8897 PLEASE DO NOT REMOVE FROM LIBRARY

E Bureau of Mines Report of Investigations/1984

Ti-6Al-4V Alloy Castings Prepared
in Zircon Sand Molds and the Effect
of Hot Isostatic Pressing

By Jack I. Paige, Philip G. Clites, and Jack L. Henry

UNITED STATES DEPARTMENT OF THE INTERIOR




Report of Investigations 8897

Ti-6Al-4V Alloy Castings Prepared
in Zircon Sand Molds and the Effect
of Hot Isostatic Pressing

By Jack |. Paige, Philip G. Clites, and Jack L. Henry

UNITED STATES DEPARTMENT OF THE INTERIOR
William P. Clark, Secretary

BUREAU OF MINES
Robert C. Horton, Director



Library of Congress Cataloging in Publication Data:

Paige, J. 1. (Jack 1)

Ti-6Al-4V alloy castings prepared in zircon sand molds and the ef-
fect of hot isostatic pressing.

{Report of investigations ; 8897)
Bibliography: p. 16.
Supt, of Docs, no.: | 28,23:8897,

1. Titanium-aluminum-vanadium alloys—Mechanical properties. 2.
Titanium castings—Testing. 3. Zircon. 4. Isostatic pressing, 5.
Sand, Foundry, I. Clites, P. G. (Philip G,). IL Henry, Jack L, I,
Title. IV. Series: Report of investigations (United States, Bureau
of Mines) ; 8897,

TN23,U43 [TA480,T54] 622s [673°.7322252] 84-600139




CONTENTS
Page

BB ETACE » e sssms e messsneseesesssssssssnsssesssesssssssessssssenesiesnedsdesssssns
IO EOAUCTLON 0 0. 1001010 05 510 101019 81 8 9 181970 9 089,012 € 09890 10 v 1o 05w 8 0.9 (8@ 0700 8 086 15,1918 /950 8, €/ 89 88 80,8 89 %8
Acknowledgment8ecacscevooscssesssosacsosssssocssnsnseanssssscansssssssssssoassssccsosse
Materlal8.icsissssssvsassssasssnesssssiassisassnsisusssemasisssessbonsssseasoisis
Proceduresssssssssssossessssoscssosssessssssosnsonssosesassssssscansancsaasssss
Mold preparation.csecescesssscassassssseessnncssssssssssassesseasnsssossssses
Melting and castingeesssssosceccossssssoscscsccsnssossssasscsssssnssnssssanssnoss
Hot isostatic pressing (HIP) ccisessneesssessnsssasssoessssssssnesssssosessss
Preparation of test specimenS.cscescccoccccossosssocssccsossscsssosossoscssconsss
MiCroStrUCtUY@ssencoococcoosossosssassscesssssaosossocscsssnssscssssosscsascssasscsosns
Tegt procedures and resultBe.cecsesossssssssssssrnvmssssssssncnossnsessosssinivesssss
Discussion Of resultB..sceseissesscnsssssisascssnnssscossssossesssssssesisisssnsan
Charpy V-notch tesStS.ceescsssscsessssessrssssesassossssssssnsascsacancesssssse
Tensile CLeStSssscsssssssnacssnnnenseseesenssssnesessssessesssssessssssssseesss
Fatigue testS8.iisessessssssssasssssssssnscssssosssosasssscssassesosassansssvnses
ConcluSioNSeesssssssessssscscsostsssssssssssosnssssscasscsasssconsossasosansssssos

ReferenCeS.....o---------......--.-s-..o---o-.-o--..-...----.....--...-.......-

—
OO NOOPFEPEEPWWN -

b e
(o) ) I i

ILLUSTRATIONS

S~

1. Wood pattern used for hand ramming and a cured cope section of the mold...
2. Casting chamber with four zircon sand molds grouped around central
machined graphite SpTruUC.scscesvosvrssensossessossssssasassssesosessssssns
3. Typical casting of Ti-6Al1-4V alloy from waterglass—-bonded zircon sand mold
4. Charpy V-notch test specimenccsscsssosesssssssssoscssossnsssnonnnissainsos
3. Tenslle tegt Speclliehicevevsisissssasnebmapiigisdsnisisdisasvsus bbassing
6. Fatigue test specimen...ccceesscocccsccscssoscsssssocssasacncscsssscsossase
7+ Machined test SPeCImMEISs s e s e e e s sesenos esnnesssesssssneessssesssssessss
8. Typical structure of cast Ti—6Al-4V 8ll0Yeeeesosssoccccccsscnscocnsssascsse
9. Typical structure of cast and hot-pressed Ti-6A1-4V allOoYeeeoesooasossocasns
10. High-cycle fatigue test results for Ti—6A1-4V 2ll0Yeeseesssccccsssccacnans

PO OONN~NOVWL

o

TABLES

1. Analyses of Ti-6A1-4V alloy electrode StOCKesssseoocessssscvocsssnssncccsss
2. Chemical analyses of as-received zircon Sand.ececsssessesosesssssncssscnsans
3. Size distribution of as-received zircon Sandeseecesccecscescssccsessscacsasne
4, Charpy V-notch results for Ti—-6Al1-4V alloy castingS..cseecsscssoscsoscsasans
3
6

b
—_0 WWwWw

. Tensile test results for Ti-6A1-4V alloy castingS..seceesscsscscascosoccsss
. High-cycle fatigue test results for Ti-6A1-4V alloy in the cast and
annealed conditloNecevesessnanssssesoeasensnssssssssnwansssosensasenssonses 12
7. High-cycle fatigue test results for Ti-6A1-4V alloy in the cast, hot-
pressed (HIP), and annealed conditioNecsesssssssssacsisssscocrsossnssssos 13
8. High-cycle fatigue test results for Ti--6A1-4V alloy in the cast, milled,
hot-pressed (HIP), and annealed condition......... O OO O D A SO0 13



°C
°F
ft
ft/s

ft-1bf

gal

Hz

in

UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT

ampere
degree Celsius
degree Fahrenheit
foot

foot per second
foot pound (force)
gram

gallon

hour

hertz

inch

in/in-min~!

ksi

1b
mL
mm
mtorr

pct

psi

wt pct

inch per inch per minute

thousand pounds (force)
per square inch

pound (mass)
milliliter
millimeter
millitorr
percent

volt

pound (force) per square
inch

weight percent




Ti-6Al-4V ALLOY CASTINGS PREPARED IN ZIRCON SAND MOLDS
AND THE EFFECT OF HOT ISOSTATIC PRESSING

By Jack | Paige, ! Philip G. Clites, ? and Jack L. Henry 3

ABSTRACT

The Bureau of Mines conducted studies to provide data on the
room temperature mechanical properties of Ti-6A1-4V alloy cast in
waterglass—-bonded zircon sand and to determine the effect of hot iso-
static pressing (HIP) on these properties., Data on the cast and an-
nealed Ti-6A1-4V alloy were compared with published data for forged and
investment-cast Ti-6A1-4V alloy.

The average Charpy V-notch impact strength compared favorably with
the typical values of 17 ft+lbf for wrought material and 19.2 ft-lbf
for investment-cast material. The room temperature mechanical proper-
ties of cast and annealed material compared favorably with published
values for investment-cast Ti-6A1-4V alloy and exceeded the specifica-
tions for (1) titanium and titanium alloy castings, grade C-5 according
to ASTM B367-69, and (2) titanium alloy bars and forgings as specified
in AMS4928H, except for the AMS4928H minimum requirement for reduction
in area (25 pct). The minimum requirements are: tensile strength, 130
ksi; yield strength, 120 ksi (0.2 pct); and elongation, 6 pct. None of
the specimens tested met the AMS4928H minimum requirement for reduction
in area. The HIP process healed the internal casting porosity in the
test specimens, but the fatigue strength was not significantly im-
proved. The fatigue properties of both the cast and cast plus hot
isostatically pressed castings were significantly lower than those of
wrought products.

TChemical engineer.

2Mechanical engineer.

3Supervisory research chemist.

Albany Research Center, Bureau of Mines, Albany, OR.



INTRODUCTION

Titanium, by virtue of its low density,
excellent corrosion resistance, and good
mechanical properties, is a potential

substitute for some alloys that contain
such critical and strategic metals as
cobalt, chromium, and nickel. While ti-

tanium currently is produced from im-
ported raw materials, there 1s no short-
age of titanium reserves in the world
(14),4 and technology exists for the uti-
lization of domestic sources that are
considered adequate to meet projected de—
mands. Also, weight reductions achieved
through the use of titanium often result
in increased operating efficiency and im-

proved performance.

Unfortunately, the high cost of tita-
nium components has limited their use.
Numerous research studies have been un-
dertaken to reduce this high cost through
the production of near-net shapes by
casting (8, 16-17). Casting reduces
costs through improved material wutili-
zation and reduced machining costs, but
casting defects and a  highly notch-
sensitive colony structure cause crack
initiation, which can lead to failure.
In addition, the characteristic porosity
of cast structures results 1in property
variability, which has to be compensated
for by overdesign of cast components.

HIP may be used as a method of im-
proving the properties of titanium cast-
ings, and many titanium castings are
routinely hot pressed.® HIP closes and
heals porosity in titanium castings and
reduces the scatterband for data on
properties, permitting more effective
use of titanium's high strength-to-weight
ratio. Research conducted on investment-
cast titanium, particularly Ti-6A1-4V
alloy, has provided data on the tensile

4ynderlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

51n this report, "hot pressed," "hot
pressing," "hot press," and "HIP" all in-
dicate hot isostatic pressing.

and fatigue properties of titanium cast-

ings (16).

Eylon, Froes, and Gardiner (8) provided
an excellent sgsummary of titanium cast-
ing technology and pointed out that in-
creased use of cast parts will result in
lower cost, enhanced mechanical proper-
ties (particularly fatigue), and improved
shape making (dimensional control and re-
producibility; increased size, thinner
sections, smaller radii, and better sur-
face finish). Commercial titanium found-
ers currently use 1nvestment molds for
critical aerospace hardware and less ex-
pensive rammed graphite molds for chemi-
cal processing equipment and marine hard-
ware. A method for making ceramic molds
has recently been developed for large
components requiring accurate dimensions
(8), such as pump impellers, but these
molds are more expensive than rammed
graphite molds.

Previous Bureau of Mines research (lgf
12) resulted in the development of sev-
eral formulations for sand molds for ti-
tanium casting. Compared with investment
molds and machined or rammed graphite
molds, sand molds have the advantage of
potentially Ilower cost, since automatic
molding machines can be wused in their
preparation. Sand molds also require
less energy-intensive bake-out cycles.
0f the various sand formulations devel-
oped by the Bureau, waterglass—bonded
zircon sand provided the least metal-mold
reaction and a minimum of oxygen—rich
layer (alpha case) on the cast surfaces.
Research on this molding system (11)
yielded data on the mechanical properties
of unalloyed titanium, including limited
fatigue data. The present study was un—
dertaken to provide previously unavail-
able data on the room temperature mechan-—
ical properties of Ti-6A1-4V alloy cast
in waterglass-bonded =zircon sand molds.
The effect of HIP was also studied. The
Bureau conducted this study as part of
its effort to improve the quality of and
lower the cost of preparing near-net-
shape titanium components.
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MATERIALS

The titanium alloy chosen for this taken from the bar are given 1n table 1
study was the widely wused Ti-6Al1-4V, for along with the requirements for grade
which data on mechanical properties of C-5 according to ASTM specification

forged product, castings, and hot-pressed
castings are readily available. A 4-in-
diam 10-ft-long machined bar, purchased
from a commercial vendor, was cut into
2-ft lengths, which were used as elec-
trodes for the Bureau's skull casting
furnace (5). Analyses furnished by the
vendor and those obtained from samples

TABLE 1. - Analyses of Ti-6A1-4V alloy
electrode stock, percent

Element | Vendor's| Bureau Grade C-5
analyses|analyses| requirements

Alcsan 6.70 6.20 5.5-6.75
Couemae .02 .046 .10 max
Feanson .18 .20 .40 max
Hivswne .0048 .0037 .0100 max
Necosoo .010 .017 .05 max
Ocessne .187 o 171 .25 max
Viiwunwa 4.10 3.78 3.5-4.5
¥oosans | <,005 ND ¢')

ND Not detected.

'other elements (including yttrium)

0.10 pct max each; total other elements

0.40 pct max.

B367-69 (1).

Sand used for the molds was commercial
zircon sand purchased in 100-1b bags
from domestic sources. Chemical analyses
for the sand are given in table 2, and
the sand size distribution is given in
table 3.

TABLE 2. — Chemical analyses of
as-received zircon sand
Oxide

Wt pct Wt pct

Oxide

32.5
.45
64.2

0.09
.013
.63

1.25

Ale}.....-
L 0f:10 PP
F8203....--
HfO2es000es

SiOZ......-
TiOQ....-.-
ZrO0zeesossee

The binder used for all molds was grade
D waterglass purchased in 5-gal lots.
Care was taken to insure that the water-
glass was fresh, as this material reacts
with CO; 1in the atmosphere to produce
colloidal Si0, and Na,C03. The Na,COsx
that forms will decompose when exposed to

TABLE 3. — Size distribution of as-received

zircon sand

Particle size, um Weight, g | Wt pct | Cumulative
wt pct
Plus 297cesavuscanss 0.1 0.2 0.2
Minus 297 plus 210.. 1.4 2.8 3.0
Minus 210 plus 149.. 11.6 23.2 26.2
Minus 149 plus 105.. 23.8 47 .6 73.8
Minus 105 plus 74... 12.8 25.6 99.4
Minus 74 plus 53.... o2 A4 99.8
Minus 53cceeesscissns o1 o2 100
Totaleesoeecoos 50.0 100.0 NAp

NAp Not applicable.



molten titanium during casting, and the

funnel and sprue arrangement thai carried

COp produced will cause porosity in the metal through machined graphite gates
castings (10). into the zircon sand molds. The sprue
and gates were machined from grade CS
Metal was poured from the ladle during graphite.
skull casting into a machined graphite
PROCEDURE

MOLD PREPARATION (90° €) until they <could be fired
at 1,650° F (900° C) for 2 h. The molds

Mold preparation followed the procedure
described by Koch (12). The sand was
riddled through a No. 18 U.S. standard
sieve to remove foreign matter and then
mixed with grade D waterglass and water.
The mix used for all molds was 25 mL of
waterglass and 25 mL of tap water per
kilogram of dry sand. Mixing was done in
a rotary cement mixer, and molds were
hand rammed onto wood patterns shortly
after mixing to prevent reaction of the
waterglass with atmospheric CO,. Figure
1 shows the wood pattern used for hand
ramming and a cured cope section of a

mold. The molds were not assembled until
after firing because of 1limited green
strength. Cope and drag sections of the

mold were held in a drying oven at 194° F

were assembled after firing and held at
194° F (90° C) until they were loaded
into the skull furnace for casting.

MELTING AND CASTING

interior of the
casting furnace

Figure 2 shows the
casting chamber of the
with four molds grouped around a central
sprue. The central sprue was a machined
graphite cylinder, 2-1/2-in ID and 6 in
long, from which four 3/4~in-ID machined
graphite gates led to the sand molds.
The molds were poured with the specimen
blanks in the vertical position. In or-
der to place the molds as close to the
sprue as possible, two of the molds were
connected to the sprue with 2-in-long

FIGURE 1. - Wood pattern used for hand ramming and a cured cope section of the mold.



FIGURE 2. - Casting chamber with four zircon sand molds grouped around central machined graphite

sprue.




gates, and two were connected with 4-in-

long gates.

Melting stock for each casting heat was
a 2-ft 1length of 4-in-diam Ti-6A1-4V
alloy bar. As soon as the molds and the
melting stock were loaded, the furnace
was evacuated to a furnace pressure of
approximately 1 mtorr. Melting was con-
ducted in vacuum at a typical arc current
of 6,500 A and an arc potential of 30 V.
The ladle for this furnace was 8 in. in
diameter and 8 in deep and provided suf-
ficient volume to pour approximately 45
1b of molten titanium, which was suffi-
client to fill the sprue and molds. More
detailed information on the skull melting
operation practiced by the Bureau is
given in references 5 and 6.

Five casting heats of 4 molds each were
poured, yielding a total of 20 castings.
Of these, 19 were sound, and one, number
12, was defective. The defective casting
contained blowholes resulting from exces-—
sive mold-metal reaction and/or inade-
quate venting of the mold. The casting
weight for each of the sound castings was
3.31%0.02 1b, X-ray evaluation of se-
lected castings showed that each was
sound internally.

Figure 3 shows a typical casting after
it was removed from the mold and cut from
the sprue. Each casting provided one
5/8-in square bar approximately 4 in long
and five 5/8-in-diam rods 4-in long.
Charpy V-notch specimens were machined
from the square bars, and tensile and fa-
tigue specimens were machined from the
round rods. Each casting was numbered as
follows: castings 1 through 4 repre-
sented the first heat, 5 through 8 the
second heat, etc. The six specimen
blanks were identified as A through F,
starting with the square bar as A. Thus,
specimen blank 5A was the square bar from

casting 5, specimen blank 5B was the
round rod next to the square bar, and 5F
was the round rod furthest from the

square bar.

S&ah,in

FIGURE 3. - Typical casting of Ti-6Al-4V al-
loy from waterglass-bonded zircon sand mold.
HOT ISOSTATIC PRESSING (HIP)

Ten of the 19 sound castings produced
were hot pressed by a commercial firm.
These 10 castings were divided 1into 2
groups: 5 were sandblasted and chemi-
cally milled prior to HIP, and 5 were hot
pressed as removed from the mold with
only hand chipping employed to remove
residual mold material. Chemical milling
removed an estimated 0.002 in from all

surfaces of the casting and eliminated
the alpha case from the cast surface.
This is an accepted commercial practice

prevent diffusion of oxy-
gen from the alpha case into the body of
the casting during HIP. The disadvantage
of removing the alpha case is that chemi-
cal milling can also expose subsurface
porosity, and this porosity and any in-
terconnected porosity will not be healed
by HIP. Since there is some controversy
over the value of chemical milling and
since sandblasting might also expose sub-
surface porosity, only half of the cast-
ings to be hot pressed was so treated,
and the remaining half was neither sand-
blasted nor chemically milled.

and is done to



The castings were hot pressed for 2 h
at 1,650° F (899° C) and an argon pres-
sure of 15,000 psi. Following the high
pressure portion of the cycle, the cast-

ings were cooled to 72° F (21° C) in 9 h
and then removed from the pressure
vessel,

PREPARATION OF TEST SPECIMENS

Test blanks were cut from the castings
and machined into Charpy impact, tensile,
and fatigue specimens. Charpy impact
specimens were randomly selected from the

square bars from the castings, and ten-
sile and fatigue specimens were chosen
randomly from the five round specimen

blanks from each casting. Random selec—
tion was accomplished by assigning a
number to each specimen blank and select-
ing the samples with the aid of a random
number generator.

Impact specimens were standard Charpy
V-notch specimens conforming to ASTM
specification E23-82, type A (3). Their

configuration and dimensions are shown in
figure 4. Tensile specimens were small-
size specimens proportional to standard,
conforming to ANSI/ASTM E8-81, figure 8
(2). The configuration and dimensions of
the tensile specimens are shown in figure
5. Fatigue specimens were standard, con-
forming to ANSI/ASTM E466-76, figure 1
(4). Their configuration and dimensions
are shown in figure 6. The buttonhead
ends shown in figure 6 were chosen over a
threaded grip because previous tests made
with threaded grips resulted in a high
incidence of failure in the thread root.
Typical machined specimens for the Charpy

impact, tensile, and fatigue tests are
shown in figure 7.

After machining, all test specimens
were annealed at 1,300° F (704° C) for 2

h to remove any residual strain. Speci-
mens were packed in Ti-6A1-4V alloy ma-
chine chips in a carbon steel container

lined with Ti-6A1-4V alloy sheet. The

— \/ ] - [ B3
e E—
0009 _/! pEe 229
001t - o3le ©3
[ R S
— ; | J
_ | 0393
——158250.039 #9332
 2ie4_____
2.166

FIGURE 4. - Charpy V-notch test specimen.

(Measurements in inches.)

LI.OOO i0,005”

"“‘“""‘% |

af—
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FIGURE 5. - Tensile test specimen. (Measure-
ments in inches.)

TR 2R Maintain 0.032 ‘lat
I R _ [
’ 0.250
f~—1.000 'J 0.245
i ! I | 0310
373 7z 0.305
3.000 £0.100 —— 2200

FIGURE 6. - Fatigue test specimen. (Mea-
surements in inches.)

container was sealed by welding, evac-
uated, and backfilled with helium. A
stainless steel thermocouple well was
placed through a Swagelok® fitting to
monitor the temperature while the con—
tainer was heated in an open electric
furnace. Following the 2-h annealing
treatment, the container was removed from

the furnace and air cooled to room
temperature before the specimens were
removed.

- ORreference to specific products does
not imply endorsement by the Bureau of
Mines.
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FIGURE 7. - Machined test specimens. (Left to right: for tatigue, tensile, and Charpy V-notch

tests.)

MICROSTRUCTURE

A typical structure of the cast Ti-6Al-
4V alloy test specimens is shown in fig-
ure 8. The castings had a transformed
beta structure containing acicular alpha
and/or Widmanstatten and alpha-plate col-
onies. Grain-boundary alpha also devel-
oped along the boundaries of the beta
grains during cooling through the alpha-
beta phase region. The mathematical-
average transformed beta-grain size, as
determined by counting grains along a
specified length, was approximately 1 mm.

Two types of pores are generally found
in cast parts. The first 1is the result
of trapped gas and has a spherical shape,
the second is the result of shrinkage
porosity and typically has an inter-
dendritic inner pore structure (9). A
spherical gas pore 1is shown in figure 8.
No evidence of dendritic pores was found
in any of the examined test specimens.,

HIP did not
of the

cast structure
Similar results

change the
test specimens.



FIGURE 8. - Typical strycture of cast Ti-6Al-
4V alloy.

have been reported by Eylon (7). A typi-
cal structure of the cast and hot-pressed

Ti-6A1-4V alloy test specimens is shown
in figure 9. The average grain size for
the hot-pressed specimens was approxi-

mately 1.3 mm. The mixture of acicular
alpha and/or Widmanstatten, alpha—plate
colonies, and grain-boundary alpha re-
mained about the same. However, the HIP

FIGURE 9. - Typical structure of cast and hot-
pressed Ti-6Al-4V alloy.

cycle was effective in closing the pores;
no residual porosity was detected in any
of the examined hot-pressed specimens.

Since the cast structure is very stable
in the alpha-plus-beta field (8), no al-
terations in the cast morphology were ex-
pected or detected in any of the examined
specimens following the annealing step.

TEST PROCEDURES AND RESULTS

Table 4 lists the results of the Charpy
V-notch testing for the cast; cast and
hot-pressed; and cast, milled, and hot-
pressed test specimens. Tests were per-
formed on a RIEHLE model R-21314 pendulum
C-type machine. The 1linear velocity of
the hammer at the instant of striking was

18.1 ft/s. The temperature of the speci-
mens was 72° F (22° C).

Table 5 lists the results of the ten-
sile testing of the cast; cast and
hot-pressed; and cast, milled, and hot-
pressed test specimens. The specimens

were prepared and tested 1in accordance
with ANSI/ASTM specification B367-69 (1).
After inspection, the specimens were
gauge-marked and placed in the grips of
the testing machine, and an extensometer
was attached to the specimen and to a
stress—strain recorder. The tensile test
was performed by loading at a strain rate
of 0.005 in/in*min~! through a specified
offset of 0.2 pct. The extensometer was
then removed, and the specimen was loaded
to failure at a strain rate of 0.05 in/
insmin-'.
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TABLE 4. - Charpy V-notch results for Ti-6A1-4V alloy castings

at room temperature

Specimen condition' and number?

Impact strength,> ft-1bf

Cast:

Avssveinnnsnavnseesisosssnnossaneis
TAsesssscuiosvsscososspssosancasdssss
JO0Acceeoeenveccasosscccscacccnncnnnsns
1 S
l6Acccessscsosossscosnssssasssssnancsns

ZOAQQQOUQnnoo.o-ocoil.l..c..o..otuo-.

Mean-.-.no.o.oocoooccooo-.ctlllc

Standard deviationeesscocssscoss

Cast and hot pressed:*

5Aoo-0.0.‘l|-ol.ontl--c:uoncnocinoil-
17All.-.l.'...........'..--..I...l..'

18A--..¢.0loo-cuo.a.‘.o.--oooooooonn-

MEAN G o vis o eime s oe 68 6es s 6680 6086

Standard deviation.ecceeesesesscese

Cast, milled, and hot pressed:?

ZA.0.....'-!.....l.!ll......ll.l'.ll.
6Ac--uo-.coon.ooocoo---u-.-soou.aoool

19Ao-n.ooonc.lnocaoc..Ioooollo-ao.ool

Mean-oooo-noooo..o'oooonnln-tooo

23.0
22.5
23.3
20.2
19.9
20.0

Standard deviation.sseeessssocss .8
1A11 specimens were annealed at 1,300° F for 2 h.

25ee text for explanation
Casting" section).

3Fracture type ductile.
4 n

The results of the fatigue testing of
the cast; cast and hot-pressed; and cast,
milled, and hot-pressed specimens are
shown in tables 6, 7, and 8, respective—
ly. (The results are ranked in the ta-
bles according to the maximum stress
applied, 1in descending order. Within
each group, the specimens are listed in
an increasing numerical sequence, but the
specimens were randomly selected for both
maximum stress applied and order of test-
ing.) The fatigue tests were performed
on an electrohydraulic closed—loop test
machine. A sinusoidal tension-tension
load program was used in which the maxi-
mum tensile stress (Spayx) Wwas equal to
approximately 38 to 78 pct of the room
temperature yield strength. The minimum
tensile stress (Spjn) applied to the

of specimen

numbers ("Melting and

Hot pressed” refers to hot isostatic pressing.

equal

were
could
time,

specimen was arbitrarily chosen to
10 pct of Spax. High frequencies
arbitrarily chosen so the testing
be completed in a minimum amount of
The frequencies used were 10 Hz for tests
with Spax of 100, 90, or 80 ksi and 15 Hz
for tests with Sy, of 70, 60, or 50 ksi.
The specimens were inspected for surface
defects prior to testing using dye pene-
trant, and the results are shown in the
tables. After the dye—-penetrant inspec-
tion, the specimens were measured to de-
termine the minimum cross—sectional area
necessary for calculating the 1loads re-
quired to achieve Spax and Spin. The
specimen to be tested was then loaded
into the test machine, and the program
was 1nitiated. The cycles to failure
were automatically recorded.
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TABLE 5. — Tensile test results for Ti-6A1-4V alloy castings at room temperature

Tensile Yield Elongation | Reduciion
Specimen condition! and number? strength, | strength in 4D,3 in area,
ksi (0.2 pect), pct pct
ksi
Cast:
LOE s inmisosenmnmn nooammmenensenssesspios 145.6 131.2 10.0 15.0
LIOF's « 0.0 5.5 5 1 0t w10 10 iwimi 2 ot 50 10 et o1 ;w13 5 146.5 130.5 10.5 19.0
L3B e o aioo o 000 16 cncm o 0 1 1o 0 0 i 145.8 130.4 10.5 15.5
15Bassessesnanedes sl esssssinsnsdiys 146.4 131.2 11.0 15.5
LS50 «ioeriin @ 8 w0 demn o g 018e G008 wireinn o ae e 144.8 130.3 11.5 13.0
LOIIY & 00w i 0 e i 142.0 129.3 9.5 15.5
Mean.sisssessscsavravsenssossssis 145.2 130.5 10.5 15.6
Standard deviation.eseecscscesocsss 1.7 o7 .7 1.9
Cast and hot pressed:’
A O OO I A A S et D 138.1 125:2 12.5 17 +5
5D.0 00 0 s iviemiainim 0 w0100 000 @ iminl v 0w 0 0081 B B 138.3 126.3 11.0 18.5
9 5o wm ninimininmenisinie s o0 sisisesssioneens 138.7 125.5 14.0 18.5
Mean.cessssassosossnnsscscsscsses 138.4 125.7 12,5 18.2
Standard deviation..eescecescess «3 .6 1.5 .6
Cast, milled, and hot pressed:?
UCaiswnoennmannsnseasenessssesssssiosss 138.6 126.1 13.0 19.0
AD) 5w w0t 0 0 mioiioi ot @i 0w o miale o 8 0 WL e 0 o 138.2 125.9 10.0 15.0
19E G sunumpmmosesnsmesssenveseessssns 140.2 128.4 14.0 19.0
Meanaise ssisnsissssiissribsnidsne 139.0 126.8 12,3 17.7
Standard deviation.seessesseecne 1.1 1.4 2.1 2.3
'Al11l specimens were annealed at 1,300° F for 2 h.

2gee text for explanation of specimen numbers ("Melting and Casting"” section).
34D indicates a length equal to 4 diameters of the gauge section.

4gpecimen broke in outer quarter of gauge
>"Hot pressed” refers to hot isostatic pr

length.
essing.

DISCUSSION OF RESULTS

CHARPY V-NOTCH TESTS

The average impact strengths deter-
mined by Charpy V-notch testing of an-
nealed machined specimens at room
temperature were 21.5 ft-1bf, for a
cast specimen; 19.1 ft-1bf cast, and hot
pressed; and 17.8 ft-1bf, cast, milled,
and hot pressed; which all compare favor-
ably with the impact strength of forged
Ti-6A1-4V alloy (13), whichk 1is typically
17 ftel1bf. A comparable figure, 19.2
ftelbf, was found in the literature for

specimens

aircraft engine parts (16).

TENSILE TESTS

machined from investment-cast

The room temperature tensile test prop-—

erties of Ti-6A1-4V alloy

castings were

determined from annealed round specimens.

The average values for
yleld strength (0.2 pct),

exceeded the minimum

tensile strength,
and elongation
requirements for

grade C-5 according to ASTM specification
minimum requirements

B367-69

(1). The
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TABLE 6. - High-cycle fatigue test results for Ti-6Al-4V alloy
in the cast and annealed condition at room temperature

(Specimens ranked according to maximum stress)

Defect | Maximum | Number
Specimen class stress, of Remarks
ksi cycles
1€ nmevans DF 100 24,500 | TRF; 2 GP's at 1/4 diam.
TEssnmwianen DF 100 31,300 | GP just under outside surface.
15F g enssnse DF 100 32,800 | GP at center, GP just under outside surface.
16Beeennnns DF 100 23,800 | BIS; NDF.
20Essawsses D 100 18,400 | GP in center, GP just under outside surface.
7Ceaesvones D 90 63,600 | GP in center.
IB cennoosss DF 90 48,400 | GP just under outside surface.
10Bssssosse D 90 41,500 | GP at center, GP at 1/4 diam.
13Bssannons D 90 26,100 | GP at 1/4 diam.
l16F.ecesasse DF 90 56,600 | 2 GP's near center.
1E o 2000 0005 5 DF 80 104,100 ! GP in center.
10Dessesoss DF 80 100,000 | NDF.
1lEseuswmes DF 80 90,000 | TRF; NDF.
p10)) PR DF 80 148,000 | TRF; NDF.
20F o unwins DF 80 58,000 | GP in center, GP just under outside surface.
5 O DF 70 288,300 | BIS; NDF.
15Cssveccss D 70 60,100 | GP on perimeter.
) DF 70 112,900 | NDF.
16Cyssenemws DF 70 93,600 | GP just under outside surface,
20B s s weimine D 70 83,400 | GP on perimeter.
IDesssssane DF 60 148,900 | 1 large (>0.l-in) hole in center.
I Discac i 3o % oo DF 60 212,100 | NDF.
10C.sssninas DF 60 199,800 | NDF.
13Ecscanons D 60 136,600 | GP just under perimeter.
IFccossomamn D 50 278,900 | NDF.
7Bivivaunwni D 50 3,208,100 | Near-radius breaker, GP in center.
J1Biseinosimmie D 50 725,300 | NDF.
11F wie:niooioinie D 50 138,700 | BIS; NDF.
16Ecconoves DF 50 222,600 | NDF.
BIS Broke in shoulder. GP Gas pocket.
D Surface defect noted. NDF No defects in fracture surface.

DF Surface defect free.

for forged parts wused in flight vehicle
structures (15) are 130 ksi for tensile
strength, 120 ksi for yield strength (0.2
pct), 10 pct elongation, and 25 pct re-
duction 1in area. The values shown in
table 5 compare favorably with these re-
quirements with the exception of the min-
imum requirement for reduction 1n area.

None of the specimens tested met this
minimum. The room temperature tensile
properties of round specimens machined

from investment castings as reported in

TRF Thread-root failure.

the literature (l6) are as follows:’
tensile strength, 133.8 and 135.1 ksi;
yleld strength (0.2 pect), 127.8 and 124.1

7The two values given for each tensile
strength property are average values ob-
tained from test specimens machined from
an outer ring casting (first value given)
and an inner ring casting (second value
given); the outer and inner rings were
separately cast for use in an aircraft
engine,



TABLE 7. -

hot-pressed (HIP), and annealed condition at room temperature

(Specimens ranked according to maximum stress)

High-cycle fatigue test results for Ti-6A1-4V alloy in the cast,

13

Maximum| Number Maximum| Number

Specimen | stress, of Remarks' Specimen | stress, of Remarks'
ksi cycles ksi cycles

17Bic v oo 100 25,200| BIS; NDF. OB.ssnine 80 1,058,300( NDF.
17D w00 100 23,000| BIS; NDF. ODie v aninre 80 81,900 BIS; NDF.
18Cs 55 100 41,000 BIS; NDF. 17Cisa5 80 77 ,400| BIS; NDF.
18D.ven.s 100 23,000| BIS; NDF. 18Bs s 80 593,300| BIS; NDF.
O e sanis-e 90 35,900(BIS; NDF. BEwsosns 70 6,722,300| NDF.
17Fcssss 90 NAp|Grip failure. IFesweos 70 |4,665,300| NDF,
18Esessns 90 20,300( NDF. SBivevua 70 856,800| BIS; NDF.
18F ians 90 31,900| BIS; NDF. 5F esini0ni 70 261,600| BIS; NDF.
3Besesns 80 1,559,500| BIS; NDF. ) P 70 76 ,400| NDF,

BIS Broke in shoulder.
NAp Not applicable.

NDF No defects in fracture surface.

'Surfaces of all specimens were defect free.

TABLE 8. - High-cycle fatigue test results for Ti-6A1-4V
alloy in the cast, milled, hot-pressed (HIP), and
annealed condition at room temperature

(Specimens ranked according to maximum stress)

Maximum Number
stress, of Remarks '
ksi cycles

6B ;s % 100 44,200 | NDF.
8Bissiwnsin 100 36,900 | BIS; NDF.
BDessnswans 100 26,000 | NDF.
6Csssivwans 90 61,000 | Radius break; NDF.
BEsssoswaos 90 54,100 | BIS; NDF.
19D 5 5 6375 & 6 90 74,600 | BIS; NDF.
2Berennnnns 80 85,500 | BIS; NDF.
2F ¢ s emmiao 80 126,500 | NDF.
19Bes s e 80 74,600 | BIS; NDF.
BE v svosnnios 70 162,700 | BIS; NDF.
AF s uonnsens 70 >10,000,000 | Runout, did not break,
BEeeeananns 70 115,800 | BIS; NDF.
8Cevesenvas 70 127,800 | BIS; NDF.
BF evancscns 70 151,300 | BIS; NDF.
19Ccsssnnins 70 156,600 | NDF.
198 600 nmes 70 87,200 | BIS; NDF.
A T Ta Tt arete 60 >10,000,000 | Runout; did not break.
0D sssvsmne 50 >10,000,000 Do.

BIS Broke in shoulder.
NDF No defects in fracture surface.
'Surfaces of all specimens except 19F were defect free.
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and 9.6 pct; and
16.6 and 20.9 pct.
the following val-
specimens from

ksi; elongation, 6.0
reduction 1in area,
From the same study,
ues were reported for
hot-pressed investment castings: tensile
strength, 129.,2 and 139.5 ksi; yield
strength (0.2 pet), 120.9 and 126.3 ksi;
elongation, 6.7 and 8.4 pct; and reduc-
tion in area, 18.8 and 20.8 pct- The
tensile properties of the sand castings
(table 5) also compare favorably with the
tensile properties of the investment
castings from the study cited above.

for the tensile prop-
hot-pressed specimens,
cast specimens,

The lower values
erties of the
compared to those of the

in table 5, are due to the HIP process.
The HIP process, with its slow cooling
cycle, promotes a coarsening of the mi-

crostructure which reportedly increases
the notch sensitivity and reduces the
values of the tensile properties (7, 16).
While the hot pressing did eliminate por-
osity, the lower ultimate strength and
yield strength values 1indicate that the
cooling rate during HIP is important in
determining the degree of benefit HIP
will have on the cast Ti-6Al1-4V alloy.

FATIGUE TESTS

fatigue tests were
conducted on round cast test specimens
with a buttonhead grip configuration.
Ten tests were 1initially made, five with
a threaded grip and five with a button-
head grip to evaluate the grip types.
With the threaded grip, a high incidence
of thread-root failures was encountered,
and therefore the buttonhead grip was
selected for the remainder of the speci-
mens in the test program. The buttonhead
grip worked quite well for the cast spec-
imens, but a larger—than—expected number
of shoulder breaks——61 pct-—-was encoun-
tered during testing of the hot-pressed
specimens. When this problem was first
encountered, it was believed to be due to
improperly machined collets on the test
machine. However, several different sets
of collets were tried, but no improvement
in results was achileved. Examination af-
ter testing 1indicated that the stress

Room temperature

concentration in the radius of the but-
tonhead shoulder was sufficiently high to
initiate fracture in the shoulder.

high-cycle fatigue
tests, 1in which failure occurred in the
gauge length and visible defects were
less than 10 pct of the area of the frac-
ture surface, are shown in figure 10.
The solid line in the figure shows typi-

The data for the

cal fatigue data for annealed Ti-6Al1-4V
alloy (bar) at room temperature (18).
The scatter in the fatigue data for the

castings was large enough that no statis-—
tical significance may be determined
between the data for the cast and hot-
pressed specimens. The general trend of
the data indicates that HIP does improve
the fatigue life at stresses of 70 ksi
and below. The trend for the cast speci-
mens indicates that no samples tested at
70, 60, or 50 ksi would exceed a fatigue
life of 1 million cycles, with a 50-pct
confidence level. The trend for the hot-
pressed specimens indicates that a fa-
tigue life of 1 million cycles would be
exceeded at a stress of 70 ksi or below,
with a 50-pct confidence level,

Other researchers have reported simi-
lar results. Eylon and Strope (2) also
obtained good tensile properties with
cast Ti-6A1-4V alloy, but they reported

I6O T T T T TTIIT T T T TTTTT T T T TyrT

l [Key
—Typicc;l data for
annealed bar
" 140 — a Cast 1
e o Cast and hot pressed (HIP)
R © Cast, milled, and hot pressed
0 120 (HIP) —
%
s
¢ Cast, milled, and hot pressed
3
= 80 | A _— |
<
; (oY NERPN.VVN
60— | A AO o —
A DA O O o ¢
40 |
104 I~ s o =
AA A JAN <|)

for Ti-6Al-4V alloy at room temperature.



significantly lower fatigue life compared
to that of beta-rolled and annealed or
beta-forged Ti-6A1-4V alloy with similar
microstructure. They also encountered
high fatigue data scatter and attributed

it to a combination of casting defects
and a highly notch-sensitive alpha col-
ony structure. Eylon's later work with

hot-pressed castings (7) showed that the
HIP process healed the porosity, but that
the fatigue life was only marginally im—
proved when compared to the fatigue life
of typical wrought material. The fatigue
testing was done on flat specimens, and
for this reason no comparisons should be
made with the data from this investi-
gation. Stewart and Hess (16) also re-
ported no significant difference in
fatigue properties for thin-section
material in the investment-cast and

15

and surface condition obscured any demon-
stration of HIP benefit to room tempera-
ture fatigue properties. Unfortunately,
their high-cycle fatigue testing of round
specimens was done by the rotating
beam method, and therefore no comparisons
should be made between their data and the
data in tables 6, 7, and 8.

The increased notch sensitivity brought
about by the coarsening of the micro-
structure during HIP is probably the most
detrimental factor in reducing the fa-
tigue life of cast Ti-6A1-4V alloy. Com-
mercial HIP units are currently available
that provide sufficient cooling rates to
obtain a finer colony structure and en-
sure that adequate mechanical properties
are attained. An alternative suggested
by Stewart (16) would be to beta-solution

investment—-cast—and-hot-pressed condi- heat treat in place of the post-HIP
tion. They concluded that variation in anneal to refine the alpha-platelet
microstructure, test specimen uniformity, morphology.

CONCLUSIONS

The room temperature mechanical and fa-—
tigue properties of Ti-6A1-4V alloy cast
in waterglass—bonded zircon sand molds
were investigated. Castings were hot
pressed to close the internal casting
porosity and improve the fatigue 1life
of the material. The HIP process healed
the casting pores, but no significant
improvement in the fatigue life was ob-
served. Comparison of the data to pub-
lished data for forged Ti-6Al1-4V alloy
and for Ti-6Al1-4V alloy cast 1in invest-—
ment molds showed that—-

1. The
(Charpy V-notch)

average impact strengths
were 21.5 ft-1bf, for a

cast specimen; 19.1 ft+1bf cast and hot
pressed; and 17.8 fte+1lbf, cast, milled,
and hot pressed; which all compare

favorably with forged and investment-cast
Ti-6A1-4V alloy.

2. The room temperature tensile
properties of cast; cast and hot pressed;
and cast, milled, and hot-pressed speci-
mens all exceeded the minimum require-
ments, with the exception of reduction in
area, for (1) grade C-5 according to ASTM

specification B367-69 and (2) titanium
alloy bars and forgings as specified in
AMS4928H.

3. Although the internal casting po-
rosity was healed by the HIP process, the
fatigue strength was not significantly
improved, and the values obtained were
significantly lower than those of wrought
products.
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