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PREFACE

This final technical report covers the work
performed under Air Force Contract F33615-74-C-5114 V
during the period of February 1, 1974 through March
1, 1978. The work conducted under this contract
was technicall y moni tored by Mr. L. P. Clark , Manu-
facturing Technology Division (AFML/LTM), Air Force
Materials Laboratory (AFSC), Wrig ht-Patterson Air VForce Base, Ohio.

This report was prepared by Crucible Materials
Research Center (GMRC) , Pittsburgh, Pa., as prime
contractor. Mr. V. R. Thompson (CMRC) was the pro-
gram manager and Mr. J. H. Schwertz (cMRC) was the
principal investigator. The shape development was
carried out by Mr. V. K. Chandhok (CMRC), the
titanium physical metallurgy by Mr. V. C. Peterson
(CMRC) , and the powder characterization by Mr. C.
F. Yolton (CMRC). Major sub-contractors on this
program were General Electric Com pany (GE); Air-
craf t Eng ine Group , Cincinna ti , Ohio ; McDonnel
Aircraft Company (MCAIR), St. Louis, Missouri ; and
Battelle ’s Columbus Laboratory (BCL), Columbus ,
Ohio. At CE, the overall activity was under the
direction of Mr. T. K. Redden with Messrs. R. Peebles
and E. Young providing technical support. Mr. H.
Turner directed the MCAIR effort; he was assisted
by Messrs. R. Kotfila a~d W. Richards . At BCL,
Mr. J. Mueller was responsible for their portion
of the program .

Mr. J. N. Fleck was originally the principal
investigator on the program and responsible for
most of the technical direction . The authors , in
behalf of Mr. Fleck , would like to exp~ ess their
appreciation of all the above mentioned personnel
for their interest and cooperation during the
course of this program .

The da ta con tained herein ar e published for
informa tiona l purposes onl y and do not necessarily
represent the reconinendations , conclusions , or
approval of the Air Force.
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SUMMARY

This program was conducted to optimize an existing
process for the Hot Isostatic Pressing (HIP) of near-
net shapes for both a typical engine part and an air-
frame part. The ceramic mold-HIP process for production
of near-net shapes of titanium alloy was established
as a cost effective manufacturing procedure. The
program was designed to establish processing pai ameters
for HIP , inc luding both shape and consolidation pro-
cedures. Tolerance control , surface integrit y ,
reproducibility and non-destructive inspection methods
were investigated and refined to assure adequate
inspection of the complex shapes.

In cooperation with General Electric (CE) and
McDonnell-Douglas (MCAIR), acting as sub-contractors ,
represen ta t ive  comp onents and al loys were se lec ted
for the program . A Ti-l7 compressor stub sha f t
from GE ’ s F- 1Ol eng ine and a Ti-6-4 keel sp Uce
former from MCAIR ’s F-15 aircraft were the particular
items chosen as app licable to current Air Force
requi rements .  Crucible Ma te r i a l s  Research Center
( cMRC) conducted an i ter a t i v e  shap e development for
the purpose of producing actual pa r t s  for  evaluat ion
by General Electric and MCAIR.

The program was organized into two phases , with
Phase I progressing from materials acquisition through
parameter  op t i m i z a t i o n  to Phase I shape de~’elopment.Phase II cons i s t ed  of s ca l e—up  to a f u l l — s i z e  stub
sha f t  to he subjected to engine t e s t  and component
t es t ing  of the keel sp l i ce  former in p r epa ra t i on  for
f l i ght  t e s t .  Final  m a ter i a l  and processing sped t i c a —
dons were developed for  the PM approach to these
a h o y  sy s tems .

This program was s t ruc tu red  to min imize  the
t ime required to app ly the technology developed ,
b y involving mater ial  and m a n u fa c t u r i n g  eng ineers ,
as well as design eng ineers , f rom both eng ine and
a i r f rame  users , at the ou t se t  of t h e  s tu dy .

During the Phase I s tudy , powder of both a t  l ovs
manufactured by the Ro ta t ing  Elect rode Process (REP)
was evaluated for app l i ca t ion  to HIP parameters  and
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shape trials. The REP powder , as received, contained
tungs ten , iron, and other inclusions. Iron can , for
the most part , be separated out , as can most of the
larger impurities during screening. The other
inclusions decrease significantly wi th decr easing
mesh size. The presence of these inclusions , while
undesirable , would not have a maj or impac t on the
primary objec t ive of the program , which is shape
making . On this  basis , recommendations were made
to proceed wf th the next task.

The HIP studies of Ti-l7 resulted in the success-
ful bracketing of optimum parameters of 1650°F - 8
hours , heated autoclave with silica mold material .
Proper ty  goals were met with the exception of low
cycle fa t igue values .  Addit ional  experiments were
designed based on the observation that non-metallic
inclusions were responsible for the low cycle fatigue
results. All potential causes for degraded fatigue
performance were considered and evaluated and the
major source for the poor LCF results continued to
point inclusions in the powder coupled with micro-
structure. In discussions with design engineering,
the LCF fatigue life of Ti-l7 (which was equivalent
to Ti-6-4) was satisfactory for this part. However ,
sinc e the fatigue behavior would not be adequate for
fan and discs used at higher stress levels , it is
obvious that additional work (beyond the scope of
this program) is required to eliminate the problem .

The HIP studies of Ti-6-4 powder were not as
extensive as those of Ti-l7 due to prior experience
in this area. HIP cycles of 1750°F - 8 hours using
Si02 mold material was most successful . Low initial
oxygen content of the initial powder resulted in
lower tensile properties than desired , but a higher
oxygen powder batch (0.1667~) resolved the tensile
property problem .

In the iterative shape development, the Ti-17
near-net shape version of the sonic shape (1/2 scale)
for the F-101 compressor stub shaft was established.
The effort included a total of five shape iterations
to pinpoint shrinkage characteristics. Mechanical
properties were evaluated and found to be acceptable
with the excep tion of low fatigue life , which has
been a continuing problem with this P/M product. The
Ti-6-4 alloy shape development of the keel splice
former was accomp lished in three shape iterations .
The final shape weighed 1.0 lbs. as compared with
the 4 . 6 7  lb.  forging weight carried to this  stage.
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In the non-destructive inspection of trial shapes,
it was determined that X-ray inspect ion is not partic-
ularly suitable for NDI of HIP shapes due to misleading
indications from surface irregularities on the as-HIP
parts. However , both the sub-scale stub shaft and the
keel splice former showed surface-related defects that
were essen tiall y eliminated with surface treatment.
Harperizing improved the surface , but not all as-HIP
defects were removed. Machining of the keel splice
eliminated most inclusion-typ e defects and areas of
low density indicati ons. The as-HIP T i - l7  stub shaf t
can be ultrasonically inspected to the required spec-
ifications. The keel sp lic e former par ts pas sed
both radiographic and dye-penetrant  inspection to
MCAIR qua l i ty  spec i f ica t ions .

In the Phase II e f f o r t , a continued stud y of
REP powder was made in a t tempts  to el iminate the
non-metal l ic  inclusion problem and the resul tant
LCF behavior in the Ti- l7  a l loy . These a t tempts
again proved unsuccessful . The f rac ture  appearance
on LCF specimen s indicate the continued presence
of forei gn material  inclusions at the fa t igue  origins .
The original Phase II p lans were modified by sub-
st itu t ion of 6” diameter discs rather than the fu l l -
scale stub shaf t  at the request of F-lOl Desi gn
Eng ineering . Due to heat- t reat  problems , three
discs were spin pit tested , two in a high strength
condition and one in the normal specification range.
The results of the spin p it tests indicated that
the PM discs were in the expected burst speed/stress
range for their mechanical prop erty level with the
exception of Disc #1 which fractured at approximately
l07~ lower speed. Flat discs of this typ e in cast
and wrought usually fail by instabili ty rather than
bursting, and examinations of the fracture surfaces
indicated that the frac ture origins were at pores
or inclusions in the bore area. The lower speed
failure of Disc #1 was attributed to a larger
inclusion at the frac ture origin.

Shape trials were carried out to produce a
full-size stub shaft. After the first trial, only
minor shape changes were necessary to produce three
full-scale stub shafts based on experience gained
in the Phase I effort . The second shape trial
produced two stub shaf ts with machining envelopes
adequate for producing finish machined parts. All
test data was comparable to cast and wrought data
with the exception of low cycle fatigue results.
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LCF resul ts , in most cases , fel l below the three
sigma level of cast and wrought data due to the
presence of non-metallic inclusions in the test
specimens from the powder processing and handling
stage.

A pi lot  lot of HIP shapes of the keel sp lice
former were produced and componenc tested . These
were found to be equivalent to the current forging
parts under both static and spectrum fatigue loading .
All parts passed MCAIR NDI testing standards.

A cost analysis on both the engine stub shaf t
and the keel sp lice former was performed based on
both experimental P/M p owder price and projected
powder price on a production level. The results
indicate that a potential exists for the HIP process
to reduc e both input material  and machining costs
compared to current cast and wrought product.

Tentative material and process specifications
have been wri t ten  and revised to re f lec t  the latest
technology for P/M manufacture of Ti-17 arid Ti-6-4
alloy pa r t s .
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SECTION I

INTRODUCTION

1.1 General Background

Ti tanium , by vir tue of its high strength, low
density , and very good corrosion resis tance is ideally
suited for use i~ today ’s high performance aircraft .
Despite its high strength to weight ratio and good
corrosion resistance , titanium utilization in both H
eng ines and airframes is limi ted by high acquisition
cost. Powder metallurgy affords one possible means
for the fabrication of net or near-net s t ructural
shapes , thereby improving the materials utili zation
ratio and , hence , reducing the end item cost. •:,

The conventional method of producing structural
shape s from titanium is forging, followed by machining.
Titdniurn is not an easy material to forge ; thus most
forgings have relatively little detail and large
machining envelopes. Forging to finished par t/weight
ratios of 10:1 are not uncommon . Moreover , the
current state-of-the-art is such that a very high
percentage of the titanium machine shop scrap is
relegated to uses in specialty steel making , thus
necessitating further imports of titanium sponge or
ore into the U. S.

There are several ways to attack such a problem .
One method would be more precise forgings. This
appr oach is being exp lored by isothermal forging
investigations through Air Force Sponsored programs.
Ladish Co. is develop ing “Isothermally Forged Titanium
Alloy Wheels” under Air Force Contract #F336l5-5257.
TRW , under contract AF db33615-5386 is involved in a
development study of “New and Improved Forging
Lubricants”. Wyman Cordon , under Contract #F336l5-50l1
is investigating the “Isothermal Forging of Beta
Ti tanium”. In these studies , the feasability of
isothermally forging moderately comp lex components
has been demonstrated. High tooling costs and
lubrication remain the most significant deterrants
to the immediate use of isothermal forging . In a
recent study , the break even point for isothermal
forging was found to be approximately 2,000 parts.1

1 
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Another  approach tha t  has received considerable
attention from Air Force sponsored pr ograms is dir ect
casting to shape. This is a more challenging altern-
ative because of the severe reactivity of molten
titanium . AiResearch Manufacturing Co. under contrac t
~F33 6l5-74-C-5O55 , “Development of Titanium Alloy
Cas ting Technology ” is working toward low cost , high
quality titanium castings. TRW under contract ~F3361 5-70-C-l409 and REM Metals Corp . under contrac t #F336l5-
70-C-l4lO are working on programs to improve the status
of titanium casting for use in aerospace sys tems. TRW
is inves tigating casting procedures for various titanium
alloy systems and REM is concentrating on precision
casting techniques utilizing consumable electrode
skull melting . Pratt and Whitney , under contrac t
~F336l5-75-C-5263 , “Titanium Alloy Engine Castings”
is investigating cost effectiveness that can be
achieved in military aircraft engines through the use
of large structural components cast in titanium alloy .
Through all these programs , improvements have been
made to develop a viable casting process.

Until recently, the state-of-the-art of powder
metallurgy (PM) processing, i.e. pressing and sintering ,
was regarded as suita le only for non-critical parts
where a certain level of porosity and lack of ductility
could be tolerated. Moreover , conventional die pressing
has a definite size limitation . The emergence of hot
isostatic pressing (HIP) as a production process has
obviated these limitations to a large degree. Full
density and equivalent to wrought properties have
repeatedly been achieved using a variety of alloys.
New shape making techniques have been shown to be
app licable to s t ructures  of in teres t .  Therefore , PM
must be regarded as one very promising route to the
near-net shape objective.

1.2 Program Goals and Approach

The basic goals of this program were very straight-
forward. To optimize an existing process for the HIP
of net/near-net shapes for both a typical engine par t
and an airframe part. Also , to full y ci~arac terize and
qualify the parts  produced for use by the respective
users .

A HIP process capable of generating near-net shapes
of titanium using expendable , low-cost tooling already
exists. This process must be reduced to an e ff i c i en t ,
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cost-effective manufacturing procedure . Simply s tated ,
this is one of the major program objectives. The other
objective is of equal importance; the thorough charact-
~rization of the end product.

In cooperation with General Electric (GE) and
McDonnell-Douglas (MCAIR), repres entative components
and alloys were selected for this program . These
were a Ti-17 compressor stub shaft for the F-10l engine
and a Ti-6-4 keel splice former for the F-15 aircraft.
Crucible was to conduc t an iterative shape development ,
culminating in the production of actual par ts for
evaluation by GE and MCAIR .

The location of the stub shaft in the F-lOl engine
is shown in Figure 1. In service , this part operates
at ‘~~l9 ,000 rpm at~”6000F. The most severe loading
is a hoop tensile stress at the outer rim . The part ,
which weighs 11.3 pounds , is currently machined from
a 170 pound conv entional forging .

A photograph of the target shape for an as-HIP
keel spli ce former is shown in Figure 2. The location
of two such formers in the F-15 aircraft is shown in
Figure 3. This part is subjected to bending , long-
itudinal tensile , and cyclic transverse tensile-
compressive loading . The normal failure mode , however ,
is shear at a fastener . This 0.4 pound par t is curr ently
machined from a 4.7 pound forging.

‘a
For bo th par ts , a near-net PM shape will result

in a substantial reduction in the input weight , thus
conserving material , and a reduction in the amoun t
of machining , thereby reducing both the machining cos t
and the volume of chips produced.

3
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SECTION II

PROGRAM PLAN

2.1 OBJECTIVES AND PHILOSOPHY

The exploitation of any new material and/or process requires
very close cooperation between the producers and the users.
This program was struc tured to minimize the time required to
app ly the technology developed by involving mater ia ls  and
manufac tur ing  engineers as well as desi gn eng ineers from both
a i r f rame and engine users at the outset and by maintaining
a very close liaison as the study progressed.

The program established optimum processing parameters
for HIP, including both shape and consolidation procedures.
The process capabi l i ty  was determined in terms of comp lexity ,
tolerance control , surface in tegr i ty, and reproduc ibili ty .
Non-des t ruc t ive  inspection methods were investigated and refined
to assure adequate inspection of the complex shapes.

A keel splice former from MCAIR’ s F-15 aircraft and a
compressor stub shaft from GE’s F-lOl engine were to be pro-
duced , evaluated , and qualified for use. A sufficient number
of parts were to be made to verify the process and to provide
an adequate data base for design purposes. A preliminary
materials and process specification , including quality control
procedures and acceptance/rej ection criteria were prepared .
Working wi th  the users , the economics of the process was
evaluated to determine the cost savings potential c ompared
to the current production methods.

The program plan is shown in Figure 4. The study
progressed trom mater ia ls  acquisit ion through parameter
opt imizat ion to Phase I shape development . Phase II
consisted of a scale-up to a full size s tub shaft  which was
to be subjected to ac tual eng ine test ing. In addition, keel
splice for-mers were component tested in preparation for
f l ight  tes t ing .

2 . 2  POWDER PRODUCTION (PHASE I, TASK I)

The direct-HIP process to be optimized in this program
is most e f fec t ive  with spherical , pre-alloyed powder since no
preconsolidation step is used. Therefore , uniform packing
and good flow properties in the powder are imperative.
Spherical par t icles afford the best flow and packing
characteristics. As of the initiation of this contract,
only the rotating electrode process (REP) was in commerical
use for the production of titanium powder . Thus , it became
the logical selection for Phase I . The REP technique requires
as s t a r t i ng  mater ia l  nominally 2-1/2 inch diameter bars. To

6
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assure an adequate supp ly of starting material , produc tion
in~ots of both Ti-l7 and Ti-6-4 were made. Initially ,
only that material required for Phase I was reduced to bars.

Vacuum double melted bars were converted into spherical
powder by the rotating electrode process. Every effort was
made to assure that  only powder of the highest  qua l i t y  was
used in th i s  program .

The bars were converted into powder by Nuclear Metals .
I n c . ;  however , no fu r the r  processing was carr ied out .
All  subsequent operations were the r e spons ib i l i t y  of ~ ‘1RC.

The powder was fully characterized for chemistry ,
particle size and distribution , surface morphology , clean-
liness , microstructure , flow rate and packing density .

2.3 PREFERRED HIP PARAMETERS (PHASE I, TASK II)

Compacts of Ti-li and Ti-t-4 were produced iii a
designed experiment to op timize the various HIP p~iramet.ers.
Spec imens from all parameters were subjected to limited
property testing. The 10 compacts showing the greatest
potential were then tested more thoroughly. Optimum HIP
parameters for both alloy s were then defined .

Variab les covered in the Ti-l7 parameter optimization
inc luded mold materials , powder size, type of autoclave cycle ,
HIP temperature , pressure and time , as well as the effect
of a post-compaction thermal treatment (PCTT). The
comp lete matr ix  is shown in Figure 5. Mold mater ia ls
invest igated include sil ica , alumina , and zircon . Both
full cut (-35 mesh) and fine cut (-.100 mesh) powder were
evaluated ; the l a t t e r  trades a significant reduction in
potential inc lusion size for a poorer yield. Both con-
ventional , i.e. internally heated , and Crucible production
(externally heated) autoclaves were used in this phase of
the program . Time , temperature , and pressure required
to reproduc ibly attain full density were established.
Finally , the potential of property enhancement by post-
HIP diffusion annealing was evaluated.

For the Ti-6-4 al loy , onl y two HIP run s were made.
One was in ternal ly heated and the other externally heated .
Consolidation parameters were selected based upon work
a l read y comp leted by Cruc ible and under MilL contract
F336 1S-72 -C-1449 .  Each of the three candidate  mold
m at er t a~~s were included in these two runs .

One compact from each m a t r i x  point for l oth Ti—U
and T i - t -4 was examined met a l l o gr ap h i c a llv .  In addition ,
d e n s i t y  and room t empera ture  tensile proper t ies  were
de te rmined . The ten best  compacts were f u r t h e r  tested

~ 
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Tempera ture
COMPACTION CONDITIONS Pressure

1550°F 1675°F 1750°F
15 k si  15 ksi  15 ks i

5 + 120 m i n . *
cs~o** Zircon SiO 2 Al 203

-35 Mesh

30 + 120 mitt .
BCL Si0 2 A 1203 Zircon

-35 Mesh H

~~ 1 2 0 + 0 m m . H
BCL Al 203 Zircon Si02

-35 Mesh
— —_____ _ _ _ _ _ _

U

° 30 + 120 miii.
cs!~tD Si02 Al 203 Zircon

-35 Mesh

30 + 120 mii i .
nct. Si02 Al 203 Zircon

-100 Mesh

30 + 0 m m .
CSMD Si0~ A 12O3 Zircon

-35 Mesh

*The first number is autoclave time , the second is PCTT
t ime .

**~s~,4p Cruc ible product ion cyc le ;  BCL , Conventiona l heated
autoclave .

#Tooling ma te r i a l s .

Figure  5. Task II HIP m a t r i x .
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to include slow-bend Charpy and axial f a t i gue as well as
chemical anal yses and analyses of surface con t aminat ion.

With the resul t s  obtained from Task II , the optimum
HIP parameters for both Ti-6-4 and Ti-li were established .

2 .4  SHAPE MAKIN G EVALUATION (PHASE I , TASK III)

In this task , using several iterations of tooling
design , fabrication , and evaluation , the sub-scale
Ti-l7 stub shaft shown in Figure 6 and the Ti-6--’+ keel
splice former shown in Figure 7 were produced . In each
case , it was estimated that from three to six iterations
would be required to reproduc ibly generate the required
confi guration and to verify tolerances and actual shape
capability.

Beginning with a trial pattern , each HIP run wa s
intended to refine the pattern to meet the target
dimensions of the engineering drawings for the two shapes
under evaluation. During these successive trials , the
shape technology was to be optimized to produce the best
surface finish , minimum warpage and optimum dimensiona l
tolerances obtainable.

The shape making technology developed by Crucible ,
using the ceramic mold process , and covered by patents
3,543 ,345 and 3 ,700 ,435 relies basically on the tech-
nology developed by the investment casting industry
in that the molds are prepared by the “lost  wax ” met hod .
Spec i f i ca l ly ,  wax pa t t e rns  are prepared from a dim-
ensionall y oversized mas ter drawing or mold pa t t e rn
using either machined waxes or injection molding tech-
niques , respectively. The resultant wax pattern is
then alternately dipped in a refractory slurry and
a granular stucco coating to form a thin ceramic shell
wi th an inside shap e precisely de fthed by the shape
of the wax pattern . The wax is then melted out and the
molds are fired to produc e a durable shaped container
ready to be filled with metal powder. The powder filled
mold is suppor ted in a secondary p ressing medium which
is contained in a welde d steel can . A schematic of a
fully loaded container ready for hot isostatic pressing
(HIP) is given in Figure 8. Prior to the HIP operation ,

• the loaded steel can is evacuated and outgassed at
elevated temperature and sealed.

The HIP operation consists of applying high gas pressure
to a heated container inside an autoclave . In this program,
heating was performed before placing the container in the
autoclave (at CSMD) or after placing the container in the
autoclave (at BCL). The secondary pressing medium transmits
the applied pressure from the can wall  to the ceramic mold
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and , through solid state diffusion of the powder
particles, promotes bonding and maximum densification
of the target shape. A flow diagram of the process is
given in Figure 9.

Unlike investment casting , a large volume difference
is experienced between the wax pattern and the consol-
idated part; however , knowing the packing densi ty of
the powder , an approximate calculation of the finished
size and shape is possible. For complex parts , such
as those propos ed for this program , several incremental
changes in the mold geometry are required to achieve
the desired precision in the final shape. This can
be accomplished by chang ing the shape of the wax pattern .

• Optimum mold materials and HIP parameters
established during Task II were used during all of
the shape trials in Task III. H

All par ts were completely analyzed dimensionally .
In addition, parts from the sub-scale stub shaft and
the keel sp lice former were tested for the following :

1) Density

2) Microstructure

3) Surface Finish

4) Mechanical Properties

5) Fracture Toughness

6) Fatigue Strength

Tensile property requirements for sub-scale stub shaft
according to General Electric Brochure for Ti-17 forgings
AEG-700, dated January 1973 , and for the keel splice
per MIL-T-9047 specification are given in Table 1.

TABLE 1

TENSILE PROPERTY SPECIFICATIONS

Red
Alloy Strength (ksi) Elong Area

.Et~ ±t~ 
(~~ m m )  (~~ 

m m )

Ti-17 163/180 153/170 7 15

Ti-6-4 130 120 10 --

14
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Figure 9. Flow Diagram of the Crucible Ceramic
Mold Process for P/M parts.
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2 . 5  NDI OF TRIAL SHAPES (PHASE I , TASK IV)

As a prelude to user acceptance of PM near-net shapes ,
a viable non-destructive test plan had to be designed and
v e r i f i e d .  Actua l  t e s t i ng  included r e fe rence  blocks , proto-
typ e  shapes , and intentionally defected parts.

C o n c u r r e n t ly  w i t h  Task I I I . u l t r a s o n i c  reference b locks
were HIP froni both Ti-U and Ti~ b _ L ~. In add i t ion , one
intentionally defected stub shaft was produced. Antic ipated
flaws inc luded tungsten particles , iron and/or nickel based
p a r t i c l e s , ceramic  i nc lu s ions , c racks , and p o r o s i t y .  All
excep t  the po ros i ty  were i n t e n t i o n a l ly  in t roduced  into the
d e fe c t ed  s tub  sh a f t .

The n o n — d t - s t r u c t i v e  examina t ion  of the  s u b — s c a l e  s tub
sh a f t s  emp loy ed t he normal techni ques us ed on co nv ent ional
forcin~ s bu t  inv o lv~.J t a i l o r i n g  the t echniques  to the
sp ec i a l  1 inJ t a t  ions of t h i s  p a r t .  The m aj o r  c on s i d e r a t i o n
fo r  r ef i n em en t  was in the  u l t r a son i c  inspec t ion . I n i t i a l ly . •
the o p e r a t i n g  condi  t ions were op t in : ized  fo r  long i tud ina l
and shear wave i n spec t ion . U l t r a s o n i c  wave f requency  was
inc r eased to reduce minimum surface b l ind  zone . It was • . -

a n t i c i p a t e d  tha t  25 MHZ would be op t imum for  a 20 mu
minimum m a t e r i a l  envelope and v e t  have adequate p e n e t r a t i o n .
T h i s  f requenc y mi ght  requi re  reduc t ion  for  pene t ra t ion  in
the t h i c k e r  sec t ions  such as the t r a n s i t i o n  zone from the
cy l i n d r i c a l  p o r t ion  to the conical  area of the s tub s h a f t .

The keel  sp l ice  f i t t i n g s  were eva lua ted  us ing s ta te -
o f - t h e - a r t  u l t r a son ic  techniques.

Su r f a c e  d e f e c t s  and p o r o s i ty  were determined for  bo th
shapes us ing  f l u o re s c e n t  p en et r a n t s .  Throug h the t h i ck n e s s , 

- 
-

p o r o s i ty , i nc lu s ions , e t c .  were to be determined b y rad io—
grap hic  inspect ion . Typ ic al d e f e c t s  were to be cut up and
m et a l log rap h i c al l v  i n s p e c t e d .  A co r r e l a t i on  was to be
made w i t h  the  n o n — d e st r u c t i v e  inspection r e su l t s .

2 . n  PRELIMINARY SPECIFI CATIONS (PHASE I , TASK IV)

At the conclusion of Phase I, prelirnina”-v materials
specifications for PM Ti—17 and for PM Ti-h-~ were prepared.
The process specification included qua lity contro l pr o-
cedures as well as acceptance/rejection criteria . These
specifications were coordinated with both the users and AFML .

These prel iminary specifications will be used in the
Phase II por t ion of this  c ’i tr a ct .

2 . 7  ENGINE STUB SHAFF EVALUATION (PHASE II, TASK I)

The process was scaled-up to produc e full-size F-lOl
stub shafts to net or n -’ar-net shape. The shafts were to
be tes ted by General F~~~’tric .

U
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be t~ sted by General Electric .

Additional Ti- 17 powder was manufac tured from the
remainder of the Phase I ingot. The shape making process
was scaled to produce the full-size stub shaft shown in
Figure 10. This part  is 16 inches in dianieter at the
flange and 12 inches long. A total of 5 parts were to be
made ; each subjected to the Phase I quality control p lan .
At least two pa r t s  were to be cut up and tested by GE.
One instrum ented shaf t  was to be given a c omponent sp in
test  using speed cycles that rep roduced the max imum
operating cycl ic  s t resses in the stub shaft . At the
conc lusion of the test , the shaf t was to be subj ected
to an overspeed condition .

An engine endurance test was to be conducted on a
full-scale machined par t . Tes ting was to have consisted
of approximately 125 hours of running time . Figure 11
show s a conventional finished machined part  for engine
test ing .

2.8 AIRFRAME KEEL SPLICE FORMER EVALUATION (PHASE II , TASK II) H

Using Ti-6-4 powder remaining from Phase I, a
p ilot lot of at least 10 keel splice foriners were to
be produced. In addition , at least four conventional
forgings were to be purchased . These par t s  were to be
machined and one (1) HIP and one (1) conventional part
were to be s tat ical ly loaded to failure in a struc tural.
tes t .  In addition , three (3) HIP and three (3) conven-
tional par t s  were to be fa t igue tested to failure in a
structural t e s t .

2 .9  SPECIFICATIONS , ECONOMI C ANALYSIS , DATA SHEET
(PHASE II , TASK III)

Final materials  and p~..ocess specifications were
prepared . A cost analysis , including a comparison
wi th established processes, has been performed. Mech-
anical p roper ty data has been summarized in NIL Hand-
book V format.
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RESULTS AND DISCUSSION

3. 1 PHASE I - SHAPE DEVELOPMENT

3.1.1 Task I - Powder Production

3.1.1.1 Electrode Production

Production ingots of ELI Ti-6-4 and Ti-l7  were
double vacuum melted by Cruc ible at the Midland , Pa.
production f ac i l i ty . Both were 29 inch diameter.  Weig ht
of the Ti-6-4 (Heat R5l645) was 4000 pounds and that
of the Ti- l7  (Heat R5 1646) was 4060 pounds. These ingots
were condiUoned and forged to 6 inch square billet.
Approximately 1000 pounds of each was then rolled to
2-5/ 8 inch round . The bars were next annealed ,
straightened , and turned and centerless ground to 2.5
+0.00 - .003 in. dia. and cut to nominally 10 in. lengths .

Actual ingo t chemis try is shown in Table 2 along
wi th the specifications.

A summary of all the electrodes sent to Nuclear
Metals for conversion to powder is given in Appendix
A to this report.

3.1.1.2 Powder Conversion

Approximately 400 pounds of Ti-l7 and 500 pounds
of Ti-6-4 were converted into powder by Nuclear Metals
Inc . using their rotating electrode process.

Each alloy was converted into powder in three lots
as follows: a nominal 25-pound wash heat , followed
by two production runs. The Ti-6-4 was run firs t and
followed immediately by the Ti-l7. All of the powder
was discharged directly from the apparatus into double
plastic-lined 5-gallon buckets. These were sealed , and
shipped directly to cMRC .

A summary of the mater ia l  returned by Nuclear  Metals
is presented in Table 3. The calculated powder y ields
of 85 percent for Ti-6-4 and 72 percent for the Ti- 17 do
not include samp les of each lot retained b y Nuclear
Meta l s  at QIRC’ s request.

Upon a r r iva l  at CMRC , the individual cans were
cleaned on the outside and moved into a speciall y
const ructed t i t an ium PM c lean  room , as shown on Page 23
before  any of the conta iners  were opened.
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TABLE 3

MATERIAL INVENTORY

Ti-6-4 Alloy Ti-l7 Alloy

Materia l Shipped as
2.5 inch bars 610. 19 lb. 577.25 lb .

Materia l Returned as Lot 1 24 .63 lb. Lot 4 23 . 81 lb.
Raw Powder Lot 2 173.38 lb. Lot 5 197.19 lb.

Lot 3 321.58 lb. Lot 6 194.38 lb.

Total 519.59 lb. Total 415.38 lb.

Material Returned
As Stubs and Tops 90.38 lb. 141.20 lb.

Materials Unaccounted for* 0.22 lb. 20.67 lb.

Yield as Raw Powder** 85.l7~ 71.97~

*Including samples retained by vendor.

**EXClUdi~~ samples retained by vendor.

22
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Figure 12 . CMRC ’s Ti PM clean room.

3.1.1.3 Powder Characterization

Powder chemistries were determined for each produc tion
lot of each alloy . Results are shown in Table 4. With
the exception of a minor discrepancy in carbon for the
Ti-6-4, the ingot and powder chemistries are identical.
The carbon content of an electrode stub end was rechecked
and found to be 0.017 percent, between that originally
determined for the ingot (0.Ol37~) and that for the powder(O.0247~ average).

Densities per ASTM B 212-48 and flow rates per ASTM
B 213-48 were determined using -35 and -100 mesh samples
from the respective wash heats. Results of the apparent
and tap density determinations are shown in Table S. In
the sieve analysis per ASTM B 214-66, the size agreement,
i.e., the -35 me sh Ti-6-4 versus Ti-17 and -100 mesh Ti-6-4
versus Ti-l7 is excellent. Although the apparent density
of the fine powder is low, the tap density agrees quite
well with that for full cut powder. Flow rate data are
shown in Table 6. Again , size agreement is excellent.
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Particle size distribution was determined for each
production lot on as-received , i.e., unscreened , powd er.
Lot to lot variations were minimal , and typical distrib-
utions for Ti-6-4 and Ti-17 are shown in Figures 13 and 14,
respectively . As can be seen, the yield at -35 mesh is
essentially 1007.; however , at -100 mesh , the yield drops
to an average value of 217.. In all cases , the median size
lies between 60 and 80 mesh .

The size distribution is confirmed by scanning electron
microscopy (SEM) . Samp les were mounted on titanium stubs
using colloidal graphi te and examine d at 100 , 250 , and
500x.

SEN photographs of the powder are shown in Figures 15
through 18. Generally, the par ticles are spherical and
free from flat spots and secondary particles. Occasionally,
a shrinkage void opens to the surface. Some foreign
particles and non-spherical shapes were observed . For
example, an angular aluminum-rich particle is shown
(arrow) in Figure 18. However , the other angular particle
in the same photograph is Ti-6-4. X-ray analyses of
other particles revealed the presence of aluminum,
rhodium , slag-type particles containing Ti, Si , Cr , Fe,
K, and Ca , oxides of Al and Si , and titanium par ticles
ri ch in such elements as Al , K, Ca , Fe, and Mn in
addition to iron base chips.

TABLE 4

SUMMARY OF PCMDER CHEMISTRY

Ti-6Al-4V Alloy

Al V Fe C N 0

Ingot 6.0 3. 8 0.05 0.0 13 0.01 0.094

Lot 2 6.0 3.8 0.04 0.023 0.008 0.094

Lot 3 6.0 3.9 0.05 0.025 0.008 0.095

Ti-l7 Alloy 
______ ______ ______

Al Sn Zr Mo Cr Fe C N 0

Ingot 4.7 2.2 2.0 3.8 3.9 0.06 0.029 0.006 0.086

Lot 5 4.8 2 .28 2 .20 3.9 3.9 0.06 0 .023 0.008 0.09 3

Lot 6 4.8 2.30 2 .20 3.8 3.9 0.06 0.027 0.008 0.094

____  ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
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TABLE 5

P(MDER DENSITY DATA
(per ASTM B 212-48)

-35 mesh -100 mesh

Apparen~ Tap 
* 

Apparent Tap
Alloy Density Density Density* Density~

.0979 lb/in3 .1062 lb/in3 .0950 lb/ in3 .1044 lb/in3
Ti-6-4

60.1°L 65.97~ 59.07~ 64.87.

.1026 lb/in3 .1106 lb/in3 .1004 lb/in
3 .1098 lb/in3

Ti—17
61.1°!. 65.87. 59.8% 65.47.

*Average of 4 values.

TABLE 6

SUMMARY OF FLOW RATE DETERMINATIONS
(per ASTM B 213-48)

Average Flow Time* (Seconds)

Alloy -35 mesh -100 mesh

Ti-6-4 27.5 23.9

Ti-l7 26 .7 23.5

*Average of 4 va lues .
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Figure 13. Particle size distribution , Ti-6-4 powder.
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(Only a single curve is shown as the size
dis tribution of the two powder lo ts was
virtually identical)
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Samp les of -35 and -100 mesh T 1-6-4 , Lot 2 , and
Ti- 17 Lot 5 were encapsu la ted  i n  carbon s tee l  and HIP
at 1750° F and 15 , 000 p s i .  One inch thick discs approx—
imatel y 1 inches in diameter  were cu t  f rom each compact
and radiograp hed at two different exposures using two
doub 1e~ emu 1 s ion Class A fi mi s  per ~ Xj )  0 S U r e  . Each iii iii
~as scanned at lOX and all a n o m a l i e s  were m a r k e d .  Onl y
tho s e which could be found on all tou r I Urns were con-
sidered to be inclusions; all others were regarded as
ft l iii defects. The number of confirmed dense jnclus i oh s S

for the — 3 5  and —100 mesh T i — 6 — 4  were 2/4 and 7 , res p e c t —
i ve l y .  No inc lus ion s were c o n f i r m e d  in either Ti—1 7 disc.
The portion of the HIP compact immediatel y adjacent
t o  the X — r a y  disc was then poi i shed and examined m e t a l  l o —
grap hicall y. Two types of inc lusion s were noted in
the ‘l’i-t- -4 , an irregular chi p-like particle and an
a lmost  p e r i e c t l y c i r cu l a r  p a r t i c l e .  One of the l a t te r
is shown In Fi gure 19 . An X- ray  anal y s i s  reve a led that
these we re e s s e n t i a l ly t ungs ten  w i t h  va ry ing  amoun ts of
iron . Thus , the r a d i o g r a p h i c  i n d i c a t i o n s  were p r o b a b ly
tungs ten  inc lus ions .

No i n c l u s i o n s  were found in the a s — H I P  T i - 1 7 ,
c o n l i r m in g  the radiograp hic o b s e r v a t i o n .  A typ i c a l
Ti -17  be ta-HIP mi c r o s t r u c t u r e  is shown in F i g u r e  20 .

3 . 1 . 1 . 4  Summary - Powder P r o d u c t i o n

The REP powder as received , co nta in ed t u n g s t en ,
i r on , and o ther  i n c l u s i o n s . Many i m p u r i t i e s  su ch as
s t r i n g , b r i s t l e s, etc . can r ead i l y be separated during
scree n i n g . The i ron—based  p a r t i c les can l)c e x t r a c t e d  - -

m a g n e t i c a l l y .  Those which remain appear  to decrease
s i gn i  [i ca n t l y w i th  powder mesh s ize .  Fu r the r  ohser v i ’-
t i o n  wi t 1 be c a r r i e 5 1  out by thorou gh ex a m i n a t i o n  of
the -100 mesh samp les dur ing  Task I I .

The presence of these inc I us i ons  , w h i T e  undes I r;Ible
woul d not have a maj or impact  on the p r uiiary ob ject i v& ’
o 1 t h i s  p rogram , wh ich is a d emon St ra t  i on o I n et  / n e a i - — net
shape making.

3.1.2 Task II — preferred HIP Parameters

3.1.2.1 Powder Prepara tion

As noted in the program plan , several Ti-17 com pa c t s
we r e to be prepared with -100 mesh powder. Therefore ,
lA ~ts 5 and 6 of powder were screened to remove a l l  of the
-100 produc t which could be separated in a sing le pass
through a v ibra tory  screen. After removing the +35 mesh
f r ac t ion , the remaining powder was blended into  a s i n g l e
lot .  S i z e  d i s t r ibu t ion  before  and a f t e r  this o p e r a ti o n
are shown in Table 7.
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Figure 19. Tungsten inc lusion in as-HIP Ti-6-4 . (b Ox )
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This truncation of the distribution curve reduced
the flow time from 26.7 seconds for the as-received -35
mesh to 24.75 seconds for the modified blend . The
apparent densities (61.1 versus 61.0%) and tap densities
(65.8 versus 66.47~) were essentially unaffected .

The Ti-6-4 powder was screened to remove only the
+35 mesh fraction and then magnetically cleaned. All
powder handling was done in air in the clean room shown
itt Figure 12, Task I.

TABLE 7

SIZE DISTRIBUTION OF Ti-17 POWDER

As-Received
Master Blend af ter

Mesh Size Lot 5 Lot 6 Removal of some -100 mesh

+35 0.737. 0.707. 0%

-35, +45 2.87 2.78 0.62

-45, +60 16.16 14.75 13.74

-60 , +80 44.22 39.72 47.5 1

-80 , +100 11.79 14.63 25.47

-100, +120 
- 

4.23 
- 

5.66 7.52

-120, +200 15.72 16.58 5.08

-200, +325 3.99 4.32 0.05

-325 0.29 0.76 .01
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3 . 1 . 2 . 2  Ti-17 Specimen Preparation

Cy lindrical test  specimens nominally 3 inches
dian e t e r  x 6 inches long were consolidated in a
statistically designed experimen t to determine the
effect of temperature , time , ceramic mold material ,
typ e of au toclave, and powder particle size on micro-
structure and mechanical propert ies .  Temperatures
both above and below the Ti-l7 beta transus were
inves tigated along wi th varia tions in time at temp-
era ture and pressure to establish optimum consolida-
tion of compacts. Powder particle size was varied
to determine the effect on consolidation efficiency.
Two modes of HIPing—one where containers are heated
inside the autoclave (at BCL) and the other where
containers are heated outside the autoclave (at CSMD)
—were evaluated for their effects on properties.
Both a hot wall (BCL) and a cold wall (CSMD) autoclave
were used to measure the effect of heat cycle varia-
tions on the economics and efficiency for optimum con-
solidation. The experimental HIP matrix for the Ti-17
alloy is shown in Figure 21; assigned specimen codes are
included .

Ceramic molds were prepared from silica, alumina , and
zircon. These molds were inserted into steel containers,
surrounded by a granular ceramic secondary pressing media ,
and filled with the appropriate size of powder. All
specimens were vacuum outgassed at ‘~4O0°F to a pressure
of less than ~~~ and then hermetically sealed .

Some of the compacts were HIP (hot isostatically
pressed) in Crucible’s 20-inch I.D. production auto-
d ave (Figure 22) and the remainder in Battelle ’s 27-inch
unit shown in Figure 23.

Prior to initiating this HIP matrix, a ceramic
mold compact identical to those assembled for the
parameter study was instrumented with a thermocouple and
charged into a hot furnace. The time to reach temp-
erature at the center of the titanium powder charge
was approximately 8-1/2 hours for both the 1550°F and
l7500F run t emperatures. Therefore , the baseline
heating time for all of the experimental compacts was
set at 8-1/2 hours .
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Temperature
COMPACTION CONDITIONS

Pressure

1550°F 1600°F 1750°F
15 ksi 15 ksi  15 ks~

5 + 120 r n in . *
CSMD** Zircon Si0 9 A1201

-35 Mesh 254,255 256 ,Z57 26l,2~62

30 + 120 nu n.
BCL Si02 A1203 Zircon

-35 Mesh 227 ,234 248 ,249 238 ,240

~~ 12 0+0m m .
BCL A 1203 Zircon Si02

-35 Mesh 235 , 236 252 ,253 237 , 239
_ _ _ _ _ _  _ _ _ _ _ _  —

0

0 30 + 120 nu n.
CSMD Si02 Al203 Zircon

-35 Mesh 265,266 263 ,264 273 ,274

1
30 + 120 mitt .

BCL Si02 A1203 Zircon
-100 Mesh 232,233 250 ,251 243 

—

30 + 0 mitt .
CSMD Si02 A1203 Zircon

-35 Mesh 269 ,271 268 ,2)’O 275 , 276

*The first number is autoclave time, the second is PCTT
time.

**~5~~ Crucible production cycle; BCL, Conventional heated -:
autoclave .
#Tooling materials with specimen identification codes.

Figure 21. Task II HIP matrix.
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Figure 23. Battelle ’s 2 7 — i n c h  T . D .  a u t o c l a v e .
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Actual  FlIP cy cle  data are summarized in Table S.
In the CSMD cy c l e s , the parts were preheated outside
the autoclave and held at temperature  for the times
indicated pr ior  to H IP. At BCL , the parts were heated
inside the autoclave and FlIP a f t e r  he at ing  as shown
in the table.

After HIP , the parts were decanned. A t yp ica l
c ompac t is shown in F’igure 24. As indicated in Figure
21 , some were subjected to a post—comp action ther mal
t rea tment  (PC TT) . This consisted of a 2—hour exposure
to the HIP temperature.

3 . 1 . 2 . 3  Ti-6-4 Specimen Preparat ion

Because ’ of the av a i l ab i l i ty  of p reviously g e n e r a ted
HIP data , 2 4 3 a fu l l  pa rametric stud y was deemed
unnecessary . Optimum conditions of 1750°F and a
minimum p res su re  of 10 ,000 psi were defined . Since
15.000 psi capability existed for all autoclaves used
in this program , this higher pressure was selected .
Variables included BCL versus CSMD compaction and
ce ramic mold material. This abbreviated test matrix
is shown on page 41. All compacts were nominally ~inches in diameter by 12 inches long . Hal f  of each
was evaluated as-HIP and half  HIP p lus PCTT .

The HIP cycle data are summarized in Table 10.
As with the Ti— 17 , compacts were heated externally
at CSMD and internally at BCL.

3.1.2.4 Ti-l7 Evaluation

Most of the combinations of processing parameters
investigated yielded material which met the s p e c i f i c at i o n s
for wrought material . Tensile properties and toughness
were excellent . Fatigue lives were somewhat low . This
is attributed to an inclusion prob lem . All of the T i — U
specimens were heat- t reated prior to tes t ing at b oth
~~IRC and Gene ral Electr ic . The schedules used by CMRC
and General Electric were the same excep t for the
solution anneal of 1550°F at ~MRC and 1575°F at (‘.ene~ al
Elect ric with fas t  air  cool .

~ 4RC GE
1550°F/4 hr/AC l575°V~4 hr/FA C -

l475°F/4 hr/WQ l475°F/4 hr/WQ ~ Dup lex only for
l 175°F/8 hr/AC l175°F/8 hr/AC .J beta— flu ’ material
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TABLE 8

COMPACTION DATA Ti-l7

_ _ _ _ _ _ _ _ _  

Time , hr
Specimen Temp . Pressure . To At b At Temp .
Numbers (OF) (max.) ksi  Temp .a Temp. & Pressure

269 , 271 1550 14 .3 9 14 0.5

254 , 255 1550 12 .0 7.5 9 .7  0. 1.

265, 266 1550 12.4 9.5 9.0 0.5

263 , 264 , 268 1600 13.3 9.5 8.5 1.7

270 1600 13.5 8 8.5 0.5

256 , 257 1600 12 .4 10.8 9.5 0.1

273 1750 13.9 7 .5  9 0.5
275 , 276 1750 13.4 12.0 9 1.5
261 , 262 1750 13.0 11.5 9.5 0.1

25’ 1600 
- 

15.0
_
— 

9.0 - 0.5

252 , 253 1600 15.0 9.5 - 2 .0

1550 15.0 9 .0 - 0.5

235 , 236 1550 l~ .0 9.0 - 2 .0

238 , 240. 243 1600 15.0 9.0 - 0.5

237 , 239 1750 15.0 9.0 - 2 . 0

aOutside of container reached desired temperature .

bSOal( time to heat th rough the can.
Note : For BCL cycles , a s ing l e  time is shown .
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TABLE 9

SUMMARY OF Ti-6-4 SPECIMENS

Code_ Mold Material HIP Cycle L

277 , 278 Si02 CSMD

279 , 280 Si02 BCL

281 , 282 A1203 CSMD

283 , 284 Zircon CSMD

287 , 288 A12O3 BCL

292 , 293 Zircon BCL

TABLE 10

COMPACTION DATA , Ti-6-4
Time, hr

Specimen Temp . Pressure, To At 
b 

At Temp.
Numbers (°F) (max.) ksi Temp.a Temp. & Pressure

~~~~~~~~ ~~~ 1740 14.2 16.5 9 0.5

281, 282, 274 1750 13.4 12.0 9 1.5 
5

~ ~ ~~ 1750 13.6 8.3 - 0.7

aOutside of container reached desired temperature.

bSoak time to heat through the can .
Note: For BCL cycles, a single time is shown.

— 
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For material HIP above the transus, the 1575°F solution —

anneal was dropped by General Electric but not by CMRC.

The beta transus of specimen SM-227 (HIP at 1550°F)
was determ ined by heating one hour at selected temperatures
and water quenching . The results are given in Figure
25 and Table 11. The 1575°F treatment resulted in
apparent recry stallization of the beta matrix to an
ASTM 6 to 8 grain size. The transus is approximately
1615°F +10°F, which agrees well with previous cast and
wroughtTh~i-l7 with the same approximate chemical corn-position as this material .

Density determinations were carried out on all
compacts by water immersion. These are summarized
in Table 12. The only specimens which failed to
achieve a density equal to or greater than 997,, of
theoretical  were Samp les 254 , 256 , 264 , 265 , and 269
which were HIP at CSMD at 1550°F and 1600°F. The
combination of low temperature and short dwell time of
pressure at temperature were responsible for this
effect. These were excluded from further evaluation.

TABLE 11
ri

Ti-l7 BETA TRANSUS DETERNINATION*

Heat Treatment Metallographic Results

1575°F, 1 hr., W.Q. Below beta transus, 15-2O7~ alpha.

1600°F, 1. hr., W.Q. Just below transus , 1-2% alpha
present.

1625°F, 1 hr., W.Q. Above beta transus, 3-10 mils
grain size , average 6 mils.

1640°F, 1 hr., W.Q. Above beta transus.

*Specimen SM-227
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TABLE 12

DENSITY MEASUREMENTS . Ti-l7

CMRC Data 
- 

GE Data

Com pact 
- 

Condition Lb/in.3 70 TD’~ Lb/in.3 7~ TD’ 
-

227 All 0.1682 99.88 0 .1681 99.8
227 PCTT .1683 99.94 

-

233 
— 

AH .1681 99.82 .1672 99 .3
233 

— 
PCTT .1683 99.94 

_________  ________

236 All .1683 99.94 . 1682 99.9
237 All .1683 99.94 

_________ ________ 

4
2 3 7  PCTT .1684 100 .1684 100
23~ All .1682 99.88 . 681 99.8
235 PCTT .1683 99.94 

_____ ________

243 All .1683 99.94 .16b.~ 99.9
243 FCTT .1684 100 

_________  ________

248 All .1683 99.94 
_________ ________ 

4
— 

248 PCTT .1683 99.94 .1684 
- 

100

250 All .1683 99.94 .1683 99.94
250 PCTT .1683 99 .94
252 All .1682 99.88 .1683 99.94

254 AH .1602 95.13 
__________ ________

254 PCTT .1592 94.54
256 All .1638 97. 27 

_________ ________

256 PCTT .1.654 98. 22
261 

- 
All .1682 99.88 

_________  ________

261 PCTT .1683 99.94 .1683 99.94

264 All 
— 

.1651 98.04 
- _______

265 AR .1587 94.24 
_________  _______

265 PCTT .1601 95.07 
_________  _______

269 AR .1644 97.62 
_________  _______

270 AR 
- 

.1683 99.94 .1683 99.94

270 PCTT .1683 99.94

- 
274 AR .1682 99.88 .1683 99.94

274 PCTT .1682 99.88
275 AR .1682 99.88 .1683 99.94

*Percent of theoretical de ns i ty , 0.1684 .
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TABLE 13

CI-IENISTRY SUMMARY, Ti -17

Ingot 4 .7  2 .2  2 .0 3.8 3.9 0.06 0.006 0.086

Powder 4.8 2 . 2 9  2 .2  3.85 3.9 0.06 0.008 0.094 0.029

SM-270 0.05 0.006 0.100 0.034

L I

A representative specimen (SM-270) was analyzed
for interstitials. Results are shown in Table 13.
Note that oxygen pick-up ~s minimal and other residuals
are virtually unchanged.

All of the compacts were examined metallographically.
The observations are summarized in Table 14. Typ ical
microstructures for the BCL 1550°F HIP are shown in
Figure 26. Prior beta grain size is very small and
alpha case minimal for all of the mold materials. The
maximum depth of penetration by mold fragments is also
quite tolerable.

None of the 1550°F compac ts HIP at CSMD attained
full density. Thus, grain size , alpha cas e, etc. are
of no consequence .

A t 1600°F, some of the CSMD compact s attained full
density and others did not (see Table 12). The micro-
structures shown in Figure 27 are typ ical ; some exhibit
triple-point porosity and others do not. The as-HIP
material shows evidence of a duplex structure. This
is possibly a result  of a short dwell above the beta
transus. This duplex struc ture persis ts af ter heat-
treatment. However, after the PCTT at 1600°F (nominal),
the struc ture rever ted to beta. Thus , either the
transus was s l ightly lower than 1615°F or the PCTT
temperature was excesssive . This is shown again in

45
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As-HIP + Triplex heat treatment

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

PCTT + Triplex heat treatment

Figure 26. Typical s truc tures , 1550°F BCL HIP (250X).
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a heat-treated tensile specimen without a PCTT inFigure 28. Prior beta grain size is quite small
and alpha case minimal for this HIP condition .

Typical structures of the BCL 1600°F compacts
are shown in Figure 29. As-HIP, the structures are
virtually identical with those HIP at 1550°F. Prior
beta grain size is slightly larger. Note, however,
that the structure reverts to beta after the PCTT.
This apparent overtemperature accounts for the increase
in alpha case between the as-HIP and HIP + PCTT condition.
Again, mold particle penetration is not a problem.

At 1750°F, significant structural differences exist
between the BCL and CSMD HIP. These are shown in Figures
30 and 31 , respectively. The as-HIP BCL material
shows a Widmanstatten transformation beta matrix with
grain-boundary alpha. After the triplex heat treat-
ment , the grain-boundary alpha begins to break up and
some blunting of the platelets is evident. The PCTT
resu1t~ in still more of this structural refinement. a

Beta grain size is more than double that for the
sub-transus HIP material , and even more growth occurs
during the PCTT. The alpha case is slightly thicker A
than for the alpha-beta material, but is still of no
concern. Mold fragmentation does not pose any problem
at this higher temperature.

The CSMD HIP material shows a less well-defined
structure because of the short dwell above the transus.
This finer structure is more readily broken up during
heat-treatment and PCTT. Grain size is smaller and
alpha case less than for the BCL HIP material.

As noted in Table 14, mold reaction and/or alpha
case is almost independent of the mold material but
is a function of temperature. Typical surface structures
are shown in Figure 32. At 1550’-’F, the reaction is
minimal. This increases to a few mils at 1600°F and
to 10 mils or less at 1750°F. These are all well
within the machining allowance planned for the Ti-17
shaft and any other rotating part requiring dynamic
balance.

Inclusions also were encountered . These were
identified by X-ray analysis and generally of three
types, viz, non-metallic (high in Si02), iron, and
tungsten. These observations were identical to the
Ti-6-4 experience in the Task I Powder Characteriza-
tion Studies, but now showing up in Ti-17. Typical
high Si02 and iron inclusions are shown in Figures 33
and 34. The silica-rich particle is from specimen
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Figure 28. Duplex structure in Ti-l7 (250X).
(This material, SM-270, was HIP at
CSMD at 1600°F and heat-treated
without a PCTT)
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Figure 35. Apparent Beta fleck due to iron
inclusion (250X).
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SN-243 HIP with a zircon mold and -100 mesh powder.
Note the fine structure which results from the use
of small particles. The iron inclusions typically
have an associated void plus a beta-stabilized area
surrounding the particle. A slight sub-surface
inclusion gives the appearance of a beta fleck, a
problem commonly encountered in Ti-l7 due to chromium
segregation. However, X-ray analysis conclusively
proves iron to be the problem in the case of the PM
Ti-17 alloy. The reaction zone from a typical sub-
surface iron inclusion is shown in Figure 35.

Two morphologies of tungsten inclusion are
shown in Figure 36.

The mechanical properties of the Ti-’l7 are
summarized in Table 15. All of the test data are
presented in Appendix B to this report. As-HIP, the
alpha-beta material exceed the wrought material
specification. The BCL material also meets the
specification after a PCTT, whereas the CSMD
material does not. This may be due to the micro-
structural change noted earlier. - -

For the 1750°F beta-HIP , the BCL material was
marginal , but the CSMD material appears quite satis-
factory in the as-HIP condition . Both show appreciable
drops in ductility after a PCTT. It is interesting
to note that General Electric tended to report lower
ductility for the beta-HIP material than did CNRC.
This might be attributed to the fact that for the
1750°F material, ~MRC continued to use the triplex
heat-treatment, whereas General Electric used only a
duplex heat-treatment. The triplex treatment was
shown earlier to result in blunting of the sharp alpha
platelets, but, as is shown in Figure 37, the duplex
treatment is less effective in this regard .

Some inclusions were noted on tensile fracture
surfaces. Generally, these appear to have li ttle effec t
on strength or ductility . Tungsten was not found but
both iron and non-metallic s were. Typical examp les
are shown in Figures 38 and 39.

3.1.2.5 Ti—17 Data Analysis

The effect of the process variables was examined
separately for the alpha-beta and beta-HIP cycles.
For sub-transus compaction, the as-HIP BCL averages
(R) from Appendix B to this report were considered
baseline values. The standard deviation , ~~,where t
designates the total population for these values , is:
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F~~ - 1.8 ksi El - 1.3~

Ft~ - 1.6 ksi RA - 3.6~

Indiv idual property averages were then computed for
each lot of specimens embodying a given variable. The
difference between this average, X1, and the overall - -

average, ‘~~~~, is termed A . A value of t~ greater than O~~is assumed to be significant, whereas a A less than
is considered to fall within the normal data scatter.
Throughout this report this method of determining whether
groups of values are significantly different will be
used. It is recognized that a more rigorous analysis would
be to compare the difference between the two means with
the standard error of the difference. Using this so-called
t test, the probability that two sample groups are
drawn from the same population can be defined precisely.
That is , the level of significance of a particular
difference betweei the means can be given an exact r

probability va1ue’~.

From Table 16, it can be seen that the ~~values
for all of the mold materials are small. Only those
of the strengths with Sb 2 (marked with an asterisk)
exceed Cj. Note also that only the Si02 molds show
a positive ~ for ductility. Although tensile test data
does not reflect surface defects and reaction zone
effects from the mold material, the data indicate no
diffusion or compaction problems with any of the mold
materials. The data indicate that all mold materials
are acceptable, but for convenience, the Si02 system
was chosen for future work.

Autoclave hold time below the transus appears to
have no effect on properties. As is shown in Table
16, the A values are very small for both 30 and 120
minute cycles. Here, economy dictates the shortest
feasible cycle, so the 30 minute hold should be used
in subsequent work.

Although the ~ values for HIP temperature aresmall in comparison with ~~~ there is a definite trend
towards higher strength and lower ductility with
incre..sing consolidation temperature below the beta
transus.

Fine powder, (-100 mesh) was introduced into this
program not necessarily to show a superiority , but an
equivalence. If a process capable of making fine
titanium powder is developed, it may be possible to

61

~~~~~~~~~~~~~  ____ 



— — ----5- —5- -----— - - ---,-- - — —U

TABLE 16

EFFECT OF VARIABLES , Ti-17 , SUB-TRANSUS HIP

A. Effect of Mold Material

Elonga-  Reduc t ion
F F t ion  of Area

V ar i a b l e  tu ( k s i )  t) ’  ( k s i )  (s):,) ( ‘7.)

Si0 2 Avg, X 1 162 . 7 156.9 15.5 3 6 3
A _ 2 . 2 *  _ 1.7* +1. 2 +1. 4

A 1203 Avg . X 1 165 .5  159. 4 14 .1 36 .9
A +0.6 

- 
+0.8 -0 .2  

— 
0

Zircon Avg 1 X 1 165 .5  158 .2 13.6 33 .6
A +0 .6 -0. 4 -0 .7  - 1.3

B. E f f e c t  of Autoclave  Hold Time

30 mm Avg . X 1 164 .9 159 .0 14 .4 34 .5
A 0 +0.4 +0. 1 -0.4

120 mm Avg, X 1 164 .9 158.0 14. 2 35 . 4
A 0 -0 .6  -0.1 +0 .5

C. E f f e c t  of HIP Temperature

1550 F Avg, X 1 163.6 157 .4 15.1 36 .8
A -1. 3 -1, 2 +0.8 

— 
+1 .9

1600 F Avg . X 1 166.0 159.5 13.7 33. 4
A +1.1 +0.8 -0 .6  -1.5

D . E f f e c t  of Powder Par t ic le  Size

— 35 mesh Avg , X 1 165.0 158.3 14 .5 37. 3
A +0.1 -0.3 +0.2 -4-2.4

-100 mesh Avg , X1 164 7 159.1 14.1 31.5
A -0.2 +0.5 -0.2 -3.4

E. Effec t ot PCTT

With PCTT Avg. X1 166.8 159.3 12 .3 25.5
A +1.9* +0.7 ~2.0*

F. Effec t of Test Procedure

CMRC Data Avg. X 1 165.0 158.5 15.0 35.8
A +0.1 +0.1 4-0.7 +0.9

GE Data Avg 1 X 1 164.7 158.6 11.5 33. 1
A -0.2 0 ~2.8* -1.8

C. Effect of HIP Cycle (1600 F c’n1v~

BCL Avg. X 1 166.0 159.5 13. 7
A +0.4 +0.6 -0.2 -0.5

CSMD Avg. X 1 163.8 156.3 15.0 
— 

36 ,’~A _1.8* _2 .6* +1.1 +2.o

1600 X 165.6 
— -  

158.9 13.9 ~3 .9
Baseline 2.5 3.4 1.9 9.4

1.6 1.9 1.4 3,1

Note :  Values marked w i t h  a s t e r i s k  exceed

- —-j — -j -.5--- - 
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employ a practice which would limit the maximum flaw
size as defined by fracture mechanics. The data in
Table 16 show no effect of particle size, i.e., al1I.~ 

- -

values are less than O~ . The lack of any negative
effect , therefore, shows the technical feasibility of
such - .~~ concept. The economic feasibility remains to
be considered.

The PCTT has a signifIcant effect on properties;
the + ~ for F exceeds Oj. Unfortunately, so do the
-A values fo~ elongation and reduction of area. The
latter is regarded as especially serious and, coupled
with economics, is the reason for the decision to dis-
continue the use of a PCTT step .

The effect of test technique can often be significant.
Therefore , this factor was also considered. By our
definition , only elongation show s any significance , i.e.,

Q~~
. Note, though, that ~MRC data show a consistent

posTtive trend as compared with General Electric ’s data.
This inherent variability was the rationale for dividing
the testing effort on this contract.

Because of the porosity encountered in the 1550°F
HIP cycles , CSMD and BCL compaction can be compared only
at 1600°F. This necessitates the use of a new set of
baseline values excluding those for 1550°F HIP at BCL.
These are shown in Part C of Table 16 along with the
respective A values. The lower strength associated
with the CSMD cycle is significant. On the other hand,
the CSMD ductilities show positive L~ values, but theyare less than C~~. Notwithstanding these comparisons,
sub-transus HIP of Ti-17 in a CSMD cycle is regarded
as marginal because of the frequency of incomplete
consolidation which was encountered.

— 
For the 1750°F. beta HIP cycles , the overall averages,

X, and standard deviations, O~ , are:

Property X

Ftu 164.1 1.7

Ft~ 154.7 1.8

El 8.5 2.5

RA 17.0 7.2

In Table 17, several significant observations are
marked with an asterisk with respect to mold material .

- - 
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TABLE 17

EFFECT OF VARIABLES, TI-17, BETA-HIP

A. Effect of Mold Material

Elonga- Reduction
F F tion of Area

Variable tu (ksi) ty (ksi) (7.) (7.)

Si02 Avg, X1 162.3 153.9 5.2 9.1
A _1.8* -0.8 _3.3* 

_________

A1.203 Avg, X1 166.4 153.0 10.0 16.2
A +2.5* 

— 
-1.7 +1.5 -0.8

Zircon Avg. X1 164.2 155.3 9.4 19.8
A +0.1 +1.6 +0.9 +2.8

B. Ef fec t  of HIP Cycle

BCL Avg 1 X 1 163.4 154.5 7 .7  15.0
A -0.7 -0.2 -0.8 -2 .0  A

CSMD Avg 1 X1 165.4 155.1 10.9 23.3
A +1.3 +0.4 +2.4 +6.3

C. Effect of Autoclave Hold Time

5 mm Avg. X1 166.4 153.0 10.0 16.2
A +2.3* -1.7 +1.5 -0.8

30 mitt Avg , K1 164.2 155.3 9.4 19.8
A +0. 1 +0.6 +0.9 +2.8

120 mitt Avg , X1 162.3 1.53.9 5.2 9.1
A _ 1.8* -0.8 _3~3*

D. Effect of Particle Size

-35 mesh Avg , X1 164.0 154.5 9.0 18.7
A -0.1 -0.2 +0.5 +1.7

100 mesh Avg, X1 164.7 155.1 8.0 13.4
A +0.6 +0.4 -0.5 -3.6

E. Effec t of PCTT

2 hr PCTT Avg 1 X1 1 165.0 156.5 4.9 9.5
A 

[ 
+0.9 +1.8 -3.6*

F. Effect of Test Procedure

CMRC Data Avg , X1 163.8 153.8 8.7 15.8
A -0.3 -0.9 +0.2 -1.2

GE Data Avg , X1 164.4 156.6 8.2 19.5
A +0.3 +1.9 -0.3 +2.5

Note: Values marked with asterisk exceed 



The most important is that, for a 1750°F HIP temperature,
Si02 appears to be unsatisfactory, whereas the A1203and zircon should both be usable.

Although the comparison of CSMD and BCL 1750°F HIP
cycles show no significant values of A , i.e., none exceed
0 t’ it is interesting to note that all BCL A values are

negative and all CSMD values are positive. This probably
relates to the microstructural differences noted earlier.
Although there is an inclina tion to favor a CSMD cycle at
1750°F, either shouid be acceptable.

Unlike the alpha-beta cycles , autoclave hold time is H
an important variable at 1750°F. Especially noteworthy
are the large -A values at 120 minutes. At 5 minutes,
both positive and negative values are seen, but at 30
minutes , all are positive. Thus, a 30 minute cycle is
recommended for h~ gb-temperature HIP of Ti-l7.

Again , par t ic le  size appears to have no e f fec t  on
properties. As noted earlier, -35 mesh was specified
until finer powder becomes more cost effective.

The PCFT shows a significant drop in ductility.
This is probably associated with excessive grain growth
at 1750°F . This treatment has been discontinued.

For beta HIP Ti-17, the effect of test procedure LI
appears to be random. This is inconsistent with the
same comparison on sub-transus HIP material where def-
m ite trends were noted .

Low cycle (tension-tension) fatigue curves for the
Ti-17 are shown in Figure 40. All of the points fall
below the typical wrought material curve. Note, though,
that of the five specimens with no obvious inclusions
on the fracture surface, only one falls outside the 3C
limits. Conversely, of 10 specimens with identified
inclusions , five fall below the 3cr limit. Note also
that, of the four beta-HIP materials tested (see arrows),
only one falls below the 3c- line and it had an
inclusion.

A complete summary of this fatigue data, including
inclusion identification, is presented in Appendix B
to this report (Table 3-4 and B-5). Some typical fracture
surfaces are shown in Figure 41. One of these spec imens
was HIP in an Al2O3 mold and the other in zircon.

As was the case for the tensile testing, no tungsten
inclusions were found on the LCF fractures.
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Figure 40. Low-cycle fatigue of Ti-17.

(A = 1.0 , Kt — 1.0)

The circled points had no obvious inclus ions ,
whereas non-metallic inclusions were noted for
the solid points. The arrow denotes beta-HIP
material; all others were alpha-beta HIP.
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The inclusion problem makes it difficult to draw
meaningful conclusions . Further testing with cleaned
powder was completed durir~ the next task in an attempt
to clarify this matter.

For high cycle fatigue , an apparent structural
dependence is again shown in Figure 42. Almost all
of the alpha-beta HIP material falls below the 3o—’
limits for wrought Ti-17. Note, however, that the
BCL beta-HIP material falls within the 3O~ range and
the CSND beta-HIP material is nearly on the wrought curve .

Because of the fretting associated with rotating
beam fatigue failures, fractography is difficult. Never- 4
theless , some inclusions were observed ; a typical one is
shown in Figure 43. This compact (SM-270) was HIP in an
Al203 mold.

3.1.2.6 Ti-6-4 Evaluation

Three variables, (1) type of HIP cycle, (2) mold
material, and (3) Post Compaction Thermal Treatment (PCET)
were included in the investigation. The PCTT consisted of
a 1750°F treatment with a 2 hour hold followed by a
furnace cool.

Density determinations were made on samples from
all compacts by water immersion techniques. These are
siunmarized in Table 18. Every specimen attained a
density of �99.7 percent of theoretical. The PCTT
had no effect on density; this indicates that TIP is - -
also not a problem with this alloy.

A representative specimen was analyzed for inter-
stitials. Results are shown in Table 19. With the
exc eption of a minor decrease in iron, the content of
residuals is essentially the same as that of the parent
ingot.

A microstructural study was performed on the various
compacts. These results are suumiarized in Table 20. All
of the BCL-HIP materials exhibit typical coarse plate-
like alpha , as can be seen in Figure 44 . Note the
partial recrystallization, indicative of grain-boundary
working, in the as-HIP material. This is most likely
due to the nature of the cycle used, i .e.,  some pressure
was applied prior to reaching the 17500F HIP temperature.
The BCL-HIP + PCTT materials show structures typical of
sub-transus processed Ti-6-4.

The CSND-HIP material (Figure 45) shows no recrystal-
lization at the grain-boundaries since all working was
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Compact SM-270

Figure 43. Si02 inclusiou of HCF f r a c t u r e—
Compact SM—270 (~~ 25X).
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TABLE 18

DENSITY 1”tEASUREMENTS, Ti-6-4

Compact Condi t ion Lb/in .3 ~ TD

277 AH 0.1596 99.94
277 V PCTT .1596 99.94
279 AH .1597 100
279 PCTT .1597 100
281 AH .1595 99.87
281 PCTT .1596 99.94
284 AH .1596 99.94

- 
284 PCTT .1596 99.94
287 AH .1597 100
287 PCTT .1597 100
293 AH .1596 99.94
293 PCTT .1597 100

TABLE 19

CHEMISTRY SUMMARY, Ti-6-4 (Weigh t %)

Al V Fe C N 0

Ingot 6.0 3.80 0.050 0.013 0.010 0 .094

Powder 6.0 3.85 0.045 0.024 0.008 0.094

SM-279 0.04 0.038 0.006 0.100
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TABLE 20

Ti-6-4 STRUCFURE STUDY

Beta

a Grain
HIP Specimen Heat Size , Skin

Temp . Number and Auto - Treatment Avg . Depth
(°F) Mold Material d ave Condition (in) (in)

1750 279 C Ann. .005 <.001
sio2 

B L 
~~ + Ann. .0056 <.001

287 BCL Ann . .005 <.001
Al203 PT + Ann. .005 <.001

293 BCL Ann. .004 <.001
Zircon PT + Ann. .005 <.001

1750 277 Ann. .0o5 <.001
Si02 PT + Ann. .016 <.008

281 cs~,u Attn. .006 <.001
Al203 PT + Ann. .016 .012

284 cs~n Ann. .006 <.001
Zircon PT + Ann. .012 .008

aAnn. — 4 h 1450°F, furnace cool to 1100°F, air cool.
PT PCTT, nominally 2 h 1750 , furnace cool.

- — - 
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done at the HIP temperature. Note, however, the structural
change after the PCTT . This transformed beta microstructure
indicates that the actual PCTT temperature was above the
effective beta transus temperature. Moreover, the CSMD
compacts tend tc’ show more grain growth after PCTT than
do those HIP at BCL.

3 
In the as-HIP condition, the reaction zone or skin

depth is quite small for all materials. Even after a
PCTT , the maximum depth is only 0.012 inch.

Typical surface structures are shown in Figure 46.
There is no change in the structure from edge to center
of the compact.

Room temperature tensile data for the ELI Ti-6-4
are summarized in Table 21. Detailed data are pre-
sented in Appendix C to this report. As can be seen,
ductilities are excellent; however, strength is below
the desired 130/120 minimum. This is attributed to
the low oxygen. The ductility drop in the CSND + PCTT
material is associated with the structural change due
to the excessive PCTT temperature.

Additional property testing was suspended until
higher oxygen powder could be introduced into the
program.

3.1.2.7 Ti-6-4 Data Analysis

The analysis of the effect of process variables was
performed in the same manner as that for the Ti-17 alloy.
Of the variables investigated, for example, mold material,
type of HIP cycle, and PCTT, only the latter proved sig-
nificant. Property averages for the variables, listed
in Table 22 were compared with those for the overall
population, for example, the average X and standard
deviation, ~~~ of the data for all as-HIP Ti-6-4. This
overall average is noted in Table 21. The i~~ value is
the difference between the individual lot averages, X1,
and overall averages, 3~.

For the three mold materials, all ~ values areinsignificant in comparison with 0 , but the Si02system shows a consistent positive trend. In the previous
section it was noted that the zircon molds were suspect
because of penetration of mold fragments into the
titanium. Thus, although the Al903 system should be
satisfactory, we recommend the Sb 2 molds because of more
extensive experience with this material and lower cost.
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TABLE 22

EFFECT OF VARIABLES , Ti-6-4

A. Effect of Mold Material

Elonga- Reduction
F F tion of Area

Variable 
. 

tu (ksi) ~ty (ksi) (7~) 
- 

(‘Z.)

Si02 Avg . X 1 124.4 113.8 
- 

17.5 44.6
0 

_ _ _ _ _

A1203 Avg, X 1 124.3 113.5 17.7 44.1
0 - .2 +. 2 - .2

Zircon Avg , X1 124.2 113.7 17.3 44.2

___—— 

0 
— ~~~~~~~~ 

- .1

B. Effect of HiP Cycle

CSMD HIP Avg , X1 122.9 111.3 17.7 44.4
____  _____  

-1.4 -2.4 +.1 
_ _ _ _ _ _ _ _ _ _

BCL HIP Avg, X1 125.7 116.0 17.3 44.2
+1.4 +2.3 -.2 - .1

C. Effect of PCTT

CSMD + PCTT Avg , X 122.3 110.5 14.7 33.4
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

-2.0 -3.2* ~2.8* _lO.9*

BCL + PCTT Avg , X1 121.3 109.8 17.6 43.6
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

-3.0* _3~9* +.l -0.7
All PCTT Avg , X1 121.8 110.2 16.2 38.5

-2 .5 _3~5* 
_ 1.3* _5.8*

D. Effect of Test Procedures

CMRC Avg. X 1 F 121.8 112.5 f i8.8 45.8
- 2 . 5  -1. 2 j +1.3* +1.5*

MCAIR Avg . X1 125.6 114.3 16.8 4 3 . 5
+1.3 +0.~ - -0.8

L~vaiues exceed
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In comparing CSMD versus BCL compaction, CSMD gives
better ductility and BCL better strength due to the var-
iation in heat-up rate and its effect on grain boundary
alpha formation. The A values are also less than cr~~

.
Still, the data irkdicate that either type of HIP could
be used satisfactorily.

The PCTT treatment does have a significant effec t
on properties. All the ~ values marked with an as terisk
exceed O~~; furthermore , all are negative. Even a PCTT
below the transus causes some grain growth and, if the
PCTT temperature is excessive, the structural changes
noted earlier can adversely affect properties. There-
fore , we conclude that a PCTT is detrimental to the
properties of Ti-6-4 HIP at 1750°F and should be dis-
continued.

A less obvious but nevertheless significant variable
is testing procedures. Note that ~MRC consistently
measures a lower strength and higher ductility than MCAIR.
In the cas e of ductili ty, the ~ values are significant
with respect to ~~~~ This is p robably typical of multi-
facility testing and merely shows the value of a modest
amount of duplicate testing.

3.1.2.8 Summary - Preferred HIP Parameters

A. Ti-17 Alloy

The Ti-li HIP experiment proved to be well
designed since the optimum parameters were success-
fully bracketed. Viable alpha-beta and beta-HIP
cycles were defined. The property goals stated
earlier in the text were met, although fatigue
results were marginal. Specifically, the findings
on the HIP Parameter studies were as follows :

1. Only heated autoclave cycles are
satisfactory at 1550°F.

2. For 1600°F, the CSMD autoc lave is
considered marginal , whereas a
heated autoclave is quite satis-
factory .

3. At 1750°F, both types of autoclave
are acceptable although the CSMD
cycle provides better ductility .

4. Tensile and fracture toughness
characteristics of as-HIP alpha-
beta and beta material compare

- - .,



5. The PCTT is neither necessary
nor beneficial and can be dis-
continued.

6. Any of the mold materials con-
sidered are acceptable for use
with Ti— 17.

7. Use of fine powder is technically
acceptable but , at present , is
not economically feasible.

8. Inclusions in the REP powder con-
stitute the major difficul ty en-
countered to date . Their effec t
on fatigue was expec~ally damaging.

Based upon the observations from the HIP
Parameter study, it was recommended that the
REP apparatus be investigated for any source of
Si-Ca-K type of inclusions. Discussions with
personnel at Nuclear Metals indicated that a
possible source of contamination had been
located. Base~ on their evaluation, additional
powder was produced to determine if correc tive
measures would satisfac torily control these
types of inclusions.

In order to complete the parameter selection ,
additional fatigue tests should be run using
powder relatively free from inclusions .

Also , evaluation of a lower beta-HIP
temperature in a heated autoclave should be
carried out. The short dwell above the transus
in the CSMD cycles resulted in good ductility .
The feasibility of upgrading ductility of a
BCL-HIP sample by dropping the beta-HIP temp-
erature should be inves tigated.

Further dup lex versus triplex heat treat-
ments should be compared since the tensile data
for beta-HIP Ti-li indicate that the triplex
heat treatment may result in better ductility
than the duplex used by General Electric.

B. Ti-6-4 Alloy

Due to the low oxygen levels in the Ti-6-4
alloy , tensile properties were below the target
values stated earlier in the text (Page 14).
Nevertheless , several significant observations
were made.
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I.. Mechanical property data for as-HIP
Ti-6-4 show very little scatter.

2. Both CSMD and heated autoclave
cycles result in excellent material .

3. Any of the mold materials are
acceptable , al though Si02 is the
primary choice.

4. The PCTT is neither necessary nor
beneficial and can be discontinued.

Based on the HIP Parameter studies, it was
determined that additional Ti-6-4 powder with a
higher oxygen content should be purchased and
evaluated in the as-HIP condition. All further
testing was deferred until the 130/120 tensile
and yield strength goals were met.

3.1.2.9 Additional Ti-17 Powder Production

Approximately 100 pounds of the original ingot were
converted into powder after a non-metallic component in
the REP appara tus which was regarded as a possible source
of Si-Ca-K type of inclusions was replaced by an alternative
material . Powder was examined under the scanning electron
micro scope and treated in tetrabromethane to remove all
particles with a density of less than 2.9 g/cc. This
latter treatment had previously isolated the silicon-
containing tnclusions. In a random sample of 1.3 pounds
of powder from this new lot (4026-36), only one silicon
base inclusion was identified.

In addition, a small sample was consolidated and
examined inetallographically. This procedure revealed
tungsten but no non-metallic inclusions.

Oxygen analyses given in Table 23 are consistent
with those for the initial lots of Ti-l7 powder.

Other characterization of this powder is also
summarized in Table 23.

The changes in the REP apparatus appeared to have
successfully eliminated the Si-Ca-K type inclusions in
the New Powder lot as indicated in the tests performed.

3.1.2.10 Additional Ti-6-4 Powder Production

Higher oxygen Ti-6-4 was produced from two
different Ti-6-4 ingots by the REP technique at Nuclear
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TABLE 23

SUMMARY OF Ti-17 POWDER CHARACTERIZATION

Oxygen Content (%)

Vendor 0.083, 0.084
CMRC 0.097, 0.100

0.094 , 0.095

Size Distribution

-35 , 465 mesh 1.3%
-45 , +60 4 .9%
-60 , +80 37 .1%
-80 , +100 28 .4 %
-100 , +120 9 .1%
-120 , +200 l8.4~
-200 , +325 0.8%
-325 

— 
Trace

Apparent Densi ty  .1019 lb/ in 3
60.4 % theore t ica l  dens i ty

Tap Density .1048 lb/ in 3
6 2 . 7  7.-. th~ ore tical  dens i ty

Flow Rate 2b.9 sec .

82

______________ ‘-4

L 
.,

, 

_ __  

_______
~~~

_______________ -~. ~~~~~~~~ 
-



~ 

Metals. The powder is comparable in quality and
characteristics to the ELI Powder evaluated previously.
As is shown in Table 24, there is a slight discrep ancy
between the oxygen values reported by the vendor and
those determined by Crucible. Hereaf ter , the median
value will be used to describe these two powder lots.
All other characteristics of these two powder lots
are the same.

Metallographic examination of the powder revealed
tungsten particles but no non-metallic inclusions.

3.1.2.11 1650°F HIP of Ti—17

During Task II, it was observed that the short
dwell above the transus in the CSMD HIP cycle produced
bett~r ductility values than were achieved in conventional
1750°F HIP cycles. Thus, it was recommended that a
lower beta HIP temperature be exp lored as a means of
increasing ductility .

Material HIP at 1650°F from both the original lot
of powder (Part SM-295) and the new lot, 4026-3, of
powder (Part SM-357) were heat-treated atid tested.
Results are summarized in Table 25. Both exhibit
higher strengths than were previously attained at 1750°F.
However, using General Electric ’s standard duplex heat-
treatment for beta-processed Ti-l7, only SM-357 exhibited
the enhanced ductility . When 514-295 was given the trip lex
heat-treatment normally used for alpha-beta processed
material , this also showed improved ductility .

There are two plausible explanations for this observa-
tion. First, as is shown in Figure 47, the typical 1650°F
+ duplex STA material has a nearly continuous grain-boundary
alpha network and sharp alpha needles. Both microstructural
features could reduce ductility. After a triplex STA ,
the grain boundary alpha begins to break up and the
needles are not as sharp5 (see Figure 48).

The second possibility involves specimen preparation.
SEM examination of failed specimens returned by General
Electric show circumferential tool marks, as is shown
in Figure 49. Fracture appears to initiate from these
marks. On the other hand, a failed GMRC specimen is
shown in Figure 50. These specimens were finished by
longitudinal grinding. These scratch marks do not
appear to influence the crack path.
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TABLE 24

SUMMARY OF Ti-6-4 POWDER CHARACTERIZATION

Lot No . 4026- 1 4026-4

Oxygen Content  (~
)

Vendor 0 .130 0.150 , 0. 159
CMRC 0.140 , 0.154 0.178 , 0.182
Nomina l* 0.142 0.166

Size D i s t r ib u t i o n

-35 , +45 mesh 0.3%~ 0.47..
-45 , +60 3.3% 5.97%

-60 , +80 30.07. 52.34%

-80 , +100 29.1 % 25.157 .
-100, +120 1.3.87. 8.S7%

-120 , +200 19.97. 7~ 450

-200, +325 3 .5~. 0.03%

-325 0.1% 0.02%

Apparen t  D e n s i t y  .0976 lb / in 3 
- 

.0961 lb/ in 3
r~0.9  t h e o r e t i c a l  60 .0  ~~

‘
. t heo re t i c a l

Tap t)ensitv .1059 lb / in 3 .1048 lb / in3
—  6 .2 theoretical 65.5 theoretical

Flow Rate 24.1 sec

*Median Va lue , used in balance of report.

I
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TABLE 25

PROPERTIES OF Ti-l7 HIP AT 1650°F

F F Elonga- Reduction Ktu ty t ion of Area Q
Specimen HT (ks i )  (ks i )  (7.) (7.) (ksi  in . 2 )

SM-295 As-HIP 154.1 140.7 16.5 30.7 -

Triplex 171 .7 161.9 9 .5  17.4 -

176.5 168.5 5.5 9.2 40.3
Dup lex 174.4 165.5 4.4 10.1 44

170. 6 159 10.5 17.9 50 .6
SM-357 Duplex 168.9 158 8.6 16.7 - 4’
Specifi-  163 153 5 10 50
cation mm mm mm mm mm

Avg. ,  1750 F
HIP heated 162 .8 154.1 6.6 11.9 59. 2
autoclave (3)

Duplex Heat Treatment: 4 hr 1475 F , WQ
8 hr 1175 F , AC

Triplex Heat Treatment: 4 hr 1550 F, AC
4 hr 1475 F, WQ
8 hr 1175 F , AC
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Figure 47. G. E. specimen Ti , duplex STA.
(G.B. alpha is nearly continuous .
Primary alpha needles are sharp. 250X)

Figure 48. G. E . specimen FT , triplex STA .
(G.B. alpha is more broken up and primary
alpha more blunted than in the above
figure. Both structures are typical for
their respective heat treatments - 250X)
Etchant: 27.1W - 157.HNO3
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Figure 50. SEM surface images in neckdown area of broken
CMRC tensile specimen C4.
(Finish machining was b y f ine  longitudina l
grinding. Scratch marks here did not
influence crack path. Improved ductility
is evidenced by the appearance of shear
bands or twins - 100X )
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3.1.2.12 Ti-17 Low Cycle Fatigue

During tice initial invc*tigations on preferred HIP
parameters , erratic low cycle fatigue behavior was cii-
countered in HIP 11-17 . Most of the fatigue fracture
faces contained inc lusions , generally of the Si-Ca-K
type . It was hoped that clean powder would eliminate
this problem . However , LCF tests from compacts pre-
pared from new powder still exhibited this scatter , as
can be seen in Figure 51. Yet , fractographic analyses
in this case did not indicate the presence of non-
metallic inclusions as initiation sites.

In order to resolve the LCF problem , all of the
possible reasons for poor performance were noted and
systematically evaluated. These included inherent
problems with the parent heat , micros tructur e as
influenced by both compact ion parameters and by heat
treatment, inadequate bonding, and inc lusion sources
from either contamination associated with the ceramic
mold process or associated with the powder production!
handling process.

Properties of Parent Heat (R51646)

One possible exp lanation for the erra tic fa tigue
behavior would be a problem with the original heat of
Tl- 17. To investigate this possibility, LCF and tensile
test- s were performed on the bar stock which remained
after powder conversion . It must be noted , however ,
that the optimum forging practice for Ti-17 was not
used in thiz expedient processing of the electrode bar
prior to testing. Figure 52 gives the LCF results of
this material compared to cast and wrought Ti-U. Al l
of the points arc above the minus three sigma data for
beta-processed 11-17 and about average for a’pha-beta
processed material. Tensile data for this h~ r stock I s
given in Table 2( and exhibit strengths near the lower
end of the normal range , thus LCF st ren~~ths ~1 igh t ~v
below the average are to he expected . However , the
data range is considerab ly hi gher than the HIP ma te r i a l
which indicates that there is no basic prob l em with
the parent heat.

Microstruc turc Versus Fatigue Life

For the Ti-17 cast and wrought ah oy , beta
processing results in superior fatigue life as
compared with alpha-beta processing. Thus , i t  was
f e l t  that  be ta—HIP  should likewise he superior t o
al pha-be ta  HIP .  In the ear l ier  HIP liaraneter  stud y .
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Figure 51. LCF data for Ti-17.

(The solid circles are data points for HIP Ti—l7 from the
initial lot of powder. The open circles are new data
from the most recent lot of Ti-17 powder)
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TABLE 26

PROPERTIES OF BAR STOCK - HEAT NO. R51646*

Tensile Properties

Ultimate Strength, F~u 
(ksi) 163,000

Yield Strength, F.ty (ksi) 154,400

Elongation 7. 14.3

Reduction Area 7. 27.9

Low Cycle Fatigue Test Results

(A — 0.98, K
~ 

— 1.0, Frequency 20 Cl’?’!)

Stress (ksi) Cycles to Failure

160 15,320

150 22 ,288

140 69 ,300

130 108,000 + (no failure)

*Heat treated 1475°F, 4 hours , water quench

+ 1175°F, 8 hours , air cool.
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the beta-RIP material did exhibit higher K~ values
than alpha-beta HIP, but fatigue life was ito better.
At that time, a HIP temperature of 1750°F was used.
This resulted in a relatively coarse grain with an
extensive grain-boundary alpha network.

To determine whether a lower but still super-
transus compaction t:emperature would be beneficial ,
additional material was HIP at 1650°F. This lower
beta-HIP temperature resulted in enhanced ductility
but no improvement in fatigue life. Typical LCF curves
for 1650 and 1750°F RIP Ti-17 are compared in Figure
53.

The microstructure of HIP Ti-17 exhibits a coarser
alpha platelet size and more continuous alpha grain-
boundary networks as compared to typical cas t and
wrought beta processed material. The beta processed
material also has an elongated grain structure as a
result of hot working, while the HIP product has an
equi-a~ced grain structure. It has been reported by
others° that some forms of coarse grain-boundary alpha
can be detrimental to low cycle fatigue, but this
has never been demonstrated for Ti-17. In order to
attempt to simulate the RIP structure in cast and
wrought material a section of a beta processed forging
has been given a heat treatment in the beta field as
follows:

1650°F, 1 hour, air cool

+1475°F, 4 hours, water quench

+1175°F, 8 hours, air cool

A section of the HIP sub-scale shaft SM-357
from Task III was given a similar heat treatment
(1625 + 1475 + 1150°F) in an attempt to produce a
finer alpha platelet size for - comparison to the beta
heat-treated cast and wrought sample described above.
As is shown in Table 27 , this heat treatment resulted
in high strength but low ductility . Thus, the LCF
specimens were re-aged for four hours at 1200°F prior
to test.

The results of these tests are shown in Figure
54. First, it is evident that the above heat treat-
ment did offer a very slight improvemen t in LCF life
over the conventiona. duplex cycle. It is also
apparent that this ~ieat treatment did degrade the
LCF strength of the beta-forged disk. The data for
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TABLE 27

PROPERTIES OF BETA HEAT TREATED SHAFT

SUB-SCALE SHAFr , s?4-357

Hea t Trea tment: 1625°F , 1 hour , air cool +

1475°F, 4 hours , water quench +

1150°F, 8 hours , air cool

Tensile Properties

Ft~ Ftv Elongation Reduction Area j
(kat) (ksl) (7.) (j)

181.8 180.6 4.5 9.3

Fracture Toughness (Slow Bend Pre-cracked Charpy)

l1~
.
~~’ 36.4 ksi /i

~~

L~ i Cycle Fatig!le* A — 1 0 , Kt — 1.0

l4sxim~*n Stress (ksi) Cycles to Failure

120 16,604

120 19,577

140 16,102

130 15,535

*5p~~j~~~~ re-aged 1200°F, 4 hours 
-

V
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the beta-rolled bar stock , which was noted earlier ,
is also plotted again . It is noteworthy that the
two wrought materials as tested here have microstructures
similar to the beta-HIP material . Thus, these resul ts
tend to discount microstructure as the sole cause of
the poor fatigue properties in the HIP Ti-l7.

To further evaluate the microstructural effect
on LCF, tests were run on a beta-forged disk p rovided
by General Electr ic . A portion of this same disk
was then subjected to a 1650°F HIP cycle , heat-treated ,
and tested again. Results are plotted in Figure 55.
These da ta show tha t the type of microstructure which
arises from a standard 1650°F HIP cycle can degrade
the LCF life somewhat , but certainly not to the extent
encountered in the HIP product. Nevertheless , some
work in microstructural refinement was initiated. V

This is summarized later in this report.

In an attempt to produce a beta heat-treated
microstructure free of grain boundary alpha , spec imens
from stub shaft 514-357 were heat-treated at 1650°F
one hour , rap id air cool plus age at 1250°F. Metal-
lographic examination of the heat trea ted spec imen
showed only minimal grain boundary alpha present in V

the microstructure. Tensile results are given in - 
V

Table 28 , which show higher strength than expec ted ,
but accompanied by lower ductility . Low cycle
fa tigue proper ties are given in Figure 56 and are
the same as obtained wi th the conventional heat treat-
ment. Although not conclusive , grain boundary alpha
does not seem to be a major cause of the low cycle
fatigue problem .

Inadequate Bonding

To invest igate  the possibil i ty of inadequate
bonding as a cause of low fa tigue strength , a por tion
of stub shaft 514-384 was returned to Crucible for
re-HIP.  During the rerun , a power fai lure occurred
and the run was aborted after reaching t emperature ,
but not fu l l  pressure . Thus , the cycle was repeated
and the pa r t  actually experienced three thermal
cycles , two with fu l l  pressure .  This re-HIP material ,
which by now had a very coarse grain size (some as
large as 0.050 inch) was reheat- t reated and LCF
tested . As is shown in Figure 57 , the rerun--
probabl y as a result of excessive grain growth--
further degraded the fatigue life of the Ti-17.
Al though excessive grain size resulted , the data
appear to discount the theory that  be t te r  bonding
in the PM material  would improve f a t igue propert ies.
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TABLE 28

TENSILE RESULTS - SM-357

Ft~ 
Ft~ Elong . Red.  Area

(
~~.~
!) (i~~

i) (7~,) (‘7.)

SM-357 181.8 176.8 3.6 7.5

Heat t rea tment : 1650° F , 1 hr , rapid  air  coo l +
1250°F, 8 hrs , A.C.

I

Inclus ions
I

In concurrent Task III efforts rn sub-scale stub
shaft development , a high incidence ~f non-metallic
inclus ions  were encountered in the HIP Ti- 17. Those
found in sub-scale parts  SM-357 and -384 are l i s ted  in
Table 29. A SEN photograph at the fracture surface of
one of these (SM-357-B) is shown in Figure 58. Note that
there is some par titioning of the elements wi thin the V

contaminated area.

TABLE 29 V

SUMMAR Y OF NON-METALLIC INCLUSIONS

Material  Type of Test Type of Inc lus ion

SM-384—A LCF (59 ,074 cycles) Silica-rich
SM-384-D LCF (14,894 cycles) Silica-rich

SM-357-A LCF (16,604 cyc les) High in Si, Zr
SM-357-B LCF 19 , 577 cycles) Ca , P, Mg, Si , Al
SM-357-C LCF 16,102 cycles) High in Si, Zr
SM— 357-D LCF 15,535 cycles) High Si , plus Zr ,

Mg, Ca
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1000x 1000x

A. Contaminated Region B. Magnesium X-Ravs

l000x l000x
C. Sil icon X-Rays D. Zirconium X-Rays

V 

Fi gure 58. Anal ysis of an inclusion found on LCF
bre ak in SM-357-B .
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Based on the above results , the existence of non-
metallic inclusions in the HIP Ti-Il cannot be disputed.
However , the composi tion of these inclusions is not constant
excep t for the presenc e of silicon . This makes identifica-
tion of a contamination source extremely difficult.

One obvious possibility as a con tamina tion sourc e
is the silica mold system used by Crucible to produce
the shapes. Two critical experiments were performed to
investigate this possibility. First , pieces of actual
molds were examined qualitatively on the SEN. Onl y
silicon was found in eve ry case; there was no evidence
of any of the additional elements listed in Table 29.
In another experiment , the Ti-17 powder was HIP at
1650°F in a metal (carbon steel) can , heat- treated and
tented . The LCF result s are shown in Figure 59
together with the range of values encountered on beta-
HIP Ti-l7 in ceramic molds. These results show no
imp rovement for metal can processed material . It is
therefore concluded , that the ceramic mold process
is not responsible for the poor fatigue proper ties V

in the Ti-17.

Since all potential causes for degraded fatigue
perf&rmance were considered and evaluated , the only
potential source for the low LCF is non-metallic
inclusions in the powder. Furthermore , as has been
noted previously in this report , such inclusions have
been found in the as-received REP powder. Based on
these findings , a current AF program F-33615-77-C-542l
is in progress to eliminate the source of non-metallic
inclusions in REP powder. However , further tests
were carried out in the Task III e f for t  on this
program to verify this conclusion .

Although the smooth bar load controlled LCF
tests conducted to date have all been below the
average Ti-17 cast and wrought data , and some below
the minus three sigma limi t of these data , the data
does show lives above the average Ti-6A1-4V data for
this test as shown in Figure 60. The overall results
of the testing conducted to date were reviewed with
F-1Ol Design Engineering with the aim of determining
the advisability of proceeding with the full-scale
compressor shaft manufac turing in Phase II. The
results of this discussion indicate that the properties
obtained will be adequate for the F-1Ol mission,
since the low cycle fatigue life equivalen t to
Ti-6-4 is satisfactory for this part.
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Although the properties obtained are satisfactory
for the shaft, the fatigue behavior would not be
adequate for fan and compressor disks which are used
at higher stress levels. It is obvious that develop-

V ment work (beyond the scope of the current program
and as referenced above) is required to eliminate this
problem.

3.1.2.13 Properties of HIP Ti-6-4

During the initial Task II effort, low oxygen
Ti-6-4 powder (0.094%) was used. The low tensile
strengths were attributed to this low oxygen.

V 

In an attempt to increase tensile strength,
powder with 0.142 and 0.166% oxygen was HIP and tested.
Results are shown in Table 30. The higher oxygen m at-
erial met specification as-HIP, whereas the 0.142
material was marginal. Only the 0.166% oxygen powder
was used in subsequent trials.

TABLE 30

TENSILE PROPERTIES OF AS-HIP Ti-6-4

• Ft~ Fty Elonga- Reduction
tion of Area

Oxygen, % (ksi) (ksi) (7~) (% )

0.142 129.3 115.2 19.0 42.0
129.5 116.1 20.0 42.7

0.166 133.3 119.4 20.0 43. 2
133.6 120.4 19.0 42.7
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Billet s were produced using Si02 mold materia l and
a 1650°F - 8 hr HIP cycle. Samples were annealed and
evaluated by both MCAIR and Cruc ible . Results
are suirunarized in Table 31. Note that these values all
exceed specification minimums .

TABLE 31

PRO PERTIES OF HIP + ANNEAL
0.166% OXYGEN Ti-6-4

F F Elonga- Reductiontu ty tion of Area
Data Source (ksi) (ksi) (%) (%)

Crucible 135.6 126.8 20.0 43 .9
135.8 123.1 19.0 39.2

MCAIR 139.0 128.0 18.0 44.6
139.0 126.0 18.0 45.4

Avg 137.4 125.9 18.8 43.2
62 - 

3.6 4.3 0.9 7.8
6t 1.9 2.1 1.0 2.8

MIL-T-9047 130 120 10 25
mm mm mm mm
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The apparent fracture toughness was determined at
MCAIR using a slow-bend Charpy specimen . This is not
a valid test for toughness but provides an estimate of
its value for comparative purposes. The test method
used is a modificati~n of that described by Pierce et
al in AFML-TR-70-3 11’ . The Charpy specimens were pre-
cracked using a load ratio of 0.10 and cyclic rate of
30 Hertz. A load of 1000 pounds was used to initiate
the crack and the last 0.050 inches of crack growth was
made with a load of 500 pounds. After precracking , the
specimens were fractured in three point bending using a
ram travel ra te of 0.1 inches per minute and a span
length of 2.0 inches. An autographic plot of ram travel
vs. load was obtained for each specimen. The fracture
face of each specimen was photographed. The frac tured
area (area not initially fatigue cracked) and the area
of the shear lips on each fracture face on the photo-
graph was measured using a planimeter. A toughness value,
KFF (K flat fracture) based on energy per uni t area of
flat fracture was calculated using the following formula:

K~F - E (W/A) FF

where 
2 (1 _ ,~ 2)

KFF apparent flat fracture toughness

E Young’s modulus

W/A energy per unit area of flat fracture where W

energy measured in load displacement curve

/4. = Poisson ’s ratio (0.3) V

The results were as follows:

87.7 ksiVi~~

79.0 ksiV~~

There was not a sufficient number of specimens tested
to establish a correlation between a valid Kir test per
ASTh 72-399 and the Charpy method described above and
therefore, the values listed must be considered estimates

V of fracture toughness5. According to the IIIIC Ti-6A1-4V
Handbook, KIC for the annealed alloy ranges from 40 ksi ‘{T~
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(corresponding to mill anneal) to 90 ksi {in.
(corresponding to beta anneal) at a yield strength
of 125 ksi.

Two notched (Kt — 3) fatigue bars were tested
at 65 ksi , R — 0.1 and 1800 cycles per minute. Lives
were 11,000 and 22 ,000 cycles. These compare favorably
with MIL-HDBK-5 data for notched , annealed bar .

Based on the results of previous Task II eval-
uation of HIP parameters , a higher oxygen content
from 0.094 to 0.1667. was produced to increase strength
levels. Mechanical property requirements of MIL-T-9047
were met with HIP + annealed Ti-6-4 powder containing
0.166% oxygen.

The Ti-6-4 alloy did not display the fatigue
problems encountered with the Ti-17 alloy. Based on
the results of the Task II efforts on Ti-6-4, it was
recommended that work proceed with the component test
program for the F-15 keel splice fitting.

3.1.3 Task III - Shape Making Evaluation

3.1.3.1 Sub-Scale Stub Shaft Development

The one-half scale sonic shape for the F-101
compressor stub shaft consists of three sections,
(1) a hollow cylindrical shaft, (2) a truncated cone,
and (3) an outer flange. The size was reduced by
one-half in Phase I and the target shape was some-
what simplified to facilitate process development,
testing, and NDI development.

Each shape iteration is graphically compared to
the original target shape in the text. Complete
dimensional analysis of each sub-scale shaft itera-
tion with comparison to target shape reference dim-
ensions are given in Apperdix D to this report (Tables
D-l through D-5).

First Shape Iteration (SM-295)

The shape produced in the first trial is shown in
Figure 61. Actual versus target shape of this part is
shown in Figure 62. The cylindrical portion of the
stub shaft was not fully dense; up to 0.3% of residual
porosity existed after HIP at 1650°F. Therefore, all
of the mechanical property testing was restricted to
the flange and cone areas.
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Metallographic examination of a sample from the
flange area indicated a typical beta-HIP struc ture with
a prior beta grain size which ranged from 3 to 10 mils
and averaged abou t 6 mils. Mechanical property data from
this stub shaft are presented in Table 32. In the
as-HIP condition , strengths are low but ductilities
are excellent. After the standard duplex STA for beta-
processed Ti-17 (1475/1175°F), strengths met specifica-
tion but ductilities were marginal and fracture tough-
ness was low. A lower solution temperature , 1450°F,
was used in an effort to improve ductility. As shown,
this had little or no effect.

At Crucible, a triplex STA (155011475(1175°F)
treatment was used on the cylindrical portion of
stub shaft SM-295. These properties me t all specifica-
tions. When General Electric used this same heat-
treatment on the cone and flange are~~ of the stubshaf t, they found essen tially the same proper ties as
with the duplex STA .

We have tentatively attributed the discrepancy in
mechani cal properties to the method of specimen prep-
ara t i on , as has been pr eviousl y discussed .

Second Shape Iteration (~ 4-324) V

Changes were made to the tooling and a par t for the
second shape trial was readied for HIP. This compaction
cycle was made at Indus tria l Materials Technology ra ther
than Battelle-Columbus. The part produced in this trial
is shown in Figure 63 and actual versus target shape is
given in Figure 64. Note the improved surface finish and
shape reproduction in the outer flange . Unfortunately ,
this part was not fully dense. This is probably due to
the thermal cycle used in this run. In Figure 65, the
Battelle cycle used for SM-295 is compared with this fliT
cycle . Note from the temperature curves that maximum
temperature was attained in the IMT run for four hours
as opposed to eight hours for the BCL run. This slower
approach to the maximum temperature by INT and the
difference in pressurization appear to be the cause of
lower density.

Third Shape It e r a t i on  (SM-337)

This trial was essentially a renin of the -~econd V

i tera tion in corpora ting a tooflng change to el imina te
the residual porosi ty in the cylindrical por tion of
the stub shaft. During the HIP cycle , the containe r
leaked and ful l  con so1 td a~~ -n was not achieved. An
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Figure 63. Second shape trial on sub-scale stub shaft.

exam ination of the part failed to show any contamina-
tion , so it was re-HIP . The final shape is shown in
Figure 66. As expected , th is is essen tially the same
as SN-324. The actual versus target shape is shown
in Figure 67.

After the re-HIP , the part was fully dense bu t
the reaction zone was thicker than in the previous
trials. Because of the double HIP r’ylce , thi s part
~as relegated to use in fixturing and NDI develop-men t .

Fourth Shape Iteration (SM-357 )

This iteration successfully accomp lish ed ful l
densification of the stub shaft and resulted in SOm~~

V

additional dimensional refinement. The overall
appearlnce was essentially the same as SM-337 (Figure
66). Ac tual versus target shape of this part is
shown in Figure 68.
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Figure 64. Actua l vs Target Shape of second trial (SM-324).
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Figure 66. Third shape trial on sub-scale 
V

stub shaft  (SM-337) after re—HIP.

Comprehensive mechanical property tes ts  were
performed on th is  HIP shape following a 4 hr/ 1475° F
plus 8 hr/1175°F duplex heat treatment. The tensile
properties , as shown in Table 33 , exceed specification
minimum s and the notch tensile strength and notch-
time-frac ture behavior are typical of cast and
wrought Ti-l7. The smooth bar low cycle fatigue

V results are low , as previously reported . Notched
low cycle fa t igue tests  at a K t = 2 .0  were also run
and properties comparable to cas t and wrough t were
obtained . A curve is shown in Figure 69. This notched
spec imen , of course, localizes the maximum stress
volume at the notch whereas smooth bar specimen provides
a large volume stressed at about the same level. One
might rationalize these results, therefore , on the
basis that the smooth bar specimens permit areas of
weakness due to voids , poor bonding , or inclusions
to act as sites for early crack initiation and growth ,
whereas the notch bar specimens will y ield “normal”
life unless a defec tive area happens to be present at
the notched area.
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Figure 67. Actual vs Target Shape of third trial (sM-337).
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Figure 68. Actual vs Target Shape of fourth trial (SM-357).
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TABLE 33

PROPERTIES OF SUB-SCALE SHAFF SM-357
Tensile Proper ties - 

-

Ftu Ft~ Elong. RA
(ksi) (ksl) (70) (%)

170.6 159.0 10.5 17.9

168.9 158.0 8.6 16.7

Charpy Fracture Toughness

Kc = 50.6 ksi./i~.
Low Cycle Fatigue (A = 0.98 , Kt — 1.0) Typical Cycles

to Failure*

Stress Cycles to
(ksi) Failure Ave. -36
150 7 ,086 20 ,000 -

140 10,523 35,000 2 ,000

130 10,195 70 ,000 19,000

120 7 ,535 100,000 35,000

*Cast and wrought Ti-17

Notch Tensile Strength = 227.6 Ft~ 
ksi

(Kt = 3.7, R.T.)

Notch-Time-Fracture (K.~ 3.7)

Stress (ksi) Time at Stress (hours)

160 5.1

170 17.0

180 7.2

190 16.1

200 6.9 (no failure ,
____ 

test stopped)
52.3 hours
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Figure 69. Notched low—cycle fatigue of SM-357.
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Fifth Shape Iteration V(SM~368. -384 and -385)

Three parts were made using identically machined
waxes. The actual versus target shape for SM-384 is
shown in Figure 70, and two of the parts are shown in
Figure 71. A dimensional analysis is presented in
Table 34. with the exception of the shaft inner dia-
meter , dimensional reproducibility is generall y with-
in + 1 percent, i.e., ± 0.01 inch per inch between
eaclT part, but some diviation from target dimension
still exists.

One of these par ts , SM-384, was used in the sub-
scale part evaluation at Ceneral Electric .

~~b-Scale Stub Shaft Evaluation

Evaluation of SM-384 (1650°F HIP)

A vacuum fusion gas analysis on this part revealed
high hydrogen. Thereupon, the part was vacuum annealed
and re-heat treated in vacuum. The hydrogen content
before and after this anneal was 361 and 74 ppm, respect-
ively. The specification limit is 125 maximum.

Mechanical properties with this heat treatment
fall below specification minimums, as is shown in Table
35. Desp ite this lower strength , higher toughness
condi tion , LCF did not improve (see Table 36). . -

Although an iner t gas quench was used in conjunction
with the vacuum heat treatment noted above, it was
presumed that the cooling rate was too slow to develop
normal strength levels. A portion of this shaft was
therefore re-heat treated in air and water quenched
from 1475°F prior to the 1175°F age. Properties after
this second heat treatment are shown in Table 37.
Strength increased very slightly and is still below
the specification minimum. Low cycle fatigue data
for the two heat treatments are compared in Figure 72.
Results of a fractographic examination of these test
specimens are summarized in Table 38. Again, LCF is
well below wrought values and the fractographic exam-
ination indicate that non-metallic inclusions are the
reason for the poor LCF results. Earlier in the program, H
similar data was recorded on a group of specimens
where approximately half the fracture surfaces exhibited
no detectable inclusions even though low LCF values were
experienced . Table 38 shows similar results with two
fracture surfaces having no detectable inclusions . The
data suggest that inclusions affect LCF behavior even
below detection limits of SEM and EDAX on surface fractures.
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TABLE ~‘.

DIMENSIONAL ANALYSIS OF SM-38-. AND 385

A A
Dimension SM-38-. SM-385 Actual  -

~ Target Actua l 7.

(in) (in) (in) Dim. (in)
(in)

A 8.51 8.50 0.01 0.1 8.40 .11 1.3
B 6.00 5.99 0.01 0.2 6 .10 .11 1.8
C 1.68 1.73 0.05 3 1.8 .11 6.1

D 2.U. 2.2b 0.12 5.5 1.8 .40 22.2 
V

_________ 
3.30 3.32 

- 

0.02 0.6 3.25 .06 1.8

F b . 2  b.24 0.03 0.5 6.20 .06 .97

G 6.89 6.98 0.09 1.3 6.20 . 73  12.1 
. 

-
.

H 5.98 6.01 0.03 0.5 5.35 .65 12.1
.4

I 0.98 0.9~ 0.01 1.0 1.0 .03 3.0

J . deg 6 deg 
- 

1 deg 20 0.0 r- deg --
K 43 deg 43 deg 0 deg 0 43.2 .2 .46

TABLE 35

PROPERTIES OF SI B-SCALE SHA rr SM- 38-.

TENSILE PROPERTIES

Test Temp . Ft~ Ft~ El RA
( k s i )  ( k s t )  (~ ) 

_______

~5°F 158.4 147 .9 10.5 25.8
155.1 144.1 8.8 23.2

Spec . M m .  — .. 163.0_ _153.0_... _5.O_ ._ 10.0
400°F 135.9 115.0 10.1 26.9

600°F 130.~ 105.4 10.4 2°.5

FRACTUR E TOUGHNESS RESULTS ~l) (2)

Specimen No. KQ (ks i -.T~
1 _____________________ _______________

2 66

Notes : (1) Heat treatment ~37S°F , t’ ~‘.rs vacuum , hel ium
cool to 500°F. re-hea t in vacuum to 11 5°F,
8 hrs , vacuum cool.
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TABLE 36

LOW-CYCLE FATIGUE TESTS - SM_384*

A = 1.0, K = 1.0

Specimen Stress Level Cycles to
No. (ksi) Failure

384-A _ _ _ _ _ _  _ _ _ _ _ _  100 _ _ _ _ _ _ _  V~_ 59~~~074
384-B _ _ _ _ _  _ _ _ _ _ _  130 2,077
384-C _ _ _ _ _ _ _  - 

Cracked in iner tia weld during
machin ing

384-D _ _ _ _ _ _ _  120 14,894

*Tested in high-toughness , low-strength condition .

1
TABLE 37

PROPERTIES OF RE-HEAT TREATED SM-384

Heat Treated 1475°F, 4 hrs , vacuum helium quench
+ 1175°F, vacuum , 8 hrs + 1475°F, 4 hrs , air , water
quench + 1175°F, 8 hrs , air , air cool.

Tes t Ft~ 
Fty Elong. Red .

Temperature (ksi) (ksi) 
(%) Area

75°F 160.3 152.6 8.2 13.8

Spec. Mifl(75°F) 163.0 153.0 5.0 1C’.0 -
V

400°F 141.1 122.2 11.3 25.6

600°F 134.4 108.7 10.1 22.7

600°F 134.4 107.6 8.6 19.9
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Evaluat ion of SM—400 (1550°F H IP)

Using the same target  shape as SM-384 and -385 , an
additiona l sub-scale stub shaf t  was consol idated using
an alpha-beta HIP cyc h~’ ( 1550°F) .  This run was initiated
to investigate 1) pos i t i on  of the ceramic mo ld and f i l l
tubes relative to the secondary pressing medium , 2) effect
of lower HIP  temperature  on surface and shrink of stub i. -

shaf t  I . D .  and 3) effect of lowe r HIP temperature on -
t

meChauLcal. propert ies.

Al though no change in the stub s h a f t  dimensions
and surface condition were noted at the lower HIP temp-
erature , mechanica l proper ty  de te rmina t ions  were made
to confirm alpha-beta range properties.

Tensile data for this part are shown in Table 39.
These values are typical of cast and wrought Ti-17.
Fracture toughness data are listed in Table 40. As is
noted in Figure 73, the LCF lives are aga in l-~clow the A

minus three sigma level for the cast and wrought alloy.
Again fra ctographic analysis confirmed the pr ’sen~cof non—metallic inclusions in three of l our fa i led
LCF specimens .

TABLE ~‘)

TENSILE DATA FOR 4.-$ HIP S11AVF*

Mat ’ 1. LOC . Spec . 1
~tu 

F t v  0) 1 ) ’, .

No , si) (ksfl 
_____

SM—400 Flange 1:4.7 I()(~. ) 1(~.

SM—400 Sha t
V
t B6 l7 (~.4 lbs . 10.

Spec . Win 16 ~.0 1’ ~.0 ~
‘.0

*A i pha —Beta  f T  r , lien t Ti-en ted I ‘~ 50°F, 4 hvs , Rap i~I A i r

~ 
I~~4. )~~ ’ 

4 hr s  , ~~ 11 7 V~~&1 } , S hrs A. C.

F
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Sub-Scale Stub Shaft

In the iterative shape evaluation, the Ti-17 near-
net shape version of the sonic shape (1/2 scale) for the
F-10l compressor stub shaft was established. Mechanical
properties were determined and found to be acceptable
with the exception of low cycle fatigue life , which has
been a continuing problem with this alloy.

3.1.3.2 Keel Splice Fitt ing Development

The target shape for the as-HIP Ti-6A1-4V keel
splice fitting was shown in Figure 2. This part should

V weigh approxima tely 0.8 lb. In Figure 74, the present
V 

forging , proposed PM near-net, and final part outlines
are compared.

First Shape Iteration (SM-307 and -308)

The first shape trial was made using O.0957~oxygen powder . Two views of the parts are shown in
Figure 75. At 1.4 lb, this is appreciably oversize
and would not yield a finished part because of the
orientation of the projections relative to the center
plane. Dimensional analysis was not taken due to
orientation of the shape . Metallogra phic examination
revealed full density in these parts.

Second Shap~e Iteration (SM-335 and -336)

The second shape trial was made from 0.1427. oxygen
powder. This part, weighed 1.06 ib, and is shown in
Figure 76. Except for the angular displacement shown
in Figure 76a , this would have been an acceptable part.
Again, dimensional analysis was not made.

A comparison of SM-336 is given in Figure 76b
with a conventional forging (4.67 lbs.), the PM par t
as-HIP (1.06 lb.) and the final machined shape (0.4 lb.) .
This figure is a dramatic representation of the machining
stock that can be eliminated through near-net shape
technology

Third Shape Iteration (SM-353 -354 and -355)

En the first and second trials , the parts were
positioned horizontally inside the autoclave . In
this trial , the tooling was modified so as to position
the parts vertically in the autoclave. One of the
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Proposed Neor - Net 10.8 Ib)

V 3. I2in . -

I ________________I _ _ _  I

- Final Port 3.63 in. 
V

_ _ _  (0.4 Ib)

Present Forging (4.6 7 Ib)

F— 15 Keel Splice Fit t ing

Figure 74.
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Figure 75. First shape iteration on F-15 keel splice fitting .
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(a) Part s~1-336. Arrows denote misaligned
surfaces.

(b ) From left: Conventiona l 4.67 lb forging , 1.06 lb
PN Part (SM-336), and 0.4 lb final shape .

Figure 76. Second shape iteration on F-l5 keel sp lice
f i t t i n g.
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finished parts (SM-355) is shown in Figure 77. Note
the layout marks scribed along the edges. Except for
the depression shown by the arrow , this 1.0 lb near-
net shape would yield a finished part.

The actual versus finish shape is given in Figure
78. A detailed dimensional analysis of this shape is
presented in Table 41.

Summary

Three shape iterations were carried out on the V

keel splice fitting. The final shape , which weighs
1.0 ib, as compared with a 4.67 forging, has been
produced. Final modifications to the tooling will
optimize this shape for Phase II evaluation.

1
Figure 77. Third shape iterat ion on F-15 keel

splice fitting .
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Figure 78. Dimensional analysis of keel splice fitting
SM-355.
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TABLE 41

DINENSIONAL ANALYSIS
THIRD SHAPE ITERA~TI0N (SM-355)

Dimension [ SM-355 Target Finish

1. 5/b R 5/16R .41R ——
2 1.190 ——— 1.05 1.1.7

3 .820 --- .65 
- 

.86

4 3.100/3.1.70 3.020 2.770 2.89

5 4.780 4.910 4.180 4.79

6 260 27056*

7 5/16R 3/8R .38R .38

8 
- 

2.255 2.330 2.09 2.33

9 1.770 1.820 2.09 1.82

10 3.732 3.760 4.18 3.64

11 
— 

.310 .224 .090 .15

12 l/8R 1/8R .12R .12 C
-

13 9/32R 5/].6R

14 .880 .880 .860 .750

15 
— 

3.363/3.407 3.320

16 2.145/2.190 2.125 2.02 2.00

17 .155/.210 .1.80 .065 .055

18 1.210 1.180

19 1/8R 1/8a .12R .12R

20 .170/.200 .174 .065 .050

21 100 9056*

22 1/2R 1/2R -— - .50

23 .150/.195 .180 .065 .050

24 1.900 2.120 2.300 2.000
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3.1.4 Task IV - Non-Destructive Testing (NDI)
Of Trial Shapes

3.1 .4.1 NDI of Sub-Scale Stub Shaft (Ti-17)

The NDI procedures called for on full-scale F-lOl
conventional cast and wrought forgings include ultra-
sonic testing of the forging after machining to a desi g-
nated ultrasonic shape. After final machining, the
part is also pene trant inspected. X-ray examination
is not called out on most titanium cast and wrought
materials now since the incidence of porosity and
high density inclusions has been found to be extremely
low . However the incidence of tungsten inclusions - -

in REP powder is relatively hi gh and X-ray examination
was evaluated on the sub-scale shafts.

Preliminary Trials

Portions of test billets 236 and 237 were heat-
treated and machined to the configuration shown in
Figure 79. Evaluation consisted of ultr.isonic atten-
uation and noise leve l measurements in order to obtain
a pr elim inary idea of the response of HIP Ti-17 to
ultrasonic examination . Since a HIP Ti-17 standard was
not ye t available , the results are compared to Ti-6-4.

There was a 2% difference in ultrasonic long-
itudinal veloc ity be tween the length of the bar and V

the two shor t dimensions. Bo th samples exhibi ted thi s
difference , as is shown in Table 42.

Both samples exhibited low ultrasonic noise levels
at standard gain levels (Table 43). The highest
noise levels were exhibited in the shear mode. At
high sensi tivi ty gain levels , both samp les exhibi te~1 —

high noise levels in the longitudinal mode along the
length of the bar. Excessive noise levels were ex-
hib i ted  in the shear mode.

In order to evaluate the noise characteristics
further , the ultrasonic instrument gain was increased
until the peak noise level reached 807. FSA (full
usable oscilloscope amplitude) or until maximum gain
was reached . Two types of ultrasonic noise were noted :
exponential (where the peak noise is inside the
surface) and banded (where the peak noise is inside
the mate rial) . No banded type noise was found in
either sample in the long dimension for longitudinal
mode (Table 44).
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Figure 79. Ultrasonic test specimens .
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TABLE 42

VELOCITY MEASURE2IENTS

- Velociti es
Direction Mode ~/P -H IPJ ~ -HIP

#236 #237
(i nch~~~~er mi crosecond )

A Long. .241 .241

B Long. .242 .242

L Long. .236 .237

TABLE 43

NOX SE MEASURE*NTS V

Di rection Mode Type Noise
(% FSA)

cz/~ -HIP ~~ -HIP
#236 ______ _______

__________ _______ — 

P3TF1 +12 db P3TF1 +12 db

A Long. E -cp. 0 6 3 18
B Long. Exp . 0 6 0 8
L Long. Exp. 

— 
4 21 7 36

A Long. Band 0 3 7 7
B Long. Band 0 3 7 7
L Long . Band 

-_ --- Data Not Available
A Shear Exp. 2 ~43 6 32
B Shear Exp. 3 23 6 36
L Shear Exp. 

— 
11 18 6 32

A Shear Band 4 39 Il 57
B Shear Band 4 31 7 47
L Shear Band 6 43 11 53
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TABLE 44

NOISE ANALYSI S OF TEST BILLET S

Di r ec t i on  Mode Type ~~ -~“ ~ — tilt ,

#237

Gai n No i s.’ I.\ db (
~oi,i No i se i~~ db

(% FSA) (% FSA)
_ _ __ _--_ _ _  _ _ _-  _ __ _ _

A Long. Exp. 1000 2(~ 22.2 1000 46 22 .2
B Lon1j. Ezp . 1000 19 22.2 1(XX) ~4 22.2
I.  Long . Exp. 100() (‘0 22 .2  9(X) 80 21.2
A Long . Band 1000 21 22.2 1000 36 22.2 -

. 
-

11 Long. Bond 1(XX) 21 22 .2 10(X) 4(, 22.2
1. Long. [land - ---- )ATA NO~ AVAILABLE 
A Shear Exp . 78ö 1k) 11.8 9f&) 80 1 l. G
Ii Shear Exp. I (XX~ (~ i’~ 880 80 12.9
1 . Shear Exp. 1000 ~~7 16 9’50 80 11 .5 .~~~~~

A Shear Band 1000 71 111 Bbo 80 12
B Shea r Birnd 1000 (~2 14 980 80 13.8
I , Shear Ban d 1000 57 14 890 80 1 3

For the ong i tud m a  t m ode , maximum gain was
reache~ before 807. FSA noise levels , except tor one
d i rec t ion  on samp le #237 - For the shear mode , max—
imuiw gain was reached b ef o r e  807. FSA noise le~’e1s onsami~ I e #2 ~b exc’ ep t for one direction . However , on - -
samp le #2 57 . 807. FSA noise h ’vels were reached b e f o r e
maximum gain In every ~~

Samp le ~2 it’ was less  at t enua t I ye than satup 1 e
~2i7 , requiring a 16—1 9 di) gain reduction (from the
1/4’’ deep hol e on a P3TF1 block) to reduc e the hack
sur t a c o  si gnal  to 80”/. FSA . Sanip 10 ~ 2 i / requ I red on l v
12—I I db reduction in the shorter dimensions and o
db reduc t ion in the long dimension. No ~j ~~~j  j

V 
j cant

i n d ic a t i o n s  were t ocorded during the scaim log of the
two samples.

The stub sha ft t S requti~ed to flI& ’et the ul t i-a—
sou l ~

• r equ i r emen t s of :i’iit ’r~il El oct ri c spec I I ic a t  ion
P ~T F1 . Ba s (‘(1 on the resu I L s repo F Led here  , both the
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al pha—beta and beta—HIP compacts could be inspec ted
to this level. However , at high sensitivity levels
(+12 dh of Table 4 3 )  the  noise level in shear
becomes excessive Lud ca t ing  n e a r — s u r fa c e inspect  —
ability would he difficult , if not impossible. V

This “near surface” noise is due to surface porosi  l v
and roughness from the HIP operation . Sensitivity
r e q u i r e m e n t s  above the P3TFI specification level
JFt’ sometimes called out for highly critical jet
engine parts but are not a requirement for the stub
s h a f t . HIP Ti—li therefore appears to he inspectable
to the levels required for the present program .

Ultrasonic Standards

The standard calibration block required by
the P3TFI specification was HIP, heat—treated (14 /S°F
4 hours , WQ + 1175°F , 8 hours) and machined .  The
surfac e finish of the calibration block (after
machining by grinding) was 8—9 RNS on one side and
t~—S on the other.

I
-

The Ti-17 calibration block has been evaluated
in a comparison with similar blocks of Ti— 6A1-4V 

V

alloy and cast  and wrought alpha-beta processed Ti - i  7 .
A d i r ec t ly comparable s tandard for  beta processed c a s t
and wrought  Tt—17 is not available. The resu l t s  are
given below .

I) The Ti—l7 HIP standard was inspected 1w the
General Electric Metrology Laboratory to
determine the block’ s dimensional con form-
ance to AEC Dwg . #9O62N2l. The standard
wa s found dimensionally acceptable .

2 ’) The u l t r aso n i c  e v a l u a t i o n  was conducted using
a l i near  Branson Sonoray 600, t~23 T s P/R . 610
ITIN Time Base , 9 f  RC 62 B/U Coax Cable and
two 0. 7~ ” diameter lead metan iobate  t r ansducers .
One transducer was a 10 mhz compound lens
wide l)eam ( 

‘> . 200’’) and the other a “ mhz
simp le lens narrow beam ( ~ .200”). The
ul trason ic eva luat ion  consis ted of comparing
hole responses , attenuation and nol so between
the s tandards .

i’) Attenuation was measured by two methods. One
m et hod compared the loss of amplitude of the

V f i r s t  back r e f l e c t i o n  from the standard s in
V 

the longitudinal mode. This provides a rough

11.3
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estimate of the rela tive attenuation charac ter-
istics of the ma terial when compared wi th a
known standard. These measurements were done
in two directions and with two transducers;
results from both were very comparable. The
Ti-17 BIPed standard was up to 3.5 and the
Ti-17 wrought 2.5 db per inch more attenuative
than the Ti-6-4 standard and within 1 db per
inch of each other. In percentage, the
variation between the Ti-17 standards was approx-
imately 97~ while the Ti-17 average was l47~ to167~ per inch more attenuative than the Ti-6-4
alloy standard. It should be noted that these
measurements would be indicative of the long- V

itudinal mode only.

4) The second method of assessing attenuation
effects was to compare hole responses by means
of cons tant gain curves. A curve was es tablished
for each standard and tran sducer and then these - -

curves were compared against each other.

5) In the longitudinal mode Ti-6-4 disp layed the
least attenuation , followed by Ti-17 wrought
and then the Ti-17 HIPed . Depending upon
transducers , the Ti-17 wrought measured 1-2
db and the Ti-li BiPed 2-3 db more attenuative
than Ti-6-4 at the 1.5” (38.1 mm) depth; at
the 2.875” (73 mm) depth the Ti-l7 wrought
measured 2 db and the Ti-l7 HiPed 3-4 db more
attenuation.

6) In the shear mode Ti-6-4 was again the least
attenuative ; however, the Ti-17 HIPed was less
attenuative than the Ti-17 wrought. Depending
upon transducer, at the 1.5” (38.1 mm) depth,
the Ti-17 HIPed was 9 db and the Ti-17 wrought
10-12 db more attenuative than Ti-6-4. This
significantly higher attenua tion would forewarn
of penetration and noise problems in attempting
thick sections of the alloy in the shear mode.

7) There was significantly different structural
noise between the Ti-17 HIPed and the other
surveyed standards. In the longitudinal mode,
a minimal difference (37~) in noise was noted.However, in the shear mode the differences
were significant. At the 1.5” scanning gain
for each tran sducer , the Ti-6-4 standard dis-
played minimal baseline noise, the Ti-17 wrought
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57., while the Ti-17 HIPed showed noise up to
207,. It is felt this noise can be attributed
to structure as all other test parameters had
remained constan t and all surface finishes
were comparable.

The overall results indicate beta-HIP Ti-17 is
“noisier” than Ti-6-4 or alpha-beta processed Ti-17.
However , some data on beta processed cast and wrought
forg ings indicate that it is “noisier” than alpha-
beta processed Ti-17. The presen t results are there-
fore not surprising . Based on these results, it appears
that HIP Ti-17 can be inspected at the normal sensitivity
level to GE specifications . However, inspection at
higher sensitivity levels would be difficult due to
the relativel y high noise level present . The higher
noise level might be compensated somewhat by ~~Ctechniques or changes in transducers , etc., if
inspectability proves to be a problem later.

Sub-Scale Shaft SM-337

This shaft was run twice through the HIP cycle
since the can leaked in the first rim . Thie to this ,
it was not cut up for test , but was used for NDI
studies.

The shaft was heat-treated (1475°F, 4 hours , WQ +
1175°F , 8 hours) and grit blasted (grit size 150) to
remove the surface oxide . It was then submitted for
ultrasonic inspection since this would be the preferred
manufacturing sequence for a production HIP part .
Preliminary machining prior to sonic inspection would
be an added expense. Inspection was carried out in
both longitudinal and circular shear modes on the
flange area by immersion inspection. In the as-grit-
blasted condition , the noise level was excessive in
both inspection modes and inspection to P3TF1 limits
could not be accomplished. An area of the flange was
hand polished with abrasive paper to “10 RMS finish
and inspection appeared possible by both longitudinal
and circular shear modes. The surface roughness was
130-170 RNS in the as-grit-blasted condition. These
results indicate that some surface conditioning will
be required prior to sonic inspection . A similar
condition has been found to exist on nickel-base
alloy HIP products and a Harperizing treatment
(essentially a tumbling operation) has been identified
which produces a surface finish of “'20 RNS .
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After Harperizing, the overall surface  f inish was
improved from 130-170 RMS to 25-30 RMS. However ,
some p its and seams remained from cracks in the mold.
Most of these were on the inside diameter of the shaf t
but some were present on the OD and on the flange area .
Ultrasonic examination after Harperizing indicated
that the shaft was inspectable to the General Electric
P3TF1 specification limits required for this part
in the longitudinal mode. At an increased gain of
4~ 6 db , it was also inspectable , but at + 12 db ,
increased sensitivity of the noise level made
inspection questionable at this gain level. Some
rounding of corners occurred during the Harperizing
treatment , but it does appear to be a useful process
for improving the surface finish of HIP Ti-l7 shapes.

X-ray inspection of Part SM-337 was also
conducted. This was done using one exposure to
X-ray the flange and conical section and multip le
strip film exposures to inspect the shaft area.
The laps on the inside surface of the shaft were
revealed by this inspection. No defects were found
in the shaft  or the conical section . One apparent
def ect was found in the shaf t  section near the
transi tion to the conical section . This appeared
to be a void or low density inclusion and was
x 0.075” in size. No evidence of tungsten or other
high density inclusions was found , however , this is
not surprising since prior metallographic evidence
indicated that the tungsten inclusions pr esent were
onl y 1 mu or less in size. This is well below the
limit of de tec tabi l i ty  in X-ray examination . The
one low densi ty area found app eared to be related
to a surface protrusion on the as-HIP shaft which
indicates there may be a void beneath this protrusion .
The shaft was Harperized and X-rayed again. The
Harperizing treatment removed the surface protrusion
and , apparen tly ,  the defect along wLth it. Based
on the overall X-ray results , this does not appear to
be a useful inspection method for PM shapes.

In tentionally Flawed Shaft (SM-401)

One sub-scale shaft , SM-401, was produced from Ti-17
powder into which the following were intentionally added:

2 pieces 0.02 inch (nominal) superallov powder
2 pieces 0.02 inch (nominal) silica sand (S 109)
I piec e of S102-coated titanium sheet .
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The first two are intended to simulate powder cross-
contamination and non-metallic contamination, respec tively.
The coated sheet is intended to simulate an internal
crack.

The sub-scale shaft was surface conditioned by
tumbling in an abrasive slurry solution (Harp erizing).
This treatment produces a very smooth surface. However,
seams caused by mold cracks and other surface defects
such as depressions , protrusions, etc. were not removed
by this surface treatment.

The sub-scale shaft was X-rayed in General Electric
facilities using a 1.1 million volt X-ray unit powered
by a Van de Graaff generator. Separate films were taken
of the flange area, the conical section and the straight
shaft section. No defects were indicated in any of the
films .

The shaft was next ultrasonically inspec ted by
water immersion using the parameters given in Table
45 , and the ultrasonic traces were recorded using a
grey scale “C” scan. As indicated in Table 45, no
indications identifiable as defects were found. Some
of the inspection modes showed indications which were
obviously a result of the defects which were visible
on the surface of the HIP part (depressions , pro trusions ,
seams , etc . ) .

It appears that the defects which were seeded into -
V

this sub-scale shaft are not detectable by normal
inspection methods. However, some of the inspection V

modes proved inconclusive as a result of the indica-
tions shown due to surface irregularities on the as-
HIP surface. A more regular surface free of depressions,
protrusions and seams would be necessary for inspection
of critical components.

NDI of Keel Splice Former

Radiography and penetrant inspections were the
principal methods of non-destructive examination.
The parts were X-rayed according to MCAIR process
specification P.S. 21206 Quality Level 2-IT which is
standard NDI technique for the keel splice former.
This quality level is defined as follows:

Maximum penetrameter thickness, 27.
(expressed as percentage of the
material thickness)
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Minimum perceptible hole diameter , iT - 
-

(expressed as multiple thickness of
image quality indicator T)

Equivalent penetrameter sensitivity , 1.47. V

All films were double loaded to minimize artifacts.
The parts were shot in three orthogonal views before
and after machining.

Examination of the film for the as-HIP condition V

showed dense inclusions less than 0.030 inch diameter
and areas of low density. The latter type of defect
was thought to be surface type defects. The examina-
tion of the film for the fully machined condition
showed a decrease in a number of inc lusions ; in
addition, the areas of low density were eliminated.
No other abnormalities which would hinder perform-
ance w .~re detected.

The parts were routinely inspected after machining
using penetrant per MCAIR specification P.S. 21202,
Class L. This class permits rounded indications,
however, no linear indications are acceptable. All
parts passed this penetrant inspection.

3.1.4.3 Summary of NDI of Trial Shapes

It has been determined that X-ray inspection is
not particularly suitable for non-destructive inspection
of HIP shapes. Seams, laps, indentations, etc. on the
as-HIP surface of both the sub-scale stub shaft and
the keel splice former showed up as defects that were
essentially eliminated with surface treatment.
Harperizing improved surfac e , but not all as-HIP defects
were removed. Machining of the keel splice eliminated
most inclusion-type defects and areas of low density.

The HIP Ti-l7 stub shaft can be ultrasonically
inspected to the required specifications. The keel
splice former parts passed both radiographic and
penetrant inspection , af ter machining , to MCAIR
quality specifications .

3.1.4.4 Preliminary Specifications

Based on the results of the Phase I effort on
the Ti-17 alloy and the shape evaluation of the sub-
scale stub shaf t , preliminary spec ifications were
prepared for use in the Phase II effort.
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Similarly ,  based on the results of the Phase I
effort on the Ti-6-4 alloy and the keel splice former,
p reliminary specifications were pr epared fo r use in
the Phase II effort.

The preliminary specifications were included in
the appendices of the fourth interim report on this
contract , and covered material and processing areas
for 1) Prealloyed Titanium Powder , 2) “Hot Isosta tic
Pressing (HIP) of Titanium Ah o y  Powder” , 3) “Premium
Quality Powder Metallurgy As-Hot Isostatic Pressed
(HIP) Ti-l7 Titanium Base Alloy Parts”, and 4) “Premium
Quality Powder Metallurgy As-Hot Isostatic Pressed
(HIP) Ti-6-4 Titanium Base Ah oy Parts 1t .

3 . 2  PHASE II - COMPONENT DEVELOPMENT

3 . 2 . 1  Task I - Engine Stub Shaft Evaluation

Based on the results of the Phase I effort,
additional investigation was planned to identify
the source of non-metallic inclusions in pre-
alloyed titanium powder. New titanium powder was
necessary for the Phase II ef for t  and par ticular
pains were taken to incorporate the most favorable
atomization and handling conditions. Test samples
of the resultant powder were consolidated under
varying conditions in order to evaluate the effect
on LCF properties. These steps were investigated
prior to the application of powder to the manufacture
of full-scale stub shafts.

3.2.1.1 New Ti-17 Powder Production

Nuclear Metals initiated a new run of Ti-l7 powder
with emphasis on powder cleanliness. The powder was
made in the REP #2 machine which was modified to
remove all ceramic materials from the machine except V

for the sight ports. The sight port portion of the
machine was moved out .“8” by welding in an extension
section. The extension moved the sight ports further
from the arc zone and powder path . In addition ,
Lexan plastic shields were placed between the arc 

V 
-

zone and the sight ports so that any powder entering
the extension would strike the plastic and not the
silica (quartz) sight ports . The electrical insula- V

tion in the machine have either been removed by
re-design, or replaced with an organic (plastic)
material which would decompose to carbon, hydrogen,
and oxygen and, it is presumed, would be less harmful
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than the glassy ceramic materials which have been
found to reduce the fa t i gue properties of Ti-l7.
A summary of Powder Lot 4280 Characterization is
given in Table 46.

The major portion of powder was allowed to
collec t in the stainless steel transfer canister
affixed to the bottom of the REP chamber. Once
the powder was cooled , the canister was detached
from its 0-ring seal and all further  p rocessing ,
i.e., crushing of the sintercake, screening to -35
mesh , magnetic separation , and samp le splitting
took place in air.

TABLE 46

SUMMARY OF Ti-17 POWDER
CHARACTERIZATION (LOT 4280)

Size Distribution 
— 

Vendor CMRC

-35 , +45 mesh 7.637. 10.907.

-45, +60 
— -

~~~~~~~~ 17,597. 15.77~,

-60, +80 30.40%
50.2%

-80, +120 28.81%

-120, +170 10.607. 1,

22.6%
-170, +230 3.577.

-230, +325 1.097.
0.67,

Pan 0.317.

Apparent Density 2.66 g/cc 2.66 g/cc

Tap Density 3.33 g/cc 2 .92 g/cc

t
Fl0w Rate - 50 gins * 50.0 sec 31.5 sec H

*( O I ~ Hall)
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The chamber was cleaned after the stainless steel
canister was removed and a 4-liter Erlenmeyer flask
was attached to the chamber bottom, through use of a
special adapter plate. The last three electrodes were
then converted to powder, which was removed from the
chamber under helium. The flask was transferred to
a glovebox, which was evacuated and back filled with
argon, after which the powder was removed from the
flask , screened to -35 mesh, and distributed into
containers as follows:

1) Two steel cans via evacuation tubes for HIP.

2) One steel can for extrusion to rod.

3) One polyethylene bag for HIP in ceramic mold.

All containers were sealed after inert/vacuum
handling and shipped to ~ 4RC.

3.2.1.2 Additional LCF Investigations Through
HIP Parameters

In order to assess the quality and nature of
inclusions, if any , in the most recent lot of REP
Ti-l7 powder (Lot 4280), a series of tests were
conducted according to the following p lan :

I) WI would inert/vacuum handle two (2) samples
of the additional Ti-l7 powder to be made for
Phase II of the contract. Each sample should
be at least five (5) pounds . One sample would
be loaded into a steel can, the other into a
ceramic mold. WI would load and seal the steel V

can while the other samp le would be provided to
~MRC for inert/vacuum handling and loading of theceramic mold. Both compacts would be HIP consoli-
dated at the established 1650°F HIP cycle.

2) A sample of the new powder would be handled by
conventional methods, loaded into a steel can and
HIP at 1650°F.

3) A sample of the new powder would be handled by
conventional methods, loaded into a ceramic mold
and HIP at 1650°F. 

V

4) The Ti-l7 powder “swirls” used to clean and to —

verify the cleanliness of the ceramic molds would
be retained and when a sufficient quantity had
been accumulated, loaded in a steel can and HIP
at 1650°F.
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5) The HIP compacts would be cut in half , ~ 4RC wouldretain one half and provide the other half to APML
for microstructural examination and machining of
LCF specimens. A minimum of five (5) specimens
would be machined from each compact and provided to V

~24RC for LCF testing. Test conditions would be
the same as used for all previous tests , i.e.
R—0.l, 1800 cpm . Two (2) specimens of each type
would be tested at 140 ksi stress. Stress levels for
further tests would be determined after examining the
results of the initial tests. Also , all fractures
would be examined to determine origin of failure using
fractographic analysis, SEM, microprobe and metahlo-
graphic techniques, as required.

6) In addition to the above, Q4RC would provide ft,NFL,
with two (2) pound samples of each of the first
two (2) lots of Ti-li powder produced by WI and
a two (2) pound sample of the powder to be produced 

- -

for comp leting the work in Phase II. This powder
would be characterized using the AR1L swage tube
evaluation technique. Also , ~ (RC would provide tO
AFML all of the fractured LCF specimens used to
generate the data and each specimen would be
identified as to its fatigue life and processing
history . AFML would examine each spec imen in
detail and determine whether any modification of
thermal treatments to get imp roved microstruc ture
of the HIP produc t is necessary .

The test specimens were HIP at Battehle in the
large autoclave system (LAS). The processing
conditions are shown in Table 47. Nuclear Metals,
a1RC, and AFML processed the materials , AFML heat-
treated the material and machined LCF specimens and
General Electric performed the LCF tests. As received
by General Electric , the specimens were identified
only as shown in Table 48 by specimen number, the
code identification in Table 47 was revealed by AFML
only after testing was comp leted .

The LCF test results and remarks regarding LCF
fatigue origin, appearance and location are given
in Table 48. One specimen of each group was also
examined inetallographically at General Electric
after  test.
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TABLE 47 —

IDENTIFICATION OF SPECIALLY HANDLED Ti-l7 COMPACTS

SERIES CODE* PROCESSING PROC ED UR E

A Nuclear Metals inert/vacuum handle,
chase II powder , steel can , beta HIP.

B Conventionally handle , steel can ,
beta HIP.

C Conventionally handle , ceramic can ,
beta HIP.

D AFML swage , Phase I powder .

E AFML swage, Phase II powder.

F CMRC “swirls” , steel can , beta HIP .

C AFML swage , Phase IA powder .

* Code Crucible Identification

A 533-S1A , -SiB

B 533-47

C SM-542

F 533-49
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Although no SEM work was conducted on these
specimens , the “bull s-eye” fracture appearance noted
in Table 48 has previously been in d ica t i ve  o f the - 

-

presence oil foreign niate~ ia1 Inclusions at the fatigueor i gi n .  Eyion and Bi r1a~ Indicated that inclusions
of the type found in the present work were also present
at fatigue origins in so lu t ion t rea ted and aged p owde r
metallurgy Beta 11. 1 a l l oy  compacts made with REP powder.
Their data indicated that smooth fatigue spec imens
with lower life had sub— surface initiation sites with
t races  of 5102 as well as other non—metallic inclusions.
They observed there may be several sources by whi ch
a powder may he contaminated with  Sf02 pa r t i c l e s
(ceramic electrical insulator , ceramic b r i cks , quar tz
v i ewing  por t s  or machine shop d u s t ) ,  and at this ~-.tage 

V

the ori g in is not yet clear. Also , their  f a t i gue
f a i l u r e  ana ly s i s  showed that  although REP t i t an ium
p owders may be c lean  enough from non—metal 1 Ic V - -

Inclusions to provide good tensile and fracture tou gh-
ness properties , they still may have sufficient _n—
clusions to reduce the smooth high cyclt fatigue life .
Therefore , more carefu l powder production and powder
handling procedures m ay be necessary in order to
maintain  fa t igue l ife  of the alloy . This tends to
confirm that such inclusions crc detrimental to the 

V

high strength solution treated and aged titanium
alloys but are relatively innocuous in the lower
strength alloys similar to annealed Ti-6A1-4V .

The data of Table 48 are p lotted In Figures 80
and 81. Figu--e 82 shows earlier data on various HIP
compacts and sub— scale still) shafts produced by ~‘1RC.Data for cast mid wrought Ti-6A1-4V and for the Ti-17
bar stock used to produce the powder for this program
are shown [or comparison . All of the Ti— 17  ma te r i a l s
were in the solut ion t r ea ted  and aged condi t ion , the
Ti—bA l—4V data are [or annealed m a t e r i a l .

None of the various processing conditions produced
LCI’ behavior as good as cast and wrought m a t e r ia l . The’
‘‘C’’ serf es was incomup I etcly consolidated as evidenced
hr p orosi ty in  the met a~ lograp hic  specimen . This was
i n  the HIP run which had prob l ems at BCL . The “C” - :
series also had the poorest LCF behavior , fa ll ing
w e l l  below the  Ti — (iAi — -‘V data. The AF~’1L swaged
n i . l t e ’ r i  :115 - .d~fb I  t e d  cons i d e r a b i e sc~~ ter  in r e s u l t s .
fhe  ovt ’ral I resu I is t rom the test series Indicate - -

ti.u h :ivdl Ing procedures , outside of the powder
p ~4~ILIc I i on m d  p roces- ;  I ng St op do not  have a seriou s
.‘t I t’& ’ I on LCF hehav (o r .  However , inc lus ions  from the
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powder processing are still present and detrimental
to LCF results.

3.2.1.3 Spin Pit Discs

The original Phase II plan s called for sp in
Lests on full-scale stub shafts. These plans were
modified to spin pit testing of 6” diameter discs
for the following reasons:

1) It would be impossible to load the full-scale
shaft in the spin pit as it is loaded in the engine.

2) Data are available on the burst and crack growth
behavior of sub-scale discs of this type in both
Ti-li and Ti-6-4.

3) The spin tests of sub-scale discs combined with
cut up testing of one full size shaf t, will
satisfy Design Engineering that the HIP shaft
will perform well in the engine test.

The typical model disc configuration is shown
in Figure 83. The drive system for model disc
testing is shown in Figure 84 and the overall sp in
pi t assembly in Figure 85.

As mentioned earlier, spin data are available
both for burst and crack growth behavior for both
alpha-beta and beta processed Ti-17 cast and wrought.

In order to acquire the test material, a HIP
“log” 7-5/16” dia. by 7” long was prepared. The
can material was lathe turned off producing a log
6.675” dia. x 7” long. The log was then cut to produce
5 disks 6.675” dia. x 1-1/8” thick with a thin slice
approximately 3/4” thick left over. Four of these disks
were solution heat treated 1475°F, 8 hours and air
cooled. Tensile and pre-cracked Charpy toughness
data obtained on one of these disks are shown in
Table 49-A. Two of the disks were cut up for mech-
anical property testing and two were machined to
the spin disk configuration. 

- From Table 49-A, the
tensile and fracture toughness data obviously do
not conform to specification requirements, or to
earlier data on beta-HIP material , prob ably due
to an undetected problem in heat treatment. As a
result , one p iece of this material was re-aged at
1200°F for 8 hours with the tensile results shown
in Table 49-B. Strength was decreased , but duc tility

.~~~~~ 
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TABLE 49

INITIAL MECHANICAL PROPERTIES - 6” DIA. SPIN TEST DISCS

A. INITIAL HEAT TREATMENT

STRENGTH (ksi) ELONG RED Kc-PRE-
(%) AREA CRACKED

(0/s) CHARPY
Ft~ 

Ft~ (kal. ~./ i~~~ )

187.5 181.9 5.8 12.3 27.9

185.5 180.0 4.9 8.2 30.2

186.9 180.9 3.4 7 ,9

SPEC
RANGE 163-183 153-173 5 MIN . 10 MIN . 50 MIN .

B. RE-AGED 1200°F, 8 HOURS 
-_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _

177.8 172.7 6.3 9.3 -

180.0 172.1 5.0 8.0 -

C. RE-HEAT TREATED

163.9 159.3 9.5 16.0

164.1 158.7 11.0 15.4

D. RE-HEAT TREATED - LOW-CYCLE FATIGUE

SPECIMEN STRESS CYCLES TO
SOURCE (ksi) FAILURE

Spin-Pit 140 4,531
Disc 130 6,397

120 14 ,998
110 32 ,154
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was still lower than desired. Another piece of this
material was given a complete re-solution treatment
at 1475°F, water quenched and aged 1175°F, 8 hours
with the results shown in Table 49-C. Strength was
within specification limits, and ductility was im-
proved over the earlier results. Netallographic
examination of the first material indicated that
the solution temperature was probably about 50°F
too high, since very little primary acicular alpha
was present, resulting in high strength and low
ductility. The fully re-heat treated material had
the expected microstructure and strength level. -:
The low cycle fatigue spec imens from the first disc s V

were fully re-heat treated and tested with the
results given in Table 49-D. The cyclic life of V

the spin pit disc specimens was about the same as
obtained previously on the sub-scale stub shafts.
The crack growth data from the compact tension spec-
imens of the re-heat treated disc were analyzed
with results indicating somewhat more rapid crack
growth rates than for cast and wrought Ti-l7. The
KIc specimen from this disc indicated a value of
43.7 ksi~ ’T~~which is below the 50 ksi~9~~minimumfor cast and wrought beta processed Ti-17.

In view of these results, the spare disc was
heat treated correctly and machined to spin disc
configuration. There were, therefore, two spin
discs in the high strength condition and one with
strength properties within specification limits.
It was decided to spin test all three discs. The
high strength discs could not be re-heat treated , V 

-

since they were in the finish machined condition
and the dimensional tolerances were very tight.
The spin test procedures and results are given as
follows:

Preparation of Disc Specimens - The material was
subjected tO a complete uTLtrasonic and X-ray
inspection. After machining to the desired shape,
the discs were given a thorough dimensional check,
critical areas such as the bore and rim dimensions
were recorded .

The drive arbor was then assembled to the disc
V together with a special shaft for use in the dynamic

balance machine and a very careful balance was made.
It has been found that a close tolerance on the level
of imbalance is essential to obtaining a successful
high speed test free from vibration prob lems.
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Preparation of Spin Pit Facilities - The drive
arbor mechanism used for these sp in pi t  tests  is
made in two parts , both of which are clamped by
the lower part of the drive shaft. Provision is
made to disassemble the two parts  should it become
necessary during the build-up . The drive mechanism
is linked to the disk by a series of 0-rings con-
tained in the cavity formed between the arbor and
the disk bore .

The drive shaft  has a necked-down reg ion
adjacent to the arbor to ensure that should a
vibration or instability problem occur, the shaf t V

will fail in this area and thereby prevent damage V

to the drive turbine bearings.

The sp in pit is comprised of an outer cy linder
lined wi th three separa te inner cylinders to guard
against penetration by the high energy fragments
emana ting from a burst disc . The p it contains a
heavy lid to which a vertical air turbine is attached.
Access to the pit is made by removing this lid. High
pressure air is delivered to accelerate the drive
turbine and also to decelerate af ter  the test disc
has burst. The turbine is capable of driving to V

100,000 rpm with a maximum torque of 2 .0  in. lb.
The disc-arbor-shaft assembly is susp ended vertically
from the turbine.

The area surrounding the disc in the test ‘

configuration is lined wi th a devic e to hel p V

contain the burst fragments and thereby prevent
secondary damage to the fragments.

If a fragment is permitted to reach the
walls of the cy linder , considerable secondary damage
would be sustained which would negate a post-test
examination of the primary fracture surfaces. A
means of eliminating this was found by p lac ing a
series of mild steel rings interspaced with wooden
blocks in the space between the disc and pit wall.
Penetration of the rings and compression of the
wood is suf f ic ient  to minimize secondary damage .

At the commencement of the test , the lid is
sealed and the p it evacuated down to approximately
7.0 torr. This is to prevent air friction causing
changes in tempera ture in the disc and ther eby
influencing the burst speed .
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Testing Prccedures - Electromagnetic speed pickups
are located in the turbine housing that permi t several
instruments to record the speed during the test.
Because the speed measurement is the most critical
part of the test , three separate and different
instruments are used to record the RPM. Permanent
recordings are made by a tape recorder and a
Sanborne trace recorder. Also, the speed is disp layed
on two ATEC digital uni ts and recorded visually.

The disc is driven by the air turb ine , the rate
of acceleration is controlled manually and not
measured . However, an attempt is made to maintain V

a uniform rate of acceleration . The duration of
the test is usually abou t 15 minutes and consists
simply ~f accelerating the disc until burst occurs.
Determination of the point of fragmentation is made
f rom the loud report caused by the impac t of frag- —

ments with the containment device. The exact point
is established from the speed traces , and identi f ied
when rap id acceleration of the turbine is detected
after the disc has been released.

When the test is complete, the fragments are
removed for frac tographic analysis. If the test
results in disc instability and failure of the
arbor , the disc is , of course , not fragmented.
However , gross plastic defo rmation of the disc
occurs in these cases and the RPM at the time of
arbor failure is considered to be “incipient burst”
speed.

Test Results - The sp in pit  test results are given
in Table 50 , along wi th data obtained on a previous
program using cast and wrought material taken from
F-lOl engine disc forgings.

All three PM discs failed by fragmentation ,
while the two cas t and wrought discs grew in size
by p lastic deformation and caused instability of
the system, which caused the drive arbor to fail
first. However, the burs t speeds for the PM discs
were , with the exception of disc (1), in the expected
burst speed/stress range for their mechanical
proper ty level.

The disc fragments were examined by fractographic
methods to determine the locus of frac ture origins
for the discs. Disc 1 was of particular interest ,
since it did fail at less than the expected burst
speed of about 92,000 RPM. Flat discs of this type
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usually fail by instabil i ty and frac ture of the drive
arbor rather than by fragmentation, so fracture
analysis of all three discs was of interest.

Photographs of the burst 6” diameter spin
pit discs are shown in Figures 86, 87 , and 88.
Discs 2 and 3 burst at about the expected speed ,
but Disc I fractured at ~“l07~ lower speed than
Discs 2 and 3. Examination of the fracture surfaces
indicated that the fracture origins for all three
disc s were near the bore , but slightly below the
surface. Macro examination indicated that the
fracture origins were at inclusion sites. Disc
1 appeared to have a larger void at the fracture
origin as compared to discs 2 and 3. This is
illustrated by the macro photograph in Figure 89.
The arrow indicates the fracture origin with an
apparent defect present.

The crack growth rate da ta for specimens taken
from a disk heat treated in the same manner as spin
test disc #3 are given in tabular form in Appendix
D to this report. The data are shown graphically
in Figure 90 which is a computer plot of all three
crack growth tests. The 75°F and 600°F data fell
within the same data scatter band . Figure 90 also
shows a comparison of the RIP Ti-li crack growth
data with data for a cast and wrought beta processed
forging. The reason for the poorer crack growth
behavior of the HIP product is not known . However ,
high hydrogen content of the specific disc tested
could adversely affect crack growth rate , sirce it
is known to do so in other alloys .
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Figure 86. Spin Pit Test Disc #1.
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Figure 88 . Spin Pit Test Disc #3.
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3.2.1.4 Full Scale Stub Shaft Manufacture

The first shape trial on the full size stub
shaft was carried out using remaining Ti-6-4 powder
since it was for shape making purposes only, and alloy
type wouldn’t affect dimensional data generated .

Two views of the initial as-HIP shape are
shown in Figure 91. A dimensional inspection was
carried out and the actual and target shapes are
compared in Figure 92. The complete dimensional
analysis is given in Appendix D to this report. A
minor correction was made to the starting mold shape
in the flange a~-ea for the second shape iteration to - -

overcome off-target shape as shown in the figure.

For the second shape trial, new Ti-17 powder
from NMI was used in conjunction wich material for
test discs as requested previously for spin pit test
discs and LCF evaluation. The second iteration •1
was carried out to produce a total of three parts
for application to the final contract requirements.
The three (3) parts plus material for the test discs
were HIP in the same LAS (large autoclave system)
cycle as the trial compacts for LCF studies. The results
showed the stub shafts in ceramic molds were not dense
whereas the test discs in a metal can were fully dense.
This problem was caused by low temperatures in the bottom
zone of the LAS. The three (3) shafts were re-HIP in the
LAS and metallographic examination revealed that they were
fully dense. Detailed dimensional analyses of the three
shafts are given in Appendix D to this report.
Figure 93 shows the three full size stub shafts
after re-HIP. Target versus actual shapes are
summarized tn Figures 94, 95, and 96. Note that
P/N 9940 M50 is the F-lOl shaft. This configuration
will be obtained from part SM-556 readily. Careful
indexing will be required for part 5)1-555 and 5)1-557
to obtain the final P/N 9940 M50. Since VSE cut-up
tests on the final part were required for qualification
stub shaft compact number SM-557 was chosen for these
tests. 514-557 would have been the most difficult
part to index for clean up to final part dimensions
as observed in Figure 96.

Along with the three (3) stub shafts , an
additional compact was HiPed in the re-HIP cycle.
This was a 2” dia. x 8” long compact which gave
tensile results as shown in Table 51.
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Figure 92. Actual versus target shape on I
stub shaft comp ac t SM-494.
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TABLE 51

SM-561 2” DIA. LOG - TENSILE RESULTS

STRENGTH (KS I) ELONG . RED .
(7.) AREA

Ft~ Fty (7.)

170.5 161.0 6.5 7.4

168.7 162 .0 8.0 12.7

SPEC
RANGE 163-183 153-173 5.0 MIII. 10.0 MIN .

LCF RESULTS

SPECINEN SOURCE STRESS CYCLES TO
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

(ksi) FAILURE

5)1-561 140 5,850

130 5 ,235

120 10,549

110 10 , 531
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Low cy c l e  f a t i gue r e su l t s  on compact SM— 561
(Ceramic Mold) — 2” d la .  are a l so  given in Table 51.
The data fo r  SM—561 was lower than the va lues  obtained
on the sub-scale stub shafts and w e t a l l ogr a p hic
examina t ion ut spec imens from SM— Sb 1 1 nd I cat  e’d ~ ‘

this compac t Wfl S not lull y den se thr oughout due t o
lower zone prob li’tns in the LAS .

The three f u l l  scale F- lOl  stub s h a f t s  were
heat treated at Lindbcrg at 14 / 5°F , 4 hours , water
quench , aged at 1175° F for  8 hours and r eturned to
G . E .  Lynn.

Three thermocoup les were used to  moni tor  work—
p iece t emperature .  The solut ion t emperature of
14 75°F was held within ± 15°F. The water  quench was
a f f e c t e d  w i th in  45 seconds. The furnace was cooled
to 1175°F and the pa r t s  were rep laced for  the ag ing
cyc le .

All  three s h a f t s  were u l t r a s o n i c a l ly inspected
at Evendale and found to meet the drawing require-
ments  for th i s  p a r t .  The pa r t s  were g iven a wet
s lu r ry  pol ishing treatment pr io r  to u l t r a son ic
inspection to improve the sur face  f i n i s h .  The two
p a r t s  which were to be machined were also given a
whole par t  den s 1t~ measurement and values of 0.1681
and 0 . 1682 lbs/ in -’ were obtained which is In goo d
agreement with  the dens i ty  of cast and wrought
T i—17  of 0 .1683 * .0001 lbs/ in- ’ .

Gas anal y s i s  was conducted on the cu t — u p
par t  after ult rasonic in spe c t ion  and zi hi gh hydrog en
content  was found •ts Indicated in Table 52.  Other
check anal yses were a l s o  made in other  areas of the
s h a f t  and hi gh h y drogen was aga in  found . ‘rh e sp in
p it  disc mater ia l  was checked and found to have a
hy drogen level onl y I ppm above the s p e c i f i cat i o n
value  of 125 ppm maximum . ‘Fhe compact SM— 561 whi ch
was HIP in a ceramic mold a lso  had a hi gh hy drogen
con ten t .  The sp in p it discs were HIP as a log In
a steel can and had a r e l a t i ve l y low hy drogen con tent
indica t ing  that  the source of hy drogen was in the
ceramic mold c o n t a i ner i z a t i o n  process .  This hydrogen
source probably originated in the secondary pressing
media .

Samp 1 es f row the stub sha It SM — S ~ ~ were vacuum
annealed In the l abora tory  at 1175° F and hydrogen
was reduced to near the sp e c i t i ca t l on  l eve l .  A l l

4 t h ree full seal e stub shafts were then vacuum annea l ed
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TABLE 52

GAS ANALYSIS RESULTS

ANALYSIS RESULTS - PPM
MATERIAL CONDITION HYDROGEN OXYGEN

Stub Sha f t  SM-557-l As Received 347 1005
Stub Shaft SM-557-2 “ “ 336 1250
Stub Sha f t  SM-557-3 “ “ 314 1190
Stub Shaft SM-557-4 “ “ 365 1220

SM-561 As Rec e ived 270 1313

Sp in Pit Disc As Received 128 961

Stub Shaft SN-557- 1 Lab H. T. (1) 76 973
Stub Shaft SM—557-2 Lab H.  T . (1) 152 1351

Stub Shaft  SM-557 Production 11. T. 170 1190
______________________ ________________ (2) ___________ _____________

Specification - 125 n~ x. 1300 n~ x.

Notes: (1) Vacuum annealed 1175°F , 8 hours in
laboratory vacuum furnace.

(2) Vacuum annealed in production furnace
(all three shafts degassed).
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a t  117 5° l~’ ag ing t emp e ra tu r e  for  8 hours  and anal v si s
m d  I e at  t ’d I hat hydrogen was reduced to 1 10 ppm .
A l t  ho ig h t h i s  val  ti e is above the  spec I h eat ion lim i t
I t was dee I ded to proceed wi t h p a l  1 m a c h i i ii ng  and
t e St ng on t he  fu 1 1 si ~

‘ e st ub sha I t . liowt ’v c r • th e
res t i  I t s I ml I eat e t h a t  caut ion must be exe ye I sed in
et-’aeuat ion of the c ompact  s to avoid r es idual  moi s t u re
in the ceramic m a t e r i a l  w h i c h  would  cause h i g h hv drog i ’n
l e v e l s  in t h e c ompact  s a ft er  HIP.

Sha f t  s numbered SM— 1
)

1
)

1
) and SM— I

) )() W C I ( ’  shipped
t o  (~4RC l o u  t a r get  m a c h i n i n g  p r i o r  1 o fin! sh mach m l  ‘ig
at General  Electric . Ly n n .  Th is con s! sted of machinin g
ot  the 1D hoyt’ as well :15 t he  a f t  ~ur  l a c e  of tin’
Ia  rge flange. F’rom the se  t r u e  stir l ace s  • Genera I
Electric would set up to m a c h i n e  the 01) sun :1cc ul
the large flange . They use th I s as t h e i r  datum
s u r f a ce  throughou t  the  t In a l  part machining.

As prey  i otis I v indicated , f u l l  seal  e s t u b  sha ft
SM—557 was used for cut —up ev~ luat Ion and tes t lug.
Tests included those norma I I v conduc ted on a c :ist
and wrought part to qua! if V a raw mat e r i a l  and
forg ing source .

Table 5 1 presen t s the t ens i le tes t  r e s u l t s
toy spec imen s from the titl I seal e sha ITt SN— S’~ 1‘ru e u n d e r l i n e d  va lue s  are be low the spec! h eat ion
l i m i t s .  Typ i ca l  s t r eng th  va lues  for cas t  and
wrought T i — I  7 forg ings are shown f o r  comp ar i  son at
each t empe ra tu r e .

Low eve 1 e fat I gue da ta  on specimens taken from
the fit i I scale stub s h a f t  SM— 55 1 art’ given In Table
54. ‘rhe LCF r t ’ sit I is are showii in  F I git ~es I) through
100 . The I ow eve  I e Ia t I gue r e su 1 1 s a r~’ si ml t a r  t o
those oh ta I ned earlier on HiP cvii nde r s  and s u b — s c a l e
sha ft s . That  1 s , the siiioo t ii ba r  f a t  I gu c 11 ye S ar e
w e l l  be low eas t  and wrought bet a processed I o rg  I ngs
Pic~’ I otis eval u a t i o n s  indicated that tb I s b e l h t v  i o u
was a result of the I n f l u e n c e  of  I nc I i i  s i  ons on t hi’
heh:iv iou o I s m o o t h  l~•t t. sp ’e I t u en s

i’:il 1 e ~ ~ shows the hig h eve i~ ’ I : i  t I gilt ’ ,I:i t :1
t o t ’  b o t h  Sm o o t h  and t i ot  ched sp e c i m e ns .  The se da t  a
ar e  p 1 o tt ed i n  1’ 1 git res 101 anI it ) ~ . i’vp I ~- : i  I da I a

I Or e a st  and w r o u g h t  1’ — 1  / I o i g i l i g s  :1 i c  ~~ L ’~ I t o t
sulot ~t r h  b ar  f a t  I gu e antI  i S  ks I I o t -  -e .0 n ot  ehed
bar I at  I . These result a i c  eon s  I st  elit  w t h
those r ep o r t e d  e a t - I  I c r  I n  ( l i e  p roe ’. I :nli l o u  the sub—
se a I c d I se t e st I tig . ‘ilia I I s • suioo t ii b :11 t a t I git e
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TABLE 54

L~~ CYCLE FATIGUE RESULTS

Ti- li FULL-SCALE STUB SBAFT (SM-557)

t Test Conditions: A— 0 .95 , R—0.0 15 , Freq .-30 CPN

A. Test Temperature 75°F

Stress Cycles to
Kt (ksi) Failure

1.0 137.5 3,168
135 4,958
132 7,893
130 4 ,266
125 1,431
120 7,664
115 17,478
115 5,234

2.0 90 8,502
85 11,402
80 5,501
75 29,323
70 12 ,338
67 28 ,173
65 30,995
60 21,581

B. Test Temperature 600°F

1.0 134 Failed on Loading
130 881
125 687
120 5,844
117 10,262
115 2,285
100 13,328
100 6,026
90 5,828
85 21,690

2.0 90 4,388
85 6,131
85 3,082
80 8,028
75 12,060
70 8,782
65 24,052

• 
________________ 

60 29 ,380
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TABLE 55

HIGH-CYCLE FATIGUE OF Ti-17 SHAFF SM-557

A -~~~~, ROTATING BEAM SPEC IMEN

Smooth Specimens 
________  ______________________________________ ________  __________________ — Cycles to

Spec . No. Kt Max. Stress , ksi Failure

H-i 1.0 100 208 ,000

11-5 1.0 97.5 18 ,000

H—8 1.0 95 27 ,000

H-3 1.0 85 50 ,000

H-iS 1.0 75 54 ,000

11-10 1.0 70 65 ,000

11-14 1.0 67.5 74 ,000

11—12 1.0 65 11,486 , 000

Notched Spec imens

H-Il 4.0 30 106,000

H-2 4.0 28 166 ,000

H-4 4.0 26 213 ,000

11-16 4.0 25 433 ,000

11-7 4.0 24 789,000

11-13 4.0 22 1,074 ,000

11-9 4.0 20 2 ,678 ,000

11-6 4.0 18 12 ,224 ,000
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bo th low and high cycle types ’. is reduced ~~307. ins t re s s  level for a g iven l i f e , as compared to cas t
and wroug ht  f o rg i n g s .  Notched  f a t i gue at  K t 2 .0
t~~~

- LCF and K t — 4 . 0  for  HC F.  is about  t he same
tor  the powder and eas t  and wrought  p r o d u c t s .  The
reduced smoc’th bar s t r e n g t h  was a t t r i b u t e d  to the
p resence ot  i nc lus ions  in the powder p roducts  and
c o n t i n ue d  by S~~’1/EDAX a n a l y s i s .  In notched bar
t a t i gue , the notch loca l izes  the maximum stress
at one area , and unless  an inclusion is at that
location , norma l f a t i gue  s t reng th  is obtained.
For smooth specimens , w i th  a re la t ively large volum e
at maximum stress , f a t i gue crack in i t i a t ion  occurs
preferential ly at the inclusions resulting in reduced
lite.

Additional high cycle fatigue results are
given in Table 56 at 75°F and 600°F. Due to
scatter in the high cycle fa tigue results , and
the lack oE runout specimens, it is not possible
to estimate a true endurance limit. Cast and
wrought beta processed Ti-l7 forgings normally
produce runout lives ( ) 107 cycles) at stresses
of “112 ksi at both 75°F and 600°F. The current
results are , therefore , inferior to cast and
wrought forgings.

Fracture toughness test results on pre-cracked
Charpy specimens are given in Table 57. These
values are below the beta process ed cas t and wrought
specification m inimum of 50 ksi ~‘T~T but well above
the 30 ksi in minimum value required for the
alpha-beta processed cast and wrough t stub shaft
forging .

3 .2 . 1 . 5  Summary - Eng ine Stub Shaft  Evaluation

New Ti- l7  alloy powder was produced for Phase
II , Task I app lication . REP equipment at NMI was
modified in an attemp t to eliminate non-metallic
inclusions in the powder. Using the new powder and
powder used in Phase I evaluation , a series of
compacts were HIP in one cycle in the Battelle LAS
with various handling and canning procedures. This
work was supplemented by AFML powder swaging of
all three Ti-17 powder lots.

None of the various processing conditions
produc ed LCF behavior as good as cast and wrought
material. However , the experimental results were
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TABLE 56 . 

-

HIGH CYCLE FATIGUE RES ULTS

Ti-17 FITLL-SCALE STUB SHAFT (SN-557)

Test Conditions : K1 ..l .O , A— 0.95 (R— 0.0l5)

A. Test Temperature 75°F

Max. Al t .
Stress Stress Cycles to
(ksi) (ksi) Failure

120 58.5 15,000
115 56 119 ,000
112,5 54.8 448 ,000
110 53.6 3 ,861,000
105 51.2 47 ,000
105 51.2 46 ,000

B. Test Temperature 600°F

115 56 94 ,000
110 33.6 17 ,000
105 51.2 31,000

95 46 .3 31,000
85 41.4 116 ,000
75 36.5 63 ,000

TABLE 57

PRE - CRACKE D CHARPY TOUGHNESS RESULTS

Ti-l7 F-10l HIP STUB SHAFT: S/N SM-557.

Spec . No. w w-a a/w f(a/w) ksi /i~.

C2 .3915 .202 .1895 5.05 42.2

C3 .3907 .212 .1787 4.68 49 .2_

C6 .3950 .211 .1840 4.80 47.3

C8 .3950 .2185 .1765 4.56 51.0

Kc - 8.35 f(a/w)
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m a r red by p rob l ems In the HIP run whi ch resul ted
in the “C” se r i e s  (Cc i - tU ic Mold M a t e r i a l )  b e ing
incomp letel y consolidated as evidenced by p o r o s i ty
in the  mic r o s t ru c t u r e . The lAS run expe l - i  enced
r,roh l eu~s with temperature and time at temp erature
in the lower Sec tioii of the autoclave . As a result ,
the “C” series  had the poorest  LCF ’ behavior ,
t a i l i n g  below the T i — b — 4  d a t a .  The AE ’~4L swaged
m a t e r i a l s  exh ib i ted  coos iderable scatter. The
overa l l  r e s u l t s  of the t e s t s , howev er , i nd i ca t ed
that handl ing and processing p roceduros , other than
the powder manu facture ’. (11(1 not have a marked  e f f e ct
on LCF behavior. The bulls—eye fracture appearance
on LCF spec i iuen s indicate the cont inued  p ies once
ol f o re ign mat erial in c l u s i o n s a t the f a t i gue ori g ins -

The original Phase II Plans were modified by
sub st i t u t i o n  of  h ” diamete r  d i se s  ra ther  than the
fu l l  scale stub s h a f t  at the request  o. F — l O l  Desi gn
Eng ineering . Duo to heat  t reat  problems , three
disc s were spin p i t  tes t ed , L~.o in a high strength
condition and one in the normal specification range .
The results of the Spin Pit tests indicated that
the PM discs were in the expected burst speed/stress
range fo r their mec han ica l proper ty  level with the
exception of disc #1 which f rac tured  at approximately
lO7~ lowe r speed . The frac ture  ori gins were at
pores or inclusions in the bore area . The lower S .

speed fa i lure  of Disc #1 was a t t r ibu ted  to a larger
void or inclusion at the f rac tu re  orig in.  Crack
growth ra te  data from one of the sp in p it  specimens
indicate  poorer crack growth behavior as compared
to cast and wrought material . A possible cause
could be the higher hy drogen content of the HIP
material.

Shape t r i a l s  were ca r r ied  out to produc e a
fu l l  size stub sha f t  wi th  a minimum of e f fo r t  due
contract  funding and t iming runouts .  Onl y minor
shape changes were deemed necessary to produce the
three fu l l  scale stub shaf ts  a f t e r  the f i r s t  t r i a l ,
based on experienc e gained in the Phase I e f f o r t .
The second shap e t r i a l  produced two stub sha f t s
w i t h  machin ing  envelopes adequate for  producing
f in ish  machined pa r t s .  The third stub shaf t  (SM-5 57)
was d iver ted  to use for c u t- u p  evaluat ion and
testing since it was the most d i f f i c u l t  to index
for f in i sh  machining .
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The results of the test evaluation on full
scale stub shaft SM-557 were similar to the results
found in the ~‘iase I study on the sub—scale stub
shaft . For 1~~e most par t , a l l  tes t  data was c omparable
to cast and wroug ht data w i t h  the exception of low
cyc le f a t i g u e  r e s u l t s .  The low cy c le  f a t i gue resu l t s
show tha t  smooth bar fa tigu e l ives are we l l  below
cast  and wrought  beta processe forg ing data , whi le
the notched bar  data are comparable .  The behavior
I s  bel ieved to he the result  of the greater  incidence
of inclus ions  in the smooth bar LCF cross-sect ion
as opposed to the notch type , since it is less l ike l y
that  the notch spec imen , due to f ixed o r i en t a t i on ,
would contain an inc lus ion  s i te  to act as a stress
r i se r .

. L2 .2  Task II - A i r f r a m e  Keel Sp l i c e  Former Ev alua t ion

Based on the Phase I - Task II and III  e f f o r t
involving evaluat ion of Ti-6-4 HIP Parameters and
shape making st udies , it was concluded that  the
Phase II , Task II requirements of MIL-T-9047 would
be met with HIP + annealed Ti-6-4 powder containing
increased oxygen content to 0.l667~. Three shape
iterations were carried out in Phase I on the keel
splice fitting . The final shape and final tooling
modifications had been made for Phase II evaluation .

3.2.2.1 Ti-6-4 Test Panels

The actual keel splice formers were too small
to provide all of the test material required for
testing under this contract. Therefore , two rectangular
panels (S-i and S-2) measuring 2 x 4 x 8 inches and
a 3-7/8 inch round x 7-1/2 inch long cylinder (S-3)
were HIP at 1750°F. Prior to testing , these test
specimens were annealed for two hours at 1300°F
and air cooled.

Density measuiements were made on the samp les
as well as on a forged Ti-6-4 sample. Results are
shown in Table 58.

Tensile coupons were removed from S-l and S-2
shapes only. Round tensile specimens (.252 dia. 1”
gage length) were machined and tes ted according to
ASTM E8. The r esu l t s  are shown in Table 59. Al though
the tensi le  s t rengths  are uni t orm , a d i f f e r e n c e  in
reduction of area is noted from spec imens taken from
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TABLE 58

DENSITY OF Ti-6-4 TEST PANELS

Number Materia l Density

S—l P.M. Rectang le No . I . l ’~98 lb/ m i

S—2 P .M. Rectangle No . 2 .1600 lb /In 3

S—3 P.M. Cy linder 
- 

. 1600 lb/ In

Re ference 
- 

Forging . 16(1 1 lb/In

TABLE S~

T i -6-4  TENSILE TEST RESULTS

Strength (ks 1) Percent Percent
F F’ Elongation Reduction

Specimen tu  
- 

t ’~ In 1 Inch of Area

51—1 136 126 17 23 .8

S1— 2 136 126 17 2 3 .1

S1—3 137 128 17

Sl—4 137 128 17 38.6

S2—l  136 126 16 2~ . 6

S2—2 13 6 ~2 7 16 ••1. 8
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the same block (S-i). The properties meet the
requirements of MIL-T-9047 .

Notched fat igue specimens (Kt 3) were tested
in a Sonntag SF-l0-U machine at a cyclic rate of 30
Hertz and a stress ratio of 0.1. The data are shown
in Table 60 and plotted in the form of a S-N curve in
Figure 103. For comparison , the upper and lower
fatigue limits of forged Ti-6A1-4V are given in Figure
103. The higher notched fat igue l ife of the HIP
produc t is evident and may relate to the finer alpha
morphology .

Compac t tension specimens , 1.5 in. thick, were
pre-cracked and tested in accordance with the require-
ments of ASMT E399-74 to determine fracture toughness.
The data are listed in Table 6i. The toughness is
high and is commensurate with the values for beta-
processed material of medium oxygen content (.14 -
.177,). The data were uniform regardless of specimen
orientation which is indicative of lack of marked
texture. The fracture faces were exceedingly flat
and smooth.

WOL* type specimens were pre-cracked and subjected
to constant amplitude sinusoidal loading over a range
of stress intensities using a computer controlled
MTS machine . The computer monitored the crack growth
through feed back of the output of a compliance gauge
mounted the specimen. Data output was in the
form BEC vs.  N. The BEC data was converted to
crack length from previously established complianc e
calibration curves. The da/dN vs. A K data was
curved fitted using an exponential variation of
the Nth Order Cons trained Regression Polynomial .
Plots of the crack growth rate are shown in Figures
104 , 105 , and 106. The curves are very uniform
and no perturbations can be seen which may be due
to dense inclusions or porosity . The crack growth

*WOL = Wedge Opening Loading

~~BEC = Compliance (C) normalized for thickness (B)
and modulus (E).
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TABLE 60

Ti-6-4 FATIGUE TEST RESULTS*

Maxinuim Cycles
Stress To

Specimen 
- (ksi) Failure

51-1 65.0 103,000

Sl-2 60.0 90,000

Sl-3 50.0 5,000,000**
Sl-4 55.0 770,000

S1-5 60.0 244,000

Sl—6 70.0 82,000

Sl—7 75.0 46,000

Sl—8 57.5 1,747 ,000

Sl—9 52.5 7,671,000**

~~ested at a cyclic rate of 1800 cpm and a stress

Batio of 0.1

Failure
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r a t e  at the low stress in t ens i t i e s  is greater  than
that observed in forg ings in ei ther the mill or
beta annealed conditions which are also plotted in
Fi gure 106. At medium and hi gh stress intensities ,
the growth rate approximates that of an alpha-beta
processed-mi l l  annealed forging . The crack growth
ra te  at the lower s t ress  i n tens i t i e s  must be inves t i -
gated fu r the r  before  any f i rm conclusions regarding
th i s  behavior is made .

The microstructure consists of alpha laths
(esti mated content 98~) with small pockets of trans-f ormed be ta usuall y at trip le point junctions .
No pref eren tial grain orientation can be detected in
the microstructure . The laths are generally .00025
in .  wide by .0005 to .003 in .  long . The micros t ruc ture
in three orientations is shown in Figure 107.

3. 2 .2 .2 Par t Produ ct ion

Fourteen wax patterns were injected into an
aluminum mold.  These were used to prepare the
ceramic molds for th is  p ilot product ion run.  All  of
the molds were f i l l e d  wi th  the 0 .l667~ oxygen Ti-6-4
powder and HIP at 1750°F in a sing le run . Each
of the keel sp lice formers also had a nomina l 1/2
inch diameter x 3 inch test specimen at tached as
a pro longat ion .  A typ i c a l  par t  from th is  run is
shown in Fi gure 108 . The saw cut in the foreground
is a result of separating the test prolongation .

Ten of these parts were initially provided to
MCAIR for evaluation; ultimately two additional par ts
were also sent to them . A dimensi onal anal y sis was
conducted on the first ten parts. The results are
summarized in Table 62.  An ex tens ive  dimensional
ana lys i s  was conducted on four par t s  which are
summarized in Appendix D (Table D-6) to this report.
The dimensional analysis from the Table shows
reproducible accuracy from part to part  wi thin  1.5
to 3.0~-. The Table also indicates reproduc ible -:
accuracy within 0 to 7’~- of original target
dimensions. Further refining of the pattern is
possible to narrow the dimensional spread even though
program goals were met on these production parts.

One HIP keel sp l ice  former was chem-m~ 1led in
a standard chem-mil l  ba th  as used at MCAIR. The
par t s  were wired and hung in the bath and etched at
a rate of 3 mils/minu te/surface. Ten minutes were
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TABLE 62

DIMENSIONAL ANALYSIS OF HIP KEEL
SPLICE FORNERS 

Thickness at  Ind icat ed  Area , Inch

1 2 3 4 5 6 1 8 9 10

SM 409 .197 .199 .189 .195 .190 .193 .198 .194 .230 .222

SM 411 .197 .196 .194 .191_ - 
.189 .184 .196 .200 .232 .225

SM 412 . 200 .197 .193 .201 .183 .182 .196 .197 .236 .230

SM 413 .191 .190 .192 .193 .185 .176 .190 .196 .230 .223

SM ‘;14 .199 .195 .188 .191 .184 .182 .189 .194 .234 .233

SM 416 .196 .180 .188 
- 

.190 .189 .180 .192 .197 .238 .238

SM 418 .20/4 .197 .193 .196 .184 .177 .202 .200 .226 .226

SM 419 .201 .198 .195 .189 186 .184 .196 .203 .230 .23’)

SM 421 .19~- .193 .190 .189 .183 .175 .193 .186 .228 .229

SM 622 .192 .197 .188 .186 .185 .187 .194 .199 .238 .226

.197 .194 .191 1 .192 1~~186 .182 1 .195 .196 .232 .228

.004 .006 . 003 T_.004 .003 .OOS j~~~OO4 .005 .006 .005
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V required to ob tain the required dimensions on the
larger p la t form sections of the component . Af ter

V chem-milling , the part weighed .41 lbs which is
comparable to the machined flyweigh t of a forged
component. Only thickness dimensions were checked
and these met engineering drawing requiremen ts.

The deficiencies in the HIP part which must
be corrected before chem-milling can be utilized
are as follows:

1) Surfaces which are required to be flat must
be flat in the as-HIP condition as any out- Jof-flat condition cannot be corrected by
chem-milling .

2) Dimp les , lap s , and other surface irregularities
are not removed by chem-milling and a liquid hone
or similar process would be required to remove
such irregularities if they are not deep .

3) Edge thickening or thinning must be avoided V 
-

in the HIP component design.

4) Mid-p lanes of f la t and parallel surfaces should
be located during the mold design to ob tain
proper dis tances between such p lanes af ter chem-
milling. In a machining operation , metal may
be removed preferentially from one dis tance . -

between such parallel surfaces; this option
is not available in the chem-milling operation
unless a masking operation (a cost factor) is

V 
used.

3 . 2 . 2 . 3  Post-HIP Processing

Prior to machining, the par ts were heat trea ted
by annealing at 1300°F 2 hours , and air cooled. The
prolonga tion and the par ts were not heat trea ted
together.

During machining , the numerical identification
of the componen ts were inadver tently lost. Both the
forged and the HIP components were dimensionally
checked prior to testing. The forged par t thick-
nesses were generally less than those of the HIP
specimens and were more uniform part to part. This
is attributed to the NC machining of the production
(forged) parts whereas che HIP components were con-
ventionally machined . However , all par ts were
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within engineering drawing tolerance.

3.2.2.4 Non-Destructive Evaluation

Radiograp h y and penet rant  inspections were the
princ ipal methods of non-destructive examination .
The parts were X-rayed according to MCAIR process
speci f ica t ion  P . S .  21206 Quality Level 2-iT . This
qua l i ty  level is defined as follows :

Maximum penetrameter thickness , 2°L (expressed
V as percentage of the material thickness)

Minimum perceptible hole diameter , iT (expressed
as multiple thickness of image quality indicator T)

Equivalent penetrameter sensitivity , l.47~
All films were double loaded to minimize artifacts.
The parts were shot in three orthogonal views before

V and a f t e r  machining.

Examination of the film for the as-HIP cor~ditionshowed dense inclusions alway s less than .030 in. dia .
and areas of low density . The latter type of defect V

was thought to be surface depressions . The examina-
tion of the film for the f u l l y machined condit ion
showed a decrease in a number of inclusions , also
the areas of low density were eliminated. No other
abnormalities which would hinder perf ormance were
detected.

The parts were routinely inspected af ter machining
using penetrant per MCAIR specification P.S. 21202,
Class L. This class permits rounded indications , how-
ever , no linear indications are acceptable. All parts
passed this penetrant inspec tion.

3.2.2.5 Static Test

The HIP keel splice formers were match drilled to
fit a test beam and assembled using Hi-Lok fasteners.
The test set-up is shown in Figure 109 and installed
in the machine in Figure 110. The HIP part wa s loaded
at a rate of 1,000 lb/minute to failure . An autographic
load-strain curve was used to detect yield load and
maximum load was used as the failure point. The
results are shown in Table 63. The higher y ield and
failure loads are attributed primarily to the dimen-
sional varL.tions as previous tests on the same powder
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lot did not show any unusually high strengths. A
typical failed part is shown in Figure 111.

3.2.2.6 Spectrum Fatigue Tests

t The same test set-up was used for the fatigue
tests as for the static tests. The R-4 Horizonatal
Tail (F-is) spectrum was used for this series of
tes ts. The design limi t load was 2 ,200 lbs or 9l.7~of the yield load of the forged component and 84.67~of the yield load of the HIP component . The results
of the spectrum fatigue tests  are listed in Table 64.
Because the fixture holes were slightly elongated,
oversize holes were made in the fixture and HIP
component No. 3 and larger Hi-Lok (.189” diameter
vs. . l6~ diameter) fasteners were used. In all
cases , the HIP components showed longer life than
the forged counterpar ts . “Life” was defined as
the time necessai y to form a crack and propagate
it to an adjacent bolt hole. By this definition ,

= both the crack ini t iation and crac k growth behavior
could be evaluated. A typical keel splice former after
fatigue testing is shown in Figure 112. Fracture
initiated at a bol t  hole in the top narrow longitu-
dinal flange and propagated to the adj acent bolt
holes in the web in one direction and propagated
to the edge of the narrow longitudinal flange in - 

-

the opposite direction. In many instances , the
crack proceeded beyond the first adjacent bolt hole
and ended at or near the wide longitudinal flange ;
this can be attributed to the load spikes in the
spectrum which rapidly extended the crack beyond
the desired end point . Failure to stop the tes t when
the crack reached this first bolt hole in the web
did not significantly affec t the results as frequent
observations were made during this critical par t of
the test.

The test data given earlier in this report
tended to indicate that the HIP specimens had a
longer life and this was attributed to the dimen-
sional variances (thickness) in the flange area.
To illus trate this , the life data were plotted as
a func tion of flange thickness as shown in Figure
113. A regression analysis was made to obtain a
best fit for the data . This data indicates that
within expected scatter for fatigue , the long life
of HF3 (HIP-Fatigue-No . 3 X-Ray Film) specimen whose
life was 23 ,360 hours can be directly attributed to
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TABLE 63

STATIC TEST RESULTS
FORGED AND “HIP”

KEEL SPLICE FORNERS , 68A333019-2007

Specimen Fabrication
Number Method Yield Load, lbs Failure Load, lbs

iFS Forged 2 ,400 4 ,000

2HS HIP 2,600 4,140

TABLE 64

SPECTRUM FATIGUE DATA
R-4 HORIZONTAL TAIL SPECTRUM (F-l5)
KEEL SPLICE FORNERS, 68A333019-2007

DESIGN LIMIT LOAD, 2,200 LBS

Specimen Fabrication
Number Method Hours to Failure Average

2FF Forged 11,255
3FF _ _ _ _ _ _  _ _ _ _ _  Forged 10,400
4FF _ _ _ _ _  _ _ _ _  Forged 6 ,960
5FF 

- 
Forged 5,760 8,594

31-IF _ _ _ _ _ _  _ _ _ _ _  HIP _ _ _ _ _ _ _  _ _ _ _ _ _  23 ,360
5HF~ HIP 17,840
6HF HIP 14,240 18,480
*ç~~, j  hole and fasteners (.189” diameter in lieu of .169”)
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Figure 113. Spectrum fatigue life - flange thickness re-
la t ionship of keel sp lice former 68A3330l9-
2007.
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the oversize holes* which effectively reduced the
cross-sectional area of the flange . All of the forged
specimens had lives reasonab ly close to their  expected
lives assuming sca tter is inevitable. - V

The data thus indicates that the spectrum fatigue
lives of the HIP keel sp lice formers are equivalent to
that of wrought product.

3.2.2.7 Fractography

A scanning electron microscope (SEM) was used to
examine the fracture characteristics of the HIP and
the wrought products. Fracture surfaces of a compac t
tension spec imen used for fracture toughness determin-
ation and the keel splice formers used for spectrum
fa tigue testing were used for the study.

1) Compact Tension Specimen

Examination of the fracture was made in three
locations; a) at initial crack growth , b) at
an intermediate location and c) i_n the area of
catastrophic or critical crack growth as shown
in Figure 114. The fracture surfaces of both
the HIP and the wrought produc t shown in Figures
115, 116, and 117 were very similar with no
prominent features which could be used to
distinguish between material made by the two
types of metal processing . The fr acture faces
consisted of dimples of vary ing size and tears,
both indicative of ductile fracture. No evidence
of cleavage or other abnormalities indicative
of high or low density inclusions were detecte0 .

2) Keel Splice Former

The section examined was the area between the
bolt hole and the edge of the narrow flange.
Here also three areas were examined : a~ at
the early stage of crack grow th, b) an intermediate

*Holes enlarged to eliminate ovality induced in
the beam holes during prior tests.
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Figure 114 . Sketch of a compact tension fracture
toughness specimen.
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a compact tens ion specimen of (a) forged and
(b) FliPed Ti-6A1-4V showing dimp les of var y ing
size and depth .
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(b) HIPed Ti-6Al-4V fracture in area of rapid crack
growth showing dimples of varying size and depth.
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area near the point of critical crack growth. The
low magnifica tion photos , Figures 118 and 119 , show
widely spaced “beach marks” in the HIP specimen
(Fi gure 118) which , because of Its longer life ,
should show a greater number of load sp ikes , especially V

those wi th  magni tude of 111.80/. of design l imit
load (DLL) which occur every 4 , 000 hours .  Hi gh
magni f i ca t ion  f ractographs are shown in Figures 120
and 121.

In the area of crack i n i t i a t i o n  o~ the HIP specimen
(Fi gure 119) , a prominent s t r i a t i on  is visible which
by i ts  size should be indicative of a large load spike.
The size and prominence of this striation would
indicate  that  this  sp ike is the resul t  of the 111.8%
DLL sp ike which was not prominent on low magnif icat ion .
If this assumption is correct , it then follows that  t V

the crack in i t ia t ion  period on the HIP specimen 4
was longer . The s t r ia t ion  spacing on both sides of
the load sp ike is nearl y equal which is unusual . It - Iwould be expected that a f t e r  such a large load sp ike ,
the crack growth would be retarded , resul t ing in
smaller striation spacing until the crack front
passes through the plastic zone created by the sp ike.
Because of its short life , a large striation was Hf
not observed in the forged spec imen in the early
stages of crack growth (Figure 117).

In the midsection of the crack , a large striation
is also detected in the HIP specimen. This is also
assumed to be the 111.8% DLL spike which would be
the second of four such spikes which would occur in
the 17,840 hours of life. Not all such sp ike s would
be visible in the fractograph as a portion of the
total life (50-60%) would be expended in crack
ini tiation. The striation spacing in this zone is
larger in the forged specimen than in the HIP specimen.
This is due to either (1) the dimensional variances
resulting in lower stress intensities in the HIP
specimen or (2) difference in total crack length ,
(opposite end of crack may be fur ther fr om origin
in the wrought specimen), w’ith the former reason
being more probable. 

-

In the area of fast crack growth , the difference
in stria tion spacing is the most prominent differenc e
between the two types of fabrication . As noted
above , this difference is most probably the result
of the influence of dimensional variation resulting
in differences in stress intensities.
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The varying load, the difficulty of locating and
identifying the load spikes and the dimensional
differences  in the keel sp lice f ormers comp licates
the results so that firm conclusions regarding
crack init iation , crack growth , and reta rdation
behavior cannot be made relative to the two types
of fabr ica t ion . In epr l ier  work , it was found that
the notched fatigue life of the HIP specimens was V

higher ; however , microstructural differences observed
in this HIP batch were sufficiently different that
it may be questionable if such superiority is 

V

~~~~~~~~~~~~~~~ carried through . In addi t ion , the crack growth
curves representat ive of the two types ol fabrication
were very similar with  the poss ib le  e x c e p t i o n  at
the low stress intensity portion of t h e  da/ dN vs .
~~ K curve. Thus, if any impro ed h f  i s  a t t r i b u t e d
to the HIP spec imens , it should be pi 5at- i l y  r e f l ec t ed
in the crack in i t ia t ion phase of the t o t a l  l i f e .
Additional tests would be required t i  determine
the effect of microstructural differences on the
crack in i t ia t ion, crack growth and r e t a rda t ion
behavior of powder metallurgy - HIP components.

3.2.2.8 Prolongations

The keel splice formers were HIPed with
integral prolongations approximatel y 3/8” dia.
x 3-1/2” long, suitable for tensile test spec imens.
Al though the prolonga tions and the keel sp lices were
identified numerically before separation , the
identity of the keel splices was inadvertently lost
during machining . In addition , the keel splices
and the prolongations were heat treated separately.
This heat treatment consisted of 1300°F, two hours ,
air cool. The prolongations were machined to
standard 3/8” diameter round threaded tensile
specimens and tested according to the requirements —

of ASTM E8. The results are shown in Table 65. The
tensile strengths were higher than obtained previously
to qualify the powder lot and HIP cycle. In addition ,
the low yield strength for three of the specimens , - V

(specimens 409, 411, and 421) and the low ductility
of one specimen (409) also did not conform to
previous results. A metallographic examination
disclosed that the microstructures shown in Figures
122 and 123 were dissimilar from that previously
observed . Instead of coarse alpha laths , the
structure consisted of acicular or serrated alpha .

V 
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Figure 122. 250X microstructure of prolongation from keel
splice formers SM-409 and SM—411 annealed at
1300 F, 2 hours, air cooled .
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To determine if the prolongation heat treat-
ment was the cause of the anomalous results , sub-
size flat tensile spec imens were cut from the
vertical divider of the keel splice former. The
specimen geometry is shown in Figure 124. Prior
to machining, the specimens were stress relieved
at 1150°F for one hour to remove any cold working
introduced during the tes t . The results are shown
in Table 66. With one exception , the results approx-
imated those obtained on the HIP cycle qualification ,
namely 1.37 ksi Ftu and 127 ksi Fty. Geometry and V

gauge length differences prevented comparison of
the elongation . Specimen No. HF-6, however , did
show a low yield strength.

The micros tructures of these specimens shown
in Figure 125 suggest the reason for the variation
of properties. The structure of HS-2 is typical
of that previously observed and consis ts of coars e
alpha laths. The structure of HF-S is a mixture
of primary alpha , coarse alpha laths and some finer
acicular alpha . The structure of HF-6 is typical
of beta processing and consists of Widmanstatten
alpha with fine and coarse alpha laths and grain
boundary alpha . The properties of HF-6 reflects
this micros truc ture, namely a lower yield strength.
This variation in microstructure is attributed to
localized variations in the beta transus temperature
due to chemistry variations from particle to particle.
This phenomenon has been observed in the Ti-17
alloy as well , and an effor t is being made to
accurately es tablish the cause and, then, formulate
a corrective or preventive action.

3.2.2.9 Summary - Keel Splic e Former

The PM approach to near-net shape part production
has been fully demonstrated with the Ti-6-4 alloy .
Keel splice former supplementary tests were evaluated
and found to be equivalent to cas t and wrought Ti-6-4.

A pilot lot of HIP shapes was produced and
c omponent tes ted. These were found to be equivalent
to the current forged parts  under bo th static and
spectrum fatigue loading . All parts  passed MCAIR
NOl test standards . Dimensional anal ysis of the
pilot run met allengineering drawing dimensional
requirements with the minimum machining envelope
goals of one p ound per part total weight being
attained.
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In add i t i on , c h e m - m i ll i n g  eva lua t ions  on one
keel sp lice under standard conditions used at MCAIR
resulted in a finished part to engineering drawing
requi rements  a f t e r  on ly  ten minutes  in the b a t h .  V -

Although more control of surface and flatness would
be requi red  on the  as -HIP  par t , chem-milling should
be a v i ab l e  cost  e f f e c t i v e  process  to rep lace the r
tinish machining steps.

3.2.3 Task III - Economic Analysis and Final Material
and Process Specifications

3.2.3.1 Economic Analysis V

Ti-17 Compressor Stub Shaft

4 The ori ginal  goals of the contrac t were not
completel y realized with respect to the compressor
stub shaft due to continuing problems with low -“cle
fa tigue levels. Al though shape making technology
by the HIP ceramic mold process was successfull y
demonstrated , final machining and testing of the
pa r t  was not carr ied to comp le tion .

However , based on previous data and the weight
and relative costs of material and processing,
certain comparative values may be obtained . The
original rationale for the contrac t was the high
potential for cost savings through the app lication
of PM processes to components which had poor material
utilization rates as rough forgings. These include
most disc forgings , compressor castings , and coni cal
shafts. Titanium alloy applications in the F-10l
engine are shown in Table 67. The approximate
ma terial u ti l ization ra tes are given for a number of
these parts. The fan discs and stages 1 and 2
compress or discs have integral conical shaf ts or
spac ers which add greatly to forging weight . The
conical stub shaft requires several forging operations and
because of this , material utilization is highly ineffic ient.
Thus, -the compressor stub shaft was chosen as a prime
examp le of a component that could be produced by
PM techniques to near-net shape with highly efficient
material ut ilization rates. Savings would accrue
both from lower input weight and reduced machining.
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TABLE U S

COST ANALYSIS FOR THE KEEL SPLiCE FORNER
68A33 1 O I Q — ? 0 0 7  FABRIc .A’rED BY FOR GIN G AND

BY P(MDER- 1IIP PROCESS

Foro,ed and HIP  and Machined HIP  and Machined
_____________ M a c h i n e d  — (Powder t~ $25/ l b .) (Powder ~ .$j 9/l b .)

Mat or l.a 1 $53 $ (s U $ ~ 9. 50

Machin ing  $98 $78 $78. 00

Total $151 $144 $ 1 27 . 50
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3 . 2 .3 . 2  Final Material and Process Specifications

The preliminary specifications developed from
the results of the Phase I effort on the Ti-17 alloy
and the sub-scale stub shaft were reviewed for changes V
by G.E. based on the Phase II results.

Similarly, the preliminary spec ifications
developed from the results of the Phase I ef for t  V
on the Ti-6-4 alloy and the keel sp lice former
were reviewed for changes again based on the Phase
II e f f o r t .

The tentative specifications are given in Appendices
F through I to this report and cover the material
and processing areas as noted below :

1) Tentative Specification #5114-1 “Prealloyed
Titanium Powder”

2) Tentative Specification #5114-2 “Hot Isostatic
Pressing (HIP) of Titanium Alloy Powder”

3) Tentative Specification #5114-3 “Premium Qualit
Powder Metallurgy As-Hot Isostatic Pressed (HIP
Ti-17 Titanium Alloy Powder”

4) Tentative Specification #5114-4 “Premium Quality
Powder Metallurgy As-Hot Isostatic Pressed (HIP)
Ti-6-4 Titanium Base Alloy Parts”

These final specifications were reviewed and
coordinated with both the users and the AFML.
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SECTION IV

CONCLUSIONS AND RECOI-ThIENDATIONS

4.1 CONCLU SIONS

The ability to produce cost effective , high
quality, near-net shapes of titanium engine and
airframe components from a PM HIP process has beeii
success fu l l y demonstrated. Work conducted in V

achieving this objective established the following :

1) The REP powder , as received , contained tungsten ,
iron and non-metallic inclusions; the latter
being detrimental to low cycle fatigue life.

2) All mold m a t e r i a l s  were found to be satisfac tory
for shape development , but Si02 was chosen for
cost and availability.

3) Optimum HIP parameters established for the two
alloys were :

Ti-17 Heated autoclave , 1650°F temperature
at 15 ,000 psi with an 8 hour hold.

Ti-6-4 Heated autoclave , 1750°F temperature
at 15 ,000 psi with an 8 hour hold.

4) Tensile and fracture toughness characteristics
of alpha-beta HIP and beta HIP Ti-l7 material
compar e favorably wi th  wrought material  spec-
ifications -

5) Post compaction thermal treatment is neither
necessary nor beneficial .

6) All  potential causes for degraded LCF behavior
were evaluated , with inclusions from proc essing
handling in the REP powder still remaining as
the major reason for the poor LCF results.

7) The mechanical properties obtained on the
compressor stub shaft  were s a t i sfa c t o ry .
However , the LCF behavior was severely de-
graded due to non-metallic inclusions and
would not be adequate for use at high stress
levels.
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8) -Higher oxygen content powder (0.l667~) was requiredfor the Ti-6-4 alloy to meet mechanical property
specifications.

9) The Ti-’6-4 alloy did not display the fatigue
problems encountered with the Ti-17 alloy .

10) The HIP Ti-li stub shaft can be ultrasonically
inspected to the required specifications .

11) The HIP keel splice former parts passed both
radiographic and dye penetrant inspection to
MCAIR qual i ty  specifications .

12) The PM approach to near-net shape part production
has been fully demonstrated with both the Ti-li
and Ti-6-4 alloy components.

13) Chem-milling should be a viable cost effective
process to replace the finish machining steps
on the keel sp lice f ormer .

14) The results of the cost analysis on PM HIP
versus cast and wrought processes indicate
that PM near-net shape processing is cost
effect ive .

4.2 RECOMMENDATIONS

The successful conclusion to the concept of
PM near-net shape part production provided a firm
foundation f rom which a final manufacturing process
can be established. The following areas are recommended
for further investigation to fully establish a low
cost process for titanium engine aircraft and air-
frame component manufacture:

1) Investigation of new or improved powder manu-
facturing techniques for titanium alloy to
produce higher purity powder at lower cost

2) Investigation of greater control of shape making
technology to minimize or eliminate final
machining steps.

3) Evaluate the effect of chem-milling in conjunction
V with improved shape sur face texture for minimizing

4 or eliminating finish machining steps.
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4) Expand the application of PM near-net shape
technology to additional aircraft engine and V
airframe components in future programs for
more cost effective production capability
with respect to bigger and more comp lex parts .
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APPENDIX A

SUMMARY OF ALL ELECTRODE SHIPPED TO
NUCLEAR METALS FOR CONVERSION TO P(MDER
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TABLE A-i

Ti-6-4 ELECTRODE SUMMARY

Length Length Length
Code lbs . inches C~~.1t’ lbs.  inches Code lbs . j.n ches

AT1 6.68 8.54 ACt 6.77 8.67 AX1 6 .71  8. 60
6.67 8.53 7.50 9.63 6.87 8. 81
6.75 8.65 5.94 7.61 6.73 8.60
6.83 8.77 6.80 8.70 6.70 8.60
6.67 8.53 6.17 8.65 6 .74  8. t,1

33.60 3 3 .7 8  3 3 . 7 5

AT2 6.87 8.78 AC2 6.892 8.83 AX2 6.86 8.80
6 .9L 8.82 6.85 8.78 6.83 8.71 V

6.89 8.80 6.92 8.84 6.82 8.70
6.89 8.80 6.87 8.80 6.86 8.80
6 .$6S 8.80 6.88 8.83 6,83 8.73
34.425 34.412 34.20

AT3 6 .92 8.85 AC3 6.86 8.82 AX3 6.88 8.83
6.86 8.75 6.98 8.90 6.89 8.82
6. 86 8.78 6.98 8.90 6~91 8.85
6.92 8.85 6.96 8.90 20 .68

A,~7 8.78 L0~ 8.94
34.43 3i~ 78

AT4 6 . 6 9  8 .56  AC4 6 .74  8 .61 AX4 6.81 8.72
6.71 8.60 6.65 8.50 6 . 8 1  8 . 7 2
6.62 8.48 6.~ 0 8.57 6.875 8.80
6. 66 8.54 6.68 8.54 6.966 8 . 9 3
6.70 8.58 6 ,6~ 8.50 6 . 7 7  8.68

33.38 33.42 6.507 8.34
~~~~~~~~~~~ 8.14
47.098

AT5 6.95 8.90 ACS 7.00 8.92 #X3 6 .96  8 .93  V
6.94 8.88 7.00 8.94 7.00 8 . 9 8
6.91 8.90 6.75 8.65 6.97 8.92
6.95 8.87 7.03 9.04 7.00 8.96
.J~~3 9.00 6 98 8.94 ~~ 06 9.04
34.78 3~~ io 34.99

AT6 7 .78  9 .98  AC6 6 .68  8 . 5 5  AX6 6.60 8. 46
7.79 9.99 6 .65  8 .51  1.13 9.12
7.78 9.98 6.56 8.38 6.52 8.34

_J.81 10.00 6.70 8.58 6.50 8.34
31.lo 6 64 8.50 6.57  8. 42

3~~~23 33 .32

Tot~il weight : 610. 195 lbs.
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TABLE A-2 
V

Ti-17 ELECTRODE SUMMARY 
V

Length Length Length V

~~~ inches ~~~~~ inche~ ~~~~ ~~~~ inches

IT]. 6.70 8.13 ~C1 6.70 8.10 EX1 6.75 8.22
6.77 8.24 6.91. 8.40 6.79 8.20
6.73 8.17 6.91. 8.40 1.3.54
6.73 8.17 6.99 E.48
6,73 8.17 6.92 8.~733.66 34.43

BT2 7.82 9.48 IC2 7.90 9.57 8X2 7.78 9.38 —

7.82 9.50 7.56 9.18 7.77 9.40 V

7.82 9.48 7.96 9.64 7.79 9.44
7~~0 9.57 7.85 9.50 1~~1V5 9.40 V

31.36 31.27 ~1.09

E~3 6.83 8.28 EC3 8.19 9.90 3X3 6.86 8.30
6.82 8.26 8.20 9.94 6.81 8.23
6.83 8.30 8.18 9.90 6.82 8.25
6.83. 8.23 8.27 6.86 8.29
6.83 8.23 32.84 ~.73 8.15

34.12 34.08

1T4 6.63 8.06 BC4 8.27 10.00 8X4 6.59 8.00
6.63 8.05 8.16 9.90 6.59 7.98
6.70 8.16 8.17 9.93 6.63 8...
6.70 8.1.2 8,17 9.93 6.61. 8.05
6.75 8.20 32.77 6.62 8.03
33.41 33.04

ITS 6.80 8.20 BCS 8.20 9.94 3X5 6.72 8.18
6.73 8.18 8.23 10.00 6.80 8.26
6.62 8.04 8.22 8.94 6.82 8.30
6.74 8.18 L23 10.00 6.73 8.14
6.78 8.20 32.88 _ 6.94 8.45
33.69 34.01

3T6 6.’5 8.18 3C6 8.24 10.00 3X6 6.88 ~.336.78 8.23 8.19 9.90 6.81 8.24
6.80 8.26 8.27 10.00 6.77 8.20
6.88 8.30 8.2.5 10.00 6.79 8.24
6.79 8.20 32.9~ 6.86 8.30
34.00 34.11

Tote]. ‘weight: 577.25
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TABLE B-4 -

L(!.4-CYCLE FATIGUE RESULTS 
V

A—1 .0, Kt~
1.0, LOAD CONTROL -

Stress Cycles to
No. (ksi) Failure Observa tion of Frac ture Orig in 

H233 150 6 ,559 Fe-rich particle

140 7 ,573 Inclusion of Fe, Mn , K, Ca, Si , - 
-

_ _ _ _ _ _ _  
—________ 

_______________  

Cr (?)

237 150 6 ,858 Inclusion of Fe , Mn , K, Ca , Si
140 10, 115 N/A * -US

236 150 
- 

11,971 N/A*

130 20 , 887 High Al at fa i lure  origin . 
V -

’
-

227 140 14 , 502 N/A
130 16 , 262 N/A L

250 130 
— 

8 , 896 Inclusion of Fe , Ca , Si , Mn ~- 
V

120 5 , 147 Inclusion , N/A
— ______________________ V p _I

252 140 16 ,659 Inclusion , N/A 
— - -

130 45 ,510 Inclusion , analysis pending

270 
- 

140 10 , 593 Inclusion , N/A -

130 
— 

8,864 Inclusion, analysis pending

275 140 24 ,445 N/A -
130 23 ,444 Inclusion, analysis pending

*N/A , not analyzed



- ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~

TABLE B-5

HIGH—CYCLE FATIGUE RESULTS
A~ 0O~, K

~
’.ul.0, ROTATING B EAN

No. Stress (ksi) Cycles to Failure Remarks

______ _______________  

(x 1000) V

227 90 44 
___________________

70 2 ,741 
_____________________ _ _ _  _ _ _ _ _ _ _ _  —

233 90 52 
_____________________ 

V
75 393 

______________________

236 
____ 

85 50 
____________________

77.5 64

237 80 1,386 
___________________

______  _ _ _ _ _ _ _ _ _ _ _ _ _  

>44 ,000 
—

~~~~~~~ Did not fail

250 80 46 
___________________

______ 

65 62 
___________________

252 70 261 ______________________

60 >46 , 000 Did not fa i l
SL 75 5,314 

___________________

270 
— 

80 192 
____________________

______  

67.5 9,263 Si-rich inclusion
275 90 192 at frac ture origin

70 
V V  _____________________ ___________________

SL 85 12 ,070
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TABLE C-I.

TENSILE PROPERTIES OF ANNEALED
ELI Ti-6-4 (cMRC)

Type 
— 

Strength (ksi) 
- 

Modulus
6 El

Compact Cycle Condition Ft~ Fty E (7.) (7.)

As-HIP 120.8 110.8 16.4 20.0 46.3
277 CSMD 

PCTT 118.5 111.0 16.2 12.0 24.6

As-HIP 121.5 112.4 16.2 19.0 45.5 -

V

281 CSMD 
PCTT 119.0 109.8 15.9 16.0 25.4

As-HIP 120.5 110.4 16.7 20.0 46.1
284 CSMD 

~~TT 121.0 109.6 16.7 17.0 38.1

As-HIP 122.5 114.0 15.9 18.0 45.6 V
279 BCL PCTT 119.4 109.4 16.4 17.0 44.3

As-HIP 122.5 113.6 15.9 18.0 45.6
287 BCL PCTT 117.9 109.2 16.4 19.0 45.6 V

As-HIP 122.7 113.6 16.3 18.0 45.5
293 BCL 

PCTT 118.7 109.2 16.5 18.0 43.8

Average 121.75 112.47 16.2 18.8 45.8
}As -HIP 0.88 2.39 0.09 0.96 0.12

a. 0.94 1.55 0.3 0.98 0.34

Specification 130 mm 120 miii 10mm
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TABLE D-l
V DIMENSIONAL ANALYSIS OF SUB-SCALE STUB SHAFT

FIRST ITERATION - SM-295

Dimension Target
No. Dimension Compact SM-295

1 ________ _ _ _ _ _  8 . 4 0  DIA . — _ _ _ _ _  8.405 DIA .
2 _ _ _ _ _ _ _ _ _  ______ 6.10 DIA. — ______ 5.880 DIA .
3 ________ _____ 4.30 DIA. — ______ 4.060 DIA .
4 _ _ _ _ _ _ _ _ _  _ _ _ _ _  6.20 DIA. — ______ 6.125 DIA.
5 _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  1.80 D I A.  _ _ _ _ _ _  1.640 DIA.
6 _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  3 .25 DIA . — ______ 3.015 DLA.
7 _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  5 .20 _ _ _ _ _ _ _  _ _ _ _ _ _  4.805
8 _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  3.70 _ _ _ _ _ _ _  _ _ _ _ _ _  3.687
9 _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  5.35 _ _ _ _ _ _ _ _  _ _ _ _ _ _  5.217

10 _ _ _ _ _ _ _ _ _  _ _ _ _ _  6. 20 _ _ _ _ _ _ _  _ _ _ _ _ _  6.060

TABLE D-2

DIMENSIONAL ANALYSIS OF SUB-SCALE STUB SHAFT
SECOND ITERATION - SN-324

Dimension Target
No. Dimension Compact SM-324

1 _ _ _ _ _ _ _ _  _ _ _ _ _  8 . 4 0  D IA . _ _ _ _ _ _  8.4 4 3  D IA .

2 _ _ _ _ _ _ _ _  _ _ _ _ _ _  6.10 D I A .  — _ _ _ _ _ _  6.050 DIA.
3 _______- _4.3O DI.A . — _____ 4.400 DIA.
4 _ _ _ _ _ _ _ _  _ _ _ _ _  6.20 DIA . — 6.100 DIA.
5 _ _ _ _ _ _ _ _  _ _ _ _ _ _  1.80 DIA . — _ _ _ _ _ _  1.990 DIA. V

6 _ _ _ _ _ _ _ _  _ _ _ _ _ _  3.25 DIA . — _ _ _ _ _ _  3.445 DIA .

7 5,20 _ _ _ _ _ _ _  _ _ _ _ _ _  4 . 0 5 0

8 _ _ _ _ _ _ _ _  _ 3. 7 O  _ _ _ _ _ _ _  _ _ _ _ _ _  2.820
9 _ _ _ _ _ _ _ _  5. 3 5  _ _ _ _ _ _ _  _ _ _ _ _ _  4.415

10 _ _ _ _ _ _ _ _  _ _ _ _ _ _  6. 2 0  _ _ _ _ _ _ _  _ _ _ _ _ _  5.150
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TABLE D-3 
V

DIMEN SIONAL ANALYSIS OF SUB-SCALE STUB SHAFT
THIRD ITERATION - SM-337

Dimension Target
No. Dimension Compact SM-337

1 8.40 DIA . 8.400 DIA .
2 6.10 DIA. 6.080 DIA .
3 4.30 DIA. 4.480 DIA .
4 6.20 DIA . 6.200 DIA,
5 1.80 DIA . 2.23 DIA.
6 3.25 DIA. 3.540 DIA.
7 5.20 5.090
8 370 3.820
9 5.35 5.360
10 6.20 6.110

Table D-4

DIMENSIONAL ANALY SI S OF SUB - SCALE STUB SHAFT
FOURTH ITERATION - SM-357

Dimension Target ¶
No. Dimension Compact SM-357

1 8.40 DIA, 8.480 DIA.
2 6.10 DIA. 6.050 DIA.
3 4.30 DIA. 4.320 DIA.
4 6.20 DIA. 6.200 DIA.
5 1.80 DIA. 2.250 DIA.
6 3.25 DIA . 3.380 DIA .
7 5.20 4.510
8 3.70 3.550
9 5,35 5.060
10 6.20 5.950
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TABLE D-5

DIMENSIONAL ANALYSIS OF SUB-SCALE STUB SHAFT
FIFTH ITERATION - (SN-368 , -384, and -385)

Dimension Target Compacts
No. Dimension 5M-368 SM-3S4 SM-385 

V

1 8.40 DIA . 8.500 DIA . 8.510 DIA S 8.500 DIA . 
V -

2 6.10 DIA. 5.980 DIA . 6.000 DIA . 5.990 DIA.
3 4.30 DIA. - - -
4 6.20 DIA . 6.200 DIA . 6.270 DIA . 6.240 DIA .
5 1.80 DIA . 2.120 DIA. 2.140 DIA. 2.260 DIA .
6 3.25 DIA . 3.320 DIA . 3.330 DIA . 3.340 DIA .
7 5.20 — - -
8 3.70 - - —
9 5.35 5.950 5.980 6.010

10 6.20 6.910 6.890 6.890
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TABLE D-6

DETAILED DIMENSIONAL ANALYSIS
OF A PRODUCTION RUN OF FOUR KEEL SPLICE FORNERS

Dimension Target Compact Compact Compact Compact
No. Dimension SM-376 SM-377 SM-378 sM-379

1 5/16 R 5/16 R 5/16 R 5/16 R 5/16 R
2 1.180 1.090 1.090 1.100 1.155
3 .710 .560 .680 .680 .680
4 3.020 3.040 3.040 3.052 3.065
5 5.165 4.960 4.965 4.950 4.950
6 27056’ 28° 28° 28° 28°
7 3/8 R 11/32 11/32 R 11/32 R 11/32 R
8 2.330 

— 

2.300 2.320 2.310 2.310
9 

— 

1.820 1.825 1.795 1.810 1.820
10 3.760 3.800 3.810 3.810 3.780 

- 

-

11 
-— 

.224 .170 .18~~ 
- — 

.193 .200
12 1/8 R 1/8 R 1/8 R 1/8 R 1/8 R
13 5/16 R 5/ 16 R 5/16 R 5/16 R 5/16 R
14 .880 .890 .885 .885 .870
15 3.320 3.375 

- 

3.365 3.375 3.360
16 2.125 2.163 2.150 2.158 2.121
17 .180 

— 
.160 .163 .169 .175

18 1.180 1.140 1.120 1.130 1.190 V
19 1/8 R 1/8 R 1/8 R 1/8 R 1/8 R
20 .174 .165 .167 .172 .168 V

21 ~~~0565 10° 100 100 10°
22 1/2 R 7/16 R 7/16 R 7/16 R 1/2 R
23 .180 .160 .156 .167 .160
24 2.120 1.940 1.935 1.930 1.950
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TABLE D-7

DIMENSIONAL ANALYSIS OF FULL-SIZE STUB SHAFT
FIRST ITERATION - SM-494

D imension Target 
V

No. Dimension Compact SM-494

1 16.42 DIA. 16.80 
V

2 13.72 DIA . 14.12
3 .78 .59
4 14.32 DIA. 

— 
14.68 

—

5 3.29 3.21
6 4.16 4.25
7 7.70 DIA. 7.70
8 6.05 DIA . 6.06
9 5.84 5.75 

—10 5.77 DIA. 5.78
11 10.00 10.20
12 5.51 DIA. V~_  

V

13 13.49 13.75 — V

14 3.76 DIA. 4.475 —
15 4.65 5.00 —
16 4.30 4.74 —17 2.71 3.14
18 5.20 5.43 —19 4.66 4.42’
20 1.89 2.37 —
21 7.53 DIA. 7.37
22 1.94 2.30
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TABLE D-8

DIMENSIONAL ANALYSIS OF FULL-SIZE STUB SHAFTS 
V

FINAL ITERATION - (SM-555 , -556, and -557) 
V

— ——  

Compact SM-555 Compact SM-556 Compact SM-557

Dimension Targe t M m .  Max. M iii. Max. Miii. Max.
No. 1i2C1 D imension Dimension Envelope Envelope Envelope Envelope Envelope Envelope 

V 
-

1 .390 8.210 7.995 8.070 8.088 8.199 7.950 8.008
2 .780 7.700 .895 1.026 .906 .945 .885 .949
3 .780 7.300 .885 1.006 .894 .949 .867 .912
4 1.100 6.597 6.525 6.670 6.658 6.829 6.471 6-536
5 2.000 5.358 5.269 5.427 5.380 5.522 5.140 5.202 V

6 2.900 4.119 3.923 4.035 4.084 4.205 3.788 3.831
7 3.400 3.850 3.732 3.769 3.820 3.871 3.689 3.730
8 3.800 3.850 3.732 3.781 3.838 3.885 3.702 3.744
9 4.160 3.500 4.069 4.105 4.159 4.188 3.983 3.994
10 4.700 3.025 2.900 2.932 2.984 3.033 2.854 2.881
11 5.500 3.025 2.889 2.921 2.981 3.032 2.834 2.865
12 5.740 3.025 5.866 5.955 6.005 6.113 5.819 5.889
13 6.300 2.885 2.736 2.765 2.834 2.894 2.705 2.721
14 7.800 2.885 2.757 2.774 2.823 2.851 2.739 2.762
15 9.300 2.885 2.765 2.793 2.827 2.847 2.765 2.790
16 9.900 2.885 9.999 10.069 10.134 10.247 9.907 9.982
17 10.500 2.755 2.634 2.658 2.690 2.708 2.639 2.669
18 12.500 2.755 2.652 2.690 2.711 2.753 2.635 2.691
19 13.490 2.315 13.075 13.114 13.316 13.346 12.953 13.018
20 12.500 1.880 1.939 1.909 2.058 1.997 1.986 1.963
21 10.000 1.880 1.935 1.912 2.038 2.016 1.984 1.966
22 7.800 1.880 1.933 1.916 2.025 2.033 1.981 1.968
23 4.820 1.880 5.509 5.443 5.411 5.335 5.082 5.024
24 4.200 2.155 2.045 1.985 2.325 2.282 2.012 1.964
25 3.230 2.155 - - 3.096 3.076 3.001 2.857
26 2.710 2.600 “Z”-2.692 2.699 ‘Z”-2 837 2.739 “Z”2 500 2.680

I 2.740 I 2.799 2.720
27 2.200 2.330 ‘Z”-2.194 2.448 “z”-.2.306 2.473 “Z -2.025 2.438
28 1.890 2.750 1.938 1.904 2.039 2.016 1.699 1.649
29 1.890 3.250 1.912 1.860 1.991 1.954 1.741 1.703
30 2.190 H gh Point 2.213 2.141 2.225 2.231 2.012 1.964
31 2.000 4.107 6.147 3.997 4.247 4.153 “z” -l.805 4.019

4. 088
32 1.500 4.795 4.876 4.712 4.974 4.897 4.542 4.424 

V

33 1.000 5.484 5.629 5.426 5.693 5.584 5.301 5.220
34 .500 6.172 6.396 6.120 6.374 6.258 6.050 5.959
35 0 Drop Off Point . 192 .028 .089 .049 .026 .005

(31.00) (150°) (150°) (30°) (240°) (30°)
36 0 7.700 .154 .007 .034 .001 •04 7 .004

(270°) (1500) (150°) (30°) (120°) (240°)
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TABLE E-1

CRACK GROWTH DATA
(ROOM TEMPERATURE)

METCIJT RESEARCH ASSOC IATES INC .
C IiPACT TENSION CRACK GR(% ITH (H/W— 0 .6 ONLY )

PROJECT NUMBER ~~_ 1 O O -2 5 I U 4  SPECIMEN N UMB ER _____ CF - i
TV ST NUMBER ___________ TEST TF}IPERATURE
MATER IA L -.______________ TI 17 RE LkTIVE HIP4TDI T Y __ ~~~~~~~
TEST MA CWINE — SF1)J , 5 : l  M TEST EN VIRO .~ ______ LAB AIR
TEST ~RF QUE NCY _ .  _______ 30 HZ STRESS RAT IO — A— 0• QO

5I’F~7 1MF:N S I Z E  t I N ~ ______ 211— 2 .410 14— 1 .999 B— I .00’ — A l —  0 . t~8 J
TOT CYC~~F.S CRACK L&~TU L~~.D RN( SIR tNT R1~ ‘R A(’K ~R(P.4TH

NT (10 ‘I A ( IN ) (LB S) k s t  1TTh RATE DA/ F )N

0.000 0 . 7 7 5  1800.0 8 .99
6.000 0 .785  1800.0 9 .09 1. 58 X1 O -6

12 .000 0 . 7 92  1800.0 9 .18 1.2 5  X l O  -6
18 .000 0.804 1800.0 9 . 3 2  2 .00 X 1O -b
24.000 0.813 1800.0 9.41 1 .11 X1O -6
10.000 0.821 1800.0 9.52 1.50 Xli)  -6
36 .000 0.835 1800.0 9.68 2.11 X10 -6
41.000 0.842 1800.0 9.7~ 1 .25 X1O -6

~e8 .0OO 0.855 1800.0 9~ (fl 2.08 Xli) -6
5.4 .000 0.865 1800.0 10.07 1 . 75  X 10 -6
60 .000 0. 876 1800.0 10.21 1.83 Xli) -6
66 .000 0.888 1800.0 10.38 2 .00 X 10 -b
7 2 . 000 0 .900 1800 .0 10 .55 2 .00 X 10 -6
78 .000 0. 911 1800.0 10.7 1 1 .92 X 10 — ‘
84 .000 0 .928 1800 .0 10.96 2 .75 X10 —~~

90. 000 0 .Q 4 1  1800.0 11. 18 1. .~2 X l ~ — 6
96 .000 O~~~ SQ 1800.0 11. 4 5 2 . 75 X 1O — 6

102.000 0. 97 ., 1800 .0 11.69 1. 50 X 1 0  -6
108 .000 0. 9’~1 1800.0 11 .01 ‘ .00 x i O  — h
l1 .~ .00O 1.009 1800. 0 12 . ~2 2 .83 x l O  -6
110 .000 1. 0 2 7  1800.0 12 .67  ~. 0S X10 —

~~

l 2 ~~.000 l. 0S 1800 .0 1 l~ 19 .25 X 10 — 6
1 10 .000 1.068 1800 .0 1 1. 52 .8 N 1 0 —~~

1 1.~ .000 1 .084 1800 .0 1) .87 1 .88 ~c i 0  —~~~

118 .000 1. 1 0 1  1500 .0 14. I l  •, .6 1  N b  -~~
142 .000 1. 12 .4  1800 .0 1.4 .86 ~~. ~7 x l i )  —~~

146 .000 1.1.44 1800 .0 lS . ,
~~ 5 . 12  Xli) —~~

1~~’~.000 1. 161 1800 .0 l S . S~ S . sO xlii —~~

151 .000 1.181 1. ’~00 .0 l n .~~ 1 6 . 6 ’ Xli )  -6
I S S , 000 1 . 2 0 2  F . 2 ‘. 1 7  X 10 —~~‘

l 5~~.000 1. 2 1 7  1500 .0 1.’ . 6 .~~ ) xli) —~~

159 .000 1.1 I I  1 ~ 00 . 0 1 S .~~ ’ 8 . 00 x l  0 —

161 .000 1. 1.4 S 1800 .0 18 . 8 6 . 00 N 10 — 6
161 .000 1. 1~.S 1800 .0 ~~~~~ 9 . ~~~ x10  —~~

16S .000 l . 28 ~800 . t l 10 . t’ 1.10 N b  — S
166 .000 1. 2 ’~$ 1500 . 1 11 .1 S 1 . 10 x 10 - S
167 .000 1. 116 1800 .0 .1.~~S 1 . 1~0 x10 —~~

168 .000 1. 115 1800 .0 12 .~’’ b . ls xlO -s
169 •000 1. 140 1800 .0 I I . IS  1 ..~ X10 —

l’O .OOO 1. 15’  1800.0  .. . l’ l.~~S Xli) ~
1 7 1  .000 1. 17 1800 .0 25 . S~ 1 • ‘~S x 10 — S
171.000 1. 421  1800 .0 2 8 . 67 .. .60 X b O  —~~
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TABL E E-2

CRACK GR(YWTH DATA
(ROOM TEMPERATURE)

METCUT RESEARCH ASSOCIATES INC .
CC~1PACT TENSION CRACK GROWTN (8/14—0.6 ONLY)

PROJECT NII4BER _ LO0-2 5114 SPECIMEN NUM BER _ . . C F - b
TEST NUMBER _____________ b TEST TUIPERATUR E _____ 7 S ~~F
MATER IA L ___________ TI 17 REI..ATIVE HI1IIDITY._ S9_ b Vt
TEST MACHINE ..._....SFIU ,5:1 H TEST ENVIRO. ______ LAB AIR
TEST FREQ UENCY 30 HZ STRESS RATIO ______ A —  0 .90

SPECIMEN SIZE (IN)..~.... 214— 2.405 — 14— 1.999.. B— 1 .004 _ A1— 0.704

TOT CYC~ES CRACK 1.CTH LOAD RNC SIR 1NT~~~ G CRACK CRCRJT H
NT (10 ) A (IN) (LBS) kit () I t n. )  RATE D A m N

0.000 0.807 880.0 4.58
20.000 0.810 880.0 4.60 1.75 X 10 - 7
50.000 0.816 880.0 4.63 1.83 X10 - 7
90.000 0.824 880.0 4.68 2.00 X1O -7
130.000 0.833 880.0 4.74 2.25 X1O - 7
170.000 0.840 880.0 4 .18 1.87 X1O - 7
210.000 0.852 880.0 4.85 2.75 X10 -7
250.000 0.861 880.0 4.91 2.38 XI0 -

,

290.000 0.872 880.0 4.98 2.1’3 Xl0 -7
330.000 0.879 880.0 5.03 1.87 Xli) -
370.000 0.891 880.0 5.11 3.12 X10 -7
410.000 0.902 880.0 5.19 2.83 X10 -7
450.000 0.912 880.0 5.26 2.50 Xli) -7
490.000 0.926 880.0 5. 3t~ 1 .82 X10 -~~
530.000 0.937 880.0 5.44 .‘.63 X10 -7
570.000 0.947 880.0 5.52 2 .50 X10 -7
610.000 0.961 880.0 5.83 3.62 Xli ) - ‘
650.000 0.972 880.0 5.72 2.75 XbO - ‘

690.000 0.989 880.0 5.86 4 . 12 Xli) - .

730.000 1.002 880.0 5.98 3.25 XIO -7
770.000 1.017 880.0 6.11 3 . 75  X bO -7
810.000 1.033 880.0 6.27 4.12 Xli) -7
850.000 1.053 880.0 6.47 4.88 xLO -~~
890.000 1.073 880.0 8.68 5.00 X10 -7
930.000 1.096 880.0 e,.9S 5 .88 X1O - ‘

960.000 1.112 880.0 7.14 5.33 xli) - ‘

990.000 1.133 880.0 7.40 6.83 XIO -7
1020.000 1.156 880.0 7 . 72 7 . 6 7  X10 - 7
1040.000 1.173 880.0 7.97 8. 2 5 X10 -7
1060.000 1.193 880.0 8.29 1.02 X1 O -6
1080.000 1 214 880.0 8.64 l.OS Xb0 -8
1090.000 1.226 880.0 8.86 1.20 X10 -b
1100.000 1.236 880.0 9.05 1.00 XIO -6
1110.000 1.249 880.0 9.30 1.30 Xli) -6
1120.000 1.261 880.0 9 .5 5 1.20 X10 -6
1130.000 1.276 880.0 9.88 1• SS X10 -b
1140.000 1.289 880.0 10.17 1.10 X 13 -6
1150.000 1.308 880.0 l0.~ 2 1.90 Xl0 -6
1158.000 1.325 880.0 11 08 2.12 X1O —h
1164.000 1.338 880.0 11.41 2.1’ Xli) -6
1116.000 1.354 880.0 11 .S~ 2.5$ Xli i -6
1180.000 1.370 880.0 12.34 2.7S Xli) -6
1184.000 1.398 880.0 11 .26 4.38 Xlii -6
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TABLE E-3

CRACK GROWTH DATA
(TEST TEMPERATURE 600°F)

ME1C1?T RESEARCH ASSOC IATES INC .
CCB4FAC~T TRI SION CRACK CR1~ TH (H/li — 0.6 t~~LY )

PROJECT N 481R _. ..._.. 100 -21114 SPEc IMEN NI*4 BtR ~~.CF - 2
TEST NLI4RER __________ TEST TENPERATITRE _. b0O~

’F
MATER IAL _________ TI 1’ RELATIVE HI.B4IDIT’~_ 5...7O~TEST MACHINE ___________ SF10 TEST INVIRO . _____ LAB AIR
TEST FR~ )IJENCY 30 HZ STRESS R.ATIO A— 0.90

SPECIMEN SIZE (fl __  111— 2 .~.I0 li— 2.000 — B— 1. 006 - . Al 0 . 6 8 7

TOT CYC LES CRACK LLTH LLW) RHO 5Th tNT RHO CRACK t Rtv rH
NT t10 3) A IIN) (LBS) k it t -1t~ .) RATE DA /DN

0.000 0. 7~.1 990.0 ...89
10.000 0.771 990.0 4.9? 4.00 RIO • .~

20.000 0 . 174 990.0 4.94 I S O  RIO .7
30.000 0.778 990.0 4.96 3.00 RIO -7
41.000 0.784 990.0 4.99 4.00 Xl0 .7
60.000 0.787 990.0 5.02 2 . 8 ’  RIO -7
80.000 0.796 990.0 5.01 4.2% RIO -7
100.000 0.803 990.0 5.11 3.25 RIO .7
120.000 0.811 990.0 5.17 .50 RIO -7
140.000 0.811 990.0 5 .20 7.50 RbO - 7
160.000 0.822 990.0 5.24 2 . ‘5 X10 .7
180.000 0.831 990.0 5 .30 4.50 RIO .‘
200.000 0.840 990.0 5.36 ~~75 XI0 -7
220.000 0.841 990.0 5.41 1 . 50 RiO - ‘

240.000 0.856 990.0 5.47 .. IS RI O -1
280.000 0.867 990.0 5.55 s . st ) RIO -7
280.000 0 .$7 )  990.0 5.60 3.00 RIO -1
300.000 0.879 990.0 S .~~4 3.00 RIO .7
320.000 0.890 990.0 5.72 1 .25 RIO -7
340.000 0.899 990.0 5.8 0 1.00 RIO - 7
360.000 0.908 990.0 5.86 ... 5 RIO - 7

380.000 0.919 990.0 5 .93 1.30 X1O - 7
400.000 0.929 990.0 6.04 1.00 Xb0 -7
420.000 0.939 990.0 6.12 • 75 RIO .7
440.000 0.949 990.0 6.21 5 .2 5 RIO -7
460.000 0.958 990.0 6.29 4.10 RIO -7
480.000 0. 967 990.0 6 . 3 7  4 .13 RIO -7
300.000 0. 979 990.0 6 .48 5 . 75 RIO -7
320.000 0.989 990.0 6.58 5.25 RIO -7
540.000 0. 999 990.0 6 .6 7 . . 75 RIO - 7
560.000 1.011 990.0 6.79 6.00 RIO -J
580.000 1.0 28 990.0 6.97 8.50 X1O -7
600.000 1.04) Q90.O 7 .14 ‘.71 RIO .7
620.000 1.058 990.0 ‘. lb ‘.15 RIO -1
640.000 1.072 990.0 7 .48 7.00 X1O -7
660.000 1.088 990.0 7 .68 8.00 RIO - ‘
680.000 1.110 990.0 .97 1 .10 XIO -t ’
695.000 1.121 990.0 8.13 ‘.3) XlO - ,

710.000 1.1)7 990.0 8.37 1.10 RiO -b
725.000 1.I1~. 990.0 8.63 1.10 RiO -6
740.000 1.17% 990.0 8.94 1.2’ RIO -6
750.000 1.186 990.0 9.18 1. 15 RIO -6
760.000 1 .200 190 .0 9.42 1. 11 RIO -e.
770.000 1.217 990.0 ~ . 71 1. ‘0 RIO -~~
180.000 1. 2 1 %  990.0 10.08 1 .60 XlO -8
790.000 1. 110 990.0 10.45 1. 70 X10 .8
800.000 1.270 990.0 10.91 2 .011 RiO -6
806.000 1. 28) 990.0 11. 11 1.08 Xli) -6
8U .000 1 .100 990.0 11.68 2 .92 RIO .~~818 . 000 1.115 990 .0 i2.t)9 l It) Rl0 -~~$24 . - 100 1. 116 990.0 ~2. 71 1 • 50 RIO —~~
828.000 1. 1 1 %  ~90.0 1 1 .11 4 • ’5 R i O  -b
8)1.000 1. 17? 990.0 1 1 $ ’  1 . 51) RiO —~~

1. 388 Q9 0.~ i. . %9 .. . $ %  RiO .t.
L,o~ - 

990.0 
— 

1% .t) % 
- — 

1.6 ’ RIO -8
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APPENDIX F

TENTATIVE SPECIFICATION NO. 5114-1

PREALLOYED TITANIUM POWDER

1. SCOPE

1.1 Form: This specification covers prealloyed titanium
powder.

1.1.1 This specification contains the following classes:

Class A - Spherical Powder

Class B - Non-spherical Powder

1.2 Application: For conso1idatin~-, into forging bille t ,
preform* , or for direc t consolida tion

to a near-net shape component.

1.3 Definitions: For purposes of this specification , the
following definitions shall apply .

Powder Heat - The blend of powders produced from one
or more powder lots of a single origina l melted heat .

Powder Lot - Powder produced during a single cycle of
the powder production equipmen t or consecutive cycles
using same input stock conducted at essentialls’ the
same p.lrameters, and screened to the specified size .

Purchaser - The procuring t~ctivity tha t issued theprocurement document invoking this specification.

2. APPLICABLE DOCUMENTS

The following publications form a part of this speci-
fication to the extent specified herein. The latest
revision of each specificat ion shall appl y.

2.1 SAE Publ ications: Availab le from Society of Automot ive
Engineers , Inc . 400 Commonwealth

Drive , Warrenda le , Pennsy lvania l~ O96

2.1.1 Aerospace Materia l Specifications

~~ 2350 - Standards and Test Methods
MIS 2635 - Radiographic Inspections
AIlS 2249 - Chemical Check Ana lysis Limits - Titanium

and Titanium Alloys
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2.2 ASTM Publications: Available from American Society for
Testing Materials , 1916 Race Street ,

Philade lphia , Pennsylvania 19103

ASTM 8214 - Sieve Ana lysis of Granular Metal Powders
ASTM 8243 - Definition of Terms , Powder Metallurgy
ASTM B2l5 - Sampling Finished Lots of Metal Powders

2 .3 Government Publications: Available from Commanding
Officer , Nava l Publications

and Forms Center , 5801 Tabor Avenue , Philade lphia ,
Pennsylvania 19120

2.3. 1 Federa l Standards

Federa l Test Method Standard 151 - Metals ; Test Methods

2.3.2 Mili tary Standards

Mfl Std 794 - Parts and Equipment , Procedure for
Packaging and Packing of.

3.  TECHNICAL REQUIREMENTS

3. 1 Materia l: Shall be a prealloyed powder , produced in hydro-
gen , an inert atmosphere, or vacuum. The powder

shall not contain greater than l7, of splat material or
agglomerated masses. The powder shall conform to the corn-
position requirements of 3.3 and shall have particle size
distribution as shown in 3.4.1. The source , quality, and
production process of the feed material shall be subject to
approval by the purchaser. Chemistry and processing history
of this feed material shall be reported (4.5).

3.2 Physical Characteristics:

Class A - Powder s h a l l  be e s s e n t i a l ly  spher ica l  and
have a minimum tap density of 557~ of
theoretical. This must reproduce within
±1-1/27, on three tests .

Class B - Powder is large ly non-spherical or does
not meet minimum density requirements for
Class A.

3. 3 Composition: Shall conform to those in Table E-l , by
— 

weigh t , determined by approved methods.

3.3 . 1 Check Analysis: Composition variations shall meet the
requirements of ANS 224°.
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3.3.2 Powder from each powder lot shall meet the oxygen and
nitrogen limits before blending to form a powder heat.

3.3.3 A powder heat which does not meet the requirements of
3.3 shall not be used .

3.4 Properties: The powder shall conform to the following
requirements:

3.4.1 Particle Size: The particles shall all pass through a
35 mesh (500jLm) sieve with a norma l size

distribution for the powder produc tion process used .
This p a r t i c l e  size determina t ion shal l  be performe d
per ASTM B2l4, or other approved method.)

3.5 Quali ty

3.5.1 Ini tia l Qualification : A new vendor or process must
qualify his powder for use

in the f o l lowing mann er .

3 .5.1.1 A randoml y selected sample of about 0.75 lbs (330 grms)
to 1.0 lbs (454 grms) from each powder heat shall be
hot compacted using a method which will not contaminate
the powder particles during consolidation. A theoret-
ical density minimum of ~~~~~ is required.

3.5.1.2 Each compact shall be divided such that eighteen (18)
square inches with a thickness of 0.200 + .015” - .025”
may be evaluated b y radiographic means .  (Also , a
portion shall be used for oxygen analysis - see para-
graph 3.2). The eighteen (18) square inches shall b~radiographe d , per ASM 2635 , and evaluated for low and
high densi ty inclusions .

3.5.2 Produc tion Quality Control: Each lot of powder shall be
examined for contaminants

and results reported for informationa l purposes.

3.5.2.1 The powder shall be uniform in color and quality, dry,
and free from foreign material 35 mesh (5OO~tm) screensize. Level of 35 mesh screen size contaminants shall
be as agreed between vendor and purchaser.

3.5.2 .2 The powder shall pass through a magnetic separating
device a n’inimum of two times. Quantity of magnetic
material removed shall be reported for informationa l
purposes only.
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4. QUALITY ASSURANCE PROVISIONS

4.1 Responsibility for Inspection: The vendor of the powders
shall supply all samp les

and shall be responsible for performing all agreed
tests. Results of such tests shall be reported to the
purchaser as required in 4.5. Purchaser reserves the
right to perform such confirmatory testing as he deems
necessary to assure that the powder conforms to the
requirements  of this  spec i f i ca t ion .

4.2 Classification of Tests: Tests to determine conformance
to all technical requirements

of this specification are classified as acceptance or
routine contro l tests.

4.2.1 For direct U. S. Military procurement , qualification test
material and supporting test data shall be submitted to
the cognizant qualification agency as directed by the
request for procurement , the procuring activity, or the
contracting officer (see 4.4).

4.3 Sampling : Sufficient material shall be taken , per ASTM
8215 for each powder lot or heat to perform H

each test in duplicate.

4.4 Approva l: The purchaser may, at his discretion , request
a sample of powder for evaluation , prior to

the vendor commencing powder produc tion for use.

4.4.1 Produc t ion Process: The process to be used shall have
been ini t ia l l y qua l i f ied per 3.5.1.

The vendor shall use materials , process ing techn iques , - -

and routine inspec tion methods on produc tion powder which
are essentially the same as those used on appioved samp le
or identified previous produc tion orders , which are
identified by powder F’eat or lot number(s). If any
change is necessary in materials , in processing
technique , or in routine inspection methods , vendo r
shall submit for reapprova l a statement of the proposed
changes , and when requested , submit a sample of the
powder produced by the revised process. No powder pro-
duced by the revised process shall be shipped (except
samples for purchaser approval) prior to receipt of
reapproval.

4.5 Reports

4.5.1 Certificate of Conformance: The powder vendor shall
furnish with each shipment ,

three copies of a certificate of conformance which shall
include :
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a) The results of the test of chemical composition for
each powder heat or lot in the shipment , inc luding
chemistry and processing history of feed stock.

b) The results of the tests tor particle size and
dis tribu t ion for each powder heat or lot in the
shipment .

c) A statement that each powder heat or lot in the
shipment conforms to the other technical require-
ments  of this specificati~ n .

d) Purchase order number , material specification number ,
vendor produc t designation , heat or lot number , and
quantity.

4.6 Resampling and Retesting : If any sample used in the
above tests fails to meet

the specification requirements , disposition of the
powder will be based on the results of testing three
additiona l samp les for each non-conforming sample.
Failure of any retest samp les to meet the specified
requirements shall be cause for rejection of the powder
represented and no additiona l testing shall be permitted .
Results of all tests , non-ccnforming as well as con-
forming retest , shall be reported. Acceptance of the
powder lot(s), determined to be non-conforming by the
orig ina l test , but acceptable by the retest , shall be
at the discretion of the purchasor.

5. PREPARATION FOR DELIVERY

5.1 Packaging and Identificatio n

5.1 .1 Packaging: The powder shall be packaged in containers of
the size ordered , or those required to assure

acceptance and safe transport to the point of delivery.
When required , a heat or lot of powder may be packaged in
a multip licity of small containers , as long as heat or
lot identit y i-s maintained.

Each cont~iiner shall he thoroughly cleansed immediately
prior to filling , and sealed immediately after filling

~ to protect the contents from contamination during ship-
ment and during storage under norma l dry storage condi-
tions . Seals used on the containers shall be so designed
that they must he destroyed in order for the containe r
to be opened.

5.1.2 Identification: Each container shall be permanentl y and
legibly marked to give at least the

following information:
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Ti-l7 Powder (5114-1)

Manufacturer ’s identification 
____________________

Quantity ________________________________________

Heat or Lot Number —____________________________

Container No. (If more than one per lot) 
____ 

of 
—

5.1.3 Individua l containers may be packed in an exterior
shipping container capable of protecting the materials
from damage during transit and storage .

5.1 .4 Each exterior shipp ing container shall be legibl y marked
with the following information in such a manner that the
markings will not smear or be obliterated during norma l - 

-

handl ing and use :

Ti-17 Powder (5114-1)

Manufact urer ’s identification 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Purchase Order Number 
— t l

Quantity 
I

Heat or Lot Number

Containers 
________ 

Thru 
_________ 

of 
________ 

Total

5.1 .5 Containers shall be prepared for shipment in accordance
with commerci.i l practice to assure carrier acceptance
and safe transportation to the point of delivery.
Packaging shall conform to carrier rules and regulations
applicable to the mode of transportation .

5.1 .6 For direct U. S. Military procurement , packaging shall
be in accordance with MIL-Std-794 , Level .\ or Level C,
as specified in the request for procurement . Commercial
packag ing per 5.1.5 will be acceptable if it meets the
requirements of Level C.

6. ACKNOWLEDGEMENT

A vendo r shall mention this specification number (latest
revision) in all quotations and when acknowledging
purchase orders.

7.~ REJECTIONS

Powder not conforming to this specification or to
authorized modification will be subject to rejection.
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8. NOTES

8.1 Definitions: For definitions of terms used herein ,
refer to ASTM B243.

8.2 For direct U. S. Military procurement , purchase docu-
ments should specify (at minimum) the following:

a) Title , number , and date of specification.

b) Size of container desired (if shipped by
coimnercial carrier must conform to 5.1.1).

c) Quantity of powder desired.

d) Applicable level of packaging (see 5.1.6).

~1i
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APPENDIX C

TENTATIVE SPECIFICATION NO. 5114-2

HOT ISOSTATIC PRESSING (HIP) OF TITANIUM ALLOY P~.JDER
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APPENDIx C

TENTATIVE SPECIFICATION NO. 5114-2

HOT ISOSTATIC PRESSING (HIP) OF TITANIUM ALLOY 1~ WDER

1. SCOPE

1.1 Scope: This specification presents requirements for
hot isostatic pressing of titanium alloy

powder forging prcforms and HIP parts.

1.1.1 Classification: This s p e c i f i c a t i o n  contains  the
foll owing classes:

Class A - HIP parts

Class B - Forging Preforms

The requ i rements  spec i f i ed  herein  app ly to a l l  classes
unless otherwise spec i f i ed .

1.2 Definitions: For purposes of this specification , the
following definitions shall appl y:

Part Lot - Parts produced in the same autoclave cycle
and from same hea t of powder.

Purchaser  - The procurement a c t i v i t y  tha t issued the
procurement document invoking  t h i s
spec if [cat [on.

Working Zone - The vo l ume of the heated region of an -

autoclave which may he occupied by
parts or material to be hot isostatic-
all y pr essed.

2 . APPLI CAB !.E DOCUM ENTS

2 . I The in 1 l o wIn g  doCument  $ sha 11 form a part  of this spec I —

f Ica t Ion to the ex t en t  spec I. f l ed  here I n .  U n l e s s  a
specil ic issue i s  s pec i f ied , the l a te st  r ev i s ion  s h a l l
a p p l y .

Amer i c an  Socie ty  for  Test ing and Ma te r i a l s

ASTM E2 ~() Tomporature—Electromo t ive Force (EMF)
Tab los [or Thermocoup les
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3. EQUIPMENT

3.1 Autoclave

3.1 .1 A utoc laves shall be of the iner t gas pressuriza t ion
type , internally heated , cold wall pressure vessel .

3 .2 Fixtures

~.2.I Suitable jigs , trays , baskets , hanger s, racks or other
fixtures shall be provided as necessary for proper
handling and positioning of materials to be hot
isostatic pressed. All fixtures shall he made of
mater ia l  which l.a compatible with the material to be
treated , or adequately isolated to assure that un-
desirable reactions or mechanical distortion do not
occur .

3.3 Conta iners

3.3 .1 Powder containers shall be made from materials demon-
stra ted  to have no adverse effect on the titanium .

3.4 Temperature Measurement and Contro l Devices

3.4.1 Temperature Measurement

3 .4.1.1 Temperature measuring and recording devices shall be
provided for the autoclave . The devices shall be of
the po ten tiome tric type , shall use thermocoup le sensors ,
and shall provide permanent records of the temperature
during the entire treatment .

3 .4.2 Temperature Contro l

~~~~~~~ A sufficient number of suitable automatic temperature
con trol devic es shall he provided and p rope r ly  a r ranged
in the autoclave to assure the required temperature
contro l in the working zone . The devices shall be of
the potentiometric type and sha l l  use thermocoup le
sensors.

3 .5 Pressure Measurement Devices

3.5.1 Pressure measurement devices shall be accurate to w i t h i n
4- or - two percent at the maximum o p e rat i n g  pressure  and
shall he capable of continuously monitoring and record-
ing the pressure in the autoclave throughout the process.
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4. PROCEDURE

4 .1 General

4.1.1 All processing equipment and s i g n i f i c a n t  processing
parameters shall be approved by the Purchaser. Once
a technique for producing a s p e c if i c  par t  or p r e f o r m
has been es tab l i shed  and approved , no changes shall be
made w it hout prior approva l of the Purchaser.

4.1.2 All hot isostatic pressing facilities shall he qualified
in accordance w i th  Section 5 of t h i s  s p e c i f i c a t i o n  pr ior
to product ion .

4.2 Cleaning

4.2.1 All conta iners and fix tures shall be properl y cleaned to
remove a l l  loose pa r t i c l e s  and a l l  sur face  c o n t a m i n a n t s
which may be detrimental to the materia l being treated
or to autoclave components.

4.3 Container Filling

4 . 3 . 1  Leak Check: A l l  HIP c o n t a i n e r s  s h a l l  he leak t e s t ed  by
an app rop r i a t e  procedure .

4 .3 . 2 F i l l i n g  and Seal ing:  Powder or p o w d e r - f i l l e d  molds
shall be loaded in to  the con ta ine r

and the loaded container outgassed and sealed by a
method approved b y the Purchaser .

4 .4  b ading of Autoc lave

4 .4. 1 Al l  ma te r i a l  to he treated shall be located with ’n the
work ing  zonc in such a manner as to f a c i l it a t e  pi t ’sstir-
iza t ion  .~f the chambe r and assure u n i f or m  h e at in , and
cool ing of the m a t e r i a l .

4 . 5  Ins t rumen ta t ion

4 .5 . 1  A minimum of three thermocouples  s h a l l  accompany the
mater ia l dur ing  treatment. They shall he located in
the ho t t e s t , co lde s t and average temperature regions
of the working  zone which  is in use as determined by
the temperature  u n i f o r m i t y  q u a l i f i c a t i o n  t e s t .  The
thermocoup les s h a l l  he in close p rox imi ty  to the con-
t a ine rs . An a l t er n a t e  ins t rumenta t ion  p lan  may be
used with prior approva l of the Purchaser.

4.6 Time, Temperature and Pressure

4 .6.1 The au t o c l a v e  h e a t — u p , p r e s s u ri7 . nt  ion  and cooling cycles t 
-

s h a l l  be approved by the  Purchaser .
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4.7 Pressure Environme nt

4.7.1 EQuipment: All pressure indica ting equipment shall be
adjusted in accordance with the instrument

manufacturer ’s instruc tions.

4.7.2 Pressure: The chamber pressure during treatment shall
be 15,000 psi minimum for two hours minimum

at temperature . During heat-up , treatment , and cool
down , the chamber pressure shall be continuously
recorded. The specific pressure/time conditions shall
be subject to approva l by the Purchaser .

4.8 Thermal Treatment

4.8.1 The times and temperatures for the therma l cycle shall
be as agreed upon between Purchaser and vendor. The
temperatures shall be continuously measured and recorded
with respect to time during the entire thermal cycle .
The use of mul ti-point recorders with a periodic print 

-
‘

out of five minutes maximum per thermocouple is
permitted. . - 

-

4.9 Density

4.9.1 Class A: HIP parts shall have a density greater than
99.8 percent of a HIP test sample fabricated

from the same powder heat or master powder blend . The
powder pressing and forging processes used on the test
sample shall be by methods agreed upon by the Purchaser —

and the vendor .
Class B: As-compacted preforms shall have a density

greater than 99.6 percent of a compacted
plus forged test sample fabricated from the same powder
heat or master powder blend. The powder compaction ~nd
forging processes used on the test sample shall be by
methods agreed upon by the Purchaser and the vendor.

4.10 Microstructure

4.10.1 HIP parts or preforms shall have a uniform microstructure
with no outlining o prior particle boundaries or evi-
dence of voids .

4.11 Decanntng

4.11.1 HIP containers shall be completely removed by a method
approved by the Purchaser.

4.12 Re-HIP

4 . 1 2 . 1 Re-H I P  is  permit ted , provided re-H11 1 is not specificall y
prohibited by the procurement document.
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4.13 Inspections and Tests

4.13.1 All inspections or tests required by the drawing or
applicable specifications shall be performed . The
results of these inspections or tests shall meet the
requirements of the drawing or applicable specifications .

4.13.2 Sample parts or representative material shall be eval-
ucted with respect to microstructure and density to the
requirements of the drawing or applicable specification.

4. 14 Records

4.14.1 All records and test results for each hot isostatic
pressing treatment shall be maintained for Purchaser
surveillance. These records shall include at least the
following information:

(a) Purchaser identification of parts or material
treated

(b) Part or material alloy designation
(c) Autoclave identification

(d) Pre-cleaning procedures

(e) Loading procedures including fixture materials
and part placement

(f) Instrumentation procedures including thermocouple
type and placement (

I

(g) Pressure records - 
-

(h) Temperature records

(i) Post cleaning procedures

( j )  Powder container material and container removal
procedures

(k) Pressure media

(1) Metallographic evalua tion results

(m) Visual inspection results

4.14.2 Records shall be maintained to provide traceability for
each serialized part. Each part shall be traceable to
a particular hot isostatic pressure treatment , da te ,
t ime , autoclave , and location and raw material source .

5. QUALITY ,SURANCE PROVISIONS

5.1 General
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~~. 1. 1 A l l  qua l i fi~ at ions s h a l l  he the r e s p o n s i b i l i ty  ot  the
hot i so s tat i c  pressing vendor. The vendo r s h a l l  he
responsible for all testing and shall si gn a l l
necessary forms which  c e r t i f y tha t  q u a l i f i c a t i o n  I n
accordance  w i t h  t h i s  s p e c i f i c a t i o n  ha s been a t t a i n e d .

. . 1 . 2 Procedures for equipment qua Ii f ica t ion s  , i I o t her  t han
those rc qu i  red by t h i s  spec I I I cat  ion , are sub jec t to
approva l by the Purchaser .

5. 1 . I The Purchaser reserves the r i g h t to observ e  any  ot t h e
qua I i  I i cat  ion tests rcqui red by t h i s  spec if ica t  ion to
determine conformance to t h i s  spec i f t e a t  i o n .

5. 2 A u t o c l a v e  Qua l i f i c a t i o n

5. 2 . 1 Tempera tu re  U n i f o r m i t y :  A l l  a ut o c la v e s  s h a l l  he q u a l i —
f i e d  fo r  w o r k i n g  zone tempera- U

t ure un iformit prior to use for  product ion hot i so st at i c
press ing . A l l  au t o cl ave s sha l l  he r e q u a l i f i e d  at  l e a s t
every  three  months a f t e r  the i n i t i a l  q u a l i f i ca t i o n .  A l l
a~t t oc laves  s h a l l  be r e q u a l i f i e d  a ft e r  any  a l t e r a t i on s  to
the equipment  which may a f f e c t  t e m p e r a t u r e  u n i f o r m i t y .
R e q u a l i f i c a t io u  may he on a work ing  load .

s . 2 .l . l  When approaching therma l equ i l i b r ium , per 5.2 .2, no ne of
the load tempera ture  readings s h a l l  exceed the se lec ted
cont ro l t empera tu re  b y more than  25 F (14 C ) .  A f t e r
therma l equ i l i b r ium is reached , the maximum t e m p e r a t u r e
v a r i a t i o n  of  aciv load t e s t  thermocoup le sha l l  not  dcv i.ite
from the s e l e c t e d  con t ro l t empera tu re  1w more t h a n
± 25 F 14 C).

5. 2 . 2 Q u a l i f i c a t i o n  Procedure :  Temperatur e  un i formity t e s t s
sha l l  be conducted w i t h  the

autoc lave  c o n t a i n i n g  a r ep resen ta t ive  produc t ion load
of p a r t s  or ma te r i a l  and  a t  a t y p i c a l  p roduc t ion
pressure . The test  s h a l l  he made us ing  c a l i b r a ted  t e s t
the rmocoup les and a p o t en t i o m e t e r  type  measur ing  in s t ru -
ment w i t h  a minimum sensitivity of 0.02 m i l l i v o l t . The
output s of the test  thermocouples  s h a l l  be p r o p e r ly
correc ted  as determined by the thermocouple calibrations .
A minimum of threç t e s t  thermocouples  or one per each
cubic foot (28 dm a)  of work ing  zone , whichever is  g r e a t e r .
hut no more than eigh t , s h a l l  he used fo r  de t er m i  n i  rg
the t emperatu re  un i forni i t v . When more tha n three
thermocouples  are r e q u ir o d , the a d d i t i o na l  thermo —
couple l o c a t i on s  s h a l l  he s y m m e t r i c a l l y  d i s t r i b u t e d
withi n the working zone . The initial qualification
sh a l t  be performed at the lowest and highest operat-
ing  t empera tu re s  of the a u t o c l a v e . Requa 1 if icat ions
s h a l l  he performed at  a conven tent temperature within the
op er at  ing range . The t emper ature  of a l l  t e s t  and au t o —
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C lave control thermocouples shall he recorded at five
mi n u t e  i n te r v a l s  s t a r t  tug i m m e d i a t e ly  after appi icat ion
a t  powe r to the  a u t o c l a v e . In order  tha t the r e c u r ren t
tempe ra t  ure  pat t e rn  of the  autoc lave can be es tat) 1 i shed
temp era t  ure measu remen t s  s h a l l  be cont inued a f t e r  the
con t ro l thermocoup le i n d i c a t e s  therma l s t a b i l it y  at  the
h o l d  t e m p e r a t u r e , through the  hold  cycle , and u n t i l  1000 F
has been reached on the coo l ing  c y c l e .

5 . 3  Temperature Measurement and Cont ro l  Q u a l i f i c a t i o n

5 .3 .1 I n s t r u m e n t s :  A l l  ins t ruments  used for  temperature
measurement shal l  have an indicated

temperature accuracy of ± 0 .25 percent  of the maximum
operating temperature over the entire operating
temperature range . All instruments used for temperature
contro l shall have an indicated temperature accuracy of
± 0.5 percent of the maximum operating temperature over —

the entire operating temperature range . The indicated
temperature accuracy of each instrument shall be
determined in accordance with the equipmen t manu-
facturer ’s recommendations and using a known EMF Input
of suitable accuracy . After the initial qualification ,
all in struments shall be requalified at least every
30 days , unless otherwise agreed upon by the vendor
and the Purchaser.

5.3.2 Thermocouples: Prior to each use , all thermocouples
shall be capable of meeting the tempera-

ture - electromotive force requirements of ASTM E230 for
special grade wire as determined by suitable test methods
and requalification intervals .

5.~+ Pressure  Indicating Ins t rumen t  Q u a l i f i c a t i o n

5.4.1 All pressure indicating instruments shall be checked in
accordance wit h the 9uipment manufacturer ’s recommenda -
tions . The equi pment s performance shall be within the
limits supplied by the equipment manufacturer. After
the initia l qualification , each instrument shall be
requalLfied at least every six months.

5.5  Process Q u a li f ic a t i o n

5.5.1 Prior to production processing , process procedures
shall he su bm i t ted to the Pu r e haser for approval.

5 .5 . 2 Process procedures shall inc lude the following informa-
t ion
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(a) Purchaser identification of parts or material
treated

(b) Part and alloy designation
(c) Autoclave identification

(d) Pre-cleaning procedures

(e) Loading procedures including fixture materials
and part placement

(f) Instrumentation procedures including thermocouple
type and placement

(g) Pressure records

(h) Temperature records

(I) Post cleaning procedures

(j) Powder container material and container removal
procedures

(k) Pressure media

(1) Metallographic evaluation procedure
(m) Visua l inspection procedure

5.6 Records

5.6.1 Al l recorus and test results shall be maintained for
purchaser surveillance. A card shall be affixed to
the autoclave and other necessary components after
qualifica tion to indicate compliance with this speci-
fication. The card shall contain the following minimum
informa tion:

(a) Type of equipment

(b) Equipment manufacturer where app l icable
(c) Equipment model and serial number where app licab le
(d) Equi pment location
(e) Statement indicating compliance with this

specifica tion
(f) Signature of vendor ’s qualify ing agen t
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APPENDIX H

TENTATIVE SPECIFICATION NO. 5114-3

PREMIIJN QUALITY P(MDER METALLURGY AS-HOT ISOSTATIC
PRESSED (HIPi Ti-Il TITANIUM BASE ALLOY PARTS
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APPENDI X j j

TENTATIVE SPECIFICA TION NO . 5 114-3

PREMIUM QUALITY ~~WDER METALLURGY AS-HOT ISOSTATIC
PRESSED (HIP .~ Ti-l7 TITANIUM BASE ALLOY PARTS

sco pE
1.1 Scope: This specificatio n presents requirements for

Ti-17 t i t a n i u m  base a l l o y  powder m e t a l l u r g y
as -HIP  p a r t s .

1.1.1 C l a s s if i c a t i o n :  This s p e c i f i c a t i o n  conta ins  the fol low-
ing c lasses:

HIP Processing LCF & Fracture
Class Temperature Tou~~ness

A Alpha-B eta Not Required

B Alpha -Beta Required

C Beta Not Required

D Beta Required

The requirements specified herein apply to all classes 
*

unless otherwise specified.

1.2 Definitions: For purposes of this specification , the
following definitions shall apply:

Purchaser - The procuring activity that issued the
procurement document invoking this
specification.

Capability - The words “shall be capable of” or
“capability test ” indicate character-
istics or proper ties required in the
produc t but for which testing of each
lot is not required. However , if such
testing is performed by the Purchaser ,
material not conforming to the require-
ments shall be subject to rejection.

HIP - An acronym for hot-isostatic-pressing.

290 

_ _ _  

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _



Macroetch - Etching of a metal surface for accept-
ance of gross structura l details and
defects for observation.

Premium Quality - Material which is produced under
special process and quality con-
tro l , us ed primarily for critical
rotating parts .

“A” - Ratio - A l t e rn a t i n g s t r e s s  di v id ed by the
mean stress.

Lot - A group of HIP parts processed at the same
t ime w i th  ident ical  process cond i t ions  and
raw mater ia l  source.

A
2.  APPLICABLE DOCUMENTS

2 . 1  The fo l lowing  documents sha l l  form a part  of th is  speci-
fication to the extent specified herein. Unless a -‘I
specific issue is specified , the latest revision shall
app ly.

GENERA L SPECIFICATIONS

5114-1 Pre -Al loy  T i t an ium Powder

5 114-2 Hot I sos ta t i c  Pressing (HIP)  of T i t a n i u m
Al loy  Powder

AMERICAN SOCIETY FOR TESTING AND MATERIALS

ASTN E8 Tension Testing of Metallic Materials

ASTM E399 Plane-S train Fracture Toughness Testing
of Metallic Materials

AEROSPACE MATERIAL SPECIFICATIONS

AMS 2249 Chemical  Check Ana l ysis  L i m i t s - T i t a n i u m
and T i t an ium A l l o y s

AMS 2645G Fluorescent Penetrant Inspection

3. REQUIREMENTS

3.1 Raw Material

3.1.1 Parts shall be produced from powder of a titanium base
alloy known as Ti-l7 meeting the requirements of 5114-1.
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3.1.2 Chemical Composition, Percent

Alumin um 4 .50-5.50 Hy drogen 0 .0 125 Max.
Z i rcon ium  1.50-2 .50 Copper 0.10 Max.
Tin 1.50-2 .50 Manganese  0 . 10 Max.
Moly5denum --- 3.50-4.50 Other Elements , 

*Chromium 3.50-4.50 Each 0.10 Max.
Carbon 0.05 Max. Other Elements , ) 

~~~~

-

Iron 0.30 Max. Total 0.20 Max.*

Oxygen 0.08-0.13 Titanium Remainder

Nitrogen 0.04 Max.

*Determina tion not required for routine acceptance.

3.1.2.1 The analysis made by the manutacturer to determine the 1
percentages of elements required by this specificatio n
shall conform to the requirements of 3.1.2 and shall be
reported in a certificate of test. 4

3.~ Powder Process Requirements

3,2.1 Powder shall be obtained only from sources approved by
the purchaser .

3.2.2 HIP shapes shall be processed according to the require-
merits of Specification 5114-2.

3. 2 .3. F i r s t  Ar t i c l e :  Before production has commenced , reports
of mechanical and metallurgical tests

(4.2 .1) of the first item tested to confirm the HIP - -

technique shal l  be made ava i lable  to the Purchaser or
hi,s authorized representative for approval. The -;
approva l of the first article sample authorizes the
commencement of production but does not relieve the
suppl ie r  of r e s p o n s i b i l i t y  for  compl iance  wi th  a l l
applicable provisions of this specification.

3.2.4 Design Documentation: Part drawings shall indicate:
(a) configuration and dimens ions

of the t~inished shape , (b) alloy composition to be used ,
(c) location From which specimens shall be cut for first-
article tests , (d) fina l heat treatment , and (e) required
r~ fcrence points or surfaces for NDE or machining.

i-i
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3. 3. 4 The h y drogen c o n t e n t  ot I t u i s h ed  p a r t s  s h al l  not  exceed
0.0125 percent .

3. 3 . 5 There s h a l l  be no visua l evidence  of ox ide di scoloi ’nt  ion ,
cracks , or residua l con ta ine r  mat ci’  Ia 1 on f i n i s h e d  p a r t s

3.4 Mechanical Properties

3 .4 . I Tens lie spec Linens shall meet the room temperature tens ! It’
shown below .

Classes A and B:

Strength F 163 ,000
(ksi) tu 

~~~
_ - -  183 , 000

S t r en g t h  F - - -- 151 , 000
( k s t )  ty  173 , 000

Elonga t ion (~ in 4 D ) ,  K i n .  - 7

Reduction of Area , 7. M m .  - 15

Classes C and 0:

Strength F 
163 ,000

( k s i ’~ tu 183 ,000

S t r e n gth F 153 , 000
(ksi) tv 171 , 000

El o n g a t i on  (
~

, in  4D ’t , Mm . — 5

Reduc t ion of Area , 7 M m . - 10

3 . 4 .2 Room Temperature Frac tu re  Toughness and
Low Cycle Fatigue ~CIasscs B and 0)

3.4.2.1 Plane strain fracture toughness tests shall he conducted
and all test results and test specimen thicknesses used
sh8lI ho reported to the Purchaser in the certiIicatt ’ of
tes t .  The plane strain fra_c~~irc toughness shall meet a
iii in I mum va I no of 40 k ps I ‘-.j I n . lot ’ C I ass II • and 50 k ps I
t1 in. for Class 0.

3.4.3 Room Temperature I,ow-Cycle Fatigue (Classes Pi and 0)
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3.4.3.1 Low-cycle fatigue tests shall be conducted and the
number of cycles to failure shall be reported to the
Purchaser in the certificate of test. Tests shall be
conducted at a stress ratio (alternating/mean stress)
of .95 + .05 wi th  a maximum stress level (mean stress
p lus a l t e r n a t i n g  s t r e s s )  of 90 , 000 psi (621 MPa) at a
cyclic rate of 10 to 30 cycles per minute. When
specificall y required by the drawing test specimens
shall have a minimum of 6000 cycles.

3.5 Metallographic Inspection

3.5.1 HIP parts shall exhibit a substantially uniform micro -
structure .

3.5.2 The hardness at .005 inch from the surface shall not
exceed the core hardnes s by more than 40 points
Knoop (100 gram load).

3.6 Vendor ’s C e r t i f i c a t e  of Test

3.6.1 The vendor shall certify all chemical and mechanical
tests herein specified. A certificate of test , in
triplicate, on each lot supplied to this specification
shall be mailed by the vendor to the machining vendor
with or preceding the shipment. This certificate shall
give the numerical results of all required tests and
inspections and shall show that the results are in
accordance with the requirements of this specification.
If a heat appears in more than one lot of parts , the
numerical results of the tests shall be recorded in the
certificate of test for each of the lots of par ts in
which it appears . In addition , the certificate shall
show the following information:

(a) Purchase order number

(b) Powder heat number
(c) Serial number for each HiPing

(d) Lot number for each 1-lIPing
(e) Heat treat lot number for each HiPing

(f) Hydrogen content of finished HlPings , as
determined on representative parts

(g) Testing source for tensile , fracture, tough-
nes s, and low-cycle fatigue specimens if
applicabl e

(h) Specific heat treatment cycle used

(i) Quantity

( j )  Specification number , CLASS , and revis ion number
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3 .7  Mate r i a l  I d e n t i f i c a t i o n  Record

3.7.1 A material identification record shall be submitted by
the machining vendor to the Purchaser and shall include
the following information:

(a) HIVing vendor ’s certificate of test

(b) Heat treat vendor

(c) Specification number , CLASS, and revision number

3.8 Marking

3.8.1 The type of marking and location shall be as specified
on the drawing .

4. QUALITY A~3URANCE PROVISIONS

4.1 General

4.1.1 The certificate of test for each lot or lots within a
shipment shall report the data required by this speci-
fica tion for the number of sample items or test speci-
mens as required by this specification , or as addi-
tionally directed by the Purchaser.

4.1.2 Unless otherwise specified , all testing shall be con-
ducted in accordance with ASTM. All parts are subject
to cut up upon receipt by the Purchaser and shall have
the required properties throughout the product. The
vendor shall inform the Purchaser of the test pro-
cedures used. Once these procedures are established ,
they shall not be changed without approval of the
Purchaser.

4.2 Chemical Ana lysis

4.2.1 Chemical analyses shall be conducted in accordance with
standard ASTM methods , or by methods agreed upon between
Purchaser arid vendor.

4.2.2 Chemical check analysis limits shall be in accordance
with AMS 2249.

4.3 Mechanical Properties

4.3.1 General

4.3.1.1 The number and . frequency of mechanical property tests
shall be in accordance with a Quality Control Plan
approved by the Purchaser. The location of test speci-
mens shall be as specified by the Purchaser. The
machining and testing sources for all test specimens
shall be subjec t to approva l by the Purchaser.
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4. 3. 2 Tensile

4.3.2.1 Tensile specimens , taken per 4.3.1 , shall be tested in
accordance with the applicable requirements of ASTM E8.

4.3.2.2 For referee tensile tests a strain rate of .005 inch
per inch (0.005 mm per inm 5 per minute through the 0.7
percent  y ield strength shall be used.

4 . 3 . 3  Fracture  Toughness

4 . 3 . 3 . 1  Compact t ens ion  type f r a c t u r e  toughness spec imens , taken
per 4 .3 . 1 , shall  be t es ted  in accordance w i t h  the app lic-
able requirements of ASTM E399. Thickness of test spec i-
mens shall be one inch (25.4 mm) unless otherwise speci-
fied . For lIVings less than one inch in thickness ,
fracture toughness test methods shall be as agreed
between vendor and purchaser.

4.3.4 Low-Cycle Fati~~~

4.3.4.1 Low cycle fatigue test specimens , taken per 4.3.1 , sha l l
be machined to the configurat ion and dimensions shown i n
Figure 1-C wi th  a K t — 2 .0 s tress c on c e n t r a t i o n  in the
gage sec t ion .  The notch shall be made us ing  low s t ress
grinding techniques to prevent the formation of high
residua l s tr esses in the surfaces.

4.4 Fluorescent Penetrant Inspection

4.4.1 After comp let ion of a l l  processing operat ion , a l l  par ts
shall be fluorescent penetrant inspected per AMS 2645C ,
in accordance with l imi ts  spec i f i ed  on the drawing.

4.4.2 Rework of fluorescent penetrant indications shall fall
within the blend limits of the applicable drawings . All
blends shall be smooth in contour with no sharp breaks
or scratches within them . If no blend limits are shown
on the drawing , all rework shall fall within the applic-
able drawing dimensions. Such reworked areas shall be
macroetched prior to reinspection by fluorescent pene-
trant inspection. Etching procedures shall be approved
by the Purchaser.

4.4 .3 No rework of f l u o r e s c e n t  pene t rant  i n d i c a t i o n s  is per-
m i t t e d  on the pressure faces or root radii of dovetail
serrat ions.

4.4.4 When specified on the drawing , finish machined par ts
shall be etched on all surface areas prior to fluorescent
penetrant inspection , by procedures approved by the
Purchaser .
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4 . 5  U l t r a s o n i c  Inspec t ion

4.5.1 All parts shall be ultrasonic inspected by a method and
with limits as agreed upon between purchaser and vendor .

4.6 Metallographic Inspection

4,61. Represen tative heat treated parts from each lot to each
part number shall be examined per a Quality Control Plan
approved by the Purchaser.

4.6.2 Microstructure shall he determined on polished and etched
specimens at 100X magnificacion .

4.6.3 Evidence of an oxide case (white layer) shall be determined
on polished and etched specimens at SOOX magnification. —

A maximum alpha case thickness of 0.005” is permitted on
as-HIP surfaces.

4.6.4 A microhardness traverse may be performed by the r
Purchaser to determine the depth of surface contamination.

5. PREPARATION FOR DELIVERY

5.1 Packing

5.1.1 All parts shall be suitable packed to prevent damage or
loss in sh ipment. T

5.2 Marking

5.2 .1 Each shipment shall he legibl y marked with the purchase
order number , manufac turer ’s name , part name and
drawing number.

I

-  
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_______________ K ~~~~~SURF 1)

SURP A .,, L _ _ _ _ _

~~~~~~ SURF B R SURF C±J 
______

RAD N

R R
Tnc’hes ,,,,,

1.8 
- 

.0910 2,311 NOTgS:
1 .6 .0721 1 ,831 1 . All dimen sions are in inches , with St U n i ts  in m t il im e tm rs .
1.7 .0591 1.501 2. Unlees othe rwise specified , all ,urfaces are
1.6 .0489 1 ,242 3. Remove burrs and sharp edges with .015 inch (0.381 mm) mox . -

1.9 .0422 1,072 radius or chamfer (except notch).
2.0 .0363 0.922 4. Diameter “C” to be concentric within .001 inch (0.025 mm) ;
2.1 .0316 0.803 all other diameters to be concentric withi n .0005 inch
2.4 .0225 0.572 (0.013 mm).
2.5 .0204 0.518 5 . Remove notch edges with .005 ± .001 inch (0.127 ±0 .025 mm)
2,6 .0184 0.467 radius.
2,9 .0142 0.361 8, ~irfsce. A ,B ,C. and D to be perpendicular to cent e r lin e

3.0 .0131 0.333 within .001 inch (0.025 mm).
3.1 .0120 0.305
3.4 .0096 0. 244 7. Notch and radius “N” to be stress free ground .
3.5 .0090 0.229 8. lathe centers permitted , .20 inch (5.08 mm) max . depth .
3.6 .0084 0.213 9. Notch radius to be “6” * .0005 inch (±0.013 mm).

F H J K L M N
•349 ,353 .746 .030 .340 3.90 1.996 .499 2.95
.251 .355 .750 .050 .360 4.10 2.005 .501 3,05

SI UNITS

18.325 J8 ,966 18.999 0,76 6.64 99.1 50.67 J12.675 74.9
[6.375 19.017 19.050 1.27 9.14 104.1 50.93 112.725 77 .5

Figure 11-1. Notched Low-Cycle Fatigue
Test Specimen .
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APPENDIX I

TENTATIVE SPECIFICATION NO. 5ll~~-.~
PREMIUTI QUALITY, P(MDER METALLURGY AS-HOT ISOSTATIC

PRESSED (HIP) Ti-6-4 TITANIUM BASE ALLOY PARTS
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APPENDIX I

TENTATIVE SPECIFICA TION NO . 5114-4

PREMI UM QUALITY I~~WDER METALLURGY AS-HOT ISOSTATIC
PRESSED (HIP5 Ti-6-4 TITANIUM BASE ALLOY PARTS

1. SCOPE

1.1 Scope: This specification presents requirements for
Ti-6-4 titanium base alloy powder metallurgy

as-HIP parts.

1.1.1 Classification: This specification contains the
following classes:

Class A - Standard Ti-6-4 Composition per 5114-1 
- 

- -

Class B - ELI Ti-6-4 Composition per 5114-I

1.1.2 Condition: Shapes shall be supplied in the following
conditions as specified (6.4):

Condition H - As-HIP

Condition A - Annealed

Condition ST - Solution heat treated

Condition STA - Solution heat treated and aged

Cond ition DA - Duplex annealed

The requirements specified herein app ly to all classes
unless otherwise specified .

1.2 Definitions : For purposes of this specification , the
following definitions shall appl y:

Purchaser - The procuring activity that issued the
procurement document involing this
spec if icat ion.

Capabilk ty - The words “shall be capable of” or
“capabili ty test” indicate character-
istics or properties required in the
product but for which testing of each
lot is not required. However , if such
testing is performed by the Purchaser ,
material not conforming to the require-
ments shall be subject to rejection.
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HIP - An acronym for  hot-isostatic ---pressing .

Macroetch - Etching of a metal surface for acceptance
of gross structural details and defects
for observation.

Premium Quality - Materia l which is produced under
special process and quality con-
trol, used primaril y for critical
rotating parts.

“A ” - Ratio - Alternating stress divided by the mean
stress.

- A group of HIP parts processed at the same time
wi th identical process conditions and raw
materia l source.

2. APPLICABLE DOCUMENTS

2.1 The following documents shall form a part of this speci-
fica tion to the extent specified herein. Unless a speci-
fic issue is spec ified , the latest revision shall apply.

GENERA L SPECIFICATIONS

5114-1 Pre-Auloyed Titanium Powder

5114-2 Hot Isostatic Pressing (HIP) of T i t a n i u m
All oy Powder

AMERICAN SOCIETY FOR TESTING AND MATERIALS

ASTM E8 Tension Testing of Metallic Materials

ASTM E399 Plane-Strain Fracture Toughness Testing
of Metallic Materials

AEROSPACE MATERIAL SPECIFICATIONS

AMS 2249 Chemical Check Analysis Limits-Titanium
and Titanium Alloys

MIS 2645C Fluorescent Penetrant Inspection

302 



7
REQUIREMENTS

Raw Ma’erial: Parts shall be produced from Class A
powder of a titanium base alloy known

as Ti-h-4 meeting the requirements of 5114-1.

1~ .~ Powder Process Requirements

~.2 .l. Powder shall he obtained only from sources approved by
the Purchaser.

3 . 2 . ~ L U P  shape s s h a l l  he processed accord ing  to the require-
m e n t s  of S p e c i f i c a t i o n  5114-2 .

3. 3 F i r s t  A r t i c l e :  Before produc t ion has commenced , r e p o r t s
of mechanical and metallurgical tests

(4.2.1) of the first item tested to confirm the HIP
technique shall be made available to the Purchaser or
his authorized representative for approval. The
approva l of the first article sample authorizes the
commencement of produc tion but does not relieve the
supp lier of responsibility for comp l iance with all
app licable provisions of this specification.

3.4 Desi gn D o c u m e n t a t i o n :  Par t  d rawings  s h a l l  i nd i ca t e:
(a) configuration and dimensions

of the  f i n i s h e d  shape , (b) a l l o y  compos i t ion  to he used ,
(c) location from which specimens shall be cut for first-
article tests , (d) fina l heat treatment , and (e) required
reference points or surfaces for NDE or machining .

S u r fa c e  C o n t a m i nat i o n  Cont ro l: The part drawing shall
d i m e n s i o n a l ly d e f i n e  the

limits fcr the contamination-free , heat treated end-
produc t , meeting all the requirements of this specifica-
tion. At the same time it shall provide excess metal
volumes suffi .. tent to assure tha t no contaminato~ ZOOCS
remain after remova l of excess metal.

Heat Treatment: Shapes of titanium alloys ordered in
the as-HIP condition shall he capable

of meeting the requirements of Table 11-1 after solut ion
heat treatment and aging or the requirements of Table 11-2
after annealing . Parts ordered annealed shall conft’rm to
the requirements of Table 11-2 as received and shall be
capable of meeting the requirements of Table H-i after
solution heat treatment and aging . Parts ordered solu-
tion heat treated shall be capable of meeting the re-
quirements of Table H-I as received. Heat treatment
shall be performed on the entire part , not on a
localized area . All heat treatments shall be in
accordance with the requirements of MIL-H-8l200.
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3. 7 Me ta l l og rap hic Inspect ion

3.7.1 HIP parts shall exhibit a substantiall y uniform micro -
s t ruc tu re .

3.7.2 The hardness at .005 inch from the surface shall not
exceed the core hardness by more than 40 points
Knoop (100 gram load).

3.8 Vendor ’s Certificate of Test

3.8.1 The vendo r shall certif y all chemica l and mechanical
tests herein specified. A certificate of test , in
triplicate , on each lot supplied to this specification
shall be mailed by the vendor to the machining vendor
with or preceding the shipment. This certificate shall
give the numerical results of all required tests and
inspections and shall show that the results are in
accordance with  the requirements  of this  spec i f ica t ion .
If a heat appears in more than one lot of parts, the
numerical  resul ts  of the tests shal l  be recorded in
the cer t i f ica te  of test for each of the lots of parts
in which it appears . In addi t ion , the c e r t i f i c a t e
shal l  show the fol lowing in fo rma t ion :

(a) Purchase order number
(b) Powder heat number
(c) Seria l number for each HIPing
(d) Lot number for each HiPing

(e) Heat t r e a t  lot number for each HIP ing
( f )  Hy drogen content of f in i shed  HlPings , as

determined on representa t ive  parts
(g) Test ing source for tensi le , f r a c t u r e ,

toughness , and low-cycle f a t igue specimens
if applicable

(h)  Specific heat t reatment  cycle used
( i )  Quant i ty
( j )  Specif icat ion number , CLASS , and revision number

3,9 Material Identification Record

3.9.1 A materia l i den t i f i c a t i on  record shall  be submitted by
the machining vendor to t 1-~ Purchaser and shall include
the fo l lowing informa t ion:

(a) HIring vendor ’s certificate of test

(b) Heat treat vendo r

(c) Specification ‘- ti Ther , ClASS , and revision number
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3.10 Marking

3.10.1 The type of marking and location shall be as specified
on the drawing.

4 . QUALITY ASSURANCE PROVISIONS

4.1 General

4.1.1 The certificate of test for each lot or lots within a
shipment shall report the data required by this speci-
fication for the number of sample items or test speci-
mens as required by this specification , or as addi-
tionally direc ted by the Purchaser.

4.1.2 Unless otherwise specified , all testing shall be con-
ducted in accordance with ASTM. All parts are subject
to cut up upon receipt by the Purchaser and shall have
the requi red properties throughout the product. The
vendor shall inform the Purchaser of the test procedures
used. Once these procedures are ~stablished , they shallnot be changed without approva l of the Purchaser.

4.2 Chemical Analysis

4.2.1 Chemic-iil analyses shall be conducted in accordance with
standard ASTM methods, or by methods agreed upon between
Purchaser and vendor. -

4.2.2 Chemical check analysis limits shall be in accordance
with AMS 2249. -

4.3 Mechanical Properties

4.3.1 General

4.3.1.1 The number and frequency of mechanical property tests
shall be in accordance with a Quality Control Plan
approved by the Purchaser. The location of test speci-
mens shall be as specified by the Purchaser . The
machining and testing sources for all test specimens
shall be subject tc approval by the Purchaser.

4.3.2 Tensile

4.3.2.1 Tensile specimens , taken per 4.3.1, shall be tested in
accordance with the applicable requirements of ASTM E8.

4.3.2.2 For referee tensile tests a strain rate of .005 inch
per inch (0.005 mm per per minute through the 0.2
percent yield strength shall be used.

4.3.3 Fracture Toughness
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4.3.3.1 Compact tension type fracture toughness specimens , taken
per 4.3.1 , shall be tested in acco r da nce wi t h the ap p l i c -
able requirements of ASTM E399. Thickness of test speci-
mens shall be one inch (25.4 mm) unless otherwise speci-
fied. For HlPings less than one inch in thickness ,
fracture toughness test methods shall be as agreed
between vendor and purchaser.

4 .3 . 4 Low-Cycle !‘a ti gue

.i.3.4.1 Low cycle fatigue test specimens , taken per 4.3.1, shall
be machined to the configuration and dimensions shown in
Figure H-I with a Kt 2.0 stress concentration in the
gage section. The notch shall he made using low stress
grinding techniques to prevent the formation of high
residua l stresses in the surfaces.

4.4 Fluorescent Penetrant Inspection

4.4.1 After completion of all processing operation , all parts -
.

shall be fluorescent penetrant inspected per AMS 2645G , - 
-

in accordance with l imits specified on the drawing.

4.4.2 Rework of fluorescent penetrari t indications sha1l fall
within the b l end  lim its of the applicable drawings . All
blends shall be smooth in contour with no sharp breaks or
scratches within them . If no blend limits are shown on
the drawing , a l l  rework s h a l l  f a l l  w i t h i n  the a p p l i c a b l e
d rawing  d imensions . Such reworked areas s h a l l  he macro -
etched prior to reinspection by fluorescent penetrant
inspection. Etching procedures shall  he approved i-by the
Purchase r .

4.4.3 No rework of f l u o r e s c ent  p e n et r a n t  indications is per-
mitted on the  pressure  faces  or root r a d i i  of d o v e t a i l
ser ra t  ions .

4.4.4 When s p e c i f i e d  on the d r a w i n g ,  finish machined parts
shall be etched on all surface areas prior to f luorescent
penetrant inspection , by procedures approved by the
Purchaser.

4.5  Ultrasonic Inspection

4 . 5 . 1 A l l  pa r t s  s h a l l  be u l t r a s o n i c  inspected b y a method and
with limits as agreed upo n between purchaser and vendor.

4.6 Meta l lographic Inspect ion

4.6.1 Representative heat treated parts from each lot to each
part number shall be examined per a Quality Contro l Plan
approved by the Purcha so r
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4.6.2 M i cr o s t ru c t u r e  sha l l  be de te rmine d  on polished and
etched specimens a t  I OOX m a g n i f i c a ti o n .

4.6. 1 Evtdenee of an oxide case (wh [~t’ layer) shall be
determined on polished and etched spec imens at 500X
magnification . A maximum alpha case thickness of
O.OOS” is permitted on as-HIP surfaces.

4.6.4 A microhardness traverse may be performed by the
Purchas er t~ determine the depth of surface con-
tamination.

5. PREPARATION FOR DELIVERY

5.1 Packing

5.1.1 All parts shall be suitabl y packed to preven t damage ~rloss En s hipmen t .

5.2 Marking

¶ 5.2.1 Each shipment shall be legibly marked with the purchase
order nu~nher , manufacturer ’s name, part name and drawing
number.

L 
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TABLE 1-1

PROPERTIES OF HEAT TREATED PARTS

Strength (mm)
Ft~ Ft~ Elong . (mm ) R.A. (mm )

Composition (ksi) (ksl) ~Z, __________

Ti-6-4 160 150 10 iS
Ti-6-4 (ELI) 150 140 12 20

TABLE 1-2

PROPERTIES OF ANNEALED PARTS

Strength (mm )
Ftu Ft~ Elong. (mm ) R.A. (mm )

Composition Lksi) (ksi) 70 7.

Ti-6-4 130 120 10 25

Ti-6-4 (ELI) 120 110 10 27
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_ _ _ _ _ _ _ _ _ _ _ _ _  K _~~~ SURF D

SU F A J L -~~~

~~~~~~~~ - SURF B ,~ERAD ~ 
SURF C.4..,.j..

2 PLACES ( _ _ _ _ _ _ _ _ _ _ _ _ _  ___

~~~~~~~~~~~~~~~ a;o°3~~~~~~~~~~~ o*:°3o’tDIA h
~~~~~~~~~~~~~~~:::

RAD N

R R 

.

Inches mm

1.5 .0910 2 .311 
_____

1.6 .0721 1.831 1. All dimensions are in inches , with SI Unit , in mil t ime tP r % .

1.7 .0591 1.501 2. Unless otherwi.• specified , all uurfac es are

1.9 .0489 1.242 3. Remove burrs and sharp edges with .015 inch (0.381 mm) mnx.

1.9 .0422 1.072 radius or chamfer (except notch).
2.0 ,0363 0.922 4. Diameter “0” to be concentric with in .001 inch (0.02 5 mm)~
2.1 .0316 0.803 all other diameter , to be concentric within .0005 inch

2 4  .0225 0.572 (0.013 mm) .
3.5 .0204 0.518 5. Remove notch edges with .005 * .001 inch (0.127 t 0.023 mm)
2.6 .0184 0.467 rad ius.
2. 9 .0142 0.361 6. Surfaces A ,B,C, and D to be perpendicular to centerline -

3.0 .0131 0.333 within .001 inch (0.025 is’s).
3.1 .0120 0.305
3.4 .0096 0.244 1. Notch and radius “Il” to be stress f ree ground .
3.5 .0090 0. 229 8. Lathe center s permi t ted , .20 inch (5.08 mm) max . depth .

3.6 .0084 0.213 9. Notch radius to he “It” * •ooos inch (*0.013 mm).

H 
L 

j  K 1. N N
1. 249 .353 .748 .030 .340 390 1.995 .499 ~.95
j.251 .355 .750 .050 .360 4.10 2. 005 .501 3. 05

SI UNITS

f6.325 J8.966 18.999 0.76 6.44 99.1 50.67 12 .675 74.9

~~~~ 
19.017 19.050 1.27 9.14 104.1 30.93 12.723 77.5

Figure I-i. Notched Low_Cycle rat i gue
Test Specimen .
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