick and two heats of 0.025-cm thick TD-NiCr sheet indicated that elevated-temperature
tensile, stress-rupture, and creep strength are primarily dependent on grain aspect ratio (GAR) and
sheet thickness. In general, it was found that the strength properties increased with increasäng CAR

and increasing sheet thickness. Grain size for TD-NiCr sheet with an average grain size between 100
and 300 microns did not appear to be an important strength factor at elevated temperatures.

This study of TO-NiCr sheet also revealed that: 1) the thin sheet apparently has nil tensile ductility
at elevated temperatures, 2) even very small amounts of prior creep deformation (0.1 percent) at
elevated temperatures (1144 K) can produce severe creep damage which is responsible for the low
residual tensile properties, and 3) there appears to be a threshold stress for creep.

Raymond and Neumann1731 investigated the high-temperature stability of ThO2 in TO-NiCr made by

du Pont and ODS-Ni-2OCr-2ThO 2 made by the Gurtiss Wright Corporation. It was found that both
mater ials were structurally stable up to 980 C. However , only the former material was unaffected by
1-hour anneals up to 1315 C as manifested by the retention of the room-temperature hardness and

F the (100) fiber texture.

Allen 1741 developed a solid-state, crystal-grow ing process, which is capable of producing either columnar-
oriented crystals or monocrysta ls from as-extruded TD-NiGr. Stress-rupture testing of columnar-
gra ined bars, in which the (001) planes are perpendicular to the stress axis, indicated that this material
is approximately twice as strong as the same as-extruded product given a conventional , recrystallization
heat treatment. Stress-rupture ductilities were also improved to 6-7 percent elongation versus 1-2
percent in conventionally processed bar.

Murr 126> investigated the interfacial energetics in TD-NiCr and concluded, as for TO-Ni, that the
apparent difference in particle/matrix interfacial strength results from a more complex mechanism than
simple interfacial decohesion involving phase separation. Franklin , et al. 1751 also investigated the par-
tic le/matrix interface strength of TD-NiCr. They concluded that the addition of Cr to the Ni matrix
in Th02 dispersed alloys increases the particle/matrix interface strength thereby reducing or eliminating
the strength differential effect. However , rap id heating to 980 C can produce sufficient stress to cause
decohesion of the interface thus decreasing the yield stress for short times at temperature after initial
heating.
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Pawar and Tenney (76) studied the diffusion of nickel and chromium into TD-NiCr over the 900-1100 C
temperature range. Their data suggests that 2 vol. % Th02 distr ibution has no appreciable effect on
the rates of diffusion in TD-N1Cr with a large grain size. This further supports the view that an inert
dispersoid in an alloy matrix will not in itself lead to enhanced diffusion unless a short-circuit diffusion
structure is stabilized.

Torgersonl77) developed forming and joining techniques and property data for thin-gage TO-N iCr sheet
in the recrystallized and unrecrysta llized conditions. Theoretical and actual forming-limit data are
presented for several gages for each type of material for five forming processes: brake forming,
corrugation forming, joggling, dimpling, and beading. Recrysta llized sheet can best be formed at room
temperature , but wrought sheet requires forming at high temperatures. Forming is satisfactory with
most processes for the longitudinal orientation but poor for the transverse . Dimpling techniques
requ ire further development. Data on joining techniques and joint properties were presented for
four joining processes: resistance seam welding (solid state) , res istance spot welding (solid state),
res istance spot welding (fusion), and braz ing. Resistance seam welded (solid state) joints with 5t
( i.e., f ive times the sheet thickness) overlap were stronger than parent material for both material
conditions when tested in tensile-shear and stress rupture. Brazing studies resulted in development of
the NASA 18 braze alloy (Ni-l6Cr- l5Mo-8A1-4Si) with several properties superior to baseline TD-6
braze alloy i nclud i ng lower brazing temperature, reduced reaction with TD-NiGr, and higher stress-
rupture properties.

Moore l78),by using specially processed TD-NiCr sheet in both 0.4-mm and 1.6-mm thicknesses and care-
ful ly selected welding procedures, produced solid-state , resistance spot welds which, after post-heating
at 1200 C, were indistinguishable from the parent metal. Stress-rupture shear tests of single-spot lap
joints in 0.4-mm sheet showed that these welds were as strong as the parent material. Similar results
were obtained in tensile-shear tests at room temperature and 1100 C and in fatigue tests. Conventional
fusion spot welds in commercial sheet were unsatisfactory because of poor stress-rupture shear proper-
t ies resulting from metallurgical damage to the parent metal.

Holko (791 reported on an improved diffusion-welding technique. In the most preferred form , it consists
of diffusion welding 320-grit-sanded-plus-chemically-polished surfaces of unrecrystal I ized TO-N iCr at
760 C under 140 MPa pressure for 1 hour followed by post heating at 1180 C for 2 hours. Compared
to prev i ous work , this improved technique is claimed to have the advantages of shorter welding time,
lower weld ing temperature, lower welding pressure , and a simpler and more reproducible surface-
preparation procedure. We ldments were made that had parent-metal , creep-rupture , shear strength at
1100 G.

Holko and Moore 1801 also described a vacuum-hot-press welding procedure to produce lap welds. The
best preweld surface preparation procedure involved sanding with 600-grit paper and subsequent
electropolishing. A two-step weld cycle was found to work best consisting of 207 MPa and 705 C for
1 hour; and 15 MPa and ll90 C for 2 hours.

Metcalf l811 proposed joining of TD-NiCr sheet by Solar ’s continuous-seam, diffusion-bonding process,
but structural instability limited stress-rupture life.

Kenyon and Hrubec 182
~ examined 13 brazing alloys, some commercial and some experimental. Brazing

was carried out in dry hydrogen and in vacuum. It was found that brazed joi~~s with 1050 C tensile
strengths corresponding to approximatel y 80 percent of base-metal strength can be made with the
brazing alloys tested.
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While most of the developmental effort on the DS-Ni-Cr alloys concerned sheet product , some attention
was also given to other wrought products. Filippi(83) , for example , carr ied out an extensive study on
forged TD-N ICr. The high-temperature tensile and stress-rupture properties were evaluated and
related to thermomechan ical variables and microstructure on 0.38-cm-thick , channel-die-forged plates.
Forging temperature and final annealed condition had pronounced influences on grain size which, in
turn, was re lated to high-temperature properties. Conditions which served to optimize high-t~ nperature
strength were:

1. Forging in the temperature range of 1255 to 1475 K followed by annealing at 1615 K
2. An increase of total forging reduction
3. Forging to continue the deformation inherent in the starting material
4. A low forging speed, and
5. Prior deformation by extrusion.

The author concludes that the results demonstrated that the mechanical properties of TD-NiCr sheet
developed for space-shuttle applications can be achieved in forged material. It was believed that further
improvement of optima lly forged material might possibly be increased further by shock treatment.

Roach and Wo lf (841 determined the effect of manfactu ring var iables on the strength of TD-N ICr
fasteners. No manufacturing sequence prevented head failure in forged tension bolts. However ,~
shear fasteners were produced that did not demonstrate a head-critical cond ition and possessed the
anticipated optimum shear properties.

Barnett and Ba i ley 1851 produced TD-NiCr tubing by extrusion using filled-billet techniques of dense
hollows to near target size. After a recrystallization heat treatment , these were then cold f inished by
drawing.

Recently, Johnson and K ilpatrick(861 summarized the results obtained in the space-shuttle program to
eva luate ODS-Ni-base alloys for use in the metallic , radiative , thermal-protection system operating at
surface temperatures to 1205 C(2200 F). TO Ni-2OCr characteristics of material used in this study
were compared with TD-N i-Cr produced in previous development effort. Cyclic load, temperature,
and pressure effects , as wel l as residual strength , were investigated. The effects of braze reinforcement
in improving the efficiency of spot-welded joints were evaluated on joint samples and through simulated
miss ion tests. Initial tests of subsize, heat-sh ield panels included simulated meteoroid-impact tests. It
was found that properties of the TO Ni-2OGr sheet material used in this program were similar to those
of previous quantities of TD Ni-2OGr with the exception that lower tensile elongation at failure was
observed from tests of sheet used in this program for test temperatures of 650 C and higher. Degrada-
t ion of tensile properties resulting from a programmed cycle of stress , temperature , and low environ-
mental air pressure were more pronounced in the long transverse direction than in the longitudina l
(rolling) direct ion. Observed tensile-strength degradations did not significantly affect heat-shield
weights because compressive buckling stresses in the thin-gage panels were critical for design strength.
Braze-re inforcement of spot-welded, seam-we lded, or diffusion-bonded joi nts provided significant
improvement in fatigue , stress-rupture , and short-time joint strengths.

Other Ni-Cr Alloys

Antsiferov and SaI’nikov (871 investigated the recrystallization of a DS-Ni-2OGr-3ZrO 2 alloy. They
observed that the beginning of recrysta llization temperature after a 30 percent plastic deformation
was lowered.
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Antsiferov, et al.188) also determined the behavior of Zr02 and A12O3 particles in an 8ONi-2OCr matrix
and grain growth of the matrix on annealing at 900 and 1150 C. With increasing duration of annealing,
a metallographically visible growth of recrystallization nuclei begins, resulting in a coarsening of fine
particles of the dispersoid. Annealing in air as opposed to hydrogen produces less coarsening of the
dispersoid. These same workers also published two other papers189’901 describing the effects of pro-
cessing on the elevated-temperature strength properties of alloys made by adding Al203 or Zr02, in
amounts up to 8 weight %, to a Ni-2OCr (“Nichrome” base). Representative tensile properties for some
of these alloys in an as-extruded condition are given in Table 51.

Table 51. Tensile Prope rties of Extruded Ni-2OCr-A1203 and Ni’2OCr-Zr02 Alloys 1891

Testing Temperature, C
Relative 20 800

Alloy Oxide , Density, U.T.S. Elong., U.T.S. Elong.,
No. wt. % % kg/mm2 MPa % kg/m m2 MPa %

1 Nichrome 98.5 72.7 712 13.6 34.1 334 11. 2
2 1%A 12O3 97 .8 59.6 584 5.2 36.7 360 8.0
3 2% A12O3 96.9 64.5 632 12.0 33.2 325 6.0
4 3% A1203 96.3 60.6 594 5.6 30.0 294 5.4
5 4% Al~O3 97.5 54.8 537 0.8 31.3 307 4.0
6 8% A1203 98.2 33.0 323 0.0 24.8 243 4.8
7 1%ZrO~ 98.5 66.1 648 9.2 35.6 349 10.0
8 2% Zr02 97.0 59 578 3.6 37.8 370 8.0
9 3% ZrO~ 99.0 64.9 636 6.8 36.7 360 8.4

10 4%ZrO 2 98.2 62.6 613 4.4 32.7 320 2.8
11 8% ZrO~ 97.0 40.0 392 0.4 26.0 255 1.6

Bunshah(91) has described the use of a high-rate , physical, vapor-deposition process to synthesize alloys
corresponding to the Ni-2OGr-Y 203 and Ni-2OCr-TiC compositions.

r-.leerson, et al.1921 observed that the introduction of Hf0 2 slows down the increase in density with
rise in pressure for mixtures of nickel and chromium powders.

T imbres and Norris193) reported on the investigation of Ni-Cr-Mo-ThO 2 and Ni-Cr-W-Th0 2 alloys.
The purpose was to solution strengthen the dispersant. Increases in tungsten content up to 25 percent
increased the low-temperature strength but decreased the strength at 1095 C. Changes in strength
level were corre lated with the grain size in the wrought alloys and it was concluded that the strength
of the alloys was contro lled more by microstructural factors than by contributions from solid-solution
strengthening. A sim ilar pattern appeared to exist with Ni-Cr-Mo-ThO 2 alloys.

Ni-Cr-Al Alloys

The DS-Ni-Cr-A I alloys represent a third generation of dispersion-strengthened nickel alloys. ‘Ihe first
two generations, represented by DS-Ni and OS-N iCr alloys with Th02 as the dispersoid, possessed
good mechanical properties but their resistance to high-temperatu re, dynamic ox idation was limited.
The third generation sought to overcome this deficiency, primarily by the addition of aluminum. The
addition of aluminum, however , complicates the ~‘esponse of these materials to thermomechanical
processing and makes it more difficult to obtain the required mechanical properties.
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Fansteel, then Stellite, as well as Sherritt Gordon, have worked on Ni-Cr-Al.Th02 alloys since the late
1960’s. In some of the earlier work, Timbres and Norris1931 subjected a Ni.l6Cr-5A1-2ThO 2 alloy to
a series of thermomechanical-processing studies to optimize its mechanical properties. A reproducible
process was defined that yielded the desired, coarse-grain microstructure and fine, dispersoid size in
wrought str ip. This process included roll consolidating powder compacts at 1095 C followed by rolling
(in a series of 10 percent reductions to a total reduction of 77 percent) at 1205 C, and annealing at
1315 C. The short-time tensile properties at room temperature and 1095 C in the longitudinal and
transverse direction were similar (130 ksi and 13 ksi, or 896 MPa and 90 MPa, respectively) but the
transverse , stress-rupture and room-temperature ductility properties were lower than those in the
longitudinal direction. All properties with the exception of room-temperature ductility were above
the target specifications for the program. Substitution of prealloyed powders for blended elemental
powders in preparing the alloys was not successfu l due to poor powder compactability and to high
oxide content .

Gangler (941, in discussing new mater ials in the aerospace industry, described two candidate alloys
developed for heat-shield applications. These were Ni-l6Gr-3.5Al-2ThO 2 and Ni-l6Cr-5.OAI-2ThO 2.
The lower aluminum level appeared to provide the optimum combination of oxidation resistance,
duct ility, and strength for the space-shuttle heat shield. The higher, 5-percent aluminum level was
believed more desirable to provide oxidation protection for longer times for such applications as
gas turbines. Typical strength properties of the high-aluminum version are compared with those for
the DS-Ni-2OCr-2ThO 2 alloy in Table 52. At 1093 C they are quite similar.

Table 52. Typica l Properties for ODS NiCr & ODS NiCrAl Sheet 1941

ODS NiCrAI ODS NiCr
(Ni-i 6Cr-5Al+2ThO2) I Ni-20Cr+2ThO~l

Property MPa ksi MPa ksi

U.T.S., R.T. 700 110 900 130
V S., R.T. 550 80 690 100
U.I.S., 1336 K(1093 C1 110-120 1 6-18 110-120 16-18
100-Hour Stress 60 8 60 8
Rupture at 1336 K (1093 C)

Klarst rom and Gr ierson1951 invest igated the optimum alloy composition, in terms of gas-turbine-vane
applications, within the Ni-l6Cr-A l-Y 2O3 system to produce extruded vane blanks. The primary
objectives of the program were:

a) High-temperature strength - stress for a 100-hour life at 1366 K of 82.7 MPa parallel
to the extrusion direction and 4.4 MPa in the long transverse direction

b) Oxidation resistance - less than 0.076 mm metal recession after 500-hour exposure to
high-velocity gas (Mach 1) at 1366 K under cyclic test conditions

c) Crystal texture - low-modulus texture with the (100> crystallographic direction parallel
to the extrusion direction

d) Ductility — minimum of 5 percent tensile elongation at 1366 K
e) Fabricability — alloy powder directly extrudable to vane blank or shape
1) Stability - dispersoid stability comparable to commercial Ni-Cr-Th0 2 alloys
g) Melting point - >1630 K.

The primary parameter used to define the optimum composition was the materials ’ dynamic oxidation
resistance. This investigation resulted in an alloy, Ni-l6Cr-4 .75A1-1.8Y 2O3, w ith excellent resistance
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to dynamic oxidation plus low susceptibility to thermal fatigue cracking at and above 1644 K. To
obtain complete recrystallization, samples were heated from 1477 to 1616 K over a period of 2 hours,
held for 1 iour at the maximum temperature, and then cooled. Two experimental heats containing
nominal additions of 0.9 and 1.8 percent tantalum for control of carbide formation were also produced
and extruded. Modulus values were in the desired low range (‘— 137,900 MPa , or 20 x 106 psi) for
the two tantalum-free extrusions and unacceptably high (—200 ,000 MPa , or 29 x 106 psi) for the two
tantalum-containing extrusions. Results of longitudinal tensile test for the optimized alloy are given
in Table 53, and stress-rupture data in Table 54. It was concluded that the scaled-up, tantalum-free
extrusions have properties that either exceed or are close to the target properties. However, further
optimization of oxide level and heat treatment appears to be necessary. Another topic requiring
additional study is the effect of long-time, high-temperature exposure on the alloys ’ mechanical
properties.

Table 53. Longitudinal Tensile Test Results for Full ’Size Extrusions of the
Ni -i 6Cr-4.75A1-1 .8Y 203 Allo y (951

0.2% Y.S. U.T .S. Elongation , R.A.,
Extrusion No. ksi MPa ksi MPa %

Room Temperature
AT-262 133.6 921 181.7 1781 5.2 11 .9

129.8 894 166.2 1629 5.2 7 .6
AI-264 125.2 863 156.4 1078 5.9 6.5

124.8 860 162.2 1118 6.2 7.6

1600 F 1871 C)
AT-262 53.3 369 53.3 369 12 .2 27.6

61 .2 422 61.2 422 6.8 14.5
AT-264 50.7 349 50.7 349 6.6 16.4

57.1 393 57.1 393 9.2 21.5

2000 F (1093 Cl
AT-262 16.1 111 16.1 ill 6.5 12.4

15.8 109 15.8 109 6.0 10.5

AT-264 15.5 107 15.5 107 7.6 18.5
16.0 110 16.0 110 5.6 10.4

Table 54. 1366 K (2000 F) St ress ’Ruptu re Data for Extrusions of the
Ni-l6Cr-4.75A 1-1 .8V 203 Alloy1951

Extrusion Specimen lime at Stress to Rupture, Elong., R.A.,
No. Orientation Hours/MPa % %

AI-262 L 100/82.7 + 9.3/89.6 6.5 12.2
L 73.4/82.7 2.6 3.9
T 100/34.5+ 0.2/41.4 4.8 3.9
I 82.7/34.5 4.7 3.5

AT-264 L 100/82.7 + 2.8/89.6 5.9 8.6
L 6.8/82.7 8.2 14.7
1 65.5/34 .5 4.9 4.3
T 110.3/34.5 14 ,5 5.3
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Previously, Stellite had evolved Haynes Development Alloy 8077, which had the nominal composi-
tion of Ni-l6Cr-4A 1-1.33 Y2O3.1961 The melting point was>1370 C. Selected tensile properties are
shown in Table 55. The bendability was 180 degrees around a mandrel of twice the sheet thickness.
The stress-rupture capability at 1095 C with a load of 10 ksi (69 MPa) was more than 20 hours. The
texture was (200) i n the sheet p lane and (100) in the rolling direction. The thermal fatigue resistance
of the alloy at 1095 C is compared with that for dispersion-strengthened and commercial superalloys
in Figure 66.

Table 55. Tensile Properties of HDA 8077 Alloy (96)

Yield Ultimate
Temperature , Strength Strength Elong. ,

F ksi MPa ksi MPa %

RT L 75.1 517 106.1 731 29.3
1 72.2 497 100.8 695 34.0

1200 L 66.4 457 87.6 604 16.6
1 64.9 447 80.6 ~55 16.6

1600 L 26.5 183 35.6 245 13.2
1 27.1 187 37.9 261 26.7

2000 L 11.7 81 14,1 97 10.8
I 12.0 83 12.8 88 11.1

0 5 1000 1500 2000 2500 3000
Cycles

Figure 66. Comparative Performance of Selected Alloys in Thermal Fatigue Resistance Using a 2000 F (1093 C)
Wedge-Specimen Test 1961

Trela, et al.197
~ investigated methods of controlling the grain size and grain shape of the ’ NiCrAIY”

Ni-l6Cr-4A 1-(2 -3)Y 2O3 alloy, which was found to respond quite differently to thermal and thermo-
mechanical processing. Specifically, it was not amenable to the control of grain size and shape by
these processes in the same way as are TD -Ni and TD-NiCr. Thus, the NiCrAIY did not recrystallize
rapidly and incur immediate abnormal grain growth on annealing, after substantial cold working, as
does TD-Ni. Also, it was not amenable to grain-size control by classical nucleation and grain-growth
mechanism like TD-NiCr. Rather, the NiCrAIY 2O3 appeared to be quite sluggish in its nucleation
of new recrystallized grains on annealing following cold working. These new grains usually were fine
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and equiaxed. In addition, the NiCrAIY was sluggish in the growth of newly recrystallized grains that
form when the cold-worked material is annealed.

Gyorgak ’981 evaluated the following five braze filler metals for joining TD-NiCrA l:

Composition, weight percent (a) Flow
Designation Cr W Mo Si Al Fe Temperature , C

TD-6 15.1 4 15.9 4.5 — 6.1 1265
B-2 19.8 — 30.1 0.6 4.2 — 1288

NASA-18 15.9 — 15.6 4.5 8.6 — 1280
NASA-21 16.4 12.6 — 5.4 7 .0 — 1260
NASA-22 15.9 15.5 — 1.9 4.3 — 1320

(a) Balance nickel.

In general, he found all of the alloys to be suitable and tolerant of slight variations in brazing proce-
dures. Brazed butt joints and T-joints prepared by three sources using the filler metals TD-6 , B-2, and
NASA-18 exhibited essentially equivalent brazing characteristics in terms of braze remelt temperature ,
reactivity, wettability, and flow . The 1100 C, stress-rupture properties of brazed butt jo ints using the
filler material TD-6, 8-2 , and NASA-18 produced by three sources were essentially equivalent , having
a rupture strength of about 21 megapascal for a 100-hour life . Butt joints brazed with NASA-22 ,
exhibited about 50 percent greater rupture strength than the other filler metals. However , this advan-
tage was only evident for times up to about 300 hours, beyond which all of the brazed butt joints
had similar stress-rupture strengths. It was pointed out that alloys containing aluminum must have
clean surfaces when being brazed with filler metals that are not self-fluxing.

DS Superalloys

Since the discovery of mechanical alloying, numerous investigators have sought to exploit this tech-
nique in seeking further improvements in the high-temperature strength of superalloys. It was not
surprising, therefore, for Benjamin and his coworkers 199,100,101) to investigate the effects of addi-
tions of up to 4.5 vol. % of Y203 to the In-853 base composition . Best rupture strengths at 1900 F
occurred for alloys containing 1 to 2 percent Y203. This led to the development of International
Nickel’ s lnconel MA753 alloy which was the first commercial superalloy to be prepared using the
mechanical alloying process.(100l Its chemica l composition (in weight percent) is given nominally
as 20 chromium, 1.6 aluminum, 2.65 titanium, 0.07 zirconium, 0.008 boron, 0.062 carbon,
0.83 total oxygen, and 1.3 Y203 (balance niäkel). The alloy combines gamma-prime precipitation
strengthening and dispersion strengthening with good oxidation and sulfidation resistance . The
tensile and rupture properties are given in Table 56, while Table 57 lists the alloy ’s fatigue properties
at various temperatures. It was observed that the fati gue strength of MA753 at high temperatures
decreased when a testing frequency of 800 cycles per minute was employed. At 1227 K, gamma
prime is dissolved in the alloy and thus plays no part in the behavior. The temperature dependence of
the elastic modulus on Inconel MA753 has been investigated by Malu , et aI.~’~

03) who also studied
its activation energy for creep.

Cairns, et aI. (1
~~

) applied “zone annealing” to IN-MA753 and an experimental alloy (alloy B) having
the composition 15 chromium, 4.5 aluminum, 2.5 titanium, 2 tantalum , 0.5 molybdenum, 4 tungsten,
0.15 zirconium, 0.01 boron, 1.1 Y 203, balance nickel . It was found that grain size and aspect ratio
are increased by using a moving hot zone to accomplish grain growth. Th~ce effects in grain aspect
ratio lead to higher stress-rupture strength over the entire temperature ra nge tested: 1033-1310 K.
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Table 56. Tensile and Stress-Rupt ure Prope rties of Incone l MA753 11021

Test 0.2% Offset Ultimate Tensile Reduction Rupture Stress
Temp., Yield Strength Strength Elong., in Area, for 100 h Life

K ksi MPa ksi MPa % % ksi MPa

R.I. 139.7 963.2 169.6 1169.3 7.0 9.5 — —

811 116.1 800.5 145.3 1003.2 5.0 8.5 123.3 850.1
1033 87.9 606.0 97.4 671.5 12.0 23.0 48.0 330.9
1227 23. 1 1 59.3 26,5 183.7 15.0 27.0 19.4 133.8

Table 57. Fatigue Streng ths of Incone l MA753 fo r Various Test Temperat ures 1
~~

102
~

Type of Test i07 Cycle
Fatigue Temp., Fatigue Strength , Fatigue
Loading K ksi MPa Ratio (b)

Reversed Bending R.T. 81.1 559.2 0.48

Axial (R 0.1) (cl R.T. 48.2 332.3 0.28
Axial (R=-1.0) R.T. 66.5 472.3 0.40

Reversed Bending 811 69.2 477.1 0.48
Reversed Bending 1033 62.0 427.5 0.64
Axial (R=0.1) 1033 32.8 226.1 0.34
Axial (R -1.0) 1033 56.0 386.1 0.58
Reversed Bending 1227 34.2 235.8 1.29

(a) Test ing frequency = 8000 cpm.
(b) Fatigue ratio = ~~ cycle fatigue strength/ultimate tensile strength.
(c) R minimum stress/maximum stress.

On alloy B the stress for 1000-hour life was increased by 15 to 17 percent at all temperatures tested.
The zone-annealed material was superior to commerc ial alloys such as 713 C, and has a 125 C temper-
ature-capability improvement over IN-lOU for a 1000-hour rupture life of 103.5 MPa. It was found
that grain aspect ratio tends to increase with decreasing zone travel rate. The parameters of the moving
hot zone must also be consistent with requirements to minimize annealing during heat up and with
ach ieving complete grain coarsening.

Kramer~
1051 mechanically alloyed Udimet 700 with 2.5 vol. % Y 2O3 and also lN-738 with 2.5 vol. %

“2O3~ compacting the powders by isostatic hot pressing, with best results at 1200 C for 1 hour with
1000-bars pressure.

Gessinger t1061 used mechanical alloying to produce a DS-lN-738 alloy containing 1.5 weight % Y203.
He observed that annealing of the extruded alloy bars above the recrystallization temperature of
1160 C can be described by three stages of recrystallization: fine-grain , isotropic coarse-grain , and
fibrous coarse-grain growth. The three stages of grain growth were explained in terms of recovery,
differences in nucleation rate and dispersoid concentration in the two normal directions, and release
in stored cold work. DS IN-738, heat treated to a coarse , elongated grain structure has both high
intermediate-temperature strength and high elevated-temperature strength. Its creep strength at 1000 C
exceeds that of cast or directionally solidified lN-738 after 300-hours service. However , depletion of
surface zones of chromium, aluminum, and titanium contributes to the initiation of creep failure at
1000 C.

111

- ~~~~~~~~~ . . - - ~~~~~~ , ~~~~. , ~~ . ~~~~~~. _.



— - “--‘-—-‘--- —--
~~~~~~~~ 

.‘-- ,---
~~~~
- - ,

~~~~~~~~~~~~~~~~
--.--- -...- — -.- -,—-- -- —— --,

~~~~~~
--—--

~~~

-. 

~~~~~~~~~~~~~~~~~ 

———--

Glasgow and Quatinitz 11071 used mechanical alloying to prepare an alloy of B-1900 containing 1 vol. %
Y 2O3. Some elevated-temperature , stress-rupture data for this material are compared with those for
cast B-1900 in Table 58.

Table 58. Results of 760 and 1095 C Stress-Rupture Tests of Smooth and Notched
Specimens of ODS B.1900 and Comparable Data for Cast B-190O~~°71

Grain Smooth or Rupture Reduction
Temp., Aspect Notched Stress , Time , Elong. , in Area ,

C Ratio Specimen lal MPa hr %

ODS B-1900

760 5.5 S 552 224 1.8 2.8
3 S “ 98 1.5 3.6
5.5 N “ 174 Ib) (b)
3 N “ 11 (b) (b)

760 5.5 S 517 396 1.3 2.1
3 S “ 186 .9 2.0
3 S “ 177 1.2 3.0
5.5 N “ 140 (bI (bI
3 N “ 13 (b) Ib)

1095 5.5 S 68.9 143 4.1 3.9
3 S 68.9 9 1,4 2.5

1095 5.5 S 62.1 145 1.5 2. 1
3 S “ 22 2.4 2.9
3 S “ 41 3.5 3.6
3 N “ 30 (b) (b)

1095 3 S 55.2 44 2.8 3,7
3 S 55.2 38 2.0 3.3
3 N 55,2 80 (b) (b)

Cast B-1900
760(c) — S 621 100 (dl (dl

— S 517 1000 (dl (dl
1095 — S 62.1 100 (dl (dl

— S 33.8 1000 (dl (dl

(al Smooth, S; notched, N (stress concentration factor . 3).
(b) Not meaningful.
(c) Data extrapolated from higher temperature data.
(d) Not available.

The newest and most commercially advanced mechanically alloyed superalloy is Inconel MA754(108.1091
whoae nominal composition is 20 chromium, 0.3 aluminum, 0.5 titanium , 0.05 carbon, 0.6 Y 203,
balance nickel. Some properties of the alloy are: density 8.3 gr-Vcm3; solidus (melting point) 1399 C;
and modulus of elasticity at 20 C (70 F) 144.8 GPa (21 x 106 psi) . The low elastic modulus indicates
a predominantly (100) texture in the direction of major grain elongation . This has been shown to
give superior thermal fatigue resistance . Some stress rupture properties are given in Table 59.

Reportedly, Inconel MA754 is being used for vanes and shrouds in General Electric ’s F-101 engine
where metal temperatures are approximately 2000 F (1093 C). 11”01
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Table 59. Lon gitudinal and Long Transverse Stress-Rupture Pro perties of
lncone l * Alloy MA754 at 2000 F (1093 C) t1 09

~

Direction Stress to Produce Rupture in
of 2O hr 100 hr 1000 hr

Tests ksi MPa ksi MPa ksi MPa

Longitudinal 20.0 138 19.0 131 17.9 123
Long Transverse 8.0 55 6.1 42 4.2 29

Registered trademark of The International Nickel Company, Inc.

Oxidation and Hot.Corrosion Resistance

Considerab le research has been done to differentiate and explain the mechanisms involved in the oxida-
tion and hot-corrosion behav ior of nickel-base alloys , and it will not be possible to treat these subjects
exhaustively here. For in-depth rev iew , the reader is referred to References 111 or 11 2, both prepared
recently for MCIC and collectively representing over 220 references on the oxidation and hot corrosion
of superalloys.

Stringer , et al. 11 131 observed that the presence of a fine dispersion of a stable oxide has a beneficial
effect on the oxidation res istance of both nickel- and cobalt-base , heat-resisting alloys. In their
study of the hot corros ion resistance of these alloys, they found that alloys forming Cr203 scales

appeared to be resistant to oxidation when coated with Na2SO4 whereas an alloy normally forming an
Al 203 scale suffered accelerated attack. During sulfidation, some of the alloys suffered an accelerated
degradation , with sul fur penetrating rapidly along what appeared to be grain boundaries. The same
effect was noted in sulfidation-oxidation experiments when the Cr203-forming alloys suffered
accelerated oxidation, the effect of apparent removal of the dispersoid. An Al 203-forming alloy

~esisted this form of attack well. Some of the conclusions reached by Stringer , et al. were:

1) Dispersoids great ly improve the adhesion of Cr203 scales on Ni-Cr and Co-Cr alloys and of
Al 203 scales on Co-Cr-Al alloys. The same beneficial effect has been observed on the
adhesion of A1203 scales to NiCrAI alloys.

2) Disi..ersoids promote the select ive oxidation of chromium to form Cr203 scales on Ni-Cr
and Co-Cr alloys, but do not promote the select ive oxidation of aluminum to form Al 203
scales on Co-Cr-Al al loys. More than 3.5 percent aluminum is required in CoCrAI alloys to
allow the format ion of A 1203 scales at 900 to 1200 C in 100 torr oxygen.

3) Oxide dispersoids lead to a change in the direction of growth of Cr203 scales in Ni-Cr and
Co-Cr alloys, but not of Al 203 scales on CoCrAI alloys; growth of A1203 scales normally
occurs at the metal/oxide interface.

4) The presence of an oxide dispersoid did not change the rate of evaporation of Cr203
scales in high veloc ity gas environments; an Al203-CoCrAl alloy was more resistant than a
sim ilar Cr203-forming alloy in a burner rig test.

5) The effect of oxide dispersoids on the hot corrosion of Ni-Cr and Co-Cr base alloys is more
difficult to define.

Wri ght, et al. 11 14) investigated the oxidation of Ni-2OCr alloys containing Y 203, A 1203, and Th02 in
the temperature range 900- 1200 C in slowly flowing oxygen at 100 torr. The results showed that ,
desp ite some anomolies, the oxidation behavior of these alloys was very similar. An A 1203 alloy
with a relatively coarse dispersoid size behaved in a manner analogous to a dispersion-free Ni- 2OCr
alloy at 1100 C. The alloy with fine A1203 particles behaved exactl y like the Y 203-contain ing
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alloy at 1000 and 1100 C, but at 1200 C oxidized at a faster rate. It was noted that the adherent
scales on the dispersion-strengthened alloys have a stabilized grain s ize whereas the non-adherent scales
on dispersion-free alloys grow.

Tenney, et al. (115) reported on the oxidation behav ior of TD-NiCr in a dynamic , high-temperature
environment at 1100 and 1200 C. They point out that the oxidat ion resistance of this alloy in the 900
to 1200 C temperature range under static furnace atmosphere conditions had been reported in at
least some 16 papers in the last 5 years (1969-1973). They suggested incorporating aluminum in the
alloy on the basis that this would yield an external layer of AI203, wh ich should offer better oxidation
protection than NiO or Cr203. Also, AI203 is not susceptible to rapid vaporization as is Cr203.
The fact that the emissivity of Al203 is lower than that of either NiO or Cr203 would be a negative
factor for an app lication such as meta llic heat shield in a thermal protection system.

Centollanzi , et al. (1161 arc-jet tested seven thor ia-dispersion-strengthened nickel alloys to determine
their degradation after 50 one-half-hour cycles at a nominal test temperature of 1366 K and a pressure
of 0.01 atmosphere. The alloys investigated were TD- Ni-2OCr , DS-Ni-2OCr- l5Fe , DS-Ni-2OCr , TD-N~-
l6Cr->3.5Al-0.4Y , TD-Ni- l 6Cr-3.5Al , TD-Ni- 2OCr-3.5Al , and TD-Ni. Several problems were encoun-
tered in trying to simultaneously evaluate these alloys.

Seltzer , et al. 11171 doped the surface regions of DSNiCrAI alloy by a pack diffusion process with small
amounts of manganese, iron, or cobalt to determine their effect on the total normal emiss iv ity of the
scales produced by subsequent high-temperature oxidation. While all three elements lead to a modest
increase in emissivity (up to 23 percent greater than the undoped alloy), only the change caused by
manganese was thermal ly stable. However , this increased emissivity is within 85 percent of that of
TD-N iCr oxidized to form chromia scale. The manganese-doped alloy was some 50 percent weaker
than undoped DSNiCrAI after the doping treatment and approximatel y 30 percent weaker after
oxidation.

Schu ltz and Hu l sizer 111 81 have described the approach used by the International Nickel Company
to develop a corrosi , n resistant , mechanically alloyed , nickel-base alloy (lnconel MA755 A) . Initial
property targets were: 1038 C rupture strength, and both creep resistance and hot-corrosion resistance
greater than that for Udimet 500 or IN-738. Secondary consideration was given to notch sensitivity,
structural stabi lity after 2000 hours at 816 C, and thermal fatigue resistance equal to that shown
by lN-738. In addition to passing “crucible ” tests for hot corrosion , the alloy also met the 100-hour
INCO rig test at 927 C. A comparison of this alloy ’s oxidation and corrosion behavior with other
nickel-base alloys is shown in Table 60.

Table 60. Hot Corrosion and Oxidation Resistance of Alloy MA 755E~~
’18 1

Crucible Test~~ Rig Iest~~ Cyclic Test 1’~
1

Max. Attack , pm Max. Attack , pm Metal Loss, Mg/cm 2

Alloy MA 755E 305 76 21
lN-738 254 102 80
Udimet 700 >7620 356 —

IN-lOU >7620 3302 —

Alloy 713C >7620 — 20

(aI 90 pct . Na2SO4— l0 Oct. NaCI , 300 hr , 927 C.
(b I 5 ppm sea water —0 .3 pct. S JP5, 100 hr . 927 c.
(c i Air—S pct . H20, 500 hr. 1100 C.
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Following the reference list to this section is a bibliography of additional material on nickel-base alloys
not referenced but of possible interest to the reader.
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LEAD

Lead is effectively hardened by lead oxide. This is due to the extremely low solubility of oxygen in
solid lead, as demonstrated in 1962 by Roberts, et aI. 11

~ They produced an oxidized grade of lead
powder by atomization in air, The powders had oxide contents ranging from 0.5 to 9.5 percent and
were consolidated by extrusion at room temperature using a reduct ion ratio of 40:1.

Table 61 shows some of the mechanical properties obtained for these aIloys~ One important result
was the significant increase in the limit of proportionality at oxide contents above 3 percent which
gives these alloys considerable springiness. Figure 67 compares the eIevated-tem~ e~cture tensile
strengths for two of these Pb-PbO al loys with those for unalloyed lead and a commercial Pb-8Sb alloy.
Stress-rupture data are given in Table 62. The corrosiofl rate of the Pb- °bO alloys was negligible in
10 and 50 percent solutions of H2SO4. Unfortunately, however , the ccrrosion resistance of the
DS Pb-PbO alloys, in concentrated H2S04, decreased with increasing oxide content (see Figure 68).

Table 61. Tensile Properties of Dispersion .Stren gth ened Pb-PbO AIIoys~
’
~

Oxide Content , wt , % 1.8 2.9 3.2 3.6 4 .4 5.4 6.1 6.7

Limit of Proportionality, 1600 1600 1660 1520 1790 1660 1700-1900 1920
psi IMPa) (il l (ill 1111 (10) (121 1111 112-131 (131

Modulus of EIasti’~ity.
lb/in2 x 106 1.60-1.84 1,80-1.90 1.86 1.97-2.11 2.26-2.30 2,94-3.00 2.50-2.90 2.85

Proof Stress , lb/in2

0,05% 2680-2800 3200-3250 3250-3320 3320.3380 3850 3400-4050 2800-3600 3830-3900
0.1% 3050-3250 3850-3950 3700-3900 4100-4 150 4350-4400 4350-4730 3520-4300 4850-4900
0.2% 3500-3700 4460-4600 4300-4500 4850-4930 5000 5230-5600 4500-4850 5880-5950

Elongation in 1 in., % 15 13-1 1 11-10 12-10 11 10-8 9 7-5

UTS. psi (MPa) 51 00.5300 5980-6200 6650-6970 7000-7370 7600-7700 8040-8300 7660.7800 91 00-9500
135-371 (41-43) 146-48) 148-511 152-531 155-57) 153-541 163-65)

Table 62. Stress-Rupture Properties of Lead and Dis persion-Strengthened Lead 11)

Applied Time to Elongation at
Stress Fracture , Fracture in

Material psi MPa mm 1 in., %

Lead 1300 9,0 200 20
(Cast and 1400 9,6 30 25
Wroug ht) 1500 10,3 8 29.5

No failures
Dispersion- 2000 13.8 after 1000 hr —

Strengthened 3000 20.7 10,080 —

Lead 3850 36.5 39 6.7
(1,5% oxide) 4000 27.6 34 7 .9
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Figure 67. Elevated-Temperature Tensile-Strength Figure 68. Corrosion Curves for Lead, Three Dispersion-
Curves for Lead. Two Dispersion- Strengthened Lead Compositions , and a Lead-
Strengthened Lead Compositions, and Antimony Alloy in Concentrated Sulphuric
a Lead-Antimony Alloy (1) Ac id (11

Roberts and Ratcliff~
21 later reviewed the properties of some DS-Pb-PbO alloys in relation to general

application, but more particularly to battery grids. Table 63 summarizes the stress-rupture properties of
these alloys and also shows the same data for a dispersion-strengthened Pb-0.2Sb alloy. As shown, the
ox ide additions were not nearly so effective in increasing the strength of the alloy as they were for
unalloyed lead. Table 64 gives some fatigue properties for a Pb-i .5PbO alloy and two Pb-Sb composi-
tions, and Table 65 shows some corrosion results in concentrated H2S04.

Table 63. Stress-Ru pture Results f or Dispersion-Strengthened Lead and Dispersion-
Strengthened Lead A lloy~

21

Oxide Test Rupture Elong.
Content , Temp. . Stress Time , in 2 in.,

Material % C psi MPa hr

Lead — 80 300 2.1 470 35

Dispersion- 0.9 55 2000 13.8 75 10
Strengthened 3.7 55 2000 13.8 310 3
Lead 0.9 80 1500 10.3 288 10

3.7 80 1500 10.3 344 4

Dispersion- 1.1 55 2250 15.5 49 3
Strengthened 4.0 55 4000 27.6 22.5 2
Lead Alloy 1.1 80 2000 13,8 278 4
(0.2% Sb) 4.0 80 3500 24 .1 38 1

• Specimens fractured through gauge marks.
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Table 64. Fatigue Properties of Dispersion-Strengthene d Table 65. Corrosion Results in Concentrated Sulphuric
Lead and Some Lead A lloys (2) Acid (20 c)~

21

Endurance Limit for Corrosion ,
20 x 106 cycles , % wt. loss of original weight

Test Specimen lb/sq. in.* Material 400 hr 800 hr 1400 hr

Dispersion-Strengthened Lead ±1950 Lead 4.0 7.0 11,0
l1.5% oxide) Dispersion-Strengthened 6.0 p 1 .0 18.0

Lead ± 400 Lead(1%PbO)
Lead-1% antimony ±1100 Dispersion-Strengthened 11.0 21 .0 36.0
Lead-6% antimony ±1700 Lead(7% PbOl

Lead-8% antimony 7.0 18.0 33.0
* Tested at 3000 reversals/mm .

The fatigue properties of ox ide-dispersion-strengthened
lead were also studied by Snowden13’4’51, who showed \DS Lead,
these alloys to be quite sensitive to the presence of _, °~~ \~~ ir DS Lead, Vac

oxygen in the test atmosphere as illustrated in Figure 69. \ ~~~~ Air \
Metal lography of the damage during and after fatigue
fracture showed that the improved fatigue resistance of -

~~ 070 ’

oxide-d ispersion-strengthened lead over that of pure lead
was due ma inly to the mechanical strengthening effects \ Lead, Vac
of the dispersed oxide rather than an increase in the re- .

~~ ~~~~~~

sistance to atmospheric corrosion fatigue. The ratio of
the fatigue life of the DS lead in vacuum to that in air was
— 8.5 at a strain of 0.45 percent, In specimens fat igued In — _________ _________

air , failure occurred in grain boundaries. For those io~ 0* 50’
Cycles to Failure

fatigued in vacuum, failure occurred by a mixture of
intercrystalline and transcrystal line modes. In both envi- Figure 69. Strain Amplitude Versus Fatigue
ronments, crack initiation was assoc iated with grain Life for DS Lead and for Pure Lead
growth, which occurred without a marked redistribution (dashed curves)~

31

of ox ide particles. The stability of the dispersoid and the
grain structure appeared to be important factors in the high fatigue resistance of the dispersion-
strengthened alloys.

Reynolds (6) studied the room-temperature creep of coarse- ~~~ ‘• “.

gra ined, recrysta llized DS Pb-PbO alloys, Of particular — -  
~~~— - -~~~ -

interest were the stress dependence of the minimum creep ‘~ 
~~~~~~~~~~~

rate and measurement of the internal stresses during I
0 •t(I’~S5*U2IID

steady state creep as funct ions of applied stress. Figure 70 . to ~
.. u* o It Pbo I /

shows the steady-state creep rates measured for the re- I /
crysta llized alloys in the stress range of 1250 to 3250 psi /
(8.6 to 22.4 MPa). For comparison, Snowden’s data~

51 is ‘~~0 J ,d
inc luded for an extruded P/M product having a grain size
of approximat ely 0.06 mm and a PbO content of 2.5 weight ~ ,~
percent. The creep rates for both alloys are several orders ‘6 a -

of magnitude lower than those observed for commercial
pur ity lead (grain size 2 mm) in the same stress range. 

2

Uniform elongations prior to failure were 1.5-2.0 percent ‘~ 
~ s ~~~~ s s t a t  I 5 3  15

for the recrystallized material as opposed to 4-16 percent 20G *.~

for the as-extruded mater ial. 151 No further recrystallization, Figure 70. Creep Data for Two OS Pb-PbO
Alloys 16)
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i.e., reversion to a fine grain size pinned by the dispersoid , occurred during creep tests in the recrys-
tallized material.

Research into the dispersion strengthening of lead by the coprecipitation method has also been con-
ducted at the Bureau of Mines.18) Lead produced by precipitation of PbCO3 from an aqueous solution
of Pb(N0 3) 2, followed by roasting and H2 reduction, showed a considerable increase in tensile strength
and corresponding decrease in ductility compared to chemical Pb. The coprecipitation of A12(OH)3
with PbCO3 from an aqueous solution of lead and aluminum nitrates with subsequent roasting and H2
reduct ion resulted in additional increases in tensile strength. The powders were isostatica lly pressed
into bil lets, which were extruded into rods and rolled into str ip. Alloys containing 0.5, 1, 2, and 3
vo l. % of A1203 were tested in short-time tensile tests with the results shown in Figure 71. Table 66
compares the creep rates determined for these alloys with those for pure lead and several other lead
alloys.

I 
I
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Fi gure 71. Tensile Strength , Yield Strength , and Percent Elongation of Pb-A1203 Alloys Rolled to 75-Percent

Reduction at 125 C~
71

Lund, et al. 181 conducted a broad study of many oxides and insoluble metals and intermetall ics as
possible dispersoids for strengthening lead. The oxides were prepared either by consolidating oxidized
lead powders (e.g. , Pb-PbO) or by incorporating other powdered oxides (e.g., Al 203) in lead powder.
Metallic and intermetallic compounds were obtained in lead by freezing suitable alloys. These com-
pounds included PbTe, Mg2Pb, PbLi , AlP , A ISb, ZnTe , Mg2Ca, MgZn2, Mg3Bi 2, Mg2Cu , MgCu2,
Mg5AI8, Mg2Si, CuZn, CuCd3, Zn~Ti~ , and SbSn. For most of the metallic second phases studied,
suitabl y fine aispersions occurred only where fine powders were used because very high solidification
rates were necessary. Some systems involving a metallic phase or intermetallic compounds were iden-
tif ied which permitted fine dispersions to be obtained in relatively coarse-gra ined lead. In a few cases,
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the intermetallics were found to be sufficientl y soluble in lead that dispersions were unstable at 21 C,
i.e., coarsening of the intermetallic particles occurred with time. Stable metallic dispersions (e.g.,
in Pb-Ge) and stable intermetallics in the systems Pb-Cu-Zn and Pb-Cu-Cd, however, gave encouraging
degrees of strengthening in extrus ions fabricated from coarse powders. In terms of strength and creep
resistance , the best intermetallic systems (e.g., Pb-Cu- Zn) offered tensile and creep properties inter-
mediate between those of the strongest conventional Pb alloys (cast , or cast and wrought) and those of
the strongest Pb-PbO alloys from extruded fine powders. Table 67 describes the preparation and
mechanical properties of a Pb- iZn-lCu alloy which was one of the most outstanding materials revealed
in this study.

Table 67. Processing and Properties of Pb-lZn -lCu Alloy 186 18)

Preparation: Melted at 1600 F (87 1 C). (single melt l.
Atomized with 40 psi air , into H20.
Dried in 300 F (149 C) air for 20 minutes.

Screen analysis: 3% plus 10 mesh; 6% lOx 14 mesh; 29% 14 x 35 mesh;
31% 35 x 70 mesh; 8% ,0 ~ 100 mesh; 23% minus 100 mesh ,

Extrusion (186a) made from 35 x 70 mesh fraction.

Tensile Properties
Strain Test Temp. , 0.2% Yield 1) 1.5. Elong. ,
Rate F psi MPa psi MPa %

0,003 70 3420 23.5 3680 25 .3 1.5
0.03 70 3820 26.3 4120 28 .4 1.5
0.03 70 4360 30.0 4640 32.0 2
0.03 - 40 5270 36.3 5850 40.3 2.5
0.3 .148 6100 42.0 7120 49 .0 2.0
0.3 -220 7200 49,6 8000 55. 1 2.6
0.3 -320 7260 50.0 9450 65. 1 4

Wil l i ams , et al.~
91 used similar techniques to explore the properties of Pd-Cd-Ni alloys, using nickel

powder as the dispersoid. The culmination of this work was the development of a Pb-1.5Cd-0. 2Ni
composition, which was characterized by good bend-fatigue resistance (resistance to corrosion fatigue) ,
good creep resistance over a range of stresses, hi gh tens ile strength, and good fabricabi lity (see Table
68). As shown in Table 69, the corrosion resistance of the alloy in H2S04 is approximatel y the same
as copperized lead.

Previously, Wi lliams and others1101 had prepared a series of lead alloys containing very large quantities
(up to 30 volume percent) of metallic powders as a dispersed phase. These alloys were called “lead
cemented alloys” and were made by stirring the powders into molten lead, then casting and extruding
the ingots. Representative tensile strength properties for some of the more outstanding alloys from
this study are listed in Table 70 along with some corrosion test data.

At about the same time, Lenel1111 reported property data for several Pb-Al and Pb-Cu alloys prepared
by atomizing from a temperature at which the aluminum or copper was dissolved in liquid lead. The
powders were then compacted and extruded into w ires. At room temperature , the alloys had a com-
bination of strength and ductility superior to most lead alloys, includ ing those strengthened by the
dispersion of PbO. The creep rate of the alloys was investigated at room temperature and at
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Table 68. Properties of Comme rcial Lead-i .5 Cadmium-0.2 Nicke l* (9)

Expected Prop’
ert ies Based on
Laboratory Ex- Commercial 0.104-in . Sheet

truded Strip As-received Annealed”

Tensile strength , psi 4,000 3,120 4 ,670

Bend resistance , cycles to fa ilure at 75 F 40,000 31 ,700 22,400

Tensile creep resistance , % plastic strain in
3000 hr at 300 psi 0.15 0.20 (in 1000 hr) 0.12 (in 1000 hr)
500 hr at 500 psi 0.05 1.45 0.48
50 hr at 1000 psi >0.05 3.00 0.12

* 1.4% Cd.0.2°o Ni by anal ysis.
Annealed 1 hr at 400 F and air cooled.

Table 69. Resistance of Lead-Base Alloys to Sulphur ic Acid Solutions at 140 F f91

Metal Loss,
mils per year in sulfuric acid concentratio ns of

Composition 10% 20% 40% 60% 80% 95%

Pb-0.O5Cu 1.73 1.40 1.44 2.56 6.00 35.40

Pb-lCd-0.2Ni 1.00 0,48 1.15 2.05 4.56 58.40
Pb-2Cd-0.2Ni 0.46 1.82 2.87 3.86 5.27 64,20

* Based on 144-hr test.

Table 70. Tensile and Corrosio n Properties of Lead Cemented A lloys ~~
01

Tensile Propert ies We i ght Loss in
Alloy Ultimate Red , of H2S04 at 140 F

Content , Strength Elong. Area , After 96 hr . gun 2
vol. % psi MPa % % 40% 95%

Unalkyed Pb 1940 13.4 65 98 0.U92 4 .887
l8Co 4820 33.2 12 26 0. 112 1.820
l5N i 2480 17 .1 10 15 .

~
. —

3ON i 5150 355 12 22 — —
3OCu 4050 27.9 6 9 0. 156 14 .510
30W 4450 30.7 14 26 0.170 4 960

temperatures up to 100 C. A Pb-O.55Al alloy was one of the more important compositions evaluated.
This material had steady-state creep rates of 1 percent per year at stresses up to 2500 psi (17 MPa) at
25 C and up to 1200 psi (8 MPa) at 100 C. The creep resistance of the Pb-Cu alloys was somewhat lower.

As with other dispersion-strengthe ned metals , one of the basic problems inhibiting the more widespread
application of OS lead is that of joining the material satisfactori ly. Roberts , et al . 111 touched on this
problem briefly and suggested low’melting (150- 200 Cl, lead al lcy solders along with suitable joint
design. Adhi’sive join ing was also recommended . Bagshaw and Evans1121 provided a more comprehen-
sive review of these joining problems and also demonstrated the feasibility of using a low-pressure,
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cold-welding process for dispersion-strengthened lead. These authors cautioned , however , that further
work w ill be necessary to apply this practice successfully in cable sheathing, storage batteries, and acid
plants.

The reader ’s attention is also called to an extensive review on dispersion-strengthened lead which was
prepared by Torralba and Ru iz (13) in 1971, based on 45 references.
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PLATINUM

Platinum is the only metallic structural element capable of -
~~ ~~~1O% Rhodium Plat inum (melted )

operating for long periods of time at high temperatures. It is ~ ~~~~ / Thoriated Platinum
not surprising that an effort has been made to improve these
high-temperature properties by dispersion strengthening. iooo~

Of historical interest is the fact that DS Pt-Th0 2 was intro- 
.

duced as early as 1942(1) as a logical extrapolation of tech- Platinum (melted l

niques well established for tungsten filaments for the lamp °°‘~~~~~~~~~ 
— 

i~~ o
industry. Figure 72 shows the improvement of OS Pt-Th0 2 

Ti me , hours (log scale )

over the alloys of the time. Figure 72. Stress-Rupture Data on Thoriated
Platinum Wires Compared With Those

In later work(3) , a Pt- 12.5ThO2 alloy was prepared that had of Pure Platinum and Rhodium-
much hi gher stress-rupture strength at high temperatures than Platinum Wires Produced by Conven-
Pt-Rh alloys (see Figure 73). However , engineers at Engelhard o a e S

lndustr ies~
4l selected 0.6 percent Th02 as an optimum amount

to provide desired strength in platinum with good working and manufacturing characteristics. As shown
in Figure 74, the high temperature stress-rupture strength of this alloy at 1450 C exceeds those of the
standard commercial Pt-Rh alloys. The electrical resistivity of DS Pt-0.6ThO 2 is within 2 percent of
that of pure platinum.

0 -

0.5 ~~~~~~~~~~~~~~~~~~~~~~ 
-

Ot

0 1  - ‘ K- 12 5 % 1h 0 2 ~
‘
~~
‘ -

WrOughi PlatInum
005 

‘ Wrought PIotInum-40 Rhodium

I . , , I  i
001 0.1 .0 0 tOO 000

Rupture Life , hours

Figure 73. Log Stress-Log Rupture Life Properties of Plat inum-12 ,5 Vol . % Thorium Oxide and Wroug ht Platinum and
Platinum-40 Rhodium 131

2 - 1792 1680 Pt -0.6 % 1h02

: 
08~~

i ll  I i i i i l  I I I I  i t i i l  I I
0 100

Time to Rupture , hours

Fi gure 74. Stress Versus Time .to-R upture for Platinum 0.6 o Thor ia and Platinum.Rhodium Alloys at 1450 C in Air 141
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Recently, Fuschillo and Gimpl 15
~ have measured electrical and tensile properties of Pt’ThO 2r where the

dispersoid partic les were less than 0.05 micron in average diameter and the Th02 contents were 1 .8
and 2.2 percent by volume. The results are summarized in Figures 75 at - 76. The electrical resistivity
was greater than that predicted by a simple volume effect due to the dispersoid.
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Figure 75. Tensile Strength of Pt-Th0 2 Alloys at Va n - Figure 76. Resistivity Versus Temperature for Pt-2.2
ous Temperatures and at 25 C Afte r Anneal- Vol. % Th02. Pt-1.8 Vol. % A1203 Al loys
ing for 60 M m .  at Temperatures Shown 151 and Pt (Wrought ) 151

Additions of 0.5 vol. % Th02 to Pt-Rh alloys has been invest igated by Knight and Taylor 16) . The low
dispersoid content allowed high ductility to be retained, and repeated drawing with intermediate
annea ls was used to produce wire of 1.5-mm diameter. The tensile strength and the elongation of thc.r-
iated and non-thoriated Pt- lORh wires are compared in Table 71. Whereas the ductility of the Pt-Rh
alloy was reduced on annealing at 1400 C (due to grain growth), this did not occur in the Pt-Rh-Th0 2
alloy even on anneal ing to 1600 C. The influence of the Th02 dispersoid on room-temperature strength
is not great , but the increase in h gh.temperature strength is significant , e.g., it is equivalent to increasing
the working temperature by 300-400 C (see Figure 77).

Table 71. Effect of Heat Treatme nt for 1 Hour on Cold-Worked Platinum ,
10 Percent Rhodium Alloy Wires 16’

Melted Alloy Thoriated Alloy
Temp. , U.T.S. Elongation , U.T.S. Elongation ,

C ksi MPa % on 2 in. ksi MPa % on 2 in .

Room 90 620 4 96 661 4
400 74 510 5 83 572 5
800 65 448 13 75 517 10

1000 46 317 32 68 469 16
1200 44 303 32 52 358 30
1400 43 296 32 50 345 34
1500 42 289 20 50 345 34
1600 40 276 18 50 345 34
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Wires 0.062 in. in Diameter (Broken lines show interpolated data for Pt-lORh alloy produced by
melting) (6)

Portnoy (71 comments that screen catalysts of Pt-Rh-Th0 2 have a catalyt ic activity equal to screens made
of cast alloys, and also have greater durability and reta in their shape as, for example, when used in the
production of H NO3.

Many other oxide dispersants for the strengthening of platinum have been proposed; chiefly A 1203,
MgO, and Zr02. All of these provide effective strengthening of platinum and they are stable under
strongly oxidizing condit ions. However , if the atmosp here is not strongly oxidizing, all of the oxides,
including Th02, have the shortcoming of part ial dissociation. For example , if the oxidizing potential
of the surrounding atmosphere is reduced below a certain level , these oxides dissociate and allow
plat inum to extract metal from the refractory to form dilute alloys and low-melting-point phases.

Work at theiohnson Matthey research Iaboratories~
81 indicated that of the above oxides, Zr02 was the

most react ive, while MgO was the least. The character and intensity of reactions of platinum with
Th0 2 were between the above extremes and were similar to those which occurred with Al203. Zr02
was tested because the oxide was considered to be more stable than Al203. However , platinum has a
very high affinity for zircon ium and when these metals are heated together at temperatures as low as
11 00 C, they form Pt3Zr with a vigorous reaction. On the other hand, there were few signs of reactions
between platinum and MgO even under conditions of very low oxidizing potential. MgO was the only
refractory examined that resisted decomposition under a neutral atmosphere that occurred with the
other ref ractories at temperatures as low as 1200 C.

Fusc h illo , et al. 15
~ invest igated the tensile properties (see Table 72) and the electrical properties (see

Figure 76) of DS-Pt-Al 203. The platinum was precipitated on Al203 particles of 0.05 micron average
diameter. The resulting powder was dried, degassed, pressed, extruded , heat treated , and worked by
normal powder-meta llurgy techniques to form rods or wire. At 1000 C, the A12O3 particles showed
rapid growth. The Al203 dispersion produced a greater increase in resistivity for a given volume
than the Th02 particles.

Table 72. Tensile Properties of Dispersion-Strengthened Platinum Allo ys 151

Test Ultimate 0.2% Yield
Temp. , Tensile Strength Strength Elong. ,

Alloy C ksi MPa ks i MPa %

Pt- 1 .8Al2O3, cold-rolled 50% 25 48 330 47 .9 330 1.2
260 37 255 36.5 251 1.5
537 34.9 240 33.9 234 2.5

Cold-rolled + annealed at 1000 C 25 26.5 183 18.4 127 12.0
As extruded 25 36 248 32 220 11.0
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The desire to produce dispersion-strengthened platinum that 0 35 I
was stable under low oxid izing conditions led to the surprising c 030 ) Platinum /
finding that carbides strengthened platinum more effect ively
than oxides and that this strengthening effect cou ld be
achieved with concentrations of disperso id so low (e.g., 0.04 020

to 0.08 percent TiC) that the ductil ity, work ing characteris - 0 ‘~~

tics, and electrical properties of the Pt were not seriously 0 ‘0 
10% Rhodium Platinum

impa ired. (2) Figure 78 shows some typical creep curves ob- 005 Dispersion Strengthened
ta m ed on 1/8-in -diameter w ires of DS Pt-TiC tested in air Platinum

at 1400 C. Cold working (especially biaxial deformation) was b iôo ooo

found to markedly increase the high-temperature creep Time , hours (log scate l

strength of this material. W hile rolling of sheet improved the Figure 78, Creep Curve of Dispersion-
high-temperature creep strength, processes such as swag ing Strengthened Platinum Stabilized
and wire drawing, which deformed the metal in two direc- with a Refractory Carbide Com-
tions, were particularly effective in inducing working tex- pared with Those of Pure Platinum
tures with high creep strength. These effects are illustrated and 10% Rhodium-Platinum Pro-

by the stress-rupture properties of OS Pt-TiC sheet and wire duced by Conventional Methods
(Temp . 1400 C stress 750 lb/tn Iversus pure platinum given in Table 73. Table 73 also con-

tains data that show that the TiC dispersions were equally effective in increasing the stress-rupture life
of Pt-l ORh wire. Selected physical properties of these alloys are given in Table 74.

Table 73. Stress-Rupture Properties of TiC-Dispersion-
Strengthened Platinum and Pt-i ORh Allo y (2)

Minimum Life, hours, at 1400 C,
under stress level indicated

Material 700 psi 1400 psi 2800 psi

Pure Pt wire 0.5-1 — —

Pt.T iCwire (a) 1000 800 30
Pt-lORh wire 50 10 1
Pt,10Rh

~
T iCw ine (a) 1000 1000 100

Pt sheet 0.5 — —

Pt-TiC sheet (a) 150 30 —

(a) TiC content from 0.04 to 0.08 weight percent.

Table 74. Physical Properties of TiC-Dispersion-Strengthened Platinum and a Rhodium-Platinum Alloy~
2)

Specific Modulus of
Specific Resistance Temperature U.T .S. Elongation Elasticity
Gravity, at 20 C . Coefficient , (annealed) (annealed), (annealed)

Alloy gms/cc .o ohm cm 0-100 C ksi MPa % psi MPa

Melted Pt 21.4 10.6 .00392/C 22.4 154 40 22 x i06 .152 x i06
Dispersion-Strengthened Pt 21 .288 12.0 .0036/C 30.9 213 35 23 x 106 .158 x i06
Melted 10% Rh-Pt 20 18.4 .0017/C 47.0 324 35 27 x 106 .186 x i06
Dispersion-Strengthened
10% Rh-Pt 19.862 21.22 .0016/C 51.5 355 30 28x 106 .193 x 106
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However, in spite of the attractive properties achieved with the carbide-dispersion-strengthening of
platinum, problems assoc iated with obtaining consistent and reproducible properties on a large scale
have not been sat isfactorily solved. The blending together of platinum with very small amounts of
inert powder, either directly or via intermediate compounds, have apparently presented serious manu-
facturing problems.

These seem to have been solved, however , by the engineers of Johnson Matthey since the introduction
of their ZGS platinum, which is a ZrO 2 dispers ion-strengthened grade. Their process involves selective
oxidat ion of zirconium in a platinum alloy containing only 600 ppm of zirconium metal in solid
solution. One patent~

9
~ describes the process as spray ing a molten meta l and a reactive constituent on

a target. The reactive constituent is passed through an atmosphere that converts it into a material
that forms a dispersion phase within the host material when the latter is deposited on the target. Some
room-temperature properties of the ZGS alloy are compared with those of platinum and the Pt-lORh
alloy in Table 75. The stress-rupture properties of ZGS at 1400 C are compared with those for plati-
num and some Pt-Rh alloys in F igure 79. The steady-state creep rates of these same materials in sheet
form are shown as a funct ion of applied stress at 1400 C in Figure 80. Similarly, the ultimate tensile
strength of these materials at room temperature and elevated temperatures are listed in Table 76.

Table 75. Room-Temperature Properties of ZGS Platinum , Pure Platinum , and

10% Rhodium-P latinum ~~°1

Melted 10%
ZGS Pt Melted Pt Rh-Pt

Specific gravity at 20 C, g/cm 3 21.38 21.45 20.00
Specific resistance at 20 C, ~.z ohm cm 11.12 10.6 18.4
Temperature coefficient of resistance per C,

Mean 0-100 C 0.0031 0.0039 0.0017
U.T.S., kg/mm 2 (MPa) (annealed) 18.6 (182) 12.7 (124) 33.7 (330)
Elongation, % (annealed) 42 40 35
Hardness , H~ (annealed ) 60 40.42 75

Table 76. Ultimate Tensile Strength of ZGS Platinum , Melted Platinum , and Several Rhodium-Platinum Alloys at
Room and Elevated Temperature 11 0)

Tensile Strength
Test Pure Pt 10% Rh-Pt 20% Rh-Pt 40% Rh-Pt ZGS Pt

Temperature kg/mm2 MPa kg/ mm2 MPa kg/mm 2 MPa kg/mm2 MPa kg/mm 2 MPa

20 C annealed 12 .7 124 33.75 331 48.8 478 57.5 564 18.6 182
1200 C — — 4.8 47 10.1 99 — — 3.8 37

1400 C < 0.40 3.9 3.6 35 5.5 54 7.87 77 2.9 28

1500 C — — — — — — 2.4 24

The ZGS platinum, as is true with most other dispersion-strengthened alloys, displays its most superior
properties at very high temperatures. At room temperature , the alloy is only moderately stronger than
pure platinum and is considerably weaker than the solid-solut ion strengthened Pt-Rh alloys.

The properties of ZGS-Pt wire are equal to or slightly higher than those of sheet material. The mechan-
ical working of w ire shapes (as described previously) imparts added improvement in properties by
inc luding a high ly aligned, recrystallized texture. A most significant factor related to ZGS w ire is that
for all practica l purposes its electrical characteristics are simi lar to those of pure platinum, which al lows
direct substitution of the alloy for pure platinum in electrical equipment.
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The ZGS alloy is also commercially available as rod, plate , strip, and foil. It is suggested for handling
molten glass, foruse in spinnerets for glass-fiber manufacture, optical glass stirrers , glass holding bowls,
electrical contacts, elements for high-temperature furnaces , laboratory equipment, cruc ibles, and
dishes.

Hug hes~
11) recently discussed the characteristics of ZGS platinum as a production material. He points

out the need for care in design. The joining of dispersion-strengthened metals is normally difficult ,
but, because platinum is free from surface oxidation, it can be readily joined by non-fus ion techniques
such as diffusion bonding or pressure deformation bonding. In many cases, because of the excellent
formability of the ZGS alloy, welds can be eliminated or removed to regions of lower temperature or
stress.
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TIN

For tin, room temperature represents 60 percent of the temperature scale from absolute zero to its
melting point, e.g., 0.6 Tm. Thus, any room-temperature hardening of tin can be regarded as
increasing its “heat resistance “

.

Tin-ox ide, dispersion-strengt hened tin has been prepared from tin powders by extrusion. 11) This
material showed a higher tensile strength than cast and extruded tin, and , under creep condit ions at
150 C (0.84 Tm), was superior to any of the usual t in-base alloys. Further work by Eastwood and
R obins 12) explored the effect of the degree of Sn02 dispersion on the properties of OS tin. Separate
fractions of t in powder in the range 35 to <8 microns were formed into rod by extrusion. The room-
temperature strength increased with decreasing powder particle size and was accompanied by a marked
reduct ion in ductility (see Table 77).

Table 77. Oxide Content and Room-Temperature Properties of Sn-SnO A lloys (21

Oxide
Particle Content , Tensile Elonga-

Size , wt , % Strength tion, Hardness,
Powder ~~ SnO in g ksi MPa % HV

Cast and extruded tin — — 3.36 23 80 8
Original powder -53 0.94 8.28 57 16 16
Original powder after
oxidation -53 1.7 8.74 60 16 16

Coarse fraction -52 +30 0.65 7 .39 51 30 15
Medium fraction -20 +15 0.78 7.84 54 20 16
Fine fraction - 8 1.1 9.18 63 6 19

Stress-to-rupture testing at 100 C showed that the finest powder gave the best elevated-temperature
properties. It was concluded that the degree of oxide dispersion, rather than the total amount of oxide,
was the important factor. However , the retardat ion of grain growth at elevated temperatures
appeared to be dependent on the total amount of oxide present rather than its degree of dispersions.
DS tin has no great advantage over pure tin and its alloys on the basis of short-term strength, but does
show a significant superiority in long-term strength. Figure 81 compares the time-to-rupture for
these materials as function of initial stress at 150 C, while Figure 82 shows stress-to-rupture tests at
100 C for DS tin containing dispersoids of various grain size. These figures show that , for a 100-hour
l i fe , the rupture stress for the DS tin alloys is 4 to 6 times greater than that of the cast alloys or pure
t in.

Sartor , et al. 141 have developed a technique using ultrasound to disperse Al 203 in molten tin,
Figure 83 shows the temperature dependence of the tensile strength of pure tin and Sn-SnO alloys of
increasing oxide content. Fi gure 84 is a similar plot for another series of Sn-SnO alloys made with
an oxide of smaller particle size. These alloys also contain 0.25 or 0.75 percent titanium since this
alloying element favors the dispersion of the oxide within the matrix. For both alloy series , the ten-
sile strength of the dispersion-strengthened alloys remains almost double that for pure tin, even up
to 0.90 Tm.
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Figure 82. Stress-to-Rupture Tests at 100 c12t
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TANTALUM

Apparently there has been very little incentive to dispersion strengthen tantalum for several reasons.
First, tantalum has a fairly high solubility for oxygen and nitrogen, and is seriously embrittled when
saturated w ith these gases. The metal does have a greater tolerance for carbon, and carb ide-
strengthening-particularly in conjunction with solid•solution alloying-is an effective way to achieve
high-strength tantalum alloys.111 However , from the viewpoint of this report , carbide strengthening in
tantalum is viewed as a precipitation-strengthening mechanism and as such is outside the scope of
interest. Solid-solution alloying has been by far the most eff ective means of improving the strength of
tanta lum while at the same time maintaining a reasonable level of ductility and weldabi lity.

Despite this bleak outlook, two recent Russian art icles on tantalum and metallic oxides were uncovered
which may be of interest.

The reaction between Al203 and Ta was studied by Elyutin , et al.12 It was found that dur ing sintering
a certain amount of alum inum passed from the Al203 into the tantalum solid solution.

Dubok and Tyutkalo 13) used X-ray diffraction analysis to investigate the possibility of chemical reactions
between Sc203 and tantalum. It was concluded that, theoretical ly, it was possible to use Sc203 as a
dispersion-strengthening phase for tantalum and to coat tantalum “artifacts ” with Sc203.
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TITANIUM

Since titanium has a relatively high melting point, 1668 C, it is expected that the metal should retain
significant strength at 0.5 Tm. However , pr ior research has shown that the allotropic transformation
temperature 882 C is more indicative of the high-temperature strength capability of titanium than the
melt ing temperature. The practical-use temperature limit for existing titanium alloys has been approx-
imately 535 C (1000 F). There has been continued interest in developing titanium alloys that can be
used at higher temperatures than those now commercially available.

Dispersion strengthening offers at least a theoretical possibility of achieving strength at higher temper-
atures in titanium-base materials. Much research was conducted in this area from 1950-1960. Many of
these early results are summar ized in Reference 1. These include experiences with the following types
of disperso ids:

• lntermetal lics—Ti 5Si3, TiC , TiA I , TiB 2, TiB , Ti 2Cu , TiS , TiP, and B4C
• Oxides—A 1203, Th0 2, Zr02, Y 203, Ge2O3, La2 O3, CeO2, and Ce2O3.

HolIaday~’~ conc luded on reviewing the researches of the decade that dispersion strengthening of titan-
ium with insoluble particles was probably useful for both short-time and long-time improvement at
high temperatures. However , the optimum compounds and processing conditions had not yet been
discovered. Dispersion hardening with mechanically dispersed metallic particles offered little promise.
If sufficiently fine part icles were used to obtain strengthening, the solut ion rate of the particles in
the titanium matr ix became excessive. On the other hand, intermetallic compounds, such as Ti 5Si3,
Ti 2Cu , and TiC, and ox ides, such as CeO2 or other rare-earth type oxides, showed promise.

Dispersion strengthening by silicon additions to titanium alloys via melt-casting, fabricat ion, and heat
treatment , to form Ti5Si3 and possibly other silicides as dispersants , was practiced as an integral part
of alloy development techniques in both Great Britain and the Soviet Union in the late 1950’s and into
the 1960’s, A typical Br itish alloy. Imperial Metals Industr ies designation IMI-679 , Ti-i lSn-5Zr-
2.25A1-lMo-0.25Si , was evaluated in the early 1960’s on both sides of the Atlantic. Typical Soviet
alloys were: VT3- 1, Ti-5.5A 1-2Mo-2Cr- lFe-O.2Si , and al loys of the AT series , e.g., AT4 , Ti-4A1-0.8Cr-
0.6Fe-0.4Si-0.O1B. By the mid 1960’s, IMI developed a complex alloy conta ining both silicon and
tungsten, I M 1- 684, Ti-6A 1-5Zr- 1W-0.2Si , which had quite good elevated-temperature properties and
metallurgical stabil ity as indicated by the data in Table 78 and 79. A whole series of silicon-
strengthened British alloys were developed which included the following:

I M 1-679 Ti-2.25Al-1 1 Sn-5Zr-1 Mo-0.2Si
lMl-680 Ti-2.25A l-1 lSn-4.2Mo-0.25Si ‘i
lMl-684 T -6Al-5Zr-1W-0.2Si
IM 1-700 Ti-6A1-5Zr-4Mo-1 Cu-0.2S1-0.07C
Hylite-55 Ti-3Al-6Sn-5Zr-0.5Si
l-lylite-60 Ti-3A1-6Sn-5Zr-2Mo-0.5Si
Hylite-65 Ti-3Al-5.5Sn-5.5Zr-0.5Mo-0.5S i.

At about thistime various, U.S. researchers showed a renewed interest in dispersion-strengthened titanium
alloys. Anthony (3) investigated the high-temperature strength and stability characteristics of complex
alpha-titan ium alloys, (e.g., Ti-6A1-3Sn-3Zr) that contained dispersions of silicide, carbide, and boride
particles. Boride dispersions were coarse and generally ineffective with respect to strength. Carbide
dispersions increased high-temperature strength but simultaneously reduced low-temperature tough-
ness and ductility to dangerously low levels after creep exposure. Sil icide dispersions (Ti 5Si3 and
Zr5Si3) increased the high-temperature tensile strength of the matrix in the alpha-worked condition,
but alpha-beta and/or beta heat treatments were required to increase high-temperature creap strength.
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Table 78. Typica l Tensile Prop erties for Alloy lMl-684 Solution Heat
Treated at 1913 F (1045 C) , Oil Quenched , and Aged for
24 Hours at 932 F (500 C1~

2
~

0.1% Offset Ultimate
Test Yield Tensile Elong. , Reduction

Temp., Strength Strength % in Area ,
F ksi MPa ksi MPa in 4 diam . %

70(RT) 132 909 150 1034 17 22
212 111 765 130 896 15 26
392 95 655 115 792 14 29
572 86 593 105 723 14 31
752 78 537 98 675 16 31
932 73 503 94 648 18 31

1022 70 482 90 620 19 31

Table 79. Thermal Exposure Stability Test Data Obtained for Alloy IMI-684
Samples From 0.5-Inch-Diameter Rod’ (2) 

-

Exposure 0.1% Offset Ultimate
Time at Yield Tensile Elong., Reduction
977 F, Strength Strength % in Area ,
hours ksi MPa ksi MPa in 4 diam . %

None 137 944 153 1054 16 23
100 140 965 157 1082 14 21
300 142 978 160 1102 9 19

1000 142 978 159 1096 9 12

(a) Solution heat treated for 3/4 hour at 1913 F (1045 C), oil quenched and aged
for 24 hours at 932 F (500 C). —

The research has been continued intermittently through the years. For example , in 1970, two alloy
development programs were completed which illustrate the success possible in achieving high strengths
w ith this type of alloy, but at the same time il lustrate the problems involved in selecting a balanced
composition. At General Electr ic Aircraft Engine Division (4) and at Reactive Metals (5) , objectives
were Air Force-established goals which included the following combinations of characteristics:

As Heat Treated
RT 900 F

Ultimate Tensile Strengt h, ksi 140-143 104-105
Yield Strength , ksi 130 90
Tensile Strength ~atio 1 5(a) —

10,000 Cycle Fati g.ie Strength,
ksi 90(b) —

Creep Strength to Limit Creep
to 0.2%

in 10,000 hours exposure , ksi — 55-58
in 100 hours exposure ksi — (65 at

1000 F)
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After Simulated 900 F/ 10,000 Hour
Exposure (0.1% Creep)

Ultimate Tensile Strength, ksi 0.9(140- 143) —

Yield Strength, ksi 0.9(130) —

Tensile Elongation , percent 5 —

Tensile Reduction in Area ,
percent 10-15 —

Tensile Strength , Ratio 1,4(a) —

5,000 Cycle Fatigue Strength ,
ksi — 90(b)

(a) Notched (K
~
=4) to unnotched ratio,

(b) K1=1.0.

The basis for composition selection involved max imizing the alpha stabilizer content (aluminum , tin,

zirconium, gallium, and oxygen) to improve strength, modifying with beta stabilize rs (molybdenum,

vanadium, co lumb ium , tungsten, manganese, iron , and chromium) in combination with a dispersoid
phase-forming element (s ilicon) to further increase strength (particularl y creep strength), and, at the

same time, maintaining a metallurgically stable alloy. As an examp le of metallurg ical limitations,

alpha-stabilizer content must be maintained below an equivalent a luminum content of about 8 weight
percent because above this level , t itanium alloys become embrittled by an ordering reaction (forming

Ti 3AI). Al pha-a lloy bases that were selected included combinations of titanium-aluminum with
zirconium, zirconium-tin , or zirconium-t in-gallium, as a means for minimizing the Ti 3AI-type
embrittling reaction while at the same time alloying to promote the maximum strengthening effect.
To such a base, beta-stabilizer and compound-forming additions are made in as large amounts as toler-
able in order to strengthen the material further without causing embrittlement.

Interestingly, at the conclusion of composition screening, each research group arr ived at similar alloy
selections for meet ing target goals. The General Electric alloy selections were Ti-6.5Al-4Zr- 1.5M0-0.7Si
and Ti- 4.5A 1-2Sn-3Zr-3Ga-l Mo-0.5Si. (~

) Reactive Metals alloy choices were Ti-5Al-5Sn-2Zr-0.8Mo-
0.5Si and Ti-5Al-5Sn-2Zr-0.8Mo-O.7Si.15

~ The degree to which these materials meet the target goals is
illustrated in Table 80 and Figure 85. Both compan ies recognized that optimization was incomplete ,
but concurred that further sli ght alloy modification of these materials combined with additional ther.
momechanical resea rch could lead to a full sati sfac ti on of the original goals.

More recently, Dixon and Skelly 161 added Th02 and Ce2O3-2ZrO 2 to titanium and several titanium
alloys during arc melting. The refractory compounds apparently dissolved during melting but precipi-
tated as dispersed phases on cooling. Although the tensile strengths of the base materials at room tem-
perature and 540 C were improved the tensile ductilities were reduced by these oxide additions. It
was also noted that the refractory particle size and interparticle spacing were larger than recommended
for maximum dispersion strengthening. Heat treating further increased the size of the refractory
particles. Attempts to incorporate Y 203 by this technique were not successful. However , other
stud ies171 of the reaction of the molten titan ium with certain rare oxides indicated Y 2O3 to be most
stable. For example, it was concluded that at temperatures less than 0.6 Tm, Y 203 is not reduced
by solid titanium and coexists with an oxygen level of less than 1500 ppm.

W augh18) has also evaluated 16 oxides primarily for their elevated-temperature compatibility with
titanium. Lutecium-oxide (Lu 2O3), neodynium-oxide (Nd 2O3), and dysprosium-oxide (Dy 203)

dispersoids showed no detectable reaction with the titanium after vacuum sintering for 4 hours at
1065 C. Pr6011 and Tb2O5, with titanium, reacted at 560 and 520 C, respectively.
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Table 80. Mechanical Properties of Candidate Alloys for 900 F (482 C) Jet Engin e Service 1
~ ’51

(Solution heat treatments and aging conditions var y from alloy to all oy ) (a)

Composition , percent
Ti.5A1-5Sn- T 5At 5Sn T~ 4 5Al 2Sn
2Zr-O.8Mo- 2Zr-O.8Mo 3Ga 3Zr-lMo Ti ’6.5A 1’4Zr -

Property Goals 0.55) 0.75, O.SSi 1.5Mo O.7Si

As Heat Treated

Ultimate Tensile Strength I AT) , ksi (MPa) 140 (9651 156 110751 163 ( 1123 1 160 11102 1 162 166 1b1 11116 - 11441
Yield Strength (AT),  ksi IMPel 130 18961 137 19441 144 19921 146 (1006 ) 147 1501b1 11013-10341
Ultimate Tensile Strength 1900 F), ksi IMPa) 105 (7231 11217721 116 17991 11 117651 123 (bl
Yield Strength (900 F) , ksi IMPel 90 16201 87 (5991 88 1606 1 92 (634) 94 10 1bl 648 696)
100,000 Cycle Fatigue )RT) , ksi (MPa) — — — — 80 15511 —

10,000 Cycle Fatigue (A T ) , ksi IMPa) 90 16201 — — ‘90 16201 —

Creep Strength (0.2%)
100 hr (1000 Fl , ksi (MPa( 65 )448) 65 (4481 50 1345 1 55-60 (379 413) >55 lCl (379 )
10,000 hr (900 F) , ksi IMPal 55-58 (379-400 ) 57-58 (393-400 ) <50 (345 ) 58 (400) 53 60)b) (365 -413 )

Post Creep Exposure (’ )
~

Ultimate Tensile Strength (AT ) , ksi lMPa) 0-9) 1401 1965) 162 11116) 167 (11 51)  155 11068) 165 111371
Yield Strength IRT), ksi (MPa) 0.9( 130) 18961 147 (1013) 152 (1047 1 147 (10131 151 (10401
Elongation (AT) . percent 5 9 14 4 9.5
Reduction in Area (AT) .  percent 10-15 14 24 6 18

(a) Typical solution temperatures , 1870.1900 F 11021-1037 C). Typical aging condition , 2 hours at 11 00 F 1593 Cl.
)b) Two heat treatments are represented.
Ic) This value represents the strongest conditio- i tested.
(d l 200 hours at 1000 F (538 Cl and 55 ksi (3/ 9 MPa) exposure. These properties represent the most stable conditions tested.

eo — Air Face ., 900F,
Goal 

~~~~~~~~~ 7 . 8  10,000 hr

~~~~~~~~ •.
10 - ~~ “ —

~~ 
N’• -N ‘\ • 1 Tt-6A 1-4V

\ 5\ 6~\’. 2 Ti-8A 1-lMo- 1V
- 

3\ ‘c”~~ ~ 
3 Ti-6A 1-25n-4Zr-2Mo

\ \ \ 9 4 Ti-5A1-6Sn-2Zr-lMo-0,255i

g ~ 
1 ,2 ,3 ,4 \‘ 5 Ti-5A1-5Sn-2Zr-0.8Mo-0.7Si
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6 Ti’5A1-5Sn-2Zr-0 .8Mp.0.5Si
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Figure 85. Comparison of 0.2% Creep Data Obtained for
Commercial and Experimental Titanium-
Based Alloys 14 ’5)
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Wright and W ilcox 191 attempted to prepare dispersion-strengthened Ti -6A l-4V-Y 203 by attritor milling,
in view of the success this techr ique had with DS-r,ickel alloys. Because of the pyrophoric nature of
titanium , a Szegvare 1-SB attr itor was modified to operate under vacuum or under slowly flowing
purified helium. Loading and unloading operations were carried out in a helium atmosphere by first
evacuating the relevant vessels and then backfi lling with helium. After attriting, the alloy powder was
transferred in a helium-filled , sealed glass bottle to an argon-filled glove box where it was screened,
wei ghed, samp led, and then tamped into mild-steel extrusion cans. The extrusion cans were sealed by
electron-beam welding and vacuum outgassed at 300 C through a nose tube and then extruded at
915 C. In a typical batch of Ti alloy, the following contamination occurred as a result of the above
processing: iron increased by 0.07 wt. %, carbon by 0.027 wt. %, nitrogen by 0.105 wt. %, hydrogen
by 0.011 wt. %, and oxygen by 0.112 wt. %. Because of concern with impurity pick-up, the alloy
structure and distribution of the dispersoid was not evaluated.

Recently, Antsiferov (10
~ reported on the effect of adding Zr02 particles of less than 1 micron to

titanium. Calcium- hydride titanium and electrolytic titanium were used. In addition, ZrO 2 was also
dispersed in several alloys with the chemica l compositions listed in Table 81. The mechanical proper-
ties of the alloys at 20 C and 550 C are given in Table 82. The addition of ZrO 2 increased the
elevated-temperature strength of the titanium alloys , but decreased their ductility.

Earlier , Ants iferov ( 1 1> had studied the influence of dispersed MgO and Zr02 on the resistance of
t itanium to plastic deformation. He concluded that the increased resistance was not related to the
strengthening influence of the dispersoids. The possibility of changes in the state of dispersant solid
solution must be taken into account in every specific case .

Portnoy 1121 reports that Ognev and Anokhin had shown that the hardening effect produced by the
addition of oxides to titanium is not great. For examp le , at room temperature , specimens sintered at
1150-1200 C had a maximum strength of 90 kg/mm 2 (882 MPa) w ith a content of 0.5 percent A 12O3,
0.8 percent Zr02, or 0.6 percent Ti02, and the oxides introduced could not be detected as independent
phases. When oxides were introduced to titanium alloyed with molybdenum , some additional hardening
was observed. However , Portnoy also concluded that even if dispersion-strengthened titanium alloys
were produced, they could not corr.nete as to strength and heat resistance with the existing commer-
cial titanium alloys , which have short-term strength of up to 90 kg/mm 2 (882 MPa) at 500 C and a
100-hour, long-term strength of up to 70 kg/mm 2 (686 MPa) at this same temperature.

Table 81. Chemical Compositions of Titanium Al loys(101

Alloy Material Chemical Composition , wt. %
No. Designation Mo Al Nb Cr V Sn Zr

1 TcM3B2Kh1 3 — 2 1 — — —

2 TeM3B2Kh1 3 — 2 1 — — -

3 T eYu4M3F3 3 4 — — 3 — —

4 TeYu4M2T54O1 2 4 — — — 1 4

~ Te ”r’u4M2T5402 5 2 4 — — — 2.5 4
6 T~M30 30 — - — — — —

Note. Te is electrolytic titanium and Tc is calcium hydride grade titanium. A
study was made also of alloys Nos. 1 , 2, 3, and 6 containing zirconium dioxide
add itions .
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Table 82. Properties of Titanium Al loys (10)

Test Temperature
20C 550 C

Alloy Alloy U.T.S.. Elong. , Reduction in Impact Strength, U.T.S., Elong., Reduction in
No, Designation MPa % Area , % kg-m/cm 2 MPa % Area , %

1 T~ 892-911 1-1.5 1-2 2.5-3.5 235 42 38
2 Te 343 353 10- 14 18-22 16 108 29 36
3 T~M3B2Kh1 1137 49  0.0 12  265 22 44
4 TcM3B2Kh1.ZrO 2 1176-1225 0.5-1 .5 0.0 0.5-0.7 372 14 42
5 T~M3B2Kh1 784-823 8.5-9 9.17 9 274 7 20
6 TeM3B2Kh1.ZrO 2 872-921 5-8 10-17 304 10 17
7 T~Yu4M3F3 970-1009 5-7 6-13 7 402 7-8 18
8 TeYU4M3F3ZrO 2 637-725 0.2 0.5 0.5-1 627 4 7
9 TeYu4M2T54O1 1117-1137 0,0 1-3 0.8-1 .0 470 8 16

10 TeYU4M2T54O2.5 833 0.0 0.0 1.2-1.5 608 4 14-17
11 T~M30 1078 0.5-1 .0 7-10 7 — — —

12 TcM3OZrO 2 343-402 0.0 0.0 — — — —
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U R A N I U M

In 1961 , Arbiter , et al.~
1
~ pointed out the desirability of a

uranium-rich metallic fuel material having good elevated tern 

-

________

perature strength and capable of high burn. They investi- -
Test ternpe rot4 re 500 F

gated the possibilities of dispersion strengthening uranium by ~ T,n,e 5 ~~

hot pressing and extruding uranium powder that was covered t~ ,..—~~~~

with a surface oxide f ilm. These materials contained 6 to 18 -
~~ -

volume percent U02 and were called “SUP” for ~intered ~
uranium product. One alloy containing 18.6 volume percent ~. - ~~~~~~~~ Jm~~~’ed J

IJO2 had~ Meyer hardness of 5650 psi (38.9 MPa) at 1500 F ~ ,,~~~ -.-“ : s
(815 C) on hol’ .ng 15 minutes. The authors expected that ci I

this material would have essentially the same creep resistance ° , 
20

Oxide Content , vol,%
at 815 C as a U-lOMo alloy which had a Meyer hardness of
5880 psi (40.5 MPa). The relation between hardness and F igure 86, Meyer Hardness Vs . Oxide Con-
oxide content of the SUP alloys is shown in Figure 86. tent of SUP Samples 111

These workers also studied the effects of cyclical heat treatments , across uranium ’s alpha-to-beta
transformation temperature , on these materials. Each cycle consisted of heating to 730 C and cooling
to 610 C over 20 minutes. After 120 cycles , an alloy containing 18 volume percent of U02 retained
a smooth surface and practically unchanged geometric dimensions. Specimens of pure uranium under
these same conditions had swollen si gnificantly and disp layed a very coarse surface texture.

20 -çt-- Other Soviet investigators , as reported by Meerson 121, found
I that additions of dispersed U02, UC , and UBe 13 in amounts

6 1 I up to 18 volume percent raised the strength of pure uranium
at 20 C by 40, 32, and 24 percent , respectively, and at 600 C

2 
I by 44, 69, and 69 percent respectively. The creep behavior

2 of these materials is illustrated in F jure 87. UBe13 was the
3 most effective addition. Tests were also carried out in which

8 specimens were subjected to cyclic heat treatme nts within
the alpha-phase limits (600 C and water cool) or with transi-
t ion through the al pha-beta boundary (6 20-700 C). The
highest resistance to thermal cycling was shown by a OS-U-

C0 50 00 200 
18U0 2 alloy. After 400 cycles in the alpha region , the

Time , hours length of rods of these materials increased by 0.5-0.6 percent.
Figure 87 . Creep of Dispersion-Hardened W ith thermal cycling across the alpha-beta boundary, after

Uranium at 600 C and Load of 300 cycles, the U-18UBe13 rods increased in length by
4 kg/mm2 : 1) U+18UC; 2) U+ 8 percent and the U-18U0 2 rods by 2.5 percent.
18U0 2, 3) U-f9U Be13; 4) U+
18UBe13 12

~ Portnoy, et aI.~
31 prepared U-A l 203 alloys containing up to

7.5 percent Al 203. The creep properties of these alloys at
500 C and 600 C are given in Table 83.
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Table 83, High-Temp erature Creep of Hot-Rolled and Dispersion-
Hardened Uranium ~

31

Stress, MPa ,
Temp., With Stable Creep Rate, %/hr

Alloy C 10- 1 10- 2

Hot-rolled uranium 500 55 41 28
Hot-rolled uranium 600 27 15 8
U+3.5A1203 500 137 96 79
U+7.5A1203 500 158 137 117
U+7.5AI203 600 117 96 82
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TUNGSTEN

Tungsten has two outstanding properties which have dominated its application as a structural material
for the past 70 years. These are its high melting point (3410 C) and its relative inertness to most
chemicals. These may be contrasted with two of its most disadvantageous properties (from the view-
point of structura l materials) , which are its high ductile-to-brittle transition temperature (DBTT) and
its high density.

Much research has been done in recent years on the dispersion strengthening of tungsten in an effort
to further improve its potential as a structural material at elevated temperatures. This work is summa-
rized in this section for three types of DS tungsten alloys.

W-Th02 Alloys

Histor ically, the use of thoria in tungsten lamp wire in the early 1900’s probably represents the f irst
practical demonstration of oxide-dispersion strengthening of a metal. Here, thor ia additions of 0.75 to
1 percent were found to markedly inhibit grain growth in the tungsten filaments at their high operating
temperatures and, as a result , greatly improved their resistance to “sagging” and, hence, to creep
deformation.

It is well known that many processing var iables affect the properties of dispersion-strengthened
tungsten in genera l and W-Th O2 alloys in particu lar. A good historical accounting of these develop-
ments up through 1952 is given in the treatise by Smithells. 1 1 >

More recently, Tardiff 12) stud ied the sintering behavior of the W-Th02 blends where the tungsten had an
average part icle size of 0.05 micron and the Th02 0.011 micron. He found a severe coarsening of the
Th0 2 on sintering at 1100 C in a moist hydrogen atmosphere. Sell , et a l.(31 avoided coarsening by
using a unique, low-temperature blending process which caused most of the Th02 to be trapped within
the tungsten powder part icle by adding the Th02 dispersoid to tungstic oxide prior to the reduction
process.

Dunham~
41 investigated the distribution and deformation characteristics of Th02 particles during

processing from powder to wire in W - 1 wt . % Th02 alloy. The larger particles (greater than 1 micron)
deformed concomitantl y with the dispersant (or matrix) to cigar-shaped particles and then fractured
into segments as deformation of the matr ix proceeded. Smaller particles remained relativel y spherica l
and undeformed . The deformation of the Th02 particles results from (a) the large particles having a
lower effective yield strength due to the presence of dislocations and (b) the stresses developed during
plastic deformation,wh ich are greatest in the vicinity of the large particles.

Dunham (~
) points out the two ramif ications of large particle deformation. First , since the morphology

a particle assumes is a function of the state of stress at the particle , different processing modes can
produce drastically different dispersoid morphologies in a given material. This implies that W-Th0 2
materials having the same nominal composition and size should not be compared unless the materials
have been processed to that size in an identical fash ion. Second, based on Ashby ’s model for work
hardening of dispersion-strengthened materia ls , W-Th0 2 alloys will work harden at a much lower rate
when the larger Th02 particles are deforming.

Moon and Stickler 15> studied the creep behavior of pure , doped, and thoriated tungsten wires to be
used for fiber reinforcement in high-temperature composites , for coils in incandescent lamps, for
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heater wires in electronic tubes, and for wire-mesh heaters in heat-treating furnaces. The investigation
included an AKS grade of w ire which was produced from metal obtained by reducing tungstic oxide
that had been doped with small amounts of potassium and aluminum alkali silicates. This wire ,3d a
significantly higher creep strength than the UDW wire (pure W) or the W-Th02 wire in the temperature
range investigated, 2450 to 3000 C. Dispersed bubbles present in the AKS grade effectively pinned
dislocations and accounted for its superior creep strength (see Figure 88).
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Figure 88. Creep Curves for UD-W , Th-W , and AKS-W wires at 2500 C15>

Dunham and Heheman 16) investi gated the effect of thermal treatments on crack volume change in W-
Th02 materials by means of density measurements. It was found that the density of a W- 1 wt. % ThO2
material decreases monotonically with increasing w ire drawing strain to 0.762 mm as a result of
the continued deformation and fracture of large Th02 particles. Further deformation resulted in a
slight increase in density due to a reduced degree of Th02 fracture and to a partial mechanical healing
of the cracks between particle segments. The density decrease for a given amount of deformation was
directly related to the volume fraction of Th02 contained within the material. Cracks in W-Th02
wire can heal prior to extensive grain-boundary migration at annealing temperatures less than or equal
to 2000 C. Rapid heating to 2575 C results in a large, elongated grain structure and a partial healing
of some of the cracks. Additional annealing at 2000 C of material heated to 2575 C does not result
in further crack healing, indicating that a majority of the cracks are trapped within the large grains.

McCoy (7> recentl y reported the creep and stress-rupture properties for a W-2ThO 2 alloy at 1650 C
and 2200 C (see Figures 89 and 90). The mean Th02 particle size was about 750 angstroms with an
interparticle spacing of about 0.3 micron. The microstructure of this material did not change detect-
ably, even after testing at 2200 C, while a standard material completely recry stallized after testing at
2000 C. The excellent stability and creep properties at 2200 C of the improved alloy is believed to
be due to the fine dispersion of the Th02 particles.

K ing 181 invest igated the yield strength of a W-3.8 vol. % Th02 alloy and compared it with that of
recrystallized pure tungsten over the temperature range 325 to 2400 C (see Figure 91). The specimens
were annealed at 2400 C. From this investigation it was concluded that the fine Th02 dispersion
imparted a direct strengthening effect due to dislocation-particle interaction. The magnitude of this
effect is in good agreement with that predicted by the Orowan mechanism. A further strengthening
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Figure 91. Yield Stress of Pure Tungsten and W-3,8ThO2, Variously Annealed , as a Function of Test Temperature 18
~

effect occurs in the recovered alloy as an indirect effec t of the dispersion, and results from the stabili-
zation of substructure at high temperatures. The magnitude of the latter effect is greater than that
resulting directly from the dispersoid. The true stress-strain curves for both the W-3 .8ThO2 alloy and
pure tungsten as a function of test temperature are reproduced in Figure 92.
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Another interesting development in the past 12 years was the finding by Ratliff , et a1191 on the
effectiveness of certain dispersoids on lowering the DBTT of tungsten. As shown in Figure 93, increas-
ing amounts of Th02 (and Zr02) in amounts up through 8 volume percent were found to be increas-
ingly effective in decreasing the bend-transition temperature of tungsten, in both the stress-relief-
annea led (1 hour at 1000 C and 1200 C) and recrystallized (1 hour at 1800 C) conditions.

~~~22O

T s O,. , o .  Zr0 ,.~~~%
w-r,, 0~ SyUR” * - 2~0~ 5 ”

Figure 93. Effect of Increasing Dispersoid Content on the Duct ile-to-Brittle Transition Temperature of W-ThO 2
and W-ZrO 2 Alloys Annealed for 1 Hour at the Indicated Temperature (9)

Other Dispersoids in Unalloyed Tungsten

Zirconia has received almost as much attention as a dispersion strengthener for tungsten as has thoria.
As noted in the preceding paragraph, f ine dispersions of Zr02 and Th02 as binary additions, were
found by Ratliff , et al.19 to have an equivalent effect on a volume percent basis, on the DBTT of
tungsten. This was also true for their beneficial effects on recrystallization behavior. However , in
ternary comb inations with rhenium, thoria showed superior stability to zirconia.110>

Movchan( 1 1> conducted a study of the properties of binary W-Zr 0 2 alloys containing up to 2.5 vol . %
Zr02. These alloys were prepared by electron-beam evaporation and subsequent condensation on a
substrate preheated to 1600 C. The dispersed Zr02 was nearly spherical and distributed at random.
The tensile properties of these materials were determined at 3000 C with the results shown in Figure
94. According to X-ray diffraction analysis , no interaction occurred between the Zr02 and the
tungsten matr ix.

Blickensderfer , et al. (121 exp lored the elevated-temperature strength properties of W-Zr 02 alloys
prepared by the internal ox idation of W 2Zr or ZrN particles, wh ich were incorporated in a tungsten
matr ix. Tensile properties were determined on these alloys after sintering, extrusion , and stress-
relief annealing for 15 minutes at 1350 C. Both the W 2Zr and ZrN particles were converted into Zr02
particles of sub-micron size (002 to 0.5 micron) which had a strengthening effect on the matrix. At
1650 C, the alloys prepared using ZrN particles (designated asWZN alloys) had slightly higher ultimate
tensile strengths than those made with W 2Zr (designated as ZOW alloys), e.g., 70 to 80 ksi (482 to
551 MPa) versus 59 to 70 ksi (406 to 482 MPa), but at 1920 C, the tensile strengths for both alloy
types were similar and in the range of 21 to 25 ksi . Figure 95 plots the tensile strengths of a series of
ZOW alloys at 1650 C as a function of their zirconium and oxygen content. A maximum strength of
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around 70 ksi occurred at a composition of W-0 .42 wt. % Zr-0.09 wt. % 0 or W-0 .85Zr-0.90 (atomic
percent).

Blic ker-~sderfer 1131 later determined the creep and stress-rupture properties for a W-0.4Zr-0 .1O (weight
percent) alloy prepared from W 2Zr powder. The rupture data obtained are shown in Figure 96. He
also compared the stress-rupture life of this alloy at a 10-ksi stress level with that for a number of other
al loys from other investigations. These data are given in Figure 97.
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Figure 97. Comparative Stress-Ru pture Life of Tungsten Alloys at 10,000 psi 1 12)

Antsiferov and Shafit l16> studied the thermal stability and spark erosion resistance of W-Zr0 2 alloys
at temperatures up to 3300 C. To raise the thermal conductivity and ablational power , add itions of
3, 5, and 7 percent Cu were added toa W- lOZrO 2 alloy containing 0.4 percent Ni. The authors
believe there is an increase in the spark erosion resistance of these alloys by the addition of Zr02,
and that this is connected with the absorption of heat during the decomposition of Zr02 and the
sublimation of its constituents. Previously, 1171 the apparent density of W-0.4Ni alloys with 0-
4OZr0 2, and W-O .4N i-lOZrO2 with 0 to 15 percent Cu had been investigated.
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Herbell , et al .(15> invest igated the properties of selected W-Hf02, W-Zr0 2, and W- Th02 alloys pre-
pared by two different techniques. One series (containing 5 vol. % of either Hf02, Zr02, or Th02
and 0.5 wt. % zirconium) was made by the reduction of mixed oxides derived from chemical salts.
The other, W-0.5 wt. % Zr, was made by comminution of an arc-melted ingot. All mater ials were
either cold or hot pressed and extruded to rod. Highest strength at 1650 C was achieved in the W-
5HfO 2 alloy, which is compared with varioL : other alloys in Figure 97. The W-Zr 02 alloy composites
produced either by coprecipitation or by arc-melting and comminution showed similar strength prop-
erties at 1650 C.
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F igure 98. Stress-Rupture Life of Tungsten , Refractory-Compound Composites , at Temperature of 3000 F ( 650 C) 1141

Kuznetsov and Suvorov (
~

8) investigated W-Lu203 and W - Sm203 alloy systems as possible substitutes
for the W -l ThO2 alloy, which is an effective electron em itter but has the disadvantage of being natu-
rally radioactive. Up to 1800 C, the em ission of tungsten with the Lu203 and Sm03 differed little
from that of W-Th0 2. The W -Lu2O3 was easier to activate and W-Sm203 was more difficult. W-
Lu203 can apparently compete with W-Th 02, although the emission capacity of the latter is higher
in the low-temperature range.

Dubok and Tyukalo 119) stud ied the possibility of chemical reactions between Sc203 with tungsten and
found none after heating these materials together to 2100 C for 4 hours in a protective atmosp here.

Strashinskaya and Stashevskaya (20> used X-ray diffraction analysis to investigate the stability of
tungsten with five intermetallic compounds after heating alloy mixtures at temperatures from 1700 C
to 2200 C. The heating environment used was not disclosed. The dispersoid phases used anc~ results
obta ined are summarized as follows:

W-HfC. At 1700 C and above, additions of HfC up to 10 weight percent appeared to be dissolving in
the tungsten matrix whose lattice parameter had been expanded from 3.16 to 3.17 angstroms after
the 2200 C reaction (reaction times not specified).

W-TaC. At 1700 C, additions of TaC up to 10 weight percent had expanded the tungsten lattice
parameter to 3.17 angstroms.
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W -ZrC. At 1800 C and higher , a 10 weight percent ZrC addition had expanded the tungsten lattice
parameter to 3.17 angstroms.

W -ZrN. No reactions with Zr N additions up through 10 weight percent were indicated at temperatures
from 1800 C to 2200 C.

W-Zr0 2. No reactions with Zr02 additions up through 10 weight percent were indicated at tempera-
tures to 2200 C.

These results were generally consistent with the findings of Jaffee , et al. 1211 who attempted to prepare
tungsten alloys containing 2 volume percent additions of HfC, TaC , Ta2 C, TiN , ZrN , HfN , and TaN by
vacuum sintering for 2 hours at 2600 C to 2800 C. Under these conditions, none of these intermetal lics
were stable. Thus, the nitrogen and carbon were evaporated leaving the residual metallics in the
tun9sten matrix.

Morcom and CerullP’21 also reported that oxide , nitride , and probably carbide mixtures of hafnium
and zirconium tended to form solid solutions with tungsten on heating in vacuum at temperatures to
1750 C.

Landingham and Casey 123l dispersed small particles (less than 10 angstroms) of HfN in tungsten by
the hydrogen reduction of hal ide mixtures of WC I6 and HfCl 4 in a gas stream that also contained NH3.
The dispersoid was formed during deposition by the reaction of hafnium with the NH3. Because of
oxygen contaminat ion from the halides, a comple~.. dispersoid of Hf-0-N was obtained rather than the
intended Hf N. The microstructure of the deposits could be altered from fine , columnar grains perpen-
dicular to the surface , to fine layers parallel to the surface. Slight changes in the dispersoid composi-
tion and dispersion produced pronounced effects on the hot microhardness of the covapor deposited
material.

Quatinetz , et al. 114 1 determined stress-rupture and hardness data on tungsten alloys containing 8 to 10
volume percent of Zr02, Y 203, HfO , HfB , HfN , HfC , and Ta C. Stress-rupture data on some of the
higher strength alloys are included in Figure 98. Data for the W -8HfC alloy are also shown in Figure 97.

W -Re Alloys

In 1955, Geac h and Hughes 124) first reported the unique and remarkable effec ts of rhenium additions ,
in amounts up through 30 weight percent, in decreasing the DBTT of tungsten . Since then, numerous
studies have been made to determine how the properties of tungsten-rhenium alloys are affected by
dispersoid additions.

Ratl iff , et al. 191 were among the first to show that the beneficial effects of binary additions of rhenium ,
iridium, osmium, and thoria on the DBTT of tungsten were indeed additive (see Figure 99).

A continuation of their work indicated that an optimum combination of good fabrication characteris-
tics and low-temperature ductility occurred in a W -5 wt. % Re- 2.2 wt. % Th02 alloy. Through the use
oi an alkali-silicate-doped tungsten powder base, isostatic hot pressing, and hot rolling an xtreme ly
fine-grained sheet product could be obtained. 125) As stress relief annealed, this material showed good
tensile ductility at temperatures as low as 0 C and a recrystallization temperature of 2000 C. The
alloy also maintained good tensile ductility at low temperatures in the recrystallized condition . The
stress to cause rupture at 1915 C (3500 F) was measu red on two recrystallized samples with the
following results:

155

_ _ _ _ _ _ _ _ _ _ _ _  - 



FT -

~~. :: ~~~~~~~
~ iress relieved ol 1200 C 0 0

380 - __ Recrtmst IIeed 01 1800 C
340 -

260 .

220 - -

I— 80
I /

:;

T

Bn~~ y W-1h02 oliOy~ BW~ Sad- SOIut,Ofl bsxy d~ p~~icd -
1alioys

Figure 99. Effects of Binary and Ternary Combinations of Selected Alloying Additions on the Ductile-to-Brittle
Transition Temperature of Tungsten 191

Stress , ksi (MPa) Rupture Time , hr

5 (34) 1.1
3 ( 21) 13.0

In another investi gation 1261 , weldabi lity studies were made on W-5Re -2.2Th0 2 sheet using electron-
beam as well as gas-tungsten-arc welding techniques. All the welds showed defects in the form of
porosity and/or undercutting and poor ductility.

Sell , et al . 127-281 explored four different processing techniques in an effort to prepare alloys containing
5 to 10 weight percent rhenium plus i t o  2 wt. % thoria. These included 3 combinations of the co-
reduction of tungstic oxide with various additives plus mechanical mixing of metal powders with thoria.
A fine thoria distribution could only be achiev ed by the co-reduction processes , but none of these alloys
could be hot worked. However , ingots of a W-SRe-2Th0 2 sintered from the blended metal powders
and thoria were successfully swaged to rods. The resulting alloys contained coarse thoria particles ,
wh ich were not effective in causing dispersion strengthening.

Earlier , these same workers had shown that solid-solution strengthening and dispersed-particle
strengthening were additive in a W -25Re- lThO 2 alloy. 1291

Wir th1301 developed stress-rupture and creep data for a W-3 Re-2Th0 2 alloy in sheet and rod shapes
between 1800 and 2200 C in vacuum. The stress-rupture data is summarized in Figure 100. At
2200 C, the elongated Th02 particles began to spheroidize. This process was accelerated by creep
deformation. The effect of rhenium and Th02 on the secondary creep rate of tungsten produced
by powder metallurgy processes is reproduced in Figure 101.

Majdic and Wirth (311 invest igated the recrystallization behavior of W -3Re-2ThO 2 alloy and compared
it with undoped tungsten. They concluded that the threshold for primary recrystallization in the alloy
is shifted to higher temperatures (100 to 400 C, depending on the degree of cold working ) compared to
unalloyed tungsten. The secondary recrystallization observed in tungsten does not occur in the alloy
at the same temperatures. Primary recrystallization in tungsten seems to occur by grain-boundary
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migration for small degress of cold working. However , in the case of larger deformation , it is initiated
by a nucleation process. Recrystallized grains in the alloy are extended in the rolling direction parallel
to the strings of the particles. Loss of shape stability of the Th02 particles occurred after annealing for
1 hour at 2400 C, and at 2200 C after longer annealing times. Nevertheless , the effect of these particles
on the recrystallization behavior was observed in all cases.

The possiblity of hardening tungsten and tungsten-base alloys by nitriding was investigated by Iden and
Himmel. 1321 They found a significant hardening effe ct on internal nitriding W -3Hf , W -25 Re- Hf , and
W- 25Re-3OMo-Hf alloys. The HfN particles formed as a result of the nitriding precipitate as plates,
and this shape is retained up to at least 2400 C.
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Z INC

The strengthening of zinc is desirable since , at 21 C, it is operating at 42 percent of its melting point and
recovery processes occur rapidly when the metal is deformed. As with most metals , air-atomized zinc
and zinc alloy powders are covered with a layer of oxide. On rolling or extrusion of these powders, a
dispersion-strengthened material should result. This was indeed found to be the case by Lund, et al. 111
One characteristic feature of this material , noted by Lund, was the strong influence of second-phase-
particle morphology on its properties. Deformation , leading to fragmentation and spheroid ization of
second-phase part icles , or the use of spherical particles in the process of producing these alloys ,
significantly changed the alloy ’s behavior. Alloys with spherical inclusions had a lower ultimate tensile
strength than pure zinc , but very high ductility. For examp le, whereas the tensile reduction of area of
pure zinc is generall y below 20 percent , in the presence of spherical second-phase particles , the reduc-
tion may reach 93 percent.

An increase in mechanical strength is achieved if the hardening phase , usually ZnO , is present either as
a continuous grid or fine flakes. Creep resistance of the particulate alloys was found to be greatly
superior to a conventionally wrought zinc alloy when hard intermetallic particles are formed.131 Melt-
fragmentation of some eutectic alloys , or near eutectic alloys , was found a useful technique of making
such composites. A series of binary alloys containing 0.8 percent titanium, and ternary alloys contain-
ing titanium (0.2-0.8 percent), and copper ( 1 percent) , nickel (0.6 percent) or chromium (0.05-0.07
percent) were investigated. Atomized alloy powders were converted to wrought materials by a batch
compaction- and extrusion process. The strongest of the alloys was actuall y prepared from 35 x 100
mesh powder. Table 84 compares data from some of the best alloys with those for comparable
commercial alloy sheet. In general , the powder metallurgy alloys showed the possibilities of a wide
variety of property improvements over the commercial alloy.

Table 84. Tensile and 25 C Creep Properties of Zn A IIoys (
~

)

Tensile Data Creep Data , 25 C
U.T.S. Y .S. Elong. in Stress M m .  Creep Test Tim~

Composition ksi MPa ksi MPa 1 in. , % ksi MPa Rate , %/yr hours

,23Ti- .O5Cr 69.2 477 64 .3 443 12.5 20 138 0.41 3550
2 lTi - .O7Cr 67 .0 462 63 434 9,5 20 138 0.21 3390

.2lT i- .O7Cr 70,4 485 67.2 463 8.0 20 138 0.09 2550

.8lTi-lCu 57.6 397 49.5 341 37 .4 20 138 0.29 2520
Commercial alloy:

. l4T i-0 .7Cu 31 .8 219 27 .4 189 35.3 13 90 44 1040

Fractured on test.

Mc Carthy, et al, (2) investigated the high-temperature , compression creep characteristics of dispersion-
strengthened zinc. Room-temperature tensi le tests results were unexpected in that the dispersed
particles (ZnO , cs- A l203, carbon black , and tungsten) reduced the strength and increased the ductility
of zinc . However , materials containing ZnO in plate let rather than spherical form behaved in a more
conventional manner. 141 The effect of oxide content and of type of dispersion is shown in Figure 102.
The dispersion softening probably relates to the phenomenon of “superplasticity ”.

In the case of zinc-based composites containing spherical dispersoids , sli p is very fine and dup lex
slip may be observed. The composites that would show the greatest thermal stresses upon cooling from
the annealing temperature are also the most ductile. The same authors found also that zinc containing
a ZnO network possessed mechanical strength at above the melting point of ~ nc. (51
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of Zinc-Zinc Oxide Alloys (Strain Rate Approximatel y 3 Percent Per Minute) 141

At the same University (6l yield points and strain-aging effects were found to appear above 0.5 to
0.6 Tm and to persist at temperatures up to the melting temperature. The strain-agi ng y ield point
is associated with the dispersed particles. The strain-aging y ield point behavior has been observed in
Zn- 15A1203 and Zn-25W alloys. These strain-aging yield points in the Zn-A 1203 system were be-
lieved to be caused by more than a single mecha nism. The results seem consistent with the author ’s
model based on generation of vacancies or dislocations at dispersed particles.
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Z I R C O N I U M

Weinstein and Holtz 111 investigated alloys of mechanically attritioned zirconium powder containing
7-volume-percent additions of La203, ThO 2, and Y 2O3. The alloys were cold pressed and hot ex-
truded. Anthony and Klepfer (2) disper sed 0.1, 1, and 10 vol. % of Y 203 in Zircaloy- 2 hydride mill
scrap and produced material by vacuum hot pressing at 1125 C with subsequent beta quenching and
extrusion at 815 C. In both investigations, the oxide-particle parameters were not suitable for signif-
icant dispersion strengthening.

Rezek , et al. (3) re-milled milled-zirconium-hydride sponge with suitably prepared Y 203 powder.
The cold compact was sintered at above 1000 C, fully densified by hot rolling, and clad in mild steel.
It was noted that particle distribution was improved by rehydriding and reprocessing. At a sintering
temperature of 1000 C, the average particl e diameter was about 2000 angstroms. No tensile meas-
urements were reported but stress-rupture properties at 500 C for a Zr-5 vol. % Y 203 alloy showed
a tenfold improvement.

Skelly and Dixon (4) tried another approach, i.e., arc melting of zirconium with ThO 2, Y 203, La203,
and cerium zi’conate. The refractor ies apparently dissolved in the molten zirconium and preci pitated
as a dispersed phase on so lidification. Tensile strengths at 650 C of up to twice that for Z ircaloy-2
were observed for arc-melted specimens. The size and distribution of Th02 and cerium-zirconate
particles were found to vary depending on the heat treatment , but ideal interparticle spacing was not
achieved.

Parsons and Adolph(5) tried to develop and optimize the properties of dispersion-strengthened Zirca loy-
2, yttria alloys and determine their mechanical properties. The properties are compared with those of
currently used alloys, Zirca loy-2, and Zr- 25  wt. % Nb in Table 85. Special precautions were taken
to avoid the pick up of gaseous impur ities, which degrade the properties of zirconium alloys. No
noticeable grain growth was observed in the alloys investigated after aging at 700 C for 1000 hours.
It was found that the Y 2O3 particles wei e reasonably stable during fabrication at temperatures less
than 800 C. At reactor-operating temperatures, the particles should be very stable. An investi gation
was also made on the effect of irrad iation for a period of 2790 hours with a neutron dose of
9.2 x 1020 n/cni2 thermal and 23 x 1020 n/cm~ fast , E 1 MeV. Irradiation included six cycles which
cooled the specimens at 25 C/mm . After exposure , tensile tests were performed in argon at 250 and
350 C at a strain rate of 7.6 x i0 5 sec 1 up to 0.6-1 percent plastic strain and thereafter at 7.6 x i0~sec ’1 up to fracture. The tensile properties of these alloys followed the generally observed trend for
‘rradiated Zirca loy-2 , i.e., the proportional limit , the 0.2 percent proof stress , and the ultimate
tensile strength were all increased and the elongat ion was reduced.

Over the plastic-strain range it was noted that the unirradiated alloys all continued to work harden.
In the case of the irradiated alloys , there was a difference in behavior between alloys with and without
Y 203. The alloys without Y 203 ceased to work harden and the stress dropped after very low
plastic strains of about 0.25 percent. The alloys containing Y 2O3 continued to work harden up to at
least 0.6-1.0 percent plastic strain.

The creep propert ies obtained are summarized in Table 86. The lower creep rates , longer rupture
l i ves, and good creep-rupture ductil ities obtained for the dispersion-strengthened Z ircaloy-2-Y 2O3
alloys shows them to have a clear advantage over cold-w orked Zircaloy-2. At about 350 C, the stress-
rupture life of the 10 vol. % Y 2O3 alloy would compare to the properties of Zr-2.5 wt. % Nb alloy,
but the Y2O3-containing alloys were shown to have better rupture lives at higher temperatures. The
behavior of Z irca loy-2-Y 203 when irradiated at 280 C showed a continuation in work hardening to
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greater plastic strains than alloys without Y203. This would be a beneficial property in fuel-cladding
appl ications.

Corrosion tests in steam of the Zirca loy-2-Y 203 alloys have shown widely scattered results. However ,
Parsons and Adolph (5) feel that it s~t.)uld be possib le to produce corrosion-resistant zirconium alloys
conta ining dispersed particles of Y~O3. Thermodynamic considerations of the stability of Y 203 in
zirconium indicate that approximately 3fl00-4000 ppm 02 is required in solution at 700 C for yttria
to remain comp letely st~bie. ’

Table V.. Tensile Properties of Zircaloy-2 Alloys15
~

0.2% Proof
Tem p., Stress U.T.S. Elong.,

Alloy C ksi MPa ksi MPa %

Zirca loy-2 AT 46.0 317 79.0 544 18.7
Extruded 350 28.0 193 41.0 282 27.8
Commercial 500 22.6 155 34,0 234 30.0
Metal rod 600 13.3 92 18.0 124 —

Zirca loy-2—0 AT 60.0 413 88.8 612 19.7
vo l.%yttria 350 28.0 193 45.3 312 28.3

500 22.6 156 34,1 235 36.4
600 13.3 92 19.9 137 68.3

Zircaloy-2-- 5 RT 96,0 661 117.6 810 6.1
vol. % yttria 350 47,5 327 69.0 475 20.0

500 33.4 230 45,0 310 23.1
600 20.0 138 27.1 187 37.0

Zircaloy-2— 10 RT 130,0 896 138.9 957 1.3
vol. % yttria 350 70.0 482 82.6 569 9.8

500 44 .6 307 57 .3 395 15.4
600 26.6 183 31.0 214 27.9

Table 86. Creep-Rupture Properties of Zirconium Alloys 151

Time to
Temp. , Stress Rupture , Mm . Creep Elong. ,

Alloy C ksi MPa hours Rate , %/hr %

Zirca loy-2—0 500 21 .0 145 4. 4.31 47 .7
vol. % Y 203 500 15.6 107 40.9 0.30 49.4

500 10.0 69 1176.0 2.OO x io.2 597

Z irca loy-2—5 500 25.0 172 21.6 7 . lOx 10~ 49,7
vol . % Y2O3 500 19.9 137 156.8 4 .80 x 10-2 42.8

500 15.6 107 991 .3 1.80 x io-2 62 .2
400 43,4 299 30.8 4.2 x 10.1 26.0
400 37 .7 260 207 .7 6.4 x io’2 26.9
350 59.8 412 18.1 6.2 x 10’l 22.3
350 51 .2 353 257.3 3.7 x io’2 15 .8

Zircaloy-2---10 500 30.6 211 20.6 4.7 x 10.1 28.8
vol . % Y 203 500 24 .9 172 246. 1 2.5 x iO’2 31.9

400 62.5 431 3.0 2.4 10
400 54.8 376 39.2 2 .7 x 10-1 17 .8
400 51 .2 353 169.1 5.2 x 10.2 17 .4
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