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FOREWORD

This Final Report covers the work performed under Contract N00019-76-C-0143 from
1 November 1975 to 31 March 1977. It is published for information only and does not neces-
sarily represent the recommendations, conclusions or approval of the Navy. This work was
administered under the technical direction of Mr. W. T. Highberger, Jr. of the Naval Air
Systems Command, Washington, D.C, 20360. This program was directed by Mr. Joel
Magnuson, Project Engineer, and Mr. Robert Witt, Project Manager, Advanced Materials
and Processes Development, Assisting on the program was Mr. David Layton of the Ele-
ments and Materials Test Laboratory. Mr. Vijay Chandhok served as the Project ‘
Manager for the Crucible Materials Research Center, the major subcontractir on the
program,

This report has been reviewed and is approved,

1

v // iy
( - .// / - % /_ '.’,., -
Carl Micillo, Manager

Advanced Materials and
Processes Development
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Section 1

INTRODUCTION

1.1 BACKGROUND

This program, which was a follow-on effort to Navy Contract N09019-74-C-0301,
""Manufacturing of Titanium Components by Hot Isostatic Pressing', was designed to verify
the flight-worthiness of hotisostatically pressed (HIP'd) airframe components. Many efforts are
being directed toward reducing the cost of complex titanium parts, especially those which are
manufactured by methods involving extensive machining. The difficulty of forging thin titanium
sections, combined with the high cost of machining, has priced titanium out of extensive
future aircraft use. For this reason, serious efforts are being expended on new technologies
to produce net or near net-shape titanium parts. These include isothermal forging, cold

isostatic pressing plus sintering, hot die pressing and hot isostatic pressing (HIP).

Isothermal forging and hot die pressing are limited by part complexity and require-
ments for elevated-temperature die alloys. Sintering is questionable with respect to the full
densification of the component. Hot isostatic pressing (HIP), or the other hand, has been
shown to be capable of producing complex parts to fuil density and does not require the use
of high-temperature die alloys.

1.2 PROCESS DESCRIPTION

The HIP process consists of encapsulating metallic powders in a suitably shaped mold,
evacuating and sealing the mold assembly, and positioning it in a high temperature /pressure
autoclave that contains gaseous media (see Figure 1). As the built-in heaters increase
the temperature of the mold material to its softening range, the applied pressure is trans-
mitted to the powder charge through (now flexible) walls of the mold. Particle bonding
is further enhanced by diffusion accelerated by high temperature. Titanium alloy powders
are especially suitable for processing by HIP because of titanium's ability to dissolve its
own (particle surface) oxide at relatively low temperatures; this enables the diffusion process
to proceed readily and facilitates bonding.

Since the major factor in machining costs is the number of separate machining steps
required, rather than the amount of material removed, net-shape manufacturing represents
a realistic approach to reduce the cost of forged titanium parts by 40 percent or more.
Other net-shape processes are limited either by obtainable product properties or by part
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complexity. The latter is of particular importance, because airframe parts usually consist
of deep pockets and thin intersecting webs and ribs to meet high strength-to-weight design

requirements. This program, therefore, emphasized the manufacture of a net shape rather
than machining preforms. A fuselage brace was selected for this program because it com-

bined typical airframe design in a configuration of convenient size and weight.

1.3 PROGRAM OBJECTIVE

The purpose of this program was to establish the flight-worthiness and reproducibility
of an F-14 airframe component manufactured by hot isostatic pressing of pre-alloyed
Ti-6Al-6V-2Sn titanium alloy powder.

1.4 PROGRAM APPROACH

The goals of the program were to certify for flight a fuselage brace (Part No.
A51B21683) by spectrum fatigue testing to verify its mechanical and physical properties, and

to evaluate acceptance criteria for HIP parts.

The program was divided into three tasks (Figure 2). Tasks 1 and 2 were to estab-
lish optimum HIP conditions and produce a representative pilot lot for reproducibility and
functional tests. Task 3, which ran concurrently with Tasks 1 and 2, was to define nonde-

structive inspection techniques and standards for the acceptance of HIP components.

HIP processing was performed at the Crucible Materials Research Center (CMR) of
Pittsburgh, Pennsylvania. Material processed during the first three HIP runs was to be
compared for tensile and fatigue properties and evaluated for stress-relieving requirements.
The final parameters for the pilot-lot HIP cycle and the optimized die configuration were to

be selected at the conclusion of Task 1.

Task 3 was to establish nondestructive testing techniques for HIP'd Ti-6Al-6V-2Sn
titanium alloy powder parts. These studies included hot isostatic pressing of standardblocks
with densities in the range of 98-99 percent. These blocks were then to be used to determine
the feasibility of detecting density variations by ultrasound velocity measurements. The
standards developed in Task 3 were to be applied to the parts produced in the pilot lot in
Task 2.

In Task 2, a pilot lot (10 pieces) of the program part (fuselage brace) was to be manu-
factured for testing to verify flight-worthiness of HIP-produced parts. (Task 2 made use of
HIP parameters developed in Task 1 and the NDI criteria developed in Task 3.) The fuselage
brace was to be subjected to spectrum fatigue loading of up to four times the aircraft design
life. In addition, bulk HIP'd Ti-6A1-6V-2Sn blocks were to be machined into test specimens




for generation of mechanical property data, including tensile, fatigue and fracture toughness.

In addition, net-shape fatigue specimens (Appendix B) were to be manufactured for fatigue
evaluation of as-HIP surfaces.

TASK 1 TASK 3
HIP PARAMETERS ACCEPTANCE CRITERIA

D
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i I
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Figure 2. Program Flow Chart




Section 2
PARAMETER SELECTION

2.1 INTRODUCTION

Based on Phase 1 results (Reference 1), it was concluded that mechanical properties
of hot isostatically pressed configurations depend on time at pressure and temperature, and
oxygen level of the material. Task 1 of the present Phase 2 effort was designed to evaluate
effects of increased time at temperature and pressure on mechanical properties and to im-
prove dimensional tolerances of the selected part. Special efforts were required, for in-

stance, to eliminate beveling at the lower base of the brace.

In considering the effects of HIP parameters, it is essential to realize that temper-
ature/pressure profiles on heating and cooling form an integral part of the HIP cycle. As
shown in Figure 3, soaking at the HIP temperature (1650°F) for 8 hours is required to
bring the heavily insulated mold assembly (Figure 1) to the required HIP temperature;
therefore, the true cycle begins 10 hours after the starting time. Pressure is applied after
the autoclave has been at temperature for 4 hours, as shown by the dotted line in Figure 3.

The powder utilized in the Phase 2 experimental studies was produced by REP tech-
niques, identical to those used in Phase 1. Powder remaining from Phase 1 was utilized in

the first HIP run to expedite the refinement of dimensional tolerances.
2.2 OBJECTIVE

The objective of Task 1 was to extend the parametric results of Phase 1 to improve
tensile strength of Ti-6A1-6V-2Sn configurations manufactured by HIP without sacrificing
the excellent ductility and toughness already achieved, and to concurrently refine dimensions
and contours of the mold to improve dimensional tolerances of HIP'd parts.

2,3 PROCEDURE

The powder used for this program was manufactured by Nuclear Metals by means of
their Rotating Electrode Process (REP). Table I gives the chemistry of the two powder
lots used. Figure 4 gives their respective mesh distributions. It can be seen that the
particle size for the new powder lot was shifted somewhat toward finer mesh sizes. The
Ti~6A1-6V=-2Sn configurations utilized for this program were made by the Crucible Materials
Research Center (CMR) of Pittsburgh, Pennsylvania, using their patented ceramic mold
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Table I. Chemical Analysis of REP Powder
ELEMENT WT, %
POWDER
A1 \") Sn Fe (0] Cu Cc N H Ti
RUN 1 5.6 5.4 1.8 0.62 0.19 0.48 0.04 0.01 0.001 Balance
RUNS 2-6 5.7 5.5 2.0 074 0.18 0.69 0.02 0.01 0.009 Balance

PRESSURE, PSI
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system. The cycles investigated during the Task 1 study are shown in Table II. The con-
figurations HIP'd in each run are listed in Table III. These configurations were designed

for the following purposes:

e Test Block - for 4-in. fatigue coupons (Appendix B) and other test configurations to
be used for HIP parameter selection

e Brace Fitting - the program part, Grumman F-14A Fuselage Support Brace, Part
No. A51B21683, to be used for dimensional analysis

e Fatigue Specimen - Coupon TGS 5771 (Appendix B) for fatigue evaluation of speci- ]

mens with as-HIP surfaces

e NDI (Nondestructive Inspection) Test Blocks - to be HIP'd to 0-2% porosity for es-

Yoy ey

tablishment of acceptance criteria in Task 3

e Powder Evaluation Sample - to be consolidated by HIP in absence of ceramic molds
(i.e., in a steel can) in order to eliminate possible contamination from ceramic

mold materials.

The evaluations conducted during the HIP Parameters Selection Study were based on
specimens machined from the test block configurations. After receipt of the blocks from

CMR, specimens were saw-cut, machined and vacuum stress relieved (10’5 microns Hg at ; ki
1300°F). All specimens, except compact tension, were polished. Radiographic inspection '
was used on rectangular configurations. Tensile properties were determined on a Riehle :

Universal Testing Machine (Model SF1U). Fatigue properties were determined on a Sonntag
Universal Fatigue Machine (Model FH60) using axial tension-tension (R=0. 1) loading. Frac-
ture-toughness values were obtained in accordance with ASTM Procedure E399 (Appendix B);
both Kq and ch values were evaluated. Fractographic evaluations were performed by scan-
ning-electron microscope using a Cambridge Stereoscan 600 and x-ray spectrum analysis.
Metallographic specimens were polished using silicon carbide paper, diamond paste and
aluminum oxide. Specimen surfaces were prepared for photomicrography using Keller's
etch; micrographs were taken using a Bausch and Lomb Research II Metallograph.

2.4 RESULTS
2.4.1 Tensile Tests

Representative tensile test data generated in Task 1 are listed in Table IV together
with the minimum requirements of Grumman Specification GM 3117 for forgings. It is evi-
dent that tensile properties of HIP'd Ti-6A1-6V-2Sn titanium alloy depend greatly on the
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! Table 1. HIP Matrix for Task 1 — Present Investigation % 4
- - {
3 TRUE CYCLE DURATION OXYGEN B
é B RUN (i.e., MINUS FIRST 8 HOURS CONTENT, : :
' NO. OF TEMP SOAK AT 1650°F) % WT
PREVIOUS &E
EFFORT 2 0.19 3
i1 ! 8
1 4 0.19 %
! B
i 2 4 0.18 f
i
3 3 0.18 i
: 4 2 0.18 i
fs
Table I11. Parts HIP‘d Under Present Program ;
HIP COMPACT POWDER MESH {
RUN NO. LOT SIZE PART DESCRIPTION HIP RUN
] 1 SM-402 A304039 -35 Test Block 5-%" x 4-%" x 1-%" KBI 287A t
3 ] SM-403 Test Block 5-%" x 4-%" x 1-%" ¢
i SM-404 Brace Fitting A51821683 ;
SM-405 Brace Fitting A51B21683 |
3 A SM-406 Powder Evaluation Sample 3"’ rd x 8" .
2 SM-432 NB 4158 -35 Test Block 5-%" x 4-%"" x 1-%" KBI 300A
SM-430B Fatigue Specimen TGS5771
SM431A Two NDI Test Blocks
SM-430A Fatigue Specimen TGS5771
3 SM-446 NB 4158 -35 Brace Fitting A51B21683 CMR 65 1
SM-447 Brace Fitting A51821683 ‘
(Vacuum Annealed - 1300 F
N 2 hr)
SM-450A Two NDI Test Blocks
i | SM-4508 Two NDI Test Blocks
| SM-449A & B Two NDI Test Blocks
; 4 SM-485 NB 4158 -35 Test Block 5-%" x 4-%"" x 1-%" CMR 78
{ ; SM-487 Brace Fitting A51B21683 (Vacuum
] Annealed - 1300 F 2 hr)
SM-488 Brace Fitting A51B21683 (Vacuum ]
i ] Annealed - 1300 F 24 hr) .
Ll i

l | 528719 9 ‘;
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Table IV. Effect of Annealing on Strength and Ductility of HIP’d Ti-6AI-6V-2Sn
Titanium Alloy Powder

AS-MACHINED

HIP'd PROPERTIES HIP'd PROPERTIES AFTER ANNEALING AT 1300°F
POWDER LOT 304039 4158 304039 4158 4158 Grumman
PPM O, 1900 1800 1900 1800 1800 Forging Specification
HRS AT 1300°F None None 2 Hr 24 Hr 24 Hr GM 3117
HIP CYCLE Run 1 Run 2 Run 1 Run 2 Run 4
Feur HR 149.1 144.7 148.0 1425 144.2 150.0
Ftv' HR 142.2 134.6 1410 135.1 136.4 1400
ELONG, % 177 14.7 18.0 220 20.0 8.0
RA, % 35.1 439 43.0 478 42.2 200

5287-24




oxygen content of the original powder. For powder lot No. 304039 used in Phase 1 investi-
gations and the first HIP run of Task 1 (Phase 2), a 100-ppm increase in the oxygen content
over corresponding value of Lot 4158 resulted in a 4-5 ksi increase in Ftu and more than a

7 ksi increase in Fty‘ Fty and elongation of configurations HIP'd from Phase 1 powders ex-
ceeded minimum requirements of Grumman Specification GM 3117; elongation values obtained
exceeded minimum requirements by a factor of 2. Although F e values of shapes consolidated
from this powder were slightly below (less than one ksi) the minimum requirements, a 50
ppm increase in the oxygen level could definitely bring F ty into the required range.

Annealing at 1300°F for 2 hours did not appreciably affect mechanical properties; an-
nealing for 24 hours at 1300°F, on the other hand, resulted in approximately a 30% increase
in elopgation without detrimental effects on ultimate and yield tensile strengths.

2.4.2 Effects Of Isotropy

Although tensile properties of HIP-consolidated configurations may prove to be some-
what lower than those taken in the longitudinal direction of forgings (Table V), isotropy of
HIP micro-structure and properties may be a definite asset from a design standpoint, Excel-
lent fracture toughness of HIP configurations, which is far superior to that of the wrought
counterparts, represents another advantage of HIP technology. In the present study, isotropy
of microstructure and mechanical properties were established by metallography and compar-
able test data for randomly selected test specimens, respectively.

2.4.3 Fatigue Endurance

Fatigue test data on Ti-6A1-6V-2Sn titanium alloy specimens (Configuration 45 MPS
196, Appendix B), consolidated by HIP in the course of Runs 1 through 4, are presented in
Figure 5. The legend indicates the serial numbers of HIP runs and the annealing heat
treatment parameters utilized. These data indicate that all but two of the data points fall
within the typical data band for annealed forgings. One of these two specimens, identified by
a subscript '"M"", was subjected to a fractographic evaluation, which established that the
failure initiated at a ceramic inclusion as detailed in Subsection 2. 4.4.

Vacuum annealing at 1300°F did not have detrimental effects on fatigue endurance,
There were no appreciable variations in fatigue endurance of materials processed in the
course of 2-hour and 4-hour HIP runs.

11
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‘ Table V. Tensile Properties of Annealed Forgings and HIP‘d Specimen
SOURCE e Foy ELONG, RA,
EV (OXYGEN) Ksl KSI % %
TMCA (Ref 4)
(0.10) 147 137 20 34
TMCA (Ref 4)
(0.16) 150 140 20 38
1 MARTIN MARIETTA
l (Ref 5) 155 149 16 43
| GRUMMAN
(Ref 6) 151 144 18 44
4 BOEING-N.AMERICAN(Ref 7)
i (0.15) 148 142 1 44
NASA LEWIS (Ref 5)
(0.12) 148 140 16 28
i GRUMMAN (Ref 9)
; (0.15) 160 152 15 -
1 a ANNEALED
L FORGING AVERAGE 151.2 143.4 16.5 38.5
2
! b GRUMMAN
| SPECIFICATION 150 140 8 20
¢ HIP RUN 1 (2-HR
ANNEAL) (0.19) 148 141 18 43
4 d % DIFFERENCE FROM (a) -2.1 1.7 +9.1 +11.7
e |
; ] e % DIFFERENCE FROM (b) -1.3 +0.7 +125 +115
A
E |
{
!
|
{
|
|
|
|
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2.4.4 Fractographic Analysis

Figure 6a shows a failure initiation site with the beach marks from the origin, Fig-
ure 6b shows a particle at the fracture initiation site, visible in Figure 6c as a teardrop
shape. An x-ray scan revealed the presence of aluminum and silicon (Figures 6c and d) or
their compounds (since detection by the x-ray technique is limited to the heavier elements),
Note that the cleaved grains surrounding the particle are equiaxed alpha and, thus, have no
particular orientation. This specimen was machined from Run 1 material, which has a 4-
hour HIP cycle.

Failure initiation at a foreign inclusion was a cause for serious concern; accordingly,
specimens tested in the course of previous (Phase 1) studies were subjected to fractographic
analysis to determine the mode of their fracture initiation. No foreign inclusions could be
detected at failure initiation sites in any of these specimens. Occasionally the failure
initiated at particles which retained their original (spherical) configuration after HIP, as
shown in Figure 7. Most of these particles also retained the basketweave structure similar
to that of the original powder particles. The presence of non-deformed particles (‘'ghost
spheres'') did not appear to have detrimental effects of fatigue endurance.

2.4.5 Fracture Toughness

The previous (Phase 1) results, included in Table VI, demonstrated that HIP'd Ti-
6A1-6V-2Sn exhibits excellent toughness (70 and 60 K1
respectively). These values exceed the normal range for Ti-6A1-6V-2Sn of 35-60 K
are equivalent to that of Ti-6A1-4V in the RA condition (Figure 8),

o at 1400 and 1900 ppm oxygen,
1o and

A new lot of REP powder was utilized in Phase 2, One Kq specimen (Appendix A, TGS
109345) machined from the Run 2 test block and tested, yielded a Kq value of 85 ksi/inch,
which is very high for this level of oxygen (1800 ppm). This test showed that the material
exceeds by far the minimum Grumman requirement of 50 K1 for critical components.

A scanning electron microscopic analysis of the fracture surface of a HIP compact ten-
sion fracture specimen reveals the topography to be different from that of wrought material
(Figure 9). Contrasting with the smooth flow lines of the control specimen, the HIP frac-
ture surface is pebbly and lacks distinct flow lines. The pebbly surface is the resuit of the
exposure of many spherical grains in relief (Figure 10) by the diversion of the crack tip
at prior particle boundaries. This diverted crack propagation apparently explains the high

14
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Figure 6. Scanning-Electron-Microscope Examination of Specimen No. 5 (Run 1)

52877




A. FRACTURE INITIATION SITE (400X MAG)

12 2300tV ec/S
VS:S*.. HS: SOEV/CH

i
f{
1

H

) 64SEC

i
{
|
|

Figure 7. Analysis of Specimen from Phase 1

{
'e 5287.8 16
{
]

vS: 10K HS

ec/S
S@EV/CH

B. X-RAY SCAN OF INITIATION SITE (400X MAG) C. X-RAY SCAN OF MATRIX (400X MAG)




Table VI. Effect of Cycle Duration and Oxygen Content on HIP'd Ti-6Al-6V-2 Sn
Titanium Alloy Powder

POWDER OXYGEN TOUGHNESS FRACTURE TOUGHNESS
CONTENT (Kq) K.‘c, Ksi V IN. CYCLE LENGTH, HR
PHASE 1 1400 68.9 70.7 2
PHASE 1 1900 - 60.5 2
PHASE 2 1800 85.0 - 4
100 —
=
m—
FRACTURE
TOUGHNESS
K, =
c
KSI/IN.
60—
Kyc O Ti-6AI6V-25n DATA
- Kq ® FROM PHASE 1 (REF 1)
Kq & RUN 2
T T T T T 1
1000 1200 1400 1600 1800 2000

OXYGEN CONTENT, PPM

Figure 8. Fracture Toughness of Recrystallized Annealed Ti-6Al-4V (Ref 3)
Compared to HIP'd Ti-6Al-6V-2Sn
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Figure 9. Fractographic Analysis (5x Mag) of K, Specimen
£
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Figure 10. Spherical Grain Structure in HIP'd

Compact Tension Specimen (10x Mag) |
4
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Figure 11. Ductile Rupture of HIP'd Prior-
Particle-Spherical Grain (800x Mag)
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degree of toughness. At greater magnification (Figure 11), two of these spherical indications
can be seen., They are characterized by a ductile rupture with no indication of brittleness
within the grains or at their boundaries.

2.4.6 Microstructure

Figure 12 shows that there are virtually no discernible microstructural differences
among specimen subjected to 2- and 4-hour HIP cycles. Isolated occurrences of undeformed
"ghost'' particles referred to in Subsection 2. 4.2 were detected throughout the matrix, The
basket-weave microstructure of these particles suggests that the transformation of the origi-
nal dendritic structure to equiaxed alpha-beta structure has been retarded by the lack of
deformation of these particles in the course of HIP processing.

2.4.7 Evaluation of Net Shapes-Dimensional Tolerances of HIP Braces

In considering advantages of hot isostatic pressing (HIP), it is essential to realize, that
in order to maximize the cost-effectiveness of the process, the parts will have to be produced
to net (final) configurations. Even if only superficial machining is required, the cost advan~
tages are substantially reduced due to the setup costs of machining operations. Accordingly,
it is essential to refine the process to bring the maximum number of dimensions within the
design tolerances or, whenever possible, to consider relaxation of design specifications.
Since, prior to the HIP operation, the density of the powder charge is only about 65 percent
of that of the fully densified material (thus, considerable volume changes occur on densifica-
tion), it was anticipated that it may prove to be difficult to meet flatness requirements for
mating surfaces and machining would be required to accomplish this objective.

The approach normally used in refining configurations of HIP components consists of
machining the die for the wax pattern (to be subsequently used in manufacturing of shell molds
for HIP) to undersize dimensions and progressively enlarging the die as required by results
of dimensional analyses on HIP parts., Figure 13 shows target dimensions for the selected
part (A51B21683). Appendix C lists all actual measurements obtained in the course of dimen-
sional analyses. Mating surfaces for which machining appeared to be mandatory are marked
in Figure 13 with the symbol " r\r/x_ ki Table VII lists critical target dimensions and vari-
ations from these dimensions exhibited by configurations manufactured in the course of con~
secutive HIP runs in Phases 1 and 2. The data presented indicate that all but one of final
(Run 4) dimensions are well within the limits of existing drawing specifications. Dimension
No. 28 was only 0, 005 inch below the specified minimum,

19
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Table VII. Dimensional Control (Phases 1 & 2)
DEVIATIONS FROM TARGET DIMENSIONS

PHASE 1 PHASE 2
RUN 2 RUN 3 RUN 1 RUN 3 RUN 4
TARGET L__PARTNO. [ PART NO. PART NO. PART NO. PART NO.
DIM. m 1 1 1 2 1 2 1 2
4 4781 |+0.011 .0012 | +0007 | +0.005 |+0.022| +0.007 |+0.007| +0.002
5 3.438 |+0.028 0.000 0.000 [ 0.000 0.000 | 0.000 | 0.000| 0.000
+0.009 | +0.009 | +0.003 | +0.008 |-0.007 | -0.005
8 0125  [.0.010 0.000 |.0'012 | +0.012 | +0.014 | +0.020 |+0.006 | +0.005
27 1515  |-0.025 +0.035 | -0.030 | -0.030 |-0.025| -0.015 |+0.003| +0.003
28 3140 |-0.080 +0.040 |70085|-0055 | 5060| -0.085 |-0.015| -0.015
-0.025 | -0.025
30 1500 |-0.105 +0.066 -0.010 | -0.010 | -0.040 | -0.035 |-0.010] -0.005
3 0.100 |-0.010 -0.010 | 40020 | +0.020 | 0.000| -0.006 |-0.010] -0.010
35 2000 |-0.030 +0.067 | .0.015 | -0015 |-0026| 0928 |40.010{ +0.015
PEMISSABLE TOLERANCES PER DRAWING: .XXX = +0.030
-0.010

NOTE:

5287-39 22
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2.4.83 HIP Processing

Figure 14 shows a 60-inch-diameter autoclave utilized in HIP processing. Figure
15 illustrates typical steps in manufacturing titanium components by HIP.

2.4.9 Metallography of Net Shapes Produced by HIP

Metallographic spotchecks on braces manufactured in the course of Runs 1and 2
(Phase 2) indicated that the microstructures varied considerably from that of more massive
rectangular blocks processed during identical HIP runs. Figure 16 illustrates the typical
microstructure detected in braces. This microstructure indicated that the B-transus tem-
perature for the brace material may have been exceeded in the course of HIP processing.
Since temperature charts for these autoclave runs failed to show any anomalies, an investi-
gation was conducted to detect other possible variations in processing parameters. This
study revealed that a new batch of spherical ceramic powder was used by CMRC in these
HIP runs and some pickup may have occurred from moisture in inadequately outgassed
ceramic, Available data indicate that the @-transus temperature for Ti-6A1-6V-2Sn
titanium alloy is depressed 7-10°F per 100 ppm of absorbed hydrogen. The proposed hypo-
thesis was supported by the fact that signs of B-transformation were detected only in braces,
i.e., in relatively thin sections of processed shapes. Chemical analyses of specimens re-
moved from braces processed in these runs indicated the hydrogen content was in the range
of 1480 to 1690 ppm in contrast to corresponding values in the range of 307 to 478 ppm ob-
tained for massive rectangular blocks. Run No. 3 was designed to manufacture an additional
brace configuration using adequately outgassed ceramic materials to ascertain that the prob-
lem had been eliminated. The hydrogen content of this brace was determined to be 332 ppm.

Subsequent studies revealed that the excessively high hydrogen contents can be reduced
to 188 ppm by vacuum annealing at 1300°F. This treatment also restored the normal a-8
microstructure as shown in Figure 17, Results of all hydrogen analyses conducted in the

course of these studies are summarized in Table VIII.

2.4.10 Specimens Designed for Fatigue Tests on As-HIP Surfaces

The configuration shown in Appendix B (TGS 5771) was designed to yield fatigue speci-
mens with oversized grip sections (for subsequent machining) and net dimensions of the re-
duced test sections to generate data on fatigue endurance of shapes with as~HIP surfaces.




Figure 14. 60-Inch Inside-Diameter Battelle Autoclave
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Beta-Transformed Structure in Braces
Manufactured in Runs 1 and 2 (250x Mag)

Figure 16.

Figure 17. Microstructure of Part No. A51B21683 After
Vacuum Annealing {250x Mag)
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Significant differences in the masses of grip and test sections make it difficult to maintain
integrity of the shell molds in the course of processing. Damaged molds caused external
and internal imperfections that rendered specimens unsuitable for testing. Wall thickness
of ceramic molds was increased for the subsequent lot of specimens that were manufactured

in Run 5.
2.4.11 Selection of Parameters for Reproducibility (Pilot) Lot

Results of evaluations conducted in the course of Task 1 suggested that both 2~ and 4-
hour cycles are suitable for HIP processing of selected parts. Crucible indicated, however,
that selection of 4-hour cycles for production-size lots will unfavorably affect the cost-ef-
fective utilization of the autoclave. Accordingly, a compromise was reached and a 3-hour
cycle at 1650°F and 15 ksi was selected for the pilot lot manufactured in Task 2.
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Section 3
FLIGHT QUALIFICATION TESTS AND REPRODUCIBILITY STUDIES

3.1 INTRODUCTION

After development of the required HIP parameters had been completed in Task 1, Task
2 evaluations could be initiated. These studies were designed to verify the flight-worthiness
of HIP'd braces (Part No. A51B21683) under simulated flight conditions, to obtain additional
data on mechanical properties (particularly fracture toughness characteristics) and to. check

on the reproducibility of dimensions obtainable in the course of a pilot lot.
3.2 FUNCTIONAL QUALIFICATION SPECTRUM TEST

3.2.1 Design of the Test

To verify the flight-worthiness of the HIP braces, a truncated 12-level spectrum fatigue
test was designed based on the actual 212-level load spectrum experienced by the wing box in
flight. Figure 18 shows that, for the identical KN factor, the truncated spectrum selected
is more severe than the actual spectrum. The acceptance criteria was based on four life
cycles, i.e., 24,000 equivalent flight hours (EFH).

The test assembly designed was an actual replica of a 20-in. -long section of the wing
center-section as shown in Figures 19 and 20. The test braces were shot peened to 0.1
Almen intensity level and installed in the test assembly as shown in Figure 21. The loads
were introduced through the outside fuselage attachment fitting (Part No. A51B21518) as
shown in Figure 19. The completed test assembly shown in Figure 22 simulated accurate-
ly the actual stiffness of the wing center-section in the location of braces. Strain gages were
positioned on the test braces in locations of maximum anticipated stresses as shown in

Figure 20,

3.2.2 Test Procedure and Results

A spectrum test block consisting of 12 load levels (Table IX) corresponded to 200
equivalent flight hours (EFH) including ascent, cruise and dive attitudes. The loads were
applied to the outside fitting by a numerically programmed hydraulic loading system. Each
200-E FH block required 15 minutes testing time; the entire 24,000 EFH cycle consisted of
120 blocks. Static strain surveys were conducted at 600, 8000, 16,000 and 22,883 EFH
intervals. HIP Bracie No. 513 withstood the 24,000 EFH spectrum test without failure, thus
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LOAD, 10° LB iy o

LEVEL MAX MIN ot

1 9.0 40 1000

2 1.0 5.0 500

3 14.0 70 1

4 18.0 40 50

5 220 50 9

6 220 40 15

7 24.0 40 7

8 250 40 13
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Figure 18. Spectrum Fatigue Life of F-14A Fuselage Brace
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Figure 19. Simulated Portion of F-14A Wing Center Section (Looking Aft)
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Figure 22. Spectrum Fatigue Testing Fixture
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establishing the flight-worthiness of fuselage braces (Part No. A51B21683) manufactured by
hot isostatic pressing (HIP). Strain survey measurements and corresponding stress values
for Brace No. 513 and a control brace produced by conventional methods (forging and ma-
chining) are listed in Table IX. Analysis of these data indicated the maximum value of
stress encountered in these parts in service to be 21.41 ksi. Accordingly, although the
flight-worthiness of selected parts has been established, it was of interest to estimate the
true potential of HIP parts by conducting tests at higher stress levels._

3.3 SPECTRUM TESTS AT HIGHER STRESS LEVELS

The test assembly utilized in the qualification tests was modified to allow a more ex-
tensive deflection of the front beam, thus inducing higher maximum stresses in the
test brace. Strain measurements and corresponding stress levels obtainable by this modifi-
cation are listed in Table X. The maximum stress level obtained was 32 ksi (forward
flange), which was 50 percent higher than the maximum stress experienced by parts in qual-
ification tests. A HIP brace (Part No. 509) was subjected to 120 spectrum test blocks at
new stress levels without failure.

3.4 CONSTANT-AMPLITUDE FATIGUE TESTS

Since modifications of the test assembly used in qualification tests resulted only in a
limited increase of the maximum stress experienced by the fuselage braces, a new fixture
(Figure 23) was designed. The load on the brace in this fixture was applied as shown in
Figure 24, Although neither the load application method nor resulting stress distribution
corresponded to those in the actual flight article, the new arrangement could allow the tests
to continue at the desired stress level to failure. Prior to constant-amplitude fatigue tests,
a forged brace was statically loaded in this fixture to determine maximum stresses exper-
ienced by the part at various loads; data obtained are listed in Table XI.

The 