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AN OXIEE DISPERSICH STRENJTHENED ALLOY FOR GAE TUREINE BLALES

Absiract

The strengtk cf the nevly developed alloy
MA-GO00E is derived froc a nickel alloy base, an
elongated graip structure, naturally occurring pre-
cipitates of gamma prime, and an artificlal distri-
wition of extremely fipe, stable oxide particles.
Its composition §s Ni=-15Cr-2Mo-2Ta-lb¥-u.581-2,5Ti-
0.152r-0,05C-0.01B=-1,1¥p03, It exbibits the
strecgth of a conventionnl nickel-base alloy at
1i00c F but 15 quite superior at 20000 F, Its shear
strength 1s relatively low, necessitating consider-
ation of special joining procedures. Its high cy-
cle, low cycle, and thermal fatigue properties are
excellept. The relationship beiween alloy micro-
structure and properties is discussed.

Introduction

Recently, a promising new alley, MA-6000E, for
potential use as & gas-turbine blude vas developed
by H. F. Merrick, L. R, Curvick, and ¥. G, Kie of
the International Nitkel Co.1:2, The olloy, identi-
ried under a contract from the Lewls Research Center
of NASA, derives its strength from a combinatien of
mechaniscms rarely found in ¢ single alloy. These
include s0l1id solution hardening, the presence of
the precipitated phase ', and a highly elongated
grain structure cozmon to cast alloys, and oxide
dispersion strengthening (ODS), a strengthening
mechanism not found in conventionuol alloys. At
20002 F MA~6000E can sustain for long times twice
the load of a comrventional cast alloy. Its Buper-
ior high temperature properties have already at-
tracted the interest of several gas-turbine engine
mapufacturers. Because its strength varies with
direction, MA-6000E presents designers of engines
with both unusual opportunities and unusual prob-
leme, MA-6000E is produced vic a special powder
metallurgy process called "mechanieal alloying",
Described below are the special attributes of
M2-6000E, the mechanisms from which it derives its
strength, the mechanical alloying process, results
of racent fatigue and shear tests, and finally some
of the problems and pntentials of application of
MA-6000E as a gas turbine blade,

General Characterietics of MA-6000E

Table I lists the conposition and same of the
characteristics of MA-G000E. The composition was
selected to bave & balance of strength, oxidetion,
and corrosion resistance not found in previous ODS
alloys. The dersity at 8.1 g/cm3 is below that of
the most commonly used cast blade alloys B-1900
{8.2 g/cm3) and Mar-M200 (8.53 g/em3)., The incip- °
ient melting temperature ot 23659 ¥ ip comfortably
high, falling betveen that of B-1900 (2325° F) and
of Mar~M200 (2400° F)., ‘'ensile data show that the
elevated temperature transverse tensile strength and
ductility are somewhat below those determined ip the
longitudinal direction. BSuch anisotropy of proper-
ties i{s characteristic of OD5 and other materials
with elopgated microstructure. Samples showing the
elongated microstructure thet may be developed in
either extruded or hot-rolled MA-6000E are shown in
Fig. 1. To observe both the y' precipitates and

by an elongated grain structure.
‘strengthened by the above three mechanisms plus
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the oxide dispersion, trazszission elecirss zic
scopy kust te used; in Fig, 2, froz the vere cf
B. K. Hotizler nt BNASA-leviz Regearch Center, the
cubcidal precipitates are y' and the szaller
round particles are ytrriuc/elumipur oxide 4isper-
poids, Hard parclecles larger thar 1 micror do rzt
survive the mechanical alleying process snd are nce
fourd im the final product., This coztrasts sharyly
vith comnvestional vowder metallurgy preducts i
which foreign particles {inclusiops) as lerge as

Lo uz in diameter may cometimes be found,

-
=

Mechanical Allovip

The specinl process (Flg, 3) by which the four
strengthening mechanis=s of solid solution, v', ox-
ids dispersion, and elongated grain structure sre
combined was ipvented by J, 5, Benjazir of the In-
ternational Nickel Co.3. A part of thiz process is
mechanicol alloying in vhick metanl powders, atem-
{zed, crushed, or precipitated, are blended and
kneeded together with fine oxide particles in s
high energy, stirred ball mil}, Mechanical mlicy-
ing is perforzed dry in & controlled atmosphere
provided, for exemple, by sealing air in the mill
st the start of a runé. Repeated wvelding end frac-
ture taoke place; this process results in a powder
product centaining all ndded elements and the ox-
ides uniforzly distributed throughout each particle,
Durlog the velding nnd fracturing, any undesiraxl
large particles are trokes dovn to smaller size.
Among mapy powder processing methods tried, this
one hns beer uniguely cepable of handling the highly
reactive alumipum and titanium necessary for botk
v' formation and oxidaticn resistance witheut in-
troducing excesive coatamination, The process it-
self 1s interesting beceuse it is amenable to tha
producticn of widely difterent alloys that caanct be
made by conventionsl maens, primarily because the
components belng mixed nerd not be zoluble in oie
another in either the liquid or sulid states. For
example 4 copper alloy containming fime precipltutes
of iron ip much greater quantities thar could by
included by conventional casting can be prepared by
this method®.

Mechanieally alloyed powder is typically con-
solidated by extrusion which, in the case of
MA=-6000E, is followed by hot rolling, Then, gra-
dient annealing creates the elongated grain strue-
ture, Fipally, the alloy is heat treated to bring
out the full potentinl of the y' phase,

Rupture Properties

The 1000-hour rupture strength capability of
MA-G600OE at 14002 to 20009 F is displayed in Fig. h.
Data” are included for m simple {y'-free) oxide
dispersion strengthened alloy, TD-Ni, and direc-
tionally solidiried {DbS) Mar-M200 + Bf, the most
capable cast gas-turbine alloy in commezcial ser-
vice. DS Har-M200 + Hf is atrengthened by solid
solution, by wore than 50 volume percent y', and
MA-6000E is

oxide dispersion strengthening. TD-K1 derives its
strength from oxides and greln structure. The high




tezperature superiority of MA-G60O00E is evident, and
it is this increase in temperature capability that
has intercsted seversl engine manufacturers.

The 1LOO® F strength level shown by TD-Ni is
not sufficient for the higher stressed root and
airfoil base portiocns of o gns-turbine blade, The
strength of MA-6000E at 1k00® F is almost equal to
that of & currently ezployed conventlonally cast
turbine blade alloy, B-1900, The drastic improve=-
ment over TD-Ki at 14000 F may be attributed pri-
marily to the successful addition of y' strengh-
ening. A summary plot of MA=6000E ruptiure proper=
ties (Fig. 5) shows a characteristic of ODS alloys.
The slope of the stress versus life plot is very
gradual, This can be important for rupture-life-
limited components such as gas-turbine blades. A
slight decrease ip design stress cap result in
greatly extended part life., The more rapid dropoff
in stresgth of Mar-M200 at 1600° F is characteris-
tic of conventional superalloys.

Fatigue

The high cycle fatigue strength of MA-GDOOE
has been determined using R. R. Moore-type rotating
benx specimens2, Tests were performed in air at
rocnm temperature, at 1400° and at 1800° F, The
high eyele fatigue data for MA-6000E are plotted
along with comparable dnta for Udimet 700, an older
blade superalloy® in Fig. 6. No comparable data
veres locoted for the more advanced conventional al-
loys B~1900 and Mar-M200. Fully reversed axial
loading was performed to determine low cycle fa-
tigue behavior. Diametral strain controlled testss
vere conducted at room temperature and et 1h00° F,
The number of cycles to failure at 1400° F ic pre-
pented a5 6o function of the total straln range in
Fig. 7. Room temperature data for MA-GOODE fall
along the same line as the 1400° F data. Figure 7
glzo includes datn at 1400° F for conventlonally
cast and directionally solidified Mar-M200.

It is evident that the oxide dispersion
strengthened elloy MA-6CI0E enjoys a considerable
fatigue advantage over conventional alloys. In a
direct compurison7 of & ruch simpler ODS alloy,
HA-T753, and its wrought conventiconal counterpart,
Himecnic 80, the ODS alloy alsc showed distinct su-
periority from room temperature to the highest tem-
perature of test, 17509 F, indicating that fatigue
superiority may be generic to ODS alloys. The fa-
vorable orientation of grain boundaries perpendicu-
i1ar to the crack propagation directlon must be cre-
dited with some of this improvement, especially at
elevated temperatures. But two other factors also
play e part. First, the uniform dispersion of fine
oxide particles in MA-6000E or any cther QDS alloy
greatly discourages the concentration of deforma-
tion into definite slip bands and thus discourages
local cleavage cracking, And second, the absence
of oxides, cearbides, or other hard pheses in sizes
larger than 1 mieron avoids the premature crack
injtiation at large hard particles observed ip con-
ventional powder metallurgy alloys in high cyele
fatigue. The cbhove results show that e large vol-
ume fraction of hard particles, approximately
3 volf in thz case ouf M!-6D00E, can remdily be tol-
erated in a superalloy if the particles are fipe
and well dispersed. This suggests that an alterna-
tive to the expensive removal of tramp hard parti.
cles from comventional superalloy powders may be to
mechanically reduce thelr size.

Therzal Fatigue

¥hile comparative data vere difficult to find
ror high and lew cycle fatigue, o large nusber of
alloys have been evalyated in thermal fatigue in an
on-going NASA project™. The thermal fetigue tests
use o double wedge specimen (Fig. 8), which is cy-
cied fron o hot fluidized bed to a cocler bed.
Samples are rated in thermal fatigue resistence by
the number of ¢ycles to the first visible crack.
Past results have shown that thermal fatigue resis-
tance improves generally with increasing high tex-
perature strength, vith increasing ductility, and
with orientation of grains houndaries perpendicular
to the crack propagation directien as in the case
of directionally solidified (DS} alloys tested ir
the longitudinal direction. The addition of an ox-
idation resistant overlay coating, such as NiCrAlY,
also improves fatigue life. Though test life is
not yet complate, it has been noted (Fig, 8} that
MA-6000E elready ranks with the best of alloys.
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Ehear Strength

Determination of the short time shear proper-
ties has shown that ODS alloys as a class, suffer
from relatively lov shear atrensthg. Becouse the
grain bounderies of an ODS mlloy lie parallel to
the shear direction in longitudinsl tests, this wvas
not unexpected, Creep shear tests of MA-6000E have
just begun at NASA Levis, These tests are being
performed on simulated fir tree specimens, so the
stress ttate will resemble that in & real turbine
blade root application., In Fig. 9 the comparison
betveen shear strength of the directionally solidi-
fied eutectic y/y'-61% and MA-G0COE is shown.

Both these alloys were tested as slmulated blade
roots. The data for B-1500 vas determined in pure
shear. Based on only three tests, the 100-hour,
1400° F shear rupture sirength of MA-6000E is about
3l ksi. While this is considerably better than
v/y'-6, it i5 wvell belov the capability of a con-
ventional cast superalloy, like B-1900.

Because the shear strength of MA-6000E is low,
consideration must be given to modified root design
or special means of holding an ODS airfoil in a
turbine disk. It has been euggested that & conven-
tional alloy root portien could be bonded to an ODS
alloy airfeil., If, however, there is substantial
diffusion across the bond Joint during the bonding
eycle, porosity such as that observed in oxidation
testing may be expected, Alternatively, it may be
possible to mlter the typical parallel grained
structure of the ODS alloy in the attachament re-
.gion. Preliminary tests at RASA Lewisll have shown
that the grains can be induced to grow laterally .
Iduring recrystallization under the influence of a
steep thermal gradient.

Conclusion

An unusually cepable alloy, MA-G000E, has been
jdentified, which combines strengthening from solid
solution, from precipitates of vy', from an oxide
dispersion, and from an elongated graim structure.
Its balance of properties makes it very attractive
for use as o gas-turbine blade, MA-60D0E exhibits
excellent fatigue properties which are not only im-
teresting in their own right, but also indicate a
poseible way to improve the fatigue properties of
conventional powder metellurgy alloys. The poten-
tinl gains of substituting an ODS alloy such as



MA-BOOCE for a conventippal alloy have been caleu-
lated by J. 5. Benje=inlZ, They include increases
in turtine inlet temperature of up to L0O® F ang
increases in the static thr. ¢ capacity of up to
25%. Before these beneflts zay be realized, pro-
tlezs in providing oxidation protection and in at.
taching OLS airfoils to turtine diske must bhe

solved,
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TABLE I. - CHARACTERISTICS OF MA-G000E

Composition, wt¥: 15Cr, 2Mo, h¥, bL.5A1, 2.5Ti,
0.05¢, 0.01B, 0.152r, 1.1¥,0,, Balance Ni:.

Density: 8.1 g/emd

Incipient melting temperuture: 2365° F

Oxidation/corrosion resistance: reguires
conting as do other Ni-buse alloys

OQunma prime solvus: 2135 F

Gamma prime fraction: 50 volX

Dispersed oxide fraction: 2 volf

Structure: large elongated grains

TENSILE TEST DATA

2Ta,

Temperature Yield Ultimate % Elongation

strength, tensile
ksi strength,

ksi

% RA

Parallel to working direction

RT 186 188
14000 F 113 142
20000 F 28 32

W W
O WA

Lo =
= 1w
oW O

Transverse to rolling direction

RT 179 185
1400° F 117 130
20000 ¥ 25 26

hy w
O W

ow
oW o




(b) Extruded Plus Hot Rolled Plate,

Figure 1. ~ Macrostructure of ext

ruded, and extruded plus hot rolled
MAGDOCE after recrystallization

by gradient annealing,
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Figure 2,- Fully heat treated MA-6000E observed by tranmissionelectron
microscopy. Gamma prime precipitates appear cubic; smaller round
particles are oxide dispersoids,
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STRESS, ksi

100 B MA-6000E
A DS MAR-M200 + Hf
90+ O TD-NICKEL

STRESS, ksi
S w8 8 X 32
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1200 1400 1600 1800 2000 2200
TEMPERATURE, °F

Figure 4, - Comparison of 1000 hour rupture
strength capability of MA-6000E with DS
Mar-M200 + Hf and with TD-nickel,

MAR -M?200, o MA-6000E

i 1600°F-|‘
3 \ o140

- — O O
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1 10 100 1000
RUPTURE LIFE, hr

Figure 5. = Rupture life of MA-6000E and of a conventional
nickel base superalloy.
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TOTAL STRAIN RANGE

STRESS, ksi

MA-6000€

o R
140 o 1400° F
120" A 1800° F

~UDIMET 700, 150 F
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104 10° 100 107 108 107

CYCLES TO FAILURE

Figure 6. - Rotating beam high cycle fatigue behavior
of MA-6000€.
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Figure 7. - Low cycle strain controlled fully reversed
fatigue behavior of MA-6000€ at 1400° F compared
with directionally solidified and conventionally cast
MAR -M200.
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Figur > 8, - Fluidized bed thermal fatigue results for superalloys

including the oxide dispersion strengthened MA-6000€.



SHEAR STRESS, ksi

100 0 MA-6000€
BOL-
60"
[ B-1900
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PARAMETER = 1.8 Ty (20 + log t) - 1073

Figure 9. - Creep shear results for MA-6000E for speci-
mens simulating a turbine blade root,
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