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FOREWORD

. The work described herein was conducted by the Aircraft Engine Group,
General Electric Company under NASA Contract NAS3-19710, The NASA Project
Manager was C. P. Blankenship, NASA-Lewis Research Center, The General
Electric Program Manager was E, J, Kerzicnik., The Technical Manager was

. P, G, Bailey. R, J, Perkins was the Principal Investigator. TRW Inc.,

Cleveland, Ohio was the major subcontractor for the near-net shape work
with D, J. Moracz as program engineer and C. R, Cook program manager,
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ABSTRACT /SUMMARY

Viable processes were developed for secondary working of oxide

- dispersion strengthened (ODS) alloys to near-net shapes (NNS) for zir—

craft turbine vanes., These processes were shown capable of producing
required microstructure and properties for vane applications,

Material cost savings of 50 t6 60% are projected for the NNS pro-
cess over the current procedures which involve machining from rectangu-
lar bar. Additiomal machining cost savings are projected.

- of thrée'secondary working processes evaluated, directional forging
and plate bending were determined to be viable MNS processes for ODS
vanes, BExtrusion of shaped preforms was not, on the bases of high pre-

- form cost and excessive workability demands on the O0DS materials.

Directional forging was deemed most applicable to high pressure turbine
(HPT) vanes with their large thickness variations while plate bending
was determined to be most cost effective for low pressure turbine (LPT)

vanes because of their limited thickness wvariations, 8ince the F101

LPT vane had been selected for study in this program, development of
plate bending was carried through to establishment of a preliminary
process,

Preparation of 0DS alloy plate for beﬁding was found fo be a straight
forward process using currently availahle bar stock, providing that the
capahility for reheating between roll passes is available,

Advanced 0DS-NiCrAl and ODS-FeCrAl alloys were utilized on this
program,  Workability of all alloys was adequate for directional forging
and plate bending, but only the ODS-FeCrAl had adequate workability for
shaped preform extrusion. The ODS-NiCrAl alloys were capable of attain-
ing the vane required {100) longitudinal texture, while the ODS-FeCrAl
was not and was dropped early in the program.
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EXECUTIVE SUMMARY

' The purpose of this program was to develop near-net shape (WNS)
- processes and achieve significant cost savings for Oxide Dispersion
'Strengtheneu (oDs) turblne vanes, The program emphasized advanced
0bSs alloys -and thelr application to an 0ODS  low pressure turbine (LPT)
VB.I'I.E .

-ODS'alloys have advantages over cast materials because of greater
. ) strengths at high temperatures, higher melfing points and microstructural
H : " stability nearly to their melting points, Their use has resulted in
T significant savings in fuel consumption through reduced or eliminated
! cooling air required for cast vanes. The application of ODS vanes has
been hampered by their high cost. One of the major cost factors is the
current low material yields,

Currently, ODS vanes are machined out of rectanguiar bar stock with
material usage rates of fen percent or less. Figure A depicts the situa-
tion for both vanes and hands as prepared for an. advanced F101 aircraft

- turbine engine.

The‘program was divided into two tasks, In the first task several

_ secondary working processes were evaluated and one selected as most cost ' N

effective for the F101 LPT vane. In addition, in Task I, several ad- ' .

vanced ODS-NiCril and ODS-FeCrAl alloys were evaluated and the selections ¢
narrowed for Task II,

e iaa s B e e T

l . . Of thé three secondary working processes evaluated in Task I, depi.Sed L
in Figure B, directional forging and plate bending were determined to be vt
viable NNS processes for ODS vanes. Extrusion of shaped preforms was not, ; .
on the bases of high preform cost and excessive demands on the workability . ' ﬁ”'_\
of the 0DS alloys. Directional forging was deemed most applicable to high ; 0
pressure turbine (HPT) vanes with their large thickness variations, while LT
plate bending was determined to be most cost effective for LPT vanes and L
 HPT bands because of their limited thickness variations in the direction
of curvature., Since the F101l LPT vane had been selected for study in this .
program, development of plate bending was carried through establishment of
preliminary process and preform specifications. A bent plate NNS and a
- finish machined vane are shown in.Figure C. : ' : '

Preparation of 0OBS plate for bending was found to be a stwaight for-
ward process using currently available bar stock, providing that the
capability for reheating between passes is available, Plate is not a
current commercial ODS product. '

Advanced ODS-NiCrAl alloyvs {HDA 8077, MA 757, and YD NlCrAl) and
- ODS-FeCral (MA ‘956) were utilized on this program, Wbrkabllliy of all
alloys was adequate for directional forging and plate bhending but only

the ODS-FeCrAl had adequate workability for shaped preform extrusion.

T et - H T - i e e
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The ODS<NiCrAl alloys were capable of attaining the vane required (001)

_ low modulus tgxture; while the ODS-FeCrAl was not and was dropped early

in the prograu,

The program was successful in developing an LPT NNS process capa—
ble of an estimated 60 perceni material cost savings. Additional
machining cost savings of about 19 percent also are expected,

TR¥ Ine. did the extrusion, forging and plate bending on the pro-
gram, ODS material suppliers included Huntingtésn Alloys Ine. (MA 757
and MA 956), Special Metals Corp. (YD NiCrAl) and the Stellite Division
of Cabot Corp. (HDA 8077). '
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1.0 INTRODUCTION

The major advantages of ODS alloy vane materials over cast materials
are their greater sitrengths at high temperatures, higher melting points
and microstructural stability. (1) Their use has resulted in approximately
1.,5% savings in fuel consumption through reducing or eliminating cooling
air required for cast vanes and bands in an advanced engine.

It has been shown by most successful experimenters in the 0DS field
that good properties are dependent on achieving coarse recrystallized
grains of the proper crystallographic texture. (2) Coarse grain size is
a requisite to achieve high temperature strength in most ODS alloys, Low
modulus textures are needed for best thermal fatipue resistance, Well
distribmted stable submicron dispersoids with small interparticle spacings

“are not enough to achieve properties, Deveiopment of thermomechanical pro-

s o e amr e i i et e o, = A a1t oo st at s o - e .

cesses which produce the proper recrystallized structures are most important
in obtaining the microstructural features desired in ODS alloys.

ODS' alloy powders are made by chemical and mechanical mixing of matrix
and dispersoid constituents (3,4,5). These powders can he comsolidated to
mill product by extrusion and forging followed by various conventional
metal shaping processes. (6,7,8)

The current process for ODS vanes comprises extrusion for powder con—
solidation followed by hot rolling to a rectangular shape and subsequent
recrystallization, The latter two steps achieve the required microstructure
for creep and thermal fatigue resistance,

Attempts to improve the low material utilization inherent in machining
vanes from rectangular shapes by direct extrusion to vane shapes has not
achieved much success to date for a variety of reasons. Some are equipment
related, others result from the difficulties in reliably producing uniform
microstructures in nonuniform shapes.

The purpose of this program was to establish by secondary working
processes a near-net shape;(NNS)'process Tor the F101 LPT vane and achieve
a significant (a2bout 40%) manufacturing cost savings,

~ The program was divided into two tasks., In the first task several
secondary working processes were evaluated including direectional forging,
extrusion and data bending,.  In the second task, the hest process was
selected for verification and the product evaluation.

Advanced ODS alloys selected for this program included HDABO77,
YONiCrAl, MAT57 and MASS5S,

7/8
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2,0 NEAR NET SHAPE PRCCESS DEVELOPMENT

The hasic approach of Task I was designed to determine CDS alloy
primary process conditions and configurations compatible with secondary
NNS processes, The total working of the 0ODS alloy is critical in the
maintenance of the desired microstructure,

2.1 Selection of Subcontractor

TRW, Cleveland, Ohio, was selected as the NNS vendor because of
their technical expertise in ODS materials and a practical business
interest in partieipation, TRW over the years has participated\in §
number of govermment-sponsored forging programs with ODS ailoys.‘(l
In addition, TRW has developed considerable expertise in generating
precision shapes in superalloys. TRV was deemed capable of carrying
out all the NNS processes envisioned for this program,

2.2 Selection of ODS Alloys

Advanced ODS nickel and iron base alloys containing aluminum were
selected for this program primarily because of %Bsir improved oxidation
resistence established in another NASA program and are listed below.

Alloy Nominal Composition Supplier

HDBO77 Ni-16Cr-4A1 1Y,0, Cabot

YDNiCrAl Ni—lGCr-4A1-1Y203 Special Metals
MA757 Ni-16Cr—-4Al1-1¥50g Huntington Alloys
MA956 Fe-20Cr-5A1~,5Y904 Huntington Alloys

The beneficial effects of the aluminum addition are shown in
Figure 1, Pin shaped specimens 6,35 mm (1/4 in.) diameter by 63.5 mm
(2.5 in.) long or MAS56, HDA 8077, YDNiCrAl and MA754 were exposed in
cyclic burner rig 2200°F, Mach 1 oxidation testing. The aluminum .
bearing MAS56, HDA 8077 and YDNiCrAl ODS alloys after 252 hours indicate
very good oxidation resistance, No change in shape was detected. The
MA754 (nominally Ni-20Cr—-0.341-0,5Ti-0,6Y503) pin after 208 hours eroded
to a 2.44 mm (3/32 in.) diameter indicating relatively poor oxidation
resistance. o '

Further description of the alloy's configuration and microstructural
conditions is provided in the following conversion process sections,
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MAS56
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HDABO77
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YD-NiCrAl

= RN —— SRR -

1! Pglm'mfrl

MA754 2X

Figure 1 Beneficial Effects cf Aluminum Additions for Improved Oxidation
Resistance of ODS Alloys, All Alloys exposed in Mach 2 Cyclic
Oxidation Testing at 1200°C for Approximately 250 hr
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2,3 Material and Economic Reguirements

Current ODS alloys preparation consist of mechanically alloying
nrealloyed and/or elemental powders with Y903 dispersoid in an attritor,
canning in a hollow cylinderical steel container and extrusion for con—
solidation. Rectangular shapes are hot flat rolled to final dimensions,
The unique high temperature properties of ODS alloys are achieved by
proper thermomechanical processing to achieve a controlled grain size
and shape (high aspect ratio) and a preferred crystallographic crienta— i
tion (texture). Hot working the material in a single direction achieves
the critical strain necessary for the formation of the preferred low -
modulus (001) longitudinal texture in a subsequent recrystallization
heat treatment, ‘ :

Exfrusion of large bhiliet sizes and simple shapes is the first
step in preserving process economics,

To achieve a highly cost effective O0DS alloy NNS turbine vane
process(es) several material and process requirements must be met,
Economically, a viable NNS process has to significantly improve material .
utilization without incurring significant additional process cost as :
-compared to the current vane manufacturing process. An added benefit
would acerue if vane machining costs could be lowered also,

S e

ARl o

TR

- Currently, vanes are machined from heavy rectangular shaped ODS
alloy bars resulting in poor utilization {e.g., 10%) of expensive
material as is shown in Figure 2.

The secondary conversion techniques investigated in this program F
to establish NNS feasibility were designed to maintain maximum process '
control, ODS alloys are sensitive to material flow direction, reduction .
level and process temperature. These conditions are controlled by pre- . #‘kf
form and conversion tooling design and will be discussed in detail in !
the various NNS processing sections. NNS processes should not degrade
the ODS alloy properties, should be 1nexpen51ve and production oriented
(simple, rapid, reproduclble) Lt

T

2.4 Task I Selected Near-Net Shape Techniques &

0DS alloy preform and NNS configurations selected for the Task I
feasibility investigation are shown in Figure 3. The NNS closely
approximates that of an F101l LPT vane., Uniformly thick preform and ’ 1
‘NNS configurations minimize deleterious lateral and tangentlal material
flows and variation in reduction level, A ' gu11w1ng preform extrusion
as shown in Figure 4 was desipned to fulfill the economical and extru-
sion state-of-art requirements. The double repetitive kidney shape
increases the cross—sect10na1 area faecilitating a large economical
starting billet size ( 8" dia.) and allows the necessary extrusion ' R
ratios required to achieve a critically strained ODS alloy at the

\ one-half inch final preform thickness,
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f'wide rectangular bar. o

' 2.4.1 Extrusion

Selected Alloys and Configurations

Two ODS alloys in several process conditions as indicated in Table I
were used in the extrusion investigation. Thrze HDA 8077 gullwings were
prepared by Cahot Corporation using conditions imparting various levels

- of residual energy. Total thermomechanical processing musi be considered
in working ODS alloys. Metallurgical effects generated in primary pro—
cessing have an influence on the response of these alloys {o secondary

processing. Gullwing No. 1 was produced from an eight inch diameter

‘billet extrnded at 1033°C (1900°F) and a 14 to 1 reduction ratio. 'This

condition was anticipated to produce the critical strain (residual enevgy)

necessary to achieve the optimum grain structure in a subsequent recrystalll— o

zation heat treatment, Gullwing No. 2, also eight inches in diameter, ex
truded at 1093°C (2000°F), i4 to 1 reduction ratio and was designed to be
underworked because of the higher process temperature, Gullwing No. 3 was
& six inch diameter hillet extruded at 1038°C (1900°F) and a 9 to 1 ratio.
This extrusion was. processed to be in an under-worked condition through
the use of a low reduction ratio, Each billet was t6 provide six feet of
double kidney preform material, The HDA 8077 gullwing extrusions are

"shown in Figure 5. Outer appearance of the gullwings after pickling off

the mild steel extrusion jacket was poor ¢heavily dimpled), This sur-
face condition was caused by gross oxidation of the mild steel can during
the four hour heatup for extrusioa., Although the surface condition was
not judged to be a serious consequence and could be corrected by providing
better protection against oxidation of the billet prior to extrusion,
Cross-seetional shape was reasonably close to that desired. Considerably
less than the expected six feet of each material was received because of
c¢racking in all three extrusions. The cracking was believed to be a result
of an inadvertent water gquenching the gullwings from a black heat for rapid
expediting, Sufficient quantities were salvaged to conduct the initial
investigations. S : -

Mzcrostructures of the gullwings in the ag-extruded and recry-
stallized condition are shown in Figure 6 and the microstructure in
Figure 7. Recrystallization was obtained by heat treating at 1200°C
{2500'F), 1260°C (2300°F) and 1315°C (2400°F) for one hour at each
temperature, All ‘three extrusions contained a dual microstructure, i.e.,
there was an envelope of large grains about one-eighth inch in thick-

' ness around the periphery of the gullwings and the central regionsg had |

relatively small grains., The large grains had a low aspect ratio (length/
diameter)  in contrast to a high aspect ratio of the small grains, Tex~
ture was generally the desirable (001) except for some small grains that
appear by high reflectivity to be a higher modulus crystallocraphic
orientations, Those grains were too small for Laue back reflectkion
orientation analysis, :

7 The MAQSG alloy was 1nc1uded in the program’ as a hlgh risk material
whlcn.would have a very substantial payoff if sueccessful. Previous ex-
perimentors (10,11) have failed to achieve the low medulus (001} orienta-
tion in the BCC structure, FeCrAl alloys have high temperature. oxmdatioq
and corr051on resistance superior to most known alloys. The MA 956 was
procured in as~hot-rolled 30.5 mm,(l 2 inches) thick x 73.7 mm (2 9 xnches)
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TABLE I, ODS ALLOY PROCUREMENT FOR NNS EXTRUSION AND FORGING INVESTIGATIONS

SN, f_A11oy(;)
PR HDA'SO?%
‘.2 HDA 8077
;fs . '_ HDA BO77
5 MA 956

- Extrusion Conditions

_ : Temperature, Billet Diameter, ~ = = .
Yendor Shape % (°F) cm {in) - = Ratio
~Cabot Gullwing = 1038 (1900) ;. 20,3 (s). ' '14:1
_Cabot Guilwing idea;(zooo> | 20,3 (8) ] _13;1'
. Cabot Gullwing V: 1b38 (1905) - 15.2 (6) _ .9l
Huntingtom ~ Rectangular (2) . :' (2) : i. 't2)‘

Alloys Inec.

(1) As-worked (unrecrystallized) condition,

(2) Extrusion conditions not provided by vendor,
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NO, 2

(a) TRANSVERSE SECTIONS (b) LONGITUDINAL SECTIONS

Figure 6 Macrostructures of HDA 8077 Gullwing Extrusions in Recrystallized Condition
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NO. 1 EXTRUDED + Rx 100X 100X

NO. 2 EXTRUDED + Rx 100X 100X

NO, 3 EXTRUDED + Rx 100X 100X
(a) LONGITUDINAL (b} TRANSVERSE

Figure 7, Microstructures of the HDA 8077 Guliwing Extrusions in the
Recrystallized Condition
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NNS Tooling and Equipment Design .

Extrusion was performed in a closed die system as shown in Figure 8,

.. A feature of this design which was different from typical extrusion tooling

was the orifice or die opening has a die angle of 120° except at the ends
where a shear die concept was used. This was to restrict lateral flow of
the ODS alloy during extrusion. The extrusion tooling built from AI1S1 H21
tool steel and installed in a 1334 MN (150 ton) hydraullc press is shown

'_ln Flgure S,

Experlmental Procedure

_ The NNS toollng design was testrd by successfully extrudlng low alloy
steel and Inconel 718, A series of ODS alloy closed die extrusion trials
were conducted as indicated in Table II, MA 956 and HDA 8077 alloy kidney
shaped preforms’ (Figure 3) were lieated to temperatures of 1038°C (1900°F),

.._1093°C {2000°F) and 1149°C (2100°TF) in an electric furnace and extruded to

a 50% reduction (2,5 to 1) at rates varying from 5.1 mm (0.2 inches) to

40,6 mm (1.6 inches) per second, All the preforms were unclad but were
-glass coated to reduce the heat loss from the part to the warm (700°F)

tooling. Graphlte spray or Figke swab lubricant was used on the tooling.
Extrusion pressures were between 689 MPa (100 ksi) and 896 MPa (130 ksi)
for those that extruded successfully without stalling the press. Although

. transfer time. from the furnace to die was only about five seconds, the

time required to achleve full pressure was an addltlonal ten seconds.

The extrusion results are shown in Figure 10, All HDA 8077 extrusions
exhibited nose and tail burst and severe shear cracks., No significant
changes were observed when extruding at different temperatures. Frequent

hanging up" in the die, incomplete extrusion and finally a die failure
were observed. Changes in lubrication and coatings did not affect the ex-
trudability of the HDA 8077 material. The MA 956 extruded very well at
13142°C (2100°F) with no evidence of surface defects, Extruding at lower

- temperatures produced some shear cracks, Recrystallization, macroetching
‘and examiniation of the MA 956 parts indicated the desirable low modulus

(001) texture was not achieved.

'2.4,2 Directional Forging - Campaign I

ODS Alloys and Configurations

‘The forge process investigation consisted of two separate campaigns,
Table I lists the ODS alloys, preparations and shapes used in forging
Campaign I and were the same as in the extrusion investigation except
for the addition of lower Y203 content HDA 8077 materials., A fourth HDA
8077 gullwing extrusion (No. 4) containing an intermediates Yttria level
(1.3%) was prepared and some HDA 8077 single kidney shaped extruded
material, 20.3 mm (0.8 inches) thick x 63.5 mm (2.5 inches) wide, con-
taining a low level (0,6%) yttria were used. Gulliwing No, 4 exhibited
g ‘dual microstructure after recrystallization comparable to the other
three gullwing. The 0,6% yitria bearing material when subjected to the
recrystallization heat treatment produced the desired (001) texture
throughout. The ODS alloys prepared with 0,6% and 1.3% yttria were in-

'-corporated to establish the effects of d15perso1d content on forgeability,

21
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i TABLE II. CLOSED-DIE EXTRUSION TRIALS
é Gullwing  TRW Extrusion Sgak Time, Extrnsion Speed
: Preform No, Material Extr. No. °C (°F) Minutes mm/sec (in,/sec) Appearance
? 8 ODS FeCrdl 5(1) 1149 (2100) 15 38 (1.5) Good
g 9 ODS WiCrAl 1 1149 (2100) 16 38 (1.5) Severely cracked
! 10 ODS NiCrAl 3 1149 (2100) 15 38 (1.5) Severely cracked
% 11 ' ODS FeCrAl 5 (1) 1093 (2000) 15 38 (1.5 Three edge checks,
| 6.4 nm (1/4") deep
! 12 ODS NicrAl 1 1083 (2000) 20 38 (1.8) Severely cracked
| 13 0DS NiCwAl 3 1093 (2000) 55 38 (1.5) Severely cracked
E 14 0Ds FeCrAl 5(1) 1038 (19090) 15 38 {1.5) ‘One edge check,
7.9 mm (5/16") deep
15 0DS NiCrAl 1 1038 (1900) 15 3B {1,5) Severely cracked
B 16 ODS NiCrAl 3 1038 (1900) 15 38 (1.5) _ Severely cracked
17 ODS NiCrAl 2 1038 (1500) 15 5 {0.3) Severely cracked
18 0DS NiCrAl 2 1149 (2100) 15 5 (0,2) Severely cracked

(1) Kidney preforms were prepared from rectangular bar,

-
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Figure 9,

ODS Extrusion Tooling Installed in a 150-Ton Hydraulic Press
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EXTRUSION TEMP,

1038°C
(1900°F)

g )
1093°C f
(2000°F) g

§ vl

3 §

ok e \
1149°C §
(2100°F) :

o

3

.

g

4

4

3

(a) CONCAVE SIDE ODS EXTRUSIONS NOS, 8, 11 AND 14 ARE ODS FeCrAl AND ;

9, 10, 12, 13, 15 AND 16 ARE ODS NiCrAl,. i

Figure 10 ODS Alloy Extrusions - 0,7X
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EXTRUSION TEMP:

1038°C
(1900°F)

1093°C

(2000°F) g

1149°¢c
(2100°F)

(b) CONVEX SIDE

OR :
Figure 10 (Continued) OF IEWALnP AGE g
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ixtrusion Temp: 1900°F 5MM (0.2 IN,)/SEC,
ixtrusion Rate: 0.2in./sec 1149°C(2100°F)

CONCAVE SIDE

N

CONVEX SIDE

{c) ODS NiCrAl MATERIAL EXTRUDED AT LOW EXTRUSION RATES

Figure 10 (Continued)
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Tooling and Equipment Design

Dixéétional forging tooling was designeﬂ and built from an ALS1 H~13

ool steel having higher carbon and vanadium contents for improved wear.

resistance and good toughness. The designs for the forge tooling are shown

" dn Figure 11 The tooling was designed for use in mechanical presses,
_ Lateral flow was prevented by the degign of a closed die system in which
" the ‘die sidewalls and the clearances between the upper punch and die wall

prevent flashing, It is assumed the starting preform is of the same width

‘(allowing for expansion) as the die cavity width. The machined and heat
treated tooling is shown in Figure 12,

'Exﬁerimental*Proceduré and Results

" Design of the Campaign I forging trials with HDA 8077 and MA 956 alloys
was strongly influenced by the poor results of the extrusion trials. Emq-
phasis was placed on minimizing the heat loss from the workpiece to the warm
a2bout 204°C (400°F) tooling and on improving lubriecation, TForging was per-
formed in a lengitudinal direction as indicated in Table IIX, The preforms
as prepared for forging are shown in Figure 13, Twenty—one kidney shaped
preforms, 12,7 mm (0.5 inches) thick x 55,9 wm (2.2 inches) are length x
43,2 mun (1.7 inches) long were forged at 1038°C (1800°F) to a 60% thickness
reduction (three 25% reductions). These forgings are shown in Figure 14,
Preforn conditions investigated were bare, wrapped in clad (TD Xi,
steel) or nickel plate, Some preforms were recrystallized prior to the
secondary working., The elapsed time from the furnace through forging was
only four to five seconds, The upset rate was very rapid, approaching that
of a hammer process. Samples were taken at various steps of the processing
to determine the effect of reduction level on the microstructure with & sub-
sequent recrystallization heat treatment. The results were very promising
arid dramatically better than those of the extrusion process. The results
of the HDPA 8077 Campaign I forging experiments are:

(1) The EDA 8077 extruded “oullwing” material was greatly improved
by directionally forging. The primary extruded meterial was insufficiently
processed to obtain the (001} textured microstructure subsequent a recrys-
tallization heat treatment, The central region contained a duasl crystallo-
graphic orientation, This region was distinguishable by the highly re~
flective grains which composed about half of the central area as shown in
Figure 6. Forgings Nos. 6, 13 through 19 and 21 afier heat treating and
macroetching exhibited the desirable grain size, shape and crystallographic
orientation. The microstructures of the other forgings were much improved
but still contained grains of higher modulus orientation.

(2) Forgings Nog. 13, 14 and 15 came from preform materials which had

~ seen different amounts of primary work but did cause an effect on forge-
ability. :

(3) Oxide dispersion content has a noticeable affect on forgeability.
Comparing No,. 20 forged 70% (because of the increased preform thickness)
in one 47% and two 25% reductions and No, 21 reduced 45% in one reduction,
indicates that higher forging reductions are unacceptable for the high
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TABLE II1. DIRECTIONAL FORGINGS - CAMPAIGN I .- 1038°C (1900°F)

: . GULLWING  DISPERSOID  PREFORM - PERCENT 7 ,

S/N MATERIAL . EXTR, NO,  CONTENT % - PREPARATION REDUCTION . . : APPEARAHCE -MICROS’I‘RUCTURE
1 HDA 8077 | 4 1.3 . Bare + Glass 60 . §light Edge Cracking Improved 8
2. ©DA 8077 4. 1,3 Bare 4+ Glass:' 50 E SlightdEdge Cracking ‘Improved -3=
3 HDA 8077 4 1.3~ Ni Plate + Glass 60 . Slight Edge O‘r'acking-.' - Improved
4 HDA 8077 4 1.3 Ni Plate + Glass 60 ' Slight Edge Cracmng“ . Improved
5 HDA 8077 a 1.3 SS Clad + Glass 40 ' No Cracks " Improved
8 HDA 8077 4 1.8 TDNi Clad + Glass &0 .  No Cracks - Good?

7 HDA BOTT 4 1.3  Rx'd + Glass 60 S1ight Fdge Cracking Improved
8 DA 8077 4 1.8 Rx'd + Glass 60 No Cracks = - Improved
9 HDA 8077 4 1.3 Bare ‘ 60 ”511ght15urface“éndr o ; _
: ' _ __Edge Cracking ,Impnqvedif
w 10 HDA 8077 4 1,3 " Bare ' 50 | Slight Tdge ”rackzng -
tDJ.:I. | MA956 5 - | Bare + Glass 60  No Cracks ———

12 MA9se 5 ——= DN Clad + Glass 25 _No Cracks .

13 - HDA 8077 1 1.8 . Bare + Glass 60  Burface and Bdge Cracking Good -

14 HDA 8077 2 1.8 " Bare + Glass 60  Surface .and Edge' Cracking GoodY 

15 HDA 8077k 3 1,8 Bare + @lass 60 :'Surface'and Edge Cracklng “Good -

16 .. HDA 8077 3 1.8 Ni Plate + Glass 60 ':siight ﬁage Gracka.ng Good

17 . HDA 8077 3 1.8 TDNi Clad + Glass 45 ~ No Cracks . Good .

18 MDA 8077 3 1.8 “Rx'd + Glass 60‘1 .-Slight Edge Cracklng ’ Good

19 HDA BO77 3 1.8 Bare 25 Slight Edge Cracking Good -

20  HDA 8077 B 0.6 ' Bare + Glass 70 Slight Edge Cracking Fair -

21  HDA 8077 2 1,8  Bare + Glass 45 Severe Cracking Good

(1) Improved by forglng, but stlll contained grains of exceedlngly hlgh
172 MPa (25 x 108 PSI)modulus values in the longitudlnal direction,

(2) Good grain size, shape and'crystallographin orientation (nearly (00;).
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(a) CONCAVE SIDE OF FIRST CAMPAIGN ODS FORGING PREFORMS,

Figure 13 ODS Alloy Forging Preforms
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(b) CONVEX SIDE OF FIRST COMPAIGN ODS FORGING PREFORMS ,

Figure 13 (Continued)
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Figure

(a) CONCAVE SIDE
14 Directionally Forged Campaign I ODS Alloy NNS Canning Material
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(b) CONVEX SIDE OF FIRST CAMPAIGN FORGING TRAILS
Figure 14 (Continued)
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oxide dispersion content (1,8%) but appear to be acceptable for the low
oxide content (0.6%) based or the amount of edge cracking cbserved,

{4) Nickel plating and cladding with sheet such as TDNi appeared to
minimize the surface tearing, Stainless steel foil clads such as that
used for forging #5 ruptured during processing and eventually caused
sticking of the foil to the die.

- (5) Preforms Nos. 7, 8 and 18 which were recrystallized prior to
foreging exhibited better forgeability than unrecrystallized material and
excellent surface conditions after forging.

(6) Coating of preforms prior to forging helped minimize surface
tearing compared to those that were forged uncoated.

{7) The MA 956 demonstrated excellent forgeability. No cracks were
detected..

(8) Forge processing of MA 956 at 1900°F to 25% and 60% reductions
failed to produce the (001) orientation,

The results of this first forging campaign have shswﬁAthat the di-
rectional forging approach can be used to produce near-net vane shapes.

2.4,3 Directional Forging — Campaign II

Selected Alloys and Configurations

New materials were procured for the Campsign IT forging trials. Cam—
paign I results indicated the O0DS alloy preform materials should be
optimumly processed prior to NNS forging, i.e., capable of recrystalliza-
tion to the (001) texture in a subsequent anneal heat treatment, The lower
forging temperatures required to tailor under processed microstructures
by inducing additional work (stored energy) were not compatible with higher
temperature processing needed to prevent surfzce tearing in the forgings,
At the time of material procurement for Campaign XII Cabot was unable (be~
cause of an inoperative attritor) to prepare new powder for HDA 8077 ex-
trusion within the time frame of the program, MA 757 which is very similar
in preparation and properties to HDA 8077 and YDNiCrAl was procured in 30,5 mm
1.2 inches) thick x 76.2 mm (3,0 inches) wide shaped bar, This as-roiled
(unrecrystallized) material was machined to the kidney shape as shown in .
Figure 15,

Experimental Procedure and Results

Seventeen kidney shaped preforms were directionally (longitudinally)
forged as indicated in Table IV. The experimental approach of Campaign II
was designed fo establish the effects of process temperature, reduction
level, clad vs, bare working and recrystallization prior to secondary
warklng to HNS., The as-forged parts are shown in Figure 16 and with the
claddlngs removed and grit blasted in Flgure 17

Beven MA 757 preforms were forged at 1038°C (1900°F) and 1093°C (2000°F) to
reductions of 25% and 50%. Most of the preforms were wrapped in 1.27 mm

(.050 inches) thick mild steel, One MA 757 preform, Fl1l, was processed
unclad, One preform, I'8, was recrystallized prior to secondary processing.
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TABLE IV - TASK I CAMPAIGN II DIRECTIONAL KTDNEY FORGING PARAMETERS

Conversion Temp.

S/N 0DS Alloy -  Preparation °¢ {°F)/Red., %
F3 MA 757 CIad(é) 1038 (1900)/25
FhA  MA 757 clad 1038 (1900)/50
FkB - MA 757 clad 1038 (1900)/50
T8 MA 757 + clagd 1038 (1900)/50
Fil MA 757 unclad 1093 ‘ (2000)/50
F1&  MA 757 ~ clad 1093 (2000)/50
F15 = MA 757 clad 1093 (2000)/50
F5 YD NiCrAl clad 1038 (1900)/25
F7A YD NiCrAl clad 1038 (190Q)/50
F7B  YD:NiCrAl clad 1038 (1900)/50
F10 YD NiCrAl + clad 1038 (1900}/50
Flz YD NiCrAl unclad 1093 (2000)/50
F16 YD NiCral: clad 1093 (200G)}/25
F17 YD NiCrAl clad 1093 (2000)/50
F18 YD NiCrAl: clad 1093 (2000)/50
F1L MA 956 unclad 982 (1800)/50
F13 MA- 956 weclad 1093 (2000)/50
(1)

Kidney Forging, 25% reduction per pass.

‘norie

(2) Defect aepthzr moderate =< 1.27 mm (.050"); slight =< .25k mm (.01OM).

Appearance
. Surface{?} (3)
Tearing Undulation Macrostructure
very slight slight good
moderate moderate . good
moderate - moderate good
none slight/moderate good
moderate none marginal
moderate gross "good
moderate gross good
very slight slight poor
slight “moderate poor
slight moderate poor
none slight good
slight (edge) none poor
none slight fair
slight _gross duplex
- slight gross duplex

none none poor

none poor

) Undulation depth: gross =< 2.5 mm (.1"); moderate =< .51 mm (.02"); slight = < .254 mm (.OL").

e : :
'(k)vcladz 1.27 mm (.050") mild steel wrap.
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(a) CONCAVE SIDE
Figure 16 Directionally Forged Campaign II NNS Canning Material Not Removed
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(b) CONVEX SIDE OF CAMPAIGN II FORGING TRAILS,
Figure 16 (Continued)
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(a) CONCAVE SIDE,

Figure 17 Directionally Forged Campaign I

45

I NNS Canning Material Removed

i
4
4

&

%



e e ST

¥
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The desired microstruciure was achieved in all the forgings by subsequent

. recrystallization heat treatment except in. the unclad ¥11, Ieat treatlng
. was performed using a progressive temperature cycle - '1205°C (2200°r)

1260°C (2300°F) and 1315°C (2400°F) for one hour each ﬁemperature Macro-

~ etched cross-sections representative of all thé MA 757 forge conditions -

5'h1nves*1gated are showh in Figure 18, A1l exhibit the d351rable {001)

textured structure except for S.N, F11 which contained regions of higher

modulus orientations indicated by thelr light reflectivity, The mild
steel clad performed satisfactorily at 1900°F in reductlons up to 50%

‘but produced excessive surface undulations at 2000°F in 50% reductions,

Some surface tear1ng was experlenced in all the MA 757 forglngs with the

‘exception of the recrystallized and clad Fg, Generally, the surface

defects ranged Ffrom ,254 mm (.0l inches) to 1,27 mm (.05 inches) deep.
The unclad MA 757 preform, Fll, processed at 1093°C (2000°F) to 50% re-

guction had no undulation but contalned surface tears about 1 27 mm ( G5
* inch) deep and a marglnal texture on recrystallization, The recrys-

tallized MA 757 preform, F8, wrapped in steel clad and forged at 1038°C
(1900°F) to a 50% reduction forged well without cracking or surface defects.
This forging was exposed to a 1315°C (2400°F) heat treatment and evaluated

:*?for mlcrostructural stabllliy. The additional processing durlng forging of

the recrystallized wmaterial did not promote re—recrystalllzatlon or degrada—
tion of the (001) texture. : e

Eight YDNiCrAl kidney Shapéd préforms were processed and the resulis.
were somewhatldifferent than for the MA 757 material, The secondary work—
ing conditions investigated promeoted an unacceptable fine grained material

with random,crystallographlc orientation after the recrystallization heat
_'treatment The moré ductile YONiCril has better crack vesistance. than the . -
- longitudinalily stronger but less ductile MA 757, 'The unclad YDNiCrAl pre-
' form, F12, forged at 1093°C (2000°F) +to 50% reduction contained only minor

cracking om the sharp edges,indicating higher temperatures would probabhly
allow bhare worklng, especially if recrystalilized prior to the secondary

‘working. The recrystallized YDNiCrAl preform, F10, produced the same

favorable results (See Figure 192) as achieved in the recrystallized MA 757
‘alloy, The texture was preserved, cracking was eliminated and no recrys-
tallization was detected in a post forge 1315°C (2400°F) heat treatment.

Two MA 956 k;dney preforms were included in this eampaign, Both

" were processed unclad. to.50% reductions, one at 982°C (1800°F) and the other

at 1093°C (2000°F). Although forgeability was excellent the desired (00L1)
miCrostructure was not obtained., Macrostructure typical of MA 956 forged-
kidneys in the recrystallized condition is also shown in Figure 19,

2, 4 4 Plate Bendlng Process

An additional process, plate bending, was 1nvest1gated 1n.0ampaign II

The basgic" approach is illustrated in Figure 20, - The bent plate process is
_ capable of producing the same shape as the-forged kidney process, is & -

simple forming operationm with no reduction in thickness and is amenahle to'l
all-ODS. ziloys and .vendors, The ODS alloy. and plate bending parameters
1nvest1gated ‘are indicated in Table V, : Hot rolled plate sections, approxi-

mately 7,37 wm (0, 29-inches) thick x 53.3 mm (2_1,1nches) wide x 81.3,mm

4y
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o .. BABLE V - TASK I CAMPAIGN TI PLATE BENDING »’

PARAMETERS

' _Appearance

Crackihg(a)r 7,;f Macrd Structpreﬂ-f'in
BL WA 877 . claa 982 (1800) Severe . Good")

LT e o : '_Prodéss”Temp;; "
S/N ODS ‘Alloy Preparation .= - _ °C - (°F)

B2 HPABO77 unclad . . 1038 (1900) ¢ Severe ' . -* ' Goea = .

'BgT”. HDKLBO?? f ' clad f 1038 (1900) - l:q None " 3 B o _“” L?,Géod =
. © Bk HDA BO77 Rx + clad 1038  (1900) L severe o Good
BS  HDA BOV7 . . unclad ‘1093 (2000) Suight . f Gaod.

B6  WDA 8077  otad . 1093 (2000 - MNeme " Good

o

RN S,

(1) Piate Bending; Formed to a 41.9 mm (1.65") Radius o

(2): Cracking: Severe ==>1.27 mm (.050"); Mode Rate =<<.254 mm (.010")

A

(3). Good grain-siZet shape and crysta}lbgfaphic-qrientation, neéfly (0oL},

Recrystallized -
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Figure 18 MA757 Directionally Forged Kidneys - Macroetched Cross-Sections
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Figure 19 Directionally Forged Kidneys
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Forged & Rolled Plate

57,15 M L %
2.25") 1 6,35 MM
(0.25'")

53,98 MM [
(2.125") | 6,35 MM

{0.25")

Figure 20 Plate Eending LPT Vane NNS Process
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(3, 2'inchés) long wére bent to a 41,9 mm (1.65 inch) radiuns in the same tool-.

ing used for the forge processing. Steel clad (wrapped) and unclad plates

‘were bent at temperatures of 1800°F, 1900°F and 2000°F and are shown in
Figure 21, TUneclad preforms B2 and BS were bent at 1900°F and 2000°F

respectively. At 1900°F severe cracking, -> 1.27 mm (0,05.inches) deep,

.. was experienced but at 2000°F only slight,<Z.25 mm (0,01 inches) deep,
" cracking was detected. B!, D3 and B were wrapped in steel clad and
‘bent at 1800°F; 1900°F and 2000°F, Severe cracking was emcountered in

Bl after bending at 1800°F. Simulated NNS B3 and B6 bernt well without

‘cracking. B4 recrystallized and wrapped in steel clad cracked severely
during bending at 1900°F, Bending results in tensile stresses unlike

forging in which strains are compressive, Recrystallizing ODS alloys

_substantially reduced the'high temperature tensile duetility but,apparently,
- not the compressive ductility. - All parts after bending and heat treating to’
,24009F contamned the desired structure,

Addltlonal plate bending experiments were performed at General Electric,
‘subsequent to the TRW Campaign II processing. The plate experiments per-
formed in the directional forging tooling were formed to a 41.9 mm (1,65
inch) radius which is larger than a vane minimum radius., At CGeneral Electric
6.35 mm (0,25 inch) x 55,9 mm (2.2 inches) x 76.2 wm (3.0 ihches) MA 757 ex-

_ traded and rolled materlal prepared from 30.5 mm (1.2 inch) thick bar stock,

was successfully bent at 1093?0 (2000°F) and 1149°C (2100°F) to 25.4 mm
(1.0 inch) and 12.7 wm (0.5 inch) radii, The LPT vane has a minimum radius
of 25.4 mm (1.0 inches). Either mild steel clad or fiber frax insulation
were used, Bare processing was not atitempted because of an insufficient
number of parts for evaluation. Recrystallization anneal and metallo-
graphic examination indicated the desired structure and texture were mein-—
tained in bending as typically shown in Figure 22, The plates bent to the
12,7 mm (0.5 inch) radius showed the relatively large tolerance of the
material when starting with an optimumly processed preform condition,

2.,4.5 Xvaluation of Simulated Near Net Shapes

Characterization of the advanced ODS alloy Fforged and bent NNS with
the desirable microstructure was conducted to establish the secondary pro-
cessing effects on: properties most essential for turbine vane application.
Tensile and stress rupture tests were conducted in both the longitudinal
and long~transverse directions. The sampling locations of the NNS bent
plates are shown in Figure 23, Longitudinal testing was performed using
a standard 6.35 mm (0.250 inch) diameter 48,26 mm (1.90 inch) long specimen
with a 4,06 mm (0.160 inch) diameter x 16,51 mm (0,650 inch) long gauge
section. To facilitate testing in the long-transverse direction ODS alloy
extension blocks were attached by brazing (B23) to both sides of 12.7 mm
(0.5 inch) long NNS sections to provide sufficient length for specimen
preparation., The low NNS thickness, bend radius, and the need to locate the
relatively weak braze joints in the larger cross-sectional area shoulder
regions made neceasary the design of z specimen with a short gauge section
as shown in Figure 24,
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CONVEX SIDE

Figure 21 ODS Alloy Bent Plates - Cladding Not Removed
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(b) CLADDING REMOVED
Figure 21 (Continued)

TR ac.
CONVEX SIDE




158 ORIGINAL PAGE IS
OF POOR QUALITY|

. 3
:
Figure 22 MA757 Plate Eent to 12,7 MM (0.5") Radius ;
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. Figure 23 . Samples Locations of the LPT Vane HNNS

56

N L T T




?BGE-
g@ﬁ%@w

6.35 MM (,250")

t

35,56 MM

(1.40") * » - —

 Figure 24 ‘Assembly and Preparation of Modified Transverse Test Specimens
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Ten51le Evaluatlon —-Longitud;nal

Longltudxnal ten511e propertles ol the ODS alloy forged and hent kldney
_;ffshapes are shown in Table VI, The MA 757 NNS, P8 Rx-2 and F8 Rx HT-2 o o
- forged in’ the rncrystalllzed condltlon ‘showed improved strength and ductlllty.'- _ o
a;jCompared to the vendor furnlshed baseline data the ultimate tensile strength Co
©Was. 1ncreased on- ‘the average about 10 percent, elongation 90 percent and re-
: . diaction of area by 30 percent, MA 757, F4B-3, forged in the as-rolled con~ ,
Cdition and recrystallized produce strengths. comparable to the baseline ac~ b
“oeompanied w;th 1mproved,duct111ty., YDNiCrAl NNS properties were investigated : : ' S
only in the recrystallized and forged condition. Suitable mircostructures . SRMC
~  were not meintained. at the process temperatures investigated for the forged ‘ SRR
and then recrystallized conditions. The YDNiCrAl, F1ORx-2, also achieved im- o
proved tensile properties in forge processing, espclally in ductllmty._’Elongaé-”
tion increased Dby 30 percent and reductlon of area by 170 percent, Ultimate
*'strenwth.was 1ncreased by 18 percent _ S , Y IR

. HDA 8077 rolled.and hent plate NS BS-Z and BGﬁz were tensmle tested and o :%? {
. the results were compared to HDA 8077 typical 30,5 mm (1,2 inch) thick rectangu- T
kF 1&1 shaped bar.: All_propext;es were similar - within the typical variance. 7 -‘ﬂ~ -
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TFABLE VI.

. _:(1).

LONGITUDINAT, TENSILE PROPERTIES OF ODS ALLOYS FORGED AT 1093°C. (2000°F) -

+ R

+

Process condltlons.

:‘Temperature 1093°C (1900°r)

' Forge reduction’ about 45%

" Bend radius 41,91 mm (1.65")
Recrystallization (Rx). :

- Heat treatment (H.T.) 1315°C (2400°r)

I}

Sample No. Material =~ Process Condition 0.2°YS, MPa (ksi)  Ult, MPa (ksi) % RA, %
- MA 757 Baseline ~103.4 (~ 15,0} ~117.2 {17.0) ~ G0 -
F4B-3 - MA 757 Forge + Rx 102.7  (14.9) 109.6 (15.9) 15.3 hl.2
FB8Rx-2 MA 757 Rx + Forge 12,7 - {17.8) - 136.5 (19.8) 18.0  51.5
FARxHT~2 MA 757 Rx + Forge «+ 1315°C 106.2 - (15.4) 124,1i(18;o) : 16.6 - 56.7
o _ _ (2400°F) . . : s .
- YD NiCrAl Baseline - . -usz.fe~1z 0} ~20,0 ~28.0
FIORx-2 ~ ~ YD NiCrAl Rx + Forge 0 90.3 . (13.1) 97.2 (14.1) 26.4 76.4
FLORxHT~2 YD NiCrAl  Rx + Forge + 1315°¢ 91.7 - (13.3) " . 98.6 (14.3) ok.6 9k.5

B - (2400°F) : ' - - -

- ~ HDA 8077 ‘Baseline - ~110.3 (16.0) ~13.0 ~10.0
‘B3~2 HDA 8077 Bend + Rx 92,2  (1h.1) 107.5 (15.6) 10,9 1i7.1
_B6-2 HDA 8077 Bend 1093°c (2000°F) 93.1 {13.5) 104.1 (15.1) 11.7 18.5




Stress Runture nvalLatlon - Longltudlnal o _J_ '

MA 757 and YDN;CrAl forged and bent NNS were tested in stress rupture B
'fand compared -to vendor furnlshed baseline data as shown in Table VII, Tests
" were conducted at '2000°F in air and 10 ksi dlrect load. Duectilities could
not be measured becausc ‘of the nature of the test specimen fractures ‘although

' mthey‘are estimated. to range from nil to 2.0 percent elongatlon " The vendor

furnished baseline data is typical of rupture strengths achieved in 30.5 mm
. - (1.2 inch) x 81.3 mm (3.2 inch) flat rolled and rectangular shaped bar, The
; varlance is reported to be about 3. 4‘MPa (0.5 ksi) for- constant dives,

Elght MA 757 foxged.NNS Wwere tested longltudlnally in stress rupture.

. " Four test specimens (F2-1, FAB-1, F4B-2 and F4B-4) were prepared from NNS

" that were forged from preforms 1n the as~rolled condition and then recrys-

",'tallﬁzed. Two test specimens (PSRx—l and F8Rx—-3) were prepared from WNS

that were forged Ffrom preforms. in recrysﬁallmzed condltlon ~ Two other speci--
‘mens (F8RxHT-1 and F8RxHT-3) were prepared and tested from MA. 757 recrys-

‘tallized preforms forged to NNS and then exposed to a 2400°F one hour heat
. .treatment The ‘latter two tests were designed to establ;sh the micro-

" structural stability of the ODS alloy forged from the recrystallized condition,
Loss of the desired grain size, shape and texture through secondary recrystalli-
zation, (caused by working at too low a temperature and then a high temperature
exposure) wou'ld result in ‘degradation of properties, The ODS alloys are designed
to. be microstructurally stable up to at least 1371°C (2500°F), All the con-

- ditions tested indicated the stress-rupture strengths of MA 757 alloy were
maintained and in most cases rupture lives were increased, Ductility im-
provements ohtalned through forging MA' 757 in the- recrystallized condition as.
determined in the tensile tests results was not evident in siress rupiure

" indicating its dependence on strain rate.

YDNiCrAl was stress rupture tested only in the recrystallized and forged

..;cohditiqn tor reasons previously explained. Specimen 10Rx-1 was inadvertently

‘loaded at 68,9 Pma (10 ksi) and lasted one hour at 1093°C (2000°F), Compared

- to as-received recrystalllzed (YDFiCrAl General Electric test data, the typical
stress for a one hour life at 1083°C (2000°F) would be 55.1 MPa (8.0 ksi), thus
indicating that a significant strength increase was probably achieved in the
forged YDNiCrAl the strength level was, however, still below that of the MA 757
.and; HDA 8077 alloys._- 

Rolled and bent plate HDA 8077 NNS were evaluated in stress rupture Speci-
‘mens were prepared from the radius produced by transverse bending and tested
“(longitudinal microstructure) at 1093°C (2000°F) and 68.9 MPa (10 ksi) load.
The tesgts results ‘indicated HDA 8077 bent plate strengths were comparable to -
. the MA 757 forged.NNS

Stress Rupture Evaluatlon - Long TranSVErse :

Mﬂ 757 51mu1ated.NNS forging F4B forged to a 50% reduction in thickness
at 1900°F in the recrystallized condition was stress rupture tested in long— -
. transverse microstructure at 1038°C (2000°F) and 34,5 MPa (5 ksi) direct load,
The rupture life was comparable to vendor furnished baseline data and is shown
in Table VILII, Typical baseline data for extruded, rolled, 80,5 mm (1,2 inch)
thlck x 76 2 o (3 0 1nch) wmdth and recrystalllzed MA 757 in the 1ong-trans—
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TABLE VII. LONGITUDINAL STRESS RUFTURE PROPERTIES OF ODS ALLOYS
FORGED AT 1093°C, 68.9 MPa (aooo°r, 10 ksm) '

Sample No. Maﬁerlal " Process Cbnditiohfl) Life! Hrs ' X

(2)

LT MA ?S? o Rk . © ~ 30
: S . Fe=L . . MA 757 . Forged (25%) + Rx . . 28
i+ . FB-1. . MAT757 . . TForged + Rx - 119
3 . F4B-2 ' MA 757 = Forged + Rx L 27
: S FLB-k . MA 757 . Forged + Rx - L6 o
T -7 L F8Rx~1 “MA 757 - . Rx '+ Forged 2 oo 86 - j ' . o  ‘§1
FBRx~3 , MA 757 . Rx + Forged. . 109 S ‘ SR
FBRxHT-1 ~ = .MA 757 Rx + Forged + H.T. 85. . o
FBRxHT-3 . . MA 757 Rx + Forged + H.T. 111 ' 4

SRR . _ .. o

: . (at 8.0 ksi) o
FLORx~1 - YD Rx + Porged ' iz

()

B3-1 ° - HDA 8077 Bent plate 60 . - :
B3-3 _ HDA 8077 Bent plate 57 1
B6-1 " HDA 8077 Bent plate 93°C{200°F) 55 .

- B6~3 .. HDA 8077 Bent plate L 82

 TABLE VIII. LONG TRANSVERSZ STRESS RUPTURE PROFPERTIES OF ODS ALLOYS
- FORGED AT 1093°C, 34.5 MPa (2000°F, 5 ksi)

- MA 757 R | ~10®

FiB . MA 757  Forged + Rx 7

‘§ :

; : . | | . .

i (1) Process conditions unless noted otherwise:

; S . Temperature 1038°C (1900°F)

B 'Forge reduction about 45%

' : Bend radius 41.9 mm (1.65 inches)

Recrystallized (Rx) .
‘Heat Treated (H. T.) 1315°c (2k00°TF) 3

Vendor data

i

POt S
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' ='versa dlrect:l.on a.'l: 1038°C - (zooo":?) ‘and 34 5 MPa. (5 Xsi) is about 10 howrs

rupture life. A specimen prepared from extruded, rolled, - forged and re-
crystallized FéB ‘lasted 7 hours 1nd1cat1ng that the des;rable properties and

. 1ntegr1ty were. maintalned

Crystal graphlc Drlenbatzon Analy51s

“Dynamic modulus of- elastlclty determlnatlons of the MA 757 bent plate

'szmulated NNS were conaucted to establish the effects of transvérse strain
in subsequent recrystalllzatlon heat treatment. ODS alloys are highly processed.

in 2 single direction to achieve the (001) low modulus longitudinal texture and
have a low tolerance for lateral and tangential matéerial flow, Relatively small
strains in a direction other than longitudinal will promote non-desirable crys-

o tallographic textures. and higher modulus material than tolerable for turbine
_vane application. A 6.35 mm {0,250 inch) diameter x 76,2 mm (3.0 inchk) long
" test specxmen was preépared from the flat (unstralned) region and cne from the-

bent (laterally strained) region of the bent plate and dynamlcally tested from
R,T to 982°C (L800°F) as illustrated in Figure 25. Dynamic modulus values
are detennined by the folloW1ng calculatlon' :

Dynamic modulus of elastlclty calculatmon.

g
E = 00416271'—1{}'—- 22
e a -t
D
where E = Modulus, Pasqalé (psi)
W. = Spec, Weight, XKilograms (lbs}
" L = Spec. Length, Meters (inches)
D = Spec, Diameter, Meters (inches)
. f = PFirst Flexure Resonance (HZ)

. The modulus of elasticity values of strained and unstrained NNS regions”
as a function of temperature are shown in Figure 26. The modulus values from
both reglons are well within the vané component specification of 172,350 G Pa

(25, 000 000 p51)or lower at R.T,
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2.5 Task II — F101i LPT Vane Near-Net Shape Process Establishment

The purpose of Task II of the. program was to establish an F101 low
pressure turbine vane near-net shape process from the secondary conversion
techniques investigated in Task I, Plate bending was selected because it
was determined to be the most cost effective as well as being simpler and
more amenable to all ODS alloys and vendors. The plate bending approach
is estimated to save ahout 40% of the manufacturing cost for producing the
NNS vane through improved wmaterial utilization and reduced machining costs,
The shape produced was a uniform cross-section plate bent to the curvature
and twist of the vane including 2 minimum ,635 mm (0.025") envelope.

2;5.1 ODS Alloys & Preparation

The advanced 0DS alloys, MA 757 and YDNiCrAl were selected for the Task
IT LPT vane near-net shape process establishment, MA 757 in a commercially
available size, 30.5 mm (1.2™) thick x 73.7 mm (2.9") wide rectangular bar,
was used, Vendor property data showed stress rupture strength adequate for
the F10l LPT vane applicaticiu, The YDNiCrAl, however, designed for improved
ductility and thermal fatigue resistance, was believed to he deficient in
longitudinal strength. To improve the YDNiCrAl strength, the Y903 dispersoid
content was increased (doubled) to 2,0%. Some sacrifice in ductility was
expected, however,

The vendors were requested to prepare nominally 7.37 mm (,291") thick x
66.55 mm (2,62") wide plates in the as-rolled (unrecrystallized) condition,
Huntington Alloys experienced difficulties producing MA 757 of the 7.37 mm
€0.29") thickness with suitable microstructure, Huntington's rolling wmill and
furnace facilities were designed for thicker products and were not easily
adaptable to rolling plate. Their conveyor roller spacing prevents the roll-
ing of starting lengths shorter than ahout 1.5 meters (6 ft.) which results in
long lengths at plate thickness, Huntington's inability to reheat and trans-
fer the long thin MA 757 strip to the mill fast enough would cause excessive
1oss of temperature during rolling. Because of this situation Huntington
supplied General Electric with 30.5 mm (1.2") thick x 73.7 mm (2,9") wide as—
rolled and steel clad MA 757 for ‘General Eleciric plate roiling. Rolling para-
meters were established using a 20,3 em (8") diameter x 25.4 cm (10") long,
two-high roll mill and nearby electric furnace.

The General Electric plate roiling,'wasosuccessful. Segments of the
30,5mm (1.2") thick bar were rolled at 1010C (1850°F), 1065C (1950°F),
1150°C (R21C0°F) and 1205°C (220°F) using a 10% reduction per pass to the
7.37m (0,29") thickness. The ODS alloy was rolled with the mild steel ex-
trusion jacket intact and was reheated between each pass, After rolling,the
plate was exposed to a recrystallization anneal heat treatment and micro-
structurally evaluated. Material processed at 1010°C {(1850°F) exhibited a
good grain size, shape and (001) erystallographic orientation. The materials
processed at 1065°C (1950°F) and higher contained increasing amounts of an
undesirable microstructure., The rolled 7.37mm (9,29") thick material was
evaluated for bend formability., Sections of all four plates in the as-rolled
and pickled condition were wrapped in fiber frax insulation, heated to 1150°C
(2100°F) in air and bent to about 2 13mm (1/2") radius to simulate the
F101 LPT vane near-net shape. Plates rolled at 1010°C (1850°F) and 1065°C
(1950°F) bent well:; no cracks were detected., Plates prepared at 1150°C (2100°F)
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ahd 1206°C (2200°F) had dynamically recrystallized during rolling and caused
severe cracking when subjected 1o bending. The successfully bent plates
were recrystallization amnnealed, microstructurally evaluated and the bend
areas compared to the as-rolled and crysitallized plates. No cbvious differ-
ences were detected. Bending had not heen detrimental to achievement of the
desired microstructure,

To demonstrate reproducibility and optimize plate processing temperatures
39.5mm (1.2") thick bar sections were rolled at 980°C (1800°F) and 1010°C
(1850°F). A cursory evaluation of these later prepared plates in the as-rolled
and recrystallized conditions indicated the plate reolling process was repro-
ducible and produced good miecrostructures,

General Electric prepared a sufficient quantity of MAY57, 7,37mm (0,29™)
thick plate preform material for the completion of the program, Huntington
Alloys planned to continue to develop a plate rolling process although com
mercial ODS alloy plate was not to be available until after the program's
completion,

Four 30.5mm (1.2") thick, x 73.7 (2.9") wide rectangular shaped bars were
rolled at 1025°C (1875°F) to 7.37mm (0.29") thick x 91.4mm (3,6") wide., The
ODS alloy was heated in air and rolled with the mild steel extrusion clad intact
using 10% reduction per pass. After rolling, the steel jacket was removed in a
HNO3 and HpO solution and the ODS alloy plates were inspected for integrity and
dimensional tolerance, Integrity was excellent; no cracking was detectable by
zyglo examination, The plate surfaces were undulated varying* about .25mm

- €0,010") because of the severe oxidation of the steel jacket during rolling.

The MA757 rolled plates were examined for microstructural veriation. Samples
from each end and the middle of all four plates were exposed to a recrystalli-
zation anneal heat treatment of 1205°C (2200°F-1315°C (2400°F), 38°C (100°F)
increase per hour, All the recrystaliization annealed samples exhibited a
desirable grain size, shape and crystallographic orientation in macroscopic
and microscopic evaluations, The plates were also sampled and exposed at the
1150°C (21R70°F) bend process temperature and sxamined for undesirable recrys-
tallization, WNone was detected, Recrystallization is detrimental to bending
in which transverse tensile strains are encountered,

Special Metals, utilizing a laboratory size rolling faeility prepared and
supplied the plate configuration, but also experienced problems with achieving
the desired microstructure. Samplings from the plate material heat treated to
1345°C (2450°F) exhibited a "cored" microstructure somewhat like that produced
in tHe extruded Task I gullwings and described in an earlier section of the
report, The central region of the YDNiCrAl plate‘’s transverse cross-section
contained highly reflective grains in the macroetched condition typical of high
modulus orientations. Although the microstructure of the YDNiCrAl was not
satisfactory for vane application, the materizal was retained in the Task II
near-net shape process establishment effort for experience in handling that
alloy, There was an envelope of about 2.5mm {0.1") thick of desirable micrc—
struecture in the YDNiCrAl plate, Because these outer areas are the ones
worked in bending, the YDNidrAl plate was believed to be suitable for character-
ization of the process.

66

emre e - e = w e

e



T O R, TR IR A i TR R T R AR AL TSR MRS T s e " - ¢ A s e S L S 2 b S

~ was planned for the plate bending operation, The TRW hot bending facility
~ is shown in Figure 29.

' 2.5.3 Near-Net Shape Proceésing

in a box furnace and bent the curvature and twist of the F10l LPT vane,

2.5.2 Tooliﬁg & Equipment

The tooling was fabricated from AlS1 H-12 alloy and was designed as
shown in Figure 27 to form a NNS with approximately a 1,25mm (,05")
.envelope from which General Electric eould Tinish machine LPT vanes
(#9942444), The preform and the shape to be formed are shown in Figure 28,
The starting waterial plate width is the same as the die cavity width with.
allowances for thermal expansion.. The tooling was heated with elecirical
resistance cartridge heaters and maintained at about 205C (400F), The die
and punch were sprayed with graphite lubricant. No reduction in cross-section

Thirty as~rolled (unrecrystallized) MA757 and YDNiCrAl plate segments
7.4mm {,29") thick x 55mm (2.2") wide x 80mm (3.2") long were bent %o the
near-net shape, The ODS alloy plate segments were heated to vaxious tempera~
tures of 1120°C (2050°C), 1150°C (2100°F) and 1175°C (2150°F) for 15 minutes

Transfer times from the furnace to the near-net shape die were nominally
3-4 seconds and the bending time was of the order of four seconds.

The procesgs temperafures were selected by ODS alloy plate hending experi-
ments at General Electric which indicated the desirable microstructure and
texture could be maintained if the transverse bending was performed at a tempers-
‘ture low enough +to prevent recrystallization and high enough to minimize cold
work,

. Preform process conditions included: 1) bare, 2) glass coated (two types)
and 3) wrapped in fiber frax, The materials, process conditions and results
are reported in Table IX, The MA757 and YDNiCrAl NNS segment are shown in
F;gure 30, '

MA757 Bend Processing

Nineteen MA757 plates were processed to near-net shape, Cross-sectional
plot (10X) samplings showed the target configuration was achieved and suitable
for the manufacturing of F101 LPT vanes, Three cross-sectional plots, as shown
in Figure 31, were made at ends and middle of each nedr-net shape sampled,
These were superlmposed on 10X mylar englneerlng draw1ngs of the LPT vane con- .
tours.

Of the nineteen pieces processed, sixteen were bent at 1150°C (2100°F)
and below without the glass type A coating. Fourteen bent well withoult crack-
ing. ‘Two NNS, Nos. 16 and 17 bent at 1150°C (2100°F) did experience some
small surface tears, NNS No. 29 was bent bare at 1175°C (2150'F) and suf-
ferred severe surface tears. As suspected, the MATS57 as-rolled plate had
recrystallized during heating to 1175°C (2150°F). . This situation not sur-
prisingly promoted severe cracking during bending, o
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I.D.  Material
3k Ma 757
32 A 757
1 MA 757
2 WA 757
3 MA 757
A MA 757
5 MA 757
6 MA 757
13 MA 757
14 MA 757
15 MA 757
16 MA 757
17 MA 757
25 MA 757
28 MA 757
18 MA 757
19 MA 757
20 MA 757
29 MA 757

(1}

g e

£ SEEAD

ODS ALLOY LPT VANE NNS FPROCESS CONDITIONS

g

| ——

i

TABLE IX.
Bend Temp. Preform Surface - _ _Characteristics _
°Cc (°F) Conditions Shape Integrity §§g£g:§gﬁé%§§g
1120 (2050) Bare (2] Good Good Good >’
1120 (2050) Glass B Good Good Good
1150 (2100) Bare Good Good pua1 5!
1150 (2100) Bare Good Good Good
1150 (2100) Bare Good Good pua1 )
1150 (élOO} Bare Good Good Good
1150 (2100) Bare Good Good Good
1150 (2100) Bare Good Good Retained by TRW
1150 (2100) Bare Good Good Good
1150 (2100) Bare Good Good Marginal(é)
1150 {2100) Bare Good Good ‘Marginal
1150 (2100) Bare Good Few small surface tears Good
1150 (2100) Bare Good Few small surface tears . " Good
1150 (2100) Bare Good ' Good Good
1150 (2100) Bare Good Good pua1
1150 (2100) Fiber Frax Wrapped Good Good Marginal
1150 {2100) Glass A Good  Long. surface tears -. convesx Dual
. ' side
1150 (2100) Glass A Good Long. surface tears ~ convex Marginal
gide
1175 (2150) Bare Good Severe surface tears - convex Marginal
side
S— — s s
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TABLE IX. ODS ALLOY LPT VANE NNS PROCESSING CONDITIONS

@) Bend Temp.. PreforT §ﬁrface _ Characte?isticg _ _
I.D. Material" °Cc (°F) Conditions Shape Integrity ﬁggigzziiiiﬁgg
35 YD 1120 (2050) Bare Good Good Dual
33 YD 1120 (2050) Glass A Good Good Dual
9 YD 1150 (2100) Bare Good Good Dual
10 YD 1150 (2100) Bare Good Good Pual
i1 YD 1150 (2100} Bare Good Good Dual
12 YD 1150 {(2100) Bare Good Good Dual
27 YD 1150 (2100) Bare Good . Good Dual
21 YD 1150 (2100) Glass B- Good long. surface tears - convex Pual
side
o 22 YD 1150 (2100) Glass B Good Long. surface tears - convex Dual
' side
30 YD 1175 (2150) Bare Good Good Dual
31 YD 1175 (2150) Bare Good Good Dual
(1) As-rolled condition (unrecrystallized).
(2) Unclad
(3) Desirable [001] texture, grain size and shape
(&) Probably meets the 17.2 x 10% mPa (25, x 106 psi) modulus reguirement but is not
recommended for service. :
(5)
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Figure 28 F101l Low Pressure Turbine Vane Preform and RNS
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a. Overall View of Facility
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(a) CONCAVE SIDE
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Figure 30 (Continued)
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(b) CONVEX SIDE
Figure 30 (Continued)
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NNS LENGTH - 91.4 MM
(3.6")
NNS TWIST - 3°

Figure 31 Cross=-Sectional Plot (10X) Sampling of LPT
Reduced to 2,3X
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Three surface preparations were used to reduce the heat loss from the
part to the warm tooling - glass coatiags (type A and B) and fiber frax
insulation., The type A glass coating was a sodium aluminum borosilicate.
The glass coatings effectively reduced heat loss although the glass A type
at the 1150°C (2100°F) bend temperature, NNS Nos, 19 and 20, caused surface
tears during bending.

TRW determined that surface recrystallization was the cause after micro-
probe and spectrcgraphic analysis on No, 19 showed appreciable surface chemis-
try changes, Metallographic and hardness examinations of No. 19 revealed sur-
face recrystallization of a uniform layer to about a ,56mm (,022") depth had
occurred as shown in Figure 32a, A microhardness survey indicated the recrys-
tallized layer to be 48Rc. The microstructure of No. 19 and nature of crack-
ing is shown in Figure 32b, As previously described, a recrystallized micro-
structure is detrimental to the forming of the ODS alloys when transverse
strains are encountered, The reason for the glass A coating promoting sur-
face recrystallization at 2100°F is not known, though it could have been a
subtle contamination effect which did not show up in the surface chemistry
analyses, Fiber frax wrap provided the best insulating qualities. Near-net
shape No. 18 visibly retained heat longer than the glass coated or bare parts,
However, satisfactory results were achieved without any surface preparation
(bare). Surface insulation is not needed in bending LPT vane near net shape
when process times are very short,

After bending, the near-net shape were recrystallization heat treatred
and macrostructurally evaluated, Heat treating was performed using a pro-
gressive temperature cycle - 1205°C (2200°F), 1260°C (2300°F and 1315°C (2400°F)
for one hour each tezjperature, The recrystallized macrostructures obtained
were categorized as "good", "marginal” or "dual”., A "good" macrostructure
is one that meets turbine vane specification requirements, i.e., in the
recrystallized and macroetched (HCL+H202) condition, the cross-section normal
to the process direction shall have a dull matte appearance with 2o signifi-
cant differential etching effects and the modulus of elasticity shall not be
greater than 17.24 x 10% MPa (25 x 106 psi), The term "marginal” describes
a macrostructure which may be acceptable by modulus measurements but lacks a
uniformly etched macrostructure, It is not recommended that a "marginal"
microstructure be used in engine service and any process that produces a
"marginal" macrostructure should be optimized., A "dual” macrostructure is
one that has an obviously strong etch mismatch and deoes not meet either the
visual or modulus requirements.

Macrostructures of the NNS transverse cross-sections are shown in
Figure 33, Nine of the 18 parts (nos. 2, 4. 5, 13, 16, 17, 25, 32 and 34)
evaluated (#6 was retained by TRW) contained the desired macrostructure,
Five (#14, 15, 18, 20 and 29) recrystallized to a marginal macrostructure.
Four (nos. 1, 3, 19 and 28) contained the unacceptable dual macrostructure.
Although 14 of the 18 evaluated near-net shapes would probably meet the com~
ponent specification modulus requirements, it was recognized that further
optimization would be required.
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a. Uniform Layer Observed on Piece 19. 100X

b. Typical Surface Tears 80x

Figure 32 Surface Condition of MA757 NNS No, 19 After Bending at 2100°F
Using Glass Composition A
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NNS NO, 2

NNS NO, 13

NNS NO, 17

NNS NO, 32

NNS NO, 34

(a) GOOD STRUCTURE
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Figure 33 MA757 NNS Macroetched Transverse Cross Sections 1,5X
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NNS NO, 14

NNS NO. 15
NNS NO, 18

NNS NO. 29

(b) MARGINAL STRUCTURE

Figure 33 Continued
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NNS NO, 1

NNS NO, 3

NNS NO, 19

(c) DUAL (UNACCEPTABLE) STRUCTURE

Figure 33 Continued
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Longitudinal and transverse macrosiruciure and microstructures typical
of the MA757 NNS are shown in Figure 34 and Fipgure 35 respectively. Samples
are in the etched condition and show the desired grain size and shape.
Crystallographic orientation direction is not evident in the photomicro-
graphs but readily distinguishable in the macro—etched condition,

Several General Electric prepared plate segments were bent to g simulated
NNS prior to the TRW processing., The bending operation was improvised.
Unlike the fast TRW process, bend rates were slow and temperatures probably
somewhat lower than the 1150°C (2100°F) the parts were heated to even though
they were wrapped with f£iber frax, All the General Electric bent shapes ex-
hibited the desired texture after a recrystalliization heat treatment and
macroetch,

YDNiCrAl Bend Processing

Eleven YDNiCrAl plate segments were processed to the F101 LPT vane NNS,
The process conditions are indicated in Table IX, Bend temperatures were
1120°C (2050°F), 1150°C (2100'F), and 1175°C (2150°F), Good shape «nd integ-
rity were produced at all three temperatures. The only cracking detected was
on the convex side of near-net shapes #21, and 22 where glass B coating was
used at 1150°C (2100°T), The same result was noted on MAT57 coated with glass A
and bent at 11507 (2100°F). This eracking reinforced ithe conclusion that ODS
NiCrAl alloys were not compatible with the glass coatings at temperatures of
1150°C (2100°F), or above, Both alloys (MNS #32 and 33) bent well at 1120°C
(2050°F) with glass coating. The typical macrostructure and microstructures
of the YD NNS obtained after a recrystallization heat treatment and eteh are
shown in Figure 36 and 37 respectively, 411 YDNiCrAl NNS examined contained
the unacceptable dual structure which is believed to be caused mainly by an
improper selection of the plate rolling temperature, It is also believed that
with the correct rolling and bending temperatures, YBNiCrAl could successfully
be processed to NNS and contain the desirable microstructure and crystallo—
graphic orientation. Although the YDNiCrAl structures were determined to be
unaccepiable, the NNS were evaluated in tensile and stress rupture.

MA754 Bend Processing

For information, MA754 (Wi-~20Cr-0,6-Y503) was included in the Task II NWS
process establishment, fthough this effort was outside the scope of the progran,
The MA754 plate rolling and bending was performed using the conditions es-
tablished for MA757 (Ni-16 Cr—4Al - 1¥503 alloy. No attempt was made to tailor
the process temperatures for the MA754,

A 30,5mm thick x 73.7mm wide x 15.2 em long (1.2 in x 2.9 in x 6 in) bar
was rolled at 1010°C (1850°F) to a 7.6mm (,3") thickness, Rolling was conducted
with the steel clad intact, using 10% reductions and was reheated each pass.
The rolled plate was pickled, cut to preform shape, bent to NNS and recrystallized.
The annealing heat treatment was a progressive ecycle of 1205°C, 1260°C and 1315°C
(2200°F, 2300°F and 2400°F) for one hour each temperature,

Characterization of the MA754 NMNS processed parts indicated good integrity
and precision shapes were obtained, Macroeiching and conicel shaped indentor
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NNS NO, 33
DUAL (UNACCEPTABLE) STRUCTURE
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penetrations indicated the desirable (001) crystallographie orientation
was not obtained. It is believed MA754 can be successfnlly NNS processed
by simply selecting the proper plate rolling temperature, Subsequent
investigations determined MA754 fo have more tolerance for conversion than
the NiCrAl~¥505 alloys, buil it reguires a different process temperature.

In a General Electric ODS Turbine Nozzle Manufacturing Program (AFML
F33615-76-C-5235) F101 HPT vanes were successfully forged from wedge
shaped preforms, diagonally cut from rectangulaxr bar.

2,9.4 Hear-Net Shape Characterization

Tensile Evaluation, longitudinal and long transverse tensilie
specimens were prepared from flat (unstrained during bending) and bent
(strained during bending) regions of the MA757 NNS and tensile tested at
RT and 1093°C (2000°F) as shown in Table X. The test results were compared
to vendor furnished baseline data typical of properties achieved in 30,.5mm
(1.2") thick x 76.2mm (3.0") wide rectangular bar. Rectangular MA754 bar
is currently the mill produect produced by Huntington Alloys, Inc., to General

Electric specification and used in the manufacture of vanes. Tensile speci-

men designs were the same as used in the Task I properties evaluation and
were described in Section 2.4.5. The cross-sectional ratio of the ,160" gage
diameter and even the .100" gage diameter of the long transverse specimens
proved not to be large enough for the BT testing. Three of the four longi-
tudinal test specimens failed in the threaded section indicating some sepnsi-~
tivity of the ODS alloys to notch effects at room temperature. Therefore,

.only limited RT property comparisons could be made., Longitudinal test specimens

No, 9 machined from the flat region of the NNS failed in the gage section,
Based on the single results yeild strength was indicated to be about 151,7MPa
(22 ksi) lower than the average baseline data. Ultimate strength and ductil-
ities indicated to be improved about 75,8 MPa (11 ksi) and 8% (elongation)
respectively. Specimens #10, 11 and 12 tested at RT failed in the threads.
The only indications possible were that the RT averaged ultimate strengihs
were greater than 1151,3 MPa (167 ksi)., Specimens from the transversely
ghirained NNS regions appear to have ultimate strength levels comparable to
the unbent regions, Limited tensile testing of ODS alloys in general has
been conducted and strength variances are not defined,

Longitudinal specimens #13, 14, 15 and 16 were tensile tested at 1093°C
(2000°F) and compared to baseline data, Nos. 13 and 14 were prepared from the
flat region of the NNS and 15 and 16 from the radiused regions, All four
specimens produced similar tensile properties indicating that bending had no
effect on longitudinal tensile properties and were representative of rolled
and recrystallized MA757 plate properties. The tests results when averaged
indicated a yield strength of 82.0 MPa (11,9 Ksi) an ultimate of 92,4 MPa
(33.4 ksi), elongation of 21.4% and reduction of area of 60,3%. Compared
to ‘the baseline data furnished by the vendor the strengths maintained in ‘the
NNS were lower and ductilities were considerably higher, However, the ven-
dor tensile data was limited and is DMgher than expected, HDABO77 alloy,
similar in composition and preparation, has strength levels of about 100,0 MPa
(14.5 kei) ultimate and 14% elongatim . It is believed the tensile strengths
were maintained in the NNS process and ductilities were improved,
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SeN. -Material

(1)

9
10
11
12

13
14
15
16

17

19
20
21

28
29

31
32

MA 757
MA 757
MA 757
MA 757
MA 757

M& 757
MA 757
MA 757

MR 757

MA 757

MA 757
MA 757

MA 757
MA 757
MA 757
MA 757

yp NiCral

YD NiCrAl
YD NiCrAl

YD NiCrAl
YD NiCrAl
YD NiCrAl

e s A

(1) Recrystallized condition =~ 1205°C (2200"F), 1260°C (2300°F) and 1315°C (24%00°F), for one hr. each temp.

TABLE X 0DS ALLOY LPT VANE NEAR-NET SHAPE _TENSILE. PROPERTIES
NNS Sampling Test Tesf Temp. 0.2% Yd Stre. Ult. Str.
Location Direction °e (°F) MPa (ksi) MPa (ksi)
Baseline(z) L RT ~896.2 (130.0) ~1137.5(165.0)
Flat(3) L RT 747.3 (108.4)  1216.1(176.4)
Flat (&) L RT - >1102.4(159.9)
Radiused L RT - >1187.1(172.2)
Radiused L RT >1156.1(167.7)
‘Baseline L 1093 (2000) ~103.4 .15.0) ~117.2(17.0)
Flat L 1093 (2000) 80.0 (11.6) 91.7(13.3)
Flat L 1093 (2000) 4.8 (12.2) Ok (13.7)
Radiused L 1093 (2000) 79.3 (11.5) 91,0(13.2)
Radiused L 1093 (2000) 84.8 (12.3) 91.0{(13.2)
Baseline LT RT ~861.8 (125.0) ~1054 (153.0
Radiused LT RT - >890.0{129.1)
- Baseline LT 1093 (2000) ~96.5 (14.0) ~103.4(15.0}
Flat LT 1093 (2000} 93.1 (13.5) 99.3(14.4)
‘Radiused LT 1093 (2000} 82.7 (12.0) 97.9(14.2)
Radiused LT 1093 (2000) 90.3 {(13.1) 100.0(14.5)
Baseline L 1093 (2000) - ~82,7(12.0)
Flat L 1093 (2000) 74,4 (10.8) 8z2.0(11.9)
Radiused L 1093 (2000) 75.1 (10.9) 84h.1(12.2)
Baseline LT 1093 (2000) - 86.2(12.5)
Flat LT 1093 (2000) 92.6 (13.4) 98.6(14.3)
Radiused LT 1093 (2000) 87.6 (12.7) 92.4(13.4)

3
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El,,% R-A.,%
~ L.0o =~ 2.0
12.3 15.3

Thread Failure
Thread Failure
Thread Failure

21,1 57.1
22.5 68.2
22.9 59.4
19.0 56.k
~ 7.0 ~ 7.0
Thread Failure
~ 8 -
26.7 8.9
25.3 8.9
28.0 10.1
~20 ~28
14.6 39.7
18.1 29.9
8'08 6-3
19.3 6.5
26,7 16.5

(2) Vendor furnished data, typical of 30.5 mm (1.2") thick x 76.1 mm (3.0") wide size bar.

(3) Tensile specimen prepared from flat region of NNS - not transversely strained during bending.

(4} Tensile specimen prepared from radiused ragion of NNS -~ transversely strained during bending.
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Specimens #17, 19, 20 and 21 were prepared (assembled and brazed) to
evaluate the long transverse MA757 ¥NS microstructure of the flat and
radiused regions. Specimens No. 17, prepared from the bent region was
tested at RT and failed in the thread region. The ultimate strength was
determined to be greater than 889,3 MPa (129.0 ksi). Specimen #19, 20,
and 21 were tested at 1093°C (2000°F), No. 19 was prepared from the
bent region, All three spescimens produced comparable properties.

Yield strengths averaged 88,9 MPa (12.9 ksi}, ultimate strength of 99,3

MPa (14.4 ksi), elongation of 26.7% and 9.3% reduction of area. Compared

to the baseline vendor data, the NKS strengths were similar and the ductili-
ties were significantly improved. It is believed that longitudinal and long
transverse tensile strengths at RT and 1093°C (2000°F) were maintained in
NNS plate rolling and bending and ductilities were significantly improved
when tested in tension.

The YDNiCrAl LPT vane NNS were tensile evaluated in the same manner

as the MA757 NNS., Longitudinal and long-transverse tensile specimens were
prepared from flat and rediused regions of the NNS, tested at 1093°C (2000°F)
and compared to baseline data, Specimens No. 28 prepared from the flat re-
gion and No, 29 from the radiused region, indicated nearly equivalent longi-
tudinal strengths and ductilities and appeared to be similar to baseline data,.
The tensile tests results indicate YDNiICrAl alloy 2lso can be rolled and hent
to NNS and maintain tensile properties comparable to rectangular shaped bar,

Stregs Rupture Evaluation. The 8A757 and ¥YDNiCrAl F101 LPT vane NNS
were evaluated in 1093°C (2000°F) stress rupture as shown in Table XI,
Specimens were prepared to evaluate properties in the longitudinal and long
transverse directions in the flat {(not transwversely sirained during bending)
and bent (transversely sirained during bending) regions as shown previously
in Figure 23, MA757 longitndinal spscimens No, 1 through 4 were direct
loaded at 68.9 MPa (10 Gksi)., Specinens %1 and #2, prepared from the flat
region, had rupture lives of 69 hours and 90 hours rvrespectively. Specimens
#3 and #4, prepared from the bent region had lives of 16 hours and 28 hoars
respectively. HRupture lives of specimens #3 and #4 were slightly lower than
lives for specimens 1 and 2, but this was not believed to he an musual varia-
tion, All of the longitudinal spocimens indicated stirengths comparable to the
basaline, Ductilities were slightly improved.

MA757 long transverse specimens #3 throagh 8 were rupiure tested at
1093°C (2000°F), WNos. 5, 6, and B were step loaded to expedite testing,
Although the initial stresses and times at temperatures prior to step load-
ing undoubiedly had some eftect on the rupiire lives, only the highest
stressed conditions of the step londed tesis were compared to baseline data,
Specimens No, 7 and 8 prepared fron the radiused regions lasted 5 hours and
34 hours at 27.6 MPa (4.0 ksi}. All four MAFS7 long transverse rupture
specimens had strengths comparable to baseline -data of about 30 hours at 27,6
MPa (4.0 ksi). Because of the nature of the specimen fractures, the elonga-
1ion and reduction of nreas could not be measured on most of the long trans-
verse failures.
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TABLE XI ~ ODS ALLOY LPT VANE NEAR-NET SHAPE STRESS RUPTURE PROPERTIES
_ 1) NNS Sampling Test Test Temperature Stress, Life
S.N.  Material Location =~ Pirection °c__ ('F) MPa (ksi)  Hours El, %  R.A., %
. » :
- MA 757 Baseline*‘“} L 1093 (2000} 68.9 (10) 30 3 6
1 MA 757 Flat L 1093  {2000) 68.9 (i0) 69 7 19
2 MA 757 Flat i) L 1093 (2000) 68.9 (10) 90 S 11 23
3 MA 757 Bent L 1093  (2000) 68.9 (10) 16 10 26
L MA 757 Bent L 1093 (2000) 68.9 (10} 28 7 10
- "MA 7857 Baseline LT 1093  (2000) 27.6 (4.0) 30 5 1
5 MA 757 Flat LT : 1093  {2000) 2h.1 (3.5) 137 load increased to 4.0 ksi
' _ 27.6 (L.0) 56 NA NA
6 MA 757 Fiat LT 1093  (2000) 7.6 (4.0) 193 1load increased to k.5 ksi
- . 31.0 (4.5) 11 1c - NA
7 MA 757 ‘Bent : LT 1093  (2000) 27.6 (4.0) 5 NA NA
8 MA 757 Bent LT 1093  {(2000) 2h.1 (3.5) 984k 1load increased to 4.0 ksi
: _ 27.6 (4.0) 34 - NA NA
-  YD-NiCrAl Baseline L 1093 (2000} 5L.7 (7.5) 50 9 3 to 60
az YD=-NiCrAl Flat L 1093  (2000) 8.3 (7.0) 212 load increased to 7.5 ksi
. ' 51.7 (7.5) 67 _ 6 11
23 YD-NiCrAl Bent L 1093  (2000) 48.3 (7.0) 354 load incrzased to 7.5 ksi
57.1 (7.5) LOB 1load increased to 7.5 ksi
55.1 (B8.0) k31 load inereased to 7.5 ksi
. ' 56,8 (8.5) Lo ' 7 21
- YD~NiCrAl Bageline LT 1093  (2000) k.5 (5.0) 180 5 3
2h YD~NiCrAl Flat LT 1093 (2000} 34,5 (5.0) 7 - 1 NA
25 YD Bent LT 1093 (2000)  31.0 (k.5) 65 9 NA

(1) Rpcrystallxued candition :
(2) Vendor furnished datas, typical of 30 5 mm (") thick x 76.2 mm (3.0") wide size bar.
(3) Tensile spe;zmen prepared from flat region of NNS - not transversely strained during bending.

(4) Tensile specimen prepared from bent ragion of NNS - transversely strained during bending.




YDNiCrAl specimens were prepared and the longitudinal and long trans-
verse miecrostructures were stress rupture evaluated at 1093°C (2000°F).
Longitudinal specimens #22 and #23, prepared from flat and bhent regions of
the NNS, were tested in a step load manner. Specimen No, 22 had 67 hours rup—
ture life at 51.7 MPa (7.5 ksi). Specimen No., 23 indicated 11 bhours life
at 58.60 MPa (5.5 ksi), The tests results compared to the baseline for
approximately 50 hours rupture life at 51.7 MPa (7.5 ksi) load indicated the
Jongitudinal strengths were maintained,

Long {ransverse YONiCrAl specimens from Llat and bent NNS regions were
1083C (2000°F) stress rupture evaluated in speeimens #24 and 25, No, 24 -
prepared from the flat region lasted 7 hours at 34.5 MPa (5.0 ksi) No, 25
prepared from the bent region lasted 65 hours at 31,0 MPa {4.5 ksi), Com
pared to the long transverse baseline of about 180 hours at 34.5 MPa (5.0 ksi),
fhe NNS indicated a slightly lower strength, Although it is believed that if
the YDNICrAl desirable microstructure was maintained through the plate roll-
ing and bending process the lcong transverse strengths would have been at least
as high as in the 30.5mm {1.2") thick x 76.2um (3.0") wide baseline rectangulax
shaped YONICrAl strength, :

NS Modulus of Elasticity. Longitudinal modulus of elasticity values
of the MA757 NNS with the desirable microstructure were established using
the sonic test technique described in Section 2.4.5, Test pins from flat
and bent regions were tested dynamically {rom RT to 982C (1800°F) and the
results are shown in Figure 38. The results from the flat region are repre-
sentative of the plate processing and the results of the bent region repre-
- sentative of the bend processing. The data are nearly superimposed indicating
nearly equivalent modulus values from both NNS repions. The resulis also show :
the modulus values are low and typical of a face centered cubic [001) crys- J
tallographic orientation. : i
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3.0 ESTABLISHED PROCESS FOR NNS VANES

A plate bending process has been esiablished {or the preparation of
F101 LPT vane NNS segments. The bent plate is an "economic" shape, i,e.,
high material utilization with low process cost. The process, illustra-
ted in Figure 39, is amenable to all ODS alloys. ‘

NKS processing was performed as indicated in(Section 6.0 of this
report) Preliminary Manufacturing Process, Material Specification and
Quality Control Procedures and described below: '

# MA757 was procured in as-hot-rolled {unvecrystallized) reci-
angular shaped bar with the steel extrusion jacket intact.
The material was processed by the vendor to fulfill the re-
quirements of Preliminary Product Specification (Seection 7.0),
after recrystallization heat treatment,

@ Plate processing was performed by hot rolling unrecrystallized
0DS alloy bar te a nominal 7.37mm (0,29 in.) thickness x 6G.53mm
(2,62 in.) wide x 88.9mm (3.5 in.) multiple lengths, The plate
rolling temperature and reduction rate were selected to maintain

" recerystallization response consistent to vendor mill product,
Good results were cobtained with MA757 rolled at 1010°C to 1023°C
(1850°F to 1875°F) using 107 reductions and reheating each pass,
Removal of the steel extrusion clad was accomplished by pickling
in $0-50 nitric acid and water solution,

¢ MA757 blanks for bend processing to NNS were prepared by cutting
the rolled plate to nominal 55.88mm (2,200 in,) widths x 82.16Smm
(3.235 in.) lengths, Surface defects did not exceed 0.254mm
(0,010 in,) depth,

e NNS processing was performed in TRW prepared tooling No, 994244
heated to about 205°C (400°F), Unclad, non-coated blanks were
heated to 1120°C to 1150°C (2050°F to 2100°F) in an electric fur-
nace Toxr fifteen minmites and bent to shape. Part transfer and
bending times were eight seconds or less.

& Part c¢leaning was accomplished by gril blasting.

# XNNS part heat treatment was conducted using a progressive tempera-
ture cycle - 1205°C (2200°F), 1260°C (2300°F) and 1I315°C (2400°F)
for one hour at each temperature. Simplified heat treatments of
1315°C (2400°F) for one hour were also determined to be satis-
factory in most cuses,
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4.0 CONTINUING WORK

The plate bending process and directional forging technology es-
tablished in this program will be uwtilized in General Electric's
current AFME Manufacturing Technology Program {(¥33615-76-C-5235).
F101 HPT band and LPT vane NNS will be prepared by the plate rolling
and bending process. F10L HPT vane NNS will be prepared by forging
wedge shaped preforms, diagonally cut from rectangular shaped bar.
The NNS will be mwachined to finished paris and engine tested.
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5.0 CONCLUSIONS

Hot plate bending is a more attractive NNS process because
the F101 LPT vane has a relatively constant {hickness
(except for the trailing edge).

Plate bending is capable of imparting vane required curva-
tures and twist.

Plate bending preforms must be processed in the as-rolled
unrecxrystallized) form.

Preparation of ODS plaie for bending is a stra1ghtforward
process using currently available nominal 30.5 cm x 76.2 cm
(1.2 inch x 3.0 ineh) bar in the unreerystallized form,
providing reheating between roll passes is available,

Plate Dending does not measurably affect the’ mlcrostruc;ure
or properties of the ODS plate,

Directionnl forging is a viable KNS process for 0DS vanes
and more attractive than bending for vanes with large section
thickness variations from leading to trailing edges.

Recrystallized preforms can be used for directiomal forging te
enhance workability provided transverse strains are kept com-
pressive,

Bare extrusion of a shaped preform is the least attractive
of the three processes studied because it requires precision
preforms and demands more workability than the other processes,

ODS preform materials for NNS should be capable of meeting
specification propertiy and microstructure requirements, The
BNES process should not be relied on to cure or tailor the
preform,

Cladding, ceramic, and refractory insulating materials can he
effective in reducing heat losses in transfer and die contact,
though reactions which cause surface recrvstqlllzatlon must be
guarded against

MAQ56 (ODS-FeCiAl) has considerably more workability even in
the unclad condition than do the ODS-NiCrAl alloys.

Extrusion and directional forging under the conditions evaluated
are incapable of producing the desired (001) texture in MAOSG,

99,100
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6,0 PRELIMINARY MANUFACTURING PROCESS, MATERIAL SPECIFICATION AND QUALITY

CONTROL FROCEDURES

Preliminary Manufacturing Process

The preliminary process outlined below is recommended for the manu-
facture of MA757 LPT vane NNS. The process is outlined in a fiow chart
in Figure 40. .

1.

Alloy ~ to be purchased to the following composition:

Ni -~ Balance C - 0,10 maximum
Cr - 14,00 to 18,00 S - 0,015 maximum
Al -~ 3.80 to 5.50 - & ~ information only

Material Form - material to be procured as hot rolled
(unrecrystallized) plate,

Plate Processing - to be by exitrusion and hot flat rolling to

plate configuration, nominally 7.37mm (0.29 inch) thick =x
66,55 mm (2,62 1nch) wide in multlple lengths of 88.9 mm
{2.5 inch).

Property Requirements ~ the plate shall be capable of meet-

ing all property requirements spocified in the Preliminary
Produci Specifieation when given a subsequent recrystallization
heat treatment.

Material Condition - to be procured as-rolled (unrecrvstallized)

and decanned by pickling in 50-50 nitric acid and water solution,

Blank Preparation — NNS preforms to be 55.88mm (2,200 inch}

+ ,000mm (,000 inchj} -~ .234mm (.010 inch) widths x 82,16Smm
(3,235 inches) lengths for bending.

NNS~Pruces$ing - to be performed in TRW tooling No. 9942144,

or equivalent design, heated to about 205°C (400°F). Heat
unclad, noncoated MA757 NNS preforms to 1126°C ~ 1150°C
(2050°F ~ 2100°F) in an electric furnace for fifteen mimttes
and bend to R¥S. Part transfer and bending times should be
kept te a minimum - approximately eight sec¢onds total.

Part Cleaning - %o he accomplished by grit blasting;

Heat Treatment - 1205°C (2200°F), 1260°%C {2300°F) and

1315 °C (2400°F) for one hour each.temperature.
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“ FIGURE 40

FIOW CHART OF PRELIMINARY MANUFACTURING PROCESS FOR F101 LPT
VANE 10W COST MANUFACTURING

MA 757 Powder

Canning

Extrusion

Flat Rolling

Decanning

Blank DPreparation

NNS Bending

Recrystallization Heat Treatment

Finished Part Machining
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7.0 PRELIMINARY DPRODUCT SPECIFICATION

The reqguirements listed helow are recommended as n preliminary
specification for low cost F101 LPT vanes through NNS processing,

1, SCOPE
3
1.1 Scope ~ This specilication presents requirements for MA757 %
alloy vanes, 1
. %
1.1.1 Classificention — This specification contains the following .
clnss: i
3
Class A %-
1.2 Delinitions - For purposes of this specification, the follow- ;
ing definitions shall rpply: jg
Primmry Haterial - extruded and rolled 30.5 wm (1.2 inch) }
thick x 73.7 mm (2,9 inch) wide rectangular MA757 as-rolled (unrecrystallized) ; .
bar, ' : ' Y
8
I\”.
Plate Preform - The individual plate section prepared for bend @ :
processing to NNS. s
Bend - The forming operafion to achieve the precise curvature f§
and twist of the NNS, ks
i
- NNS - A bent plaote section closely approximating the vane con- i
figuration for high materinl utilization. : v
Run - A batch of blanks that are NN5 processed at one time, i ;
. . : [ L
Recrystallization -~ Formation of the desired grain size, shape ,
and crystallographic orientation by heat treatment, i ;
Class A - Hot finished, fully heat treated and capable of - N \
76 Mpa (11 ksi) Iongitudinal rupture strength at 1093°C (2000°F) for i .
20 hours, =
2,  APPLICABLE DOCUMENTS
. i
2.1 The following documents shall form a purt of this specifacatlon }é
to the e\tent speciried herein. : @
American Society for Testing and Materials ;j
ASTM E139 Conducting Creep, Creep Rupture and Stress éf
" Rupture Tests of Metallic Materials "
i |
_ASTM E21  Elevated Temperature Tests of Metallic Materials N
203 8!
A
4
3
W
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3. PRIMARY MATERIAL REQUIREMENTS

3.1 Chemical Composition, Iercent

3.1.1 Material supplied to this specification shall have the
following composition as determined in the input powder lot:

Nickel —————remmre——=Balance : Cnrhpn e 0,10 mex,
Chromium ———r==mmme=m14,00 ~ 18,00 Sulfur ————————-— 0,015 max,
Aluminum ~==—-————e ~~ 3,80 - 5.50 Total Oxygen ~———- (1)

(1) Shall be reported for intormation only,

3.1.2 The analysis made by the manufacturer to determine the per-
centages of elements required in the powder lots by this specification
shnll conform to the requirements of 3,1.1 and shall be reported in the
certificate of test specificd herein., An analysis shall hie made on each

_ extrusion, after docanning, for the carbonm, sulfur and oxygen content,
and the percentapges of these elements shall conform to the requirements
of 3.1.1 and shall be reported in the certificate of test,

3.1.3 An analysis may be made on o sample blank by the Purchaser
‘ and the Chemical compesition thus determined shall conform to the require-
: ments ol 3,1,1,

3.2 Material Condition

3.2.1 Material shall be supplied by the primary vendor in the hot
finished (unrecrystallized) condition as specified hglnw:_

Material shall be uniform in quality and condition
clean, sound, and free from foreign materials and fwom
‘ - internal and external imperfections detrimental to

o : - performance of parts.

3,3 Mechanical Properties

3,3.1 Stress Ruptu}e

1 ' 3.3.1.1 Material shall he eapable of meeting the following minimum
' stress rupture requirements at 1093°C. (2000°F) subsequent a2 recrystalliza-
tion heat treatment. ' ' '

Stress, Life, Elongation,

Test Direction : MPn (ksi)} = Hours_ Percent
In direction of extrusion 76 (11) a0 - 2

Transverse direction to extrusion 31 (1.3) 20 -
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3.4 Grain Structure

3,4.1 The grain structure after recrystallization, shall be columnar
with the long axis parallel to the extrusion direction within seven degrees,
with no more than five percent equiaxed prains permitted.

4, NKS REQUIREMEKTS

4,T Chemical Composition, Yercent

4,1.1 The NNS material shall have the same compositional require-
ments as the primary material.

4,1.2 An analiysis may be mede on a sample NXS by the Purchaser

and the chemical composition thus determined shall conform te the require-
ments of 3.1.1.

. 4.1.3 Material shall be uniferm in quality and condition, clean, zound
and free from foreipn materials and from interunal and external imperiections
detrimentn} to fabrication or to performance of parts,

4.2 Materisnl Condition

4,21 “ﬁ@terial'shnli he supplied by ‘the NNS vendor in the recrys-
tallized condition and must meet the requirements of 3.2.1, 3,3.1 and 3.4,

4.3 XNES Conlipuration

The NNS shnll be supplied by the secondary vendor, and he a uni-
formly thick plate segment bent to the curvature and twist approximeting the
F101 LPT vane configuration. The tolerances of the NNS shall be as specified
on the drawing or 25 agreed upon by the vendor and the Puarchaser,
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8.0 ECONOMIC ANALYSIS OF ODS ALLOY PILATE BENDING NEAR-NET SHAPE PROCESS

This program has resulted in the establishment of a preliminary manu-
facturing process for ODS alloy LPT vane KNS, General Electric working with
TRW, Cleveland, as the subcontractor has established a potential Fi0l LPT
vane cost reduction,

The current vane manufacturing method is to procure heavy rectangular
ghaped bar, diagonally cut and machine two vanes per cross section by con—
ventional machining techniques.

The near-net shape process, as shown in Figure 39, was designed to
improve material utilization and reduce machining cost. Plate rolling and
bending is a simple, inexpensive process which is amenable to all ODS alloy
vendors. The plate bending near-net shape process is believed to be the
most cost effective process for the F1l01 LET vane, It provides substantial
material utilization at low process cost,

ODS alloy LFT vane near-net shapes were cost compared to the current
method on the basis of a two-hundred and fiftieth engine and 1876 costs.
The analysis is based on processing and machining at General Electric, TRW
has indicated the near-nei shape forming operation to have a shop cost of
86,which is only a portion of the total cost. It is believed,however, to be

in line with the General Electric estimate for a similar portion of the work.

The cost comparison is shown in Table XII, The current methed required 11,3

kilograms (2,5 pounds) input material for each vane, The near neti shape

process can produce a vane from 4,1 kilograms (0.9 pounds) of material for =a

savings of 6.1 kilograms (1.35 pounds) or 278 percent improved material

utilization. The ndditional cost for the conversion to nmear-net shepe is
insignificant compared to the material and machining costs savings, NNS

~processing is estimated to save about forty percent vane manufacturing cost

up through the outside contour machining step qf vane manufacture,
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ODS ALLOY F101 LPT VANE MANUFACIURING COST TCR{PARISON

Item

Material, 1bs,
Material Cost

NNS Processing
Machining Cost

Vane Cost

Materinl Savings
Machining Savings

Total Vane Cost Savings

TABLE XIXI.

(1)

Current ¥ethod Near-Net Shape Method
2.25 0.8
$90 $36
N A(Z) ) $11 (3
$36 $29
126 $76
60%
19%
40%

(1) Based on 250th engine, 1976 costs

(2) Not applicable

(3) Mfg. at General Electric,

TRW shop estimate was $6

{not a total cost).

108



P LY i

- e

: 'm%"'ﬁ"ﬁ' K4 ;%*fﬁu'ﬁ?ﬁi:‘;’w_. R

M
S (TR

9,0 REFERENCES

Monal, F. R,, "Dispersion Strengthening of Mehals", MCIC Report 77-30
April 1877.

Bailey, P, G,, "Manufacture and Engine Test of Advanced Oxide Dis-
persion Strengthened Alloy Turbine Vanes" NASA CR-135269 (1877).

U,.S5, Patent 2,972,529 Metal Oxide-Metal Composition

U.S, Patent 3,723,082 Composite Meial Powder and Production Thereof
{Mechanical Alloying).

U.S. Patent 4 010,024,

Klmgle L, d., Weinberger, W. R., Bailey, P. G., and Baranow, s.,
Development of DsNi~-Cx-ThD2 Sheet for Space Shuttle Vehicles" ’
NASA 3-13480 (1972), (MCIC 84821),

Kiingler, L, J,,Weinberger, W. R,,Bailey, P, G., and Baranow, S,,
NASA Cr-120796 (1972) and KASA Cr—-121164 (1973)

Bammett, W, J, and Bailey, P.G., "Manufacture of High Strength
TD-Ri-Cr Tubing”, AF33 (615)-69-C-1870 (April 1971). (AD8S85 582)

{TRW 0ODS Work)

Allen, R. E,, and Perkins, R. J., "ODS FeCrAlY Component Manufacturing

Development”, NOODlQ—TZ—C—G397 F:mal Report 1973,

Allen, R, E,, and Perkins, R, J., "Strengthening of Fe-Cr-81~Y
Oxidation Resistant Alloy", NO0019-72-C-0271 Final Report 1973.

109/110



