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PREFACE
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subsidiary of Combustion Engineering, Windsor Locks, CT.
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(AFWAL/MLLM), now with the Metals Branch, Manufacturing Technology Division
(AFWAL/MLTM}, Wright-Patterson AFB, Ohio 45433. The authors are also very grateful
to several other persons who contributed significantly to this overall program
including Dr. I. Martorell, M. Myers, T. Jones, R. Sweeney, T. Brown, and J. Brown,
for processing the alloy billets; S. Boone, V. Vidoni, G. Teeters, for metallographic
assistance; C. Heidenreich, for photographic assistance; J. Paine, for mechanical
testing and graphic arts ; C. Cook and R. Burdecki for scanning electron microscopy
(SEM). »

The alloy billets used for this program were provided by Nuclear Metals Inc.,
Concord, Massachusetts under Contract No. F33615-73-C-5092 with the Materials
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SECTION I

INTRODUCTION

‘. L.

As the design of aircraft engines becomes more advanced, requiring
increased performance and efficiency, the need for materials which can withstand
higher stresses and temperatures is also increased. This need for improved
mechanical properties has led to the development of higher-strength titanium

- r*l’_w“q'rr—,. n

alioys which can be achieved through alloy additions and careful control of

processing. The higher strength, however, is obtained at the cost of increased
alloy compiexity. Higher alloy additions increase the difficulties involved in
melting and hot working, contributing to the tendency for non-uniformity of
preperties of cast and wrought products. Control of the microstructure and
chemical homccgenity, therefore becomes more difficult when appiying conventional

cast and wrought technology to advanced alloys (1, 2, 3).

Powder metallurgy (PM) offers a potential solution tc the chemical
homeneneity probiem by restricting segregation both because of the small size of
the individual particles and the more rapid solidification rate of some PM
processes. Tris then provides chemical- and mechanical-propertv  :omogeneity

{2). This <~chnology alsc provides 1 means of fabricating near-net-shape

components eitner by HIPing to shape or fiabrication of precision forging preform

A
L

—

<hages (4 -

For nmore thin fifteen years the AFWAL Materials Laboratory (AFWAL/ML) has
invested in the develaopment of advanced manufacturina technolagy to exploit the

S~

economic  ini technical idvantages  of  near-net-shane  components V)
sarticularl s by reoducing machining, Tabor and material usige.  Tre latter facter
1ls0c has  strategic advantages in  the case cf certain critical allcying

additions,

The PN ipproach 170 has the capahility ¢ disiribyts stresses porn
aniformiy during compaction and to aive 1 product with 19510 or no texture (95,
resuyiting i more uniforn residual stresses and micrastructures,  Hence, niarts

can be produced havinag superior, more consistent mochanici’ roporties.

U PSP PP PR PR P P S P, U S P P R P P S S NP P L. S P
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Strength, ductility, and toughness can be increased and non-uniformities in
properties associated with forming operations reduced (15, 16).

The advantages of PM and near-net-shape technology (17) can be combined
with wrought microstructural features utilizing the hot isostatic press (HIP)
compaction of powders followed by isothermal forging (IF) of the preform-shaped

compact to a near-net-shape component. Three important advantages are: (8, 17,
19)

1. Achievement of homogeneous structures for complex alloys having a
favorable morphology associated with the forging process.

~)

Signification material savings.

3.  Manufacturing cost reduction opportunities.

Eartier AFWAL/ML-sponsored work with Ti-0A1-6V-2Sn powders {20) investigated
the effect of HIP and IF upon the structure and properties of both Hydride-
Dehydride (HDH) and Rotating Electrode Process (REP) powders. The results shcwed
1 reduction in toughness and ductility over a conventionally forged, wrought
product for the same alloy. Subsequent annealing treatment improved toughness
but did not alter the ductility or strength. This low ductility was probably a
result of the continuous grain boundary alpha which is detrimental to ductility
in alloys of this class (21). The objective of the current program was to
develor altornative heat treatments which would improve ductility and/or

teujhness  without reducing strength.  Success was achieved with a simitar
nrogram for zost weld heat treatments of Ti-6A1-6V-2Sn (21). Heat treatments
developed during this eariier weldment work formed the basis for the current
+ IF property improvement studies. The thrust of the present proaranm

<% tharafore Lo investigate the cipahility ot fully denso P, in combirziion

by

B e o aBa A amen
-3
p
)
-+
-
e

w~Ith P and annavative heat treatments, to achieve high levels of nechanical
proparties in the Ti-6A1-6V-2Sn alloy.
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SECTION II

EXPERIMENTAL PROCEDURE

1. Phase I - Microstructure Study
2. Phase Il - Mechanical Property Study
3. Process Description
a. Powder Production
b.  Powder Compaction
c. Isothermal Forging
d. Heat Treatment
e. Metallurgical Evaluation
f.  Mechanical Testing
g. Fractographic Evaluation
3
e e e N S S L S e e s
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SECTION TII

EXPERIMENTAL PROCEDURE

A two phase program was designed to develop a heat treatment that will
increase toughness and/or ductility of isothermally forged (IF) Ti-6A1-6V-2Sn
HIP'd powder compacts. A schematic outline of each phase is given in Figure 1.
The first phase was a metallurgical structure study, Figure 1a, to evaluate the
effect of heat treatments on microstructure. Three heat treatments were
evaluated; two of these were selected for Phase Il of the study,
mechanical property evaluation, Figure 1b.

1. PHASE I - MICROSTRUCTURE STUDY

Three heat treatments were d2signed to break up the continuous grain-
boundary a phase and elongated o« in Phase I of this program. This a phase
morphotogy is known to result in lower ductility and toughness in Ti-6A1-6V-25n
and cther two phase titanium alloys (21). Each of the threec heat treatments was
used on two types of powder, Hydride-Dehydride (HDH) and Rotating Electrode
Process (REP) powders. In all six process and thermal-cycle conditions were
metallurgically evaluated by optical microscopy as follows: (The beta transus
temperature of Ti-6A1-6V-2Sn is typically 1705°F).

HIP [1630°F (890°C)/15ksi/2hr]

HHIP + Vacuum Anneal [1450°F (790°C) 2hr/FC to 1000°F/AC (540°C)].

MiP + IF [1650°F (900°C)/50%/0.3 ipm (7.6rm/min} AC]

HIP + IF + AN [145C°F (790°C) 2hr/FC to 1000°F (540°C)/AC].

KIP + IF + STA [1650°F (90C°C) 1/2hr + WQ/1050°F (566°C) 24hr/AC].

6. HIP + IF + H.T. [1350°F (730°C) 6hr/AC + 1680°F (915°C) 3hr/AC ~+
1350°F (730°C) 3hr/AC].

S W ray e
. - . .

(8 31

Microstructures were characterized at 100X and 400X. Heat treatments irn
both Conditions 5 and 6 were selected for Phase II based on the criteria that
they refine the a phase morphology and break up the continuous grain-boundarv a
phase. They are designated HT1 and HT? respectively in Phase II. For the same
reason, the 311 R HIPed material was not selected for Phase Il in deference to
a + 8 HIPed (163C°F (890°C)] powders.

Ll ar e il v
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HDH REP
‘ . Powder Powder

I (g)..... 1780°F
IT {a + B)...1630°F

IF
1650°F
50% Reduction

HEAT TREATHMENT
HT1 (1) HT2 (1)
AN STA HT
1450°F-2hr 1650°F-1/2hr 1350°F-6hr-AC
FC--1000°F 1050°F-24hr 1680°F-3hr-AC
AC AC 1350°F-3hr-AC
Figure 1{a). PHASE 1 - Metallurgical Structure Evaluation .... Sequence of

Thermo-Mechanical Processing

(1} Design.tion used in Phase [I




A e i it

-p

A e A% At 4

Jo sousanbag - -

‘butssaooxd TedtuepyDdBW-OWIOY]

uotjentead Ajxadoad TeOTURYDON -

suojI}pucd 9 suo}3ypuoc) ¢
IR 141 " €2 21 a 9 St v €1 3 n
S1 S1 sl . 11 s1 sl z 14 s1 SI 1 1 Sl 81 §1
SY SvY SV Sy SvY SY SV SV Sy SvY
1 0591 4 0591 4 0591 d 0591
a1 al 4al
pi | vis IH . vis
1] |18 Z1H 114
1 1
4 0£91 4 og9rr g+ 0
20041X3 dId
= I
HAAmM0d
ddy

IT dSVYHA :(4) | @inadiy
SuoI3Ipuo) ¢{
uojasuiisaq
L 11 $ \J 1 t 1 uoy3}puoy
z 14 §I §1 118 S1 Sl §1 uotitpuo)y
sV Sy SV SV SV 1wulyq
4 0¢91 4 0991
41 a1 fur8a0y
i vis Juamiwax]
¢ 118 Py L'}
1
40091°°°° g + 0
A a1 3owdmo)
¥aanod
HGH 1apaoyg

6

e

Lo At A o

Wy S

.

T O P W S .

2o g e

9

bl ad st

PO, WA Y WS U W T S

e i




2a B B h a2

2. PHASE IT - MECHANICAL PROPERTY STUDY

The two most promising heat treatments from microstructure observations were
applied tc compacted powder (HDH powder by HIP'ing and REP powder by both HIP'ing and
extruding) to evaluate their effect on mechanical properties. Billets for each of

these three conditions were treated as follows:

1. Heat treated by both HT1 (Condition 5) and HT2 (Condition 6).
2. Isothermally forged (IF).
3. Re-heat treated (HT1 and HT2).

The sequence of steps for each of the three starting material conditions is
demonstrated in Figure 1b. Note the numbering sequence is consistent for each
of the three conditions. Since as-extruded material was not available for
testing and characterization, there 1is no sample 21. The same pattern is seen
in Figure 2 where each of the 20 billets is arranged by powder type, heat
treatment and process sequence. The sample numbering scheme is consistant with
the thermal-mechanical processing sequence depicted in Figure 1b.

The numhering scheme is also carried through all tables and Figures used to
present tect results. Note that a sample billet was preserved for each of the two
Feas treatments and each of the three-powder production/compaction combinations at

-~

cach 7 the three nrocess stages, vielding a total of 2 X 3 X 3 = 18 samples.
Mitien, as HIP'd bLillets were included for both hit and REP powder, making
25 sample conditions (7 HDH and HIPed, 7 REP and HIPed, € REP and

). Ne-extruded material was not aviilable for testing and characterizaticn.

Heat-treitment effectiveness was  evaluated through tensile and  fracture-
touahness tests a3 well s microstructural characterization and fractographic
IMEREES K After  the wvarious heat-treatments and isothermal-forging sequences
aere o complote esch of the 20 billets was cut in half, and two blanks were
romene 4 tar tensite samples (R3 type with l-in. gage length), Figure 5 and two for

Juw=bend arecrgcked Charpy fracture toughness samples, Figure 6.. In addition,

~d

VLT e
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macro-characterization was completed on ecach of the 20 billets to demonstrate
metal flow during working, and samples were removed for microstructural
characterization at the center and the edge of each billet, both perpendicular )
and parallel to the forging direction (cylindrical axis). The phctograph in
Figure 2 shows the final processed billets after completion of all sectioning. :

3. PROCESS DESCRIPTION

Details of the specific procedures for each of the seven major process
operations follow:

Powder Production

Powder Compaction (Hot Isostatic Pressing and Extrusion)

Isothermal Forging

Heat Treatment

Metallurgical Evaluation :
iechanical Testing g

~N O OB W N

Fractographic Evaluation

a. Powder Production

Two types of powder manufacturing techniques were utilized in this
study:

i Hydride-Dehydride (HuM), and

2. Rotating Electrode Process (REP)
Care was tikor to make the powders chemically homcgenous and impurity free.
(1) HDH Process

“*
In the Hydride-Dehydride (HDH) Process, 3 tit.nium har is heated N
and then cooled in 1 hydrogen atmosphere to convert it to the friable meta) i
hydride. The hydride is then cruched to a1 powder and subsequently heated in
vacuum, whereupon it is converted to 3 metal powder once agiin in a somewhit
sintared state. The sirtered cake is broken up and the nowder passed threugh 3

nagnetic separator to remove steel particles from the attrit.r.  The powder his

Lt e
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1 flaky angular appearance and has bulk and tap densities in the range 35-45% of
theoretical.

The powder produced by this technique is Tess pure than REP
powder, with respect to both interstitial elements and metal species originating
in the crushing apparatus. It also has a lower tap density and at the time of
the purchase it was more expensive than titanium alloy powder made by the
Rotating Electrode Process. Due to the angular morpholegy it has sufficient
green strength to permit cold compaction in either a die or isostatic press.

(2) REP Process

Powder is produced in the Rotating Electrode Process (REP) by arc
melting the face of a rapidly rotating alloy electrode bar. The consumable
rotating alloy electrode and a non-consumable tungsten electrode are contained
within a large chamber which has been evacuated and then filled with helium
(Figure 3). As the consumable electrode rotates, centrifugal force causes the
molten metal to fly off in the form of fine droplets that solidify in flight
into spherical microcastings. A current modification to the REP process utilizes
a plasma torch instead of a tungsten electrode ("PREP") resulting in a higher
cverall quality product. Powder particle size is controlled by the electrode
diameter and the speed at which the electrode is rotated; a typical titanium
electrode is 2-1/2 in. (63mm) in diameter. Since the rotating electroce is
fMetted in the absence of a crucible and since melting takes place in a
hign-purity static gas atmosphere, the powder produced is of very high purity,
the cnemical analysis being similar to that of the starting miterial. This
crocess wac ceveloped and patented by MNuclear Metals, Inc. (NMI). The REP
powder particles are predominantly snooth spheres, with an average particle size
cf 230-25C ; virtually no particles finer than 325 mesh (44 ). The spherical
oowder cannot be cold compacted at room temperature.

The bulk (leoose) density of REP titanium powder is typically
0J-62: ¢f theoretical and the powder can be vibrated to a tap density of 64-66%

2f theoretical.
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Pre-alloyed powders wused in this study were obtained and
consolidated into HIP or extruded billets in an ecarlier study (1). A complete
description of observations and results of the powder production and evaluation
orocess is given in that reference along with a comprehensive analysis of powder
chemistry, pirticle size distribution, surface characterization, density, and
netaliographic s*ructure.

o. Powder Compaction

Both HDH and REP powders were separated into two particle sizes: =35
mesh and -60 + 200 mesh [1]. While the smooth-surface spherical REP powders had
a mucn higher tap density than the rough angular HDH powders, there was very
1ittie difference in tap density of the two mesh sizes, as seen in Table 1.
Also in the previous study [1] no difference in mechanical properties was found
for the different particle size cut compacts. A variation in properties for the
HDH powder compacts after HIPing was observed, but it was not consistent and
showed no *rend attributable to particle size (1). All REP powder compacts
exhibited consictent, uniform properties. Consequently, only the -35 mesh
powder compacts were used in this heat-treatment study. The REP powder was
compacted by extruding as well as HIPing.

(1) Hot Isostatic Pressing

The REP powder, because its tap density (7D) was 647 of
theoretical, was poured into the HIP cannisters, tapped, evacuated, outgassed at
30C°F (149°C) to remove any absorbed air or moisture on the powder or on the can
interjor, and secaled. The cannisters were made of seamless carbon steel tubes,
5.56-iu. (92.4mm) ID X 0.095-in. (Z.5mm) wall X 4-1/2 in. (114.3mm) inside

height.,

The HDH powder, even after tapping, was only 36-50% dense,
Jucompensated, this 50% porosity would result in an undarsized billet of
non-uniform dimensions and, because of the larger deformation which a billet
would undergo in the HIP autoclave, it possibly could result in a ruptured can
weld. Therefore, the HDH powder was preconsolidated to approximately 67% TO by
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isostatic compaction at room temperature. This was accomplished by pouring the
powder 1into a rubber bag and tapping, after which the bag was evacuated, sealed,
and pressurized in water at 25ksi. These cold-ccmpacted billets were then
loaded into steel cans and processed as noted above, except that outgassing was
conducted at 1000°F (538°C). The lower REP powder outgassing temperature was
used because the powder manufacturers (NMI) cxperience with the REP powder,
which was reinforced by the present work, shows that little outgassing occurs
between 70 and 300°F and none occurs above that temperature.

HIP consolidation of the two powder types was performed at 1630°F
(890°C) at 1%ksi for 2hr. The billets were compacted in a conventional
autoclave at Industrial Materials Technology (IMT) in Woburn, MA. In the IMT
processing, the billets are heated by a furnace within the autoclave and
pressurized by argon. This precedure was selected from a variety of times,
pressures, and temperatures evaluated and reported in Ref. 1. Little variation
in mechanical properties was observed with HIP process variables, even for
temperature. Consolidation time and pressure are factors deemed to have more of
an economic than a physical significance, to the extent that similar properties
are obtained. This was demonstrated in the previous work with a range of times
extending from under 1/2 hr to 4 hrs and pressures of 3.75, 7.5, and 15 ksi. The
corsclidation temperatures chosen were 75°F (24°C) above and below the B transus
of 1705°F (930°C), ir order to compare the effects of f vs o + B processing.
Billets HIP'd for 2 hrs at 15ksi were selected as starting material for the
present study. In Phase I hoth the 1630 and 1780°F (890 and 970°C) HIP'ing
temperature billets were evaluated. Phase 1T was limited to the o+ 2 HIP'd
163C°F (890°C) material since it produces a finer duplex microstructure which

will yield superior properties.
{?2) Extrusion

REP powders were extruded ir a Brush-Wellmarn Z000-ton press at 50
ir./min. (21pn) through a 3.29 in. (4.6cm) die (R = 6.24:1) at 1630°F (89C"C).
The starting "billet" was made for extrusion by jioining four 1018 steel cans
together, each 8 in. (20.3cm) in cdiam. X ¢3 in. (58.4cm) long. Each car was

filled, evacuated, outgassed at 300°F, (150°C) and welded. The extrusion force
ringed freom <200 to 2600 tons.
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After extrusion the steel jackets were removed by pickling in a
dilute nitric-acid solution. The finished titanium extrusion was 24 ft. iong
and measured 2.930-3.040 in. (74.4-77.3 mm) in diam. “he bar was machined into
48 pieces, cach 2.925 in. (74.3mm) lor larger) in diam., X & in. long. Twe of
these 6-in. billets were starting material for the present heat-treatment

investigation.

C. 1sothermal Forging

Two 6-in. (15.2cm) long billets were available for each of the three
nowder comgictien (P/C) conditions (HOH-HIP, REP-HIP, REP-EX). Each of these
was sectioned ind machined into three forging discs 2-in. in height having true,
marallel faces. This provided six discs for each of the three P/C conditions.
Three of each were given heat treatment 1 (HT1) and three of each received heat
creatment ¢ (HT2) as follows:

1. 1650°F {900°C)/1hr/W0+1050°F (565°C)/24hr/AC
2. 1350°F (730°C)/6hr/AC+1680°F (915°C)/3hr/AC+135C°F (730°C)/3hr/AC

Orc biliet was retained after heat treatment for cach of the six
P/C-KT corbinations. Two of each were preheated to 1650°F {900°C), held for 45
ninutes, and iscthermally forged at a ram speed of 0.3 ipm with polygraph

Tuoricant,  In summary, the IF conditions were:

Feduction in Height 50t

York Piece and Die Temperature 1650°F (90L°C)
Preheating Time 45 Min.

wan Speed 0.3 In./Min (J.omm/Min )
Lurricant Pclygraph

Cocling Rate After Forging Air Coo?

“ince the purpcse of the forging was to assess the erfoct of the nrior
ik o extrusion cveles upon forged material, the foraing paranetars wers kep®

constian for 111 billets. Peak Toads for each condition are aiven in Table .
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TABLE 2

Peak Loads During Isothermal Forging for Each Sample Condition

Isnthermal
Sample  Powder Billet Condition Force Peck
Load (Tons)
] HDH HIP --
- " HIP+1F=* -
2 " HIP+HT #1 --
3 " HIP+HT #1+I1F 52
4 " HIP+HT #1+IF+HT # 5
5 " HIP+HT #2 --
€ " HIP+HT #2+IF 48
7 " HIP+HT #2+IF+HT #2 47
11 REP HIP --
- ! HIP+IF* --
12 " HIP+HT #1 --
13 " HIP+HT #1+1IF 45
14 " HIP+HT #1+IF+HT #1 2
15 " HIP+HT #2 --
14 ! HIP+HT #2+1F 4?2
17 " HIP+HT #2+1F+HT #2 4?2
(21) REP Extriuded (not evaluated)
2 " Ex+HT # --
o " o +HT+IF 43
' UG " Ex+HT #A1+IF+HT #1 47
V5 " Ex+hT #2 --
26 " Ex+HT #2+1IF 39
(27 " Cx+T 42+ TF+HT #2 38
L

.............
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One of the two billets IF for each of the two heat treatments was re-heat
treated after forging. This sequence is shown in the arrangement of billets in
Figure 2.

d. Heat Treatment

Heat treatments have been used successfully in the past in case of
Ti-6A1-6V-2Sn to improve ductility and fracture toughness of weldments by
breaking up and refinirg the continuous grain-boundary a network found during
welding (2). That same continuous grain-boundary a phase is thought to be
responsible for the low ductility and toughness of the Ti-6A1-6V-2Sn material
(21). Consequently, similar heat treatments were designed in attempts to and
produce the same beneficial effect in the processed powder billets.

In Phase I of this investigation, three thermal cycles were evaluated,
on both powder types, compacted below and above the beta transus. The heat
treatments were as follows:

1. STA [1650°F (900°C) 1/2hr/WQ+1050°F (565°C) 24hr/AC]

2. HT [1350°F (730°C) 6hr/AC+1680°F (915°C) 3hr/AC+1350°F (720°C)
3hr/AC]

3. AN [1450°F (790°C) 2hr/FC to 1000°F (540°C)/AC)

The HIP'ing conditions evaluated were o +pg [162G°F (890°C), 15ksi
2hr], and all g [1780°F (970°C), 15ksi, chr].

Heat treatments 1 (HT1l in Phase II) and 2 (HT2 in Phase Il ) were
carried out in a small Harrop furnace controlled within + 10°F. Samples wore
protected from oxidation by wrapping them in stainless-steel bags containing
titanium sponge as a getter. The annealing heat treatment was conducted in a
vacuum environment.

e. Metallographic Evaluation

letallographic samples were prepared in a conventional mount with a
mechanical polishing technique. The microstructures were developed and examined

with Krolls etchant and a Zeiss metallograph. Macrostructures were also ctched

17
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with Krolls etch and photographed by means of conventional photography. The
sketch in Figure 4 shows locations where metallographic samples were removed and
oriented for examination.

f.  Mechanical Testing

Two tensile and two slow bend Charpy V-notched toughness samples were
removed from each compacted biliet as shown photographically in Figure 1.
Tensile tests were performed on 0.252-in. gage diameter round specimens with
threaded ends which were machined in accordance with ASTM-E8, as shown in
Figure 5. Tests were run at room temperature on an Instron machine at a
crosshead rate of 0.05 in./in./min.

The toughness of these PM billets was measured using slow bend
nre-cracked Charpy specimens, Figure 6. The samples were pre-cracked in fatigue
using a Universal fatigue machine operating at 30 Hz. The fatiguing was
initiated at an alternating load of 100 to 800 1b. and was decreased for the
Tast 0.050-in. of fatigue crack to 50-450 1b, which is equivalent to aaK of
less than 20ksi in.

The pre-cracked Charpy bars were tested in three-point bending over a span
of 1.6 in. (4.lcm). A load-displacement record was kept for each test; the
energy absorbed in breaking the specimen was measured and reduced to energy (W)
per unit area (A) of uncracked ligament. Hence, the units of toughness
reasurement. were in.-1bs-per square inch, W/A. Fracture toughness was

calculated from these W/A values using the following formula:

2 W E
Ky 1A 2(1-v 9)
E = Youngs Modulus = 16.5 x 106
v = Poissons Ratio = 0.3
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]
HIP+ IF N\
HIP+ IF+ AN B
\ HIP+ IF+ STA -}
HIP+IF+HT /
(]

Figure 4.

P LT G L AP PO P,

Schematic Representation of Method of Removal cof Metallographic
Samples from Isothermal Forging. In some instances both Tonaitudinal
and transverse sections were examined from Area 2. This is the most
highly worked portion of the forged billet. Location 1 is a "dead"
zone and receives little deformation during forging. Location 3 is

in between. In some instances all three locations were examined.
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DIMENSIONS (in.)

R3
(FORMERLY TYPE &)

A- DIAMETER AT CENTER

B- DIAMETER OF GRIP END APPROX

C- LENGTH OF REDUCED SECTION,"
MIN.

D- GRIP LENGTH, APPROX

F- FILLET RADIUS, MIN.

G- GAGE LENGTH
L= TOTAL LENGTH, APPROX.

AREA OF CROSS SECTION,
SO. IN., APFROX.

~

Figure 5. Schematic Diagram and Dimensional Tolerances for ASTM Tensile

0.25220.005
3/8

1 1/4

S8
0.18

1.020.00%
-

1720

Specimens. The R3 sample was used in the recent work.
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Example Calculation:

W _ anq in-1b
Sample 1: x =308 =5 R
.
_ - 16.5 s
ky = 308 710701 2
= (308) (9.066)
Kv = 53 ksi-in'

Both /A and K, are given in Table 5 along with KQ.

g. Fractographic Evaluation

Six microstructures (Table 3) were selected for fracture surface evaluation
oy scanning electron microscopy (SEM). One tensile and one fracture toughness sample
were oxanined for each of samples 3,4,7,22,24 and 27. These sample conditions were
selected to cover each of the major microstructures and property ranges and to cover
sinilar process conditions for comparison of HT1 and HT2. For example samples 4 and
7 ard samples 24 and 27 received HT2, at the same time 4 and 24 are in comparable
nrocess histery conditions except 4 and 24 received HT1 while 7 and 27 received HTZ.
At the same time 4 ard 24 are comparable since they have the identical thermo-
meckinicil history enly 4 is HDH and 24 is REP powder. The very same comparison

La1sts totween somoies 7 oand 27,

Lamnle 3 was chosen because 1t has good sirength and is on the high
LU a.. mechanical properties measured in this work. It is censidered to be s
condition with a good combination of properties, is similar in microstructure to

sampie 7 but has better properties.

Sample 22 was selected because it represents the finest equiaxed B

)

micrestructure cbtained in this work, possibly recrystallized. The entire structure -
is fine, fully equiaxed. Consequently it is a high strength and rclatively high }f

fracture trughness and ductility condition. -

Aosummary of the microstructure ind property feature of the <ix

sarples chucen 15 given in Table 3.

PORE WY Ry SPUr WE WY Py " ‘A_f— a S P Wy e




TABLE 3

SUMMARY OF MICROSTRUCTURE AND PROPERTY FEATURES OF THE SIX
SAMPLES CHOSEN FOR FRACTOGRAPHIC ANALYSIS

§AMPLE NUMBER FEATURES (MICROSTRUCTURE and PROPERTIES)

3 Lenticular -~ equiaxed structure

T YV G T

Good combination of microstructural features leading to

Good combination of properties

!
4 Very fine fully transformed B lenticular microstructure

with some coarser lenticular primary a

[ Most susceptible to defect if any present

HDH comparison to No. 24 --- low combination of
properties

|

]

7 Equiaxed microstructure with some coarse primary '
T Compare to No. 4 --- HT2 vs. HT1

Also compare to No. 3 --- similar microstructure J

|

I

|

N
~)

Fully equiaxed fine microstructure-possibly
recrystallized
| Condition with highest amount of equiaxed a

High Strength --- good toughness and ductility

24 Fine transformed 8 lenticular microstructure with some . Eﬁi
primary coarser equiaxed a f iéi

Similar to Pratt & Whitncy commerciaily used Duplex
Annealed Structure in the near alphi titanium a'loyvs

Good combination of properties

‘

’ High strength with good ductility and fracture

toughness L

27 Fully lenticular alpha structure ~-- colony structure
| Coarse transformed structure is low in ductility and
low in strength

Best in fracturc toughnesc --- low strength

23
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SECTION ITI

RESULTS and DISCUSSION

1. Phase I - Microstructure Study

r

a. Microstructure Development
b. Heat Treatment Selection for Phase 1]

2. Phase Il - Mechanical Property Study

Microstructure Development
Microstructure Interpretation

Mechanical Properties

Fractography

Correlation of Microstructure, techanical
N Properties and Fractography
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SECTION 111
RESULTS

Very different microstructures and, therefore, mechanical properties
are produced in Ti-6A1-6V-2Sn with variations in thermal-mechanical treatment.

- e =, - — - - — -
T T T N . T T T T T T A Y, Y

Farlier irvestigation showed a loss in ductility and toughness after
isothermally forging powders compacted by HIPing and extruding (20) probably as
& result of extensive grain boundary alpha (21). Success in ocvercoming such
deficiencies in as welded structures of Ti-6A1-6V-2Srn (22) led to a similar
program on these HIP'd and IF compacts. Results are presented for Phase I andg
Phase Il separately. Many process conditions were examined in three heat
treatnent conditions in Phase 1.  The objective was to select the best heat
trratment and compaction process conditions for preperty structure evaluation in

Pnaze T1.

[

PHASE T - MICROSTRUCTURE STUDY

In the first phase of the study structures were created by five process
coraitions.,
1 HIP
2. HIP + IF
3.  HIP + IF + AN
& HIP + IF + STA.... becomes HTl in Phase !I
5 HIP + IF + HT..... becomes HTZ2 in Phase II
1. mwe powdars (REP and HDH) and for two HIPing conditions (« + & and ¢) are
voomsed i Figures 7-.0.  These fiqures alsc show the macrostructure of the
“orsed dngot. There is 3 large ditrerence between the material HIP'd in the «
+ w recicr and the all g HIP'd inget. The latter has large prior g grains and a
Mn codrser nicrestructurce.  This difference can be seen by comparing Figures /

g 8 0 % oapd 10,

The tacrestructures show "dead-zone" reqions of the forging where there is
Tt w2l flow er odeformation.  In these regions thereo are relatively large
st cruiaxed arains having a coarser, underformed a phase. In contrast, the
“uray worked 7ones skow no evidence of a grain structure at all; and the «

1
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EFFECT OF HEAT TREATMENT ON Ti-6AI-6V-2Sh
POWDER MICROSTRUCTURES

HYDRIDE - DEHYDRIDE POWDER
Pt 75 b Bohoow Beta Transus (1630 F)
AS HPed

HP & IF

HIP & F & AN

HIP & F & STA

HIP & IF & HT

E s

Fiqure 7.
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EFFECT OF HEAT TREATMENT ON Ti-6Al-6V-2Sn
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phase is finer, deformed, and broken up. This is demonstrated for both the HIP
+ IF and HIP + IF + HT conditions in a + 8 HIP'd HDH powder in Figure 11.

t.

! a. Microstructure Development

t . The as-HIP'd microstructures of the HDH and REP powders are shown in
Figures 7-10, for both sub-transus and supra-transus HIP'ing. The alpha phase

. tends to be of lower aspect ratio after sub-transus HIP'ing (23, 24, 25), with
the alpha lathes arranged in a Widmanstatten structure. Supra-transus material
cuntained predominately alpha colonies and a much larger amount of grain
boundary alpha than in the sub-transus case.

In all cases isothermal forging to a 50% reduction caused a bending of

the alpha plates towards a direction perpendicular to the forging direction i%
(Figure 11, HIP & IF (23, 24, 25)). S

Heat-treatment #1 (1650°F-1/2hr WQ+1050°F-1/2hr) produced different

microstructures depending on whether the REP or HDH was involved. The 1650°F =

anneal reduced the amount of primary alpha to about 15% in the case of the REP !!
(which had a beta transus of about 1705°F) but only to 45% in the case of the ZE
HDH (which because of the higher oxygen content had a beta transus of about ;i
1750°F). There was also a large reduction, for both powder types, in the aspect ]
ratio of the primary alpha depending on whether the prior HIP'ing had been above .!

or below the transus. Supra-transus HIP'ing resulted in more elongated primary ~

alpha while in both powder cases sub-transus HIP'ing resulted in more globular 11
primary alpha after the sub-transus IF. The reason for this difference 7is ‘a
probably because the strain produced during HIP'ing and IF is additive, this
Jarger amount of strain in the alpha reduces its aspect ratio (23, 24, 25). The - 3
final age at 1050°F gave a final alpha precipitation (transformation) between {H

the primary alpha regions which raises the strength level (26).

Heat-treatment #2 (1350°F-6hrAC+1680°F-3hr AC+1350°F-3hrAC) generally
gave the same microstructural features in the four conditions {powders and
HIP'ing conditions) as for heat-treatment #1. Sub-transus HIP'ing followed by
IF and heat-treatment #2 gave more globular primary alpha than supra-transus
HIP'ing. Again because of the beta transus difference the REP exhibited less
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primary alpha than the HDH. The volume fraction of primary alpha is higher in
this case because (a) AC followed the anneal (1680°F for condition #2, 1650°F
for condition #1} and the aging treatment for condition #2 was 300°F higher
(1350°F for condition #2, 1050°F for condition #1). It should be noted that in
agreement with previous work (22) that the amount of grain boundary alpha was
reduced by the triplex treatment. Because the "dead-zone" regions are subjected
to Tess work (e.g., area (a) in Figure 11 compared to area (b) there is less
globularization and more continuous grain boundary alpha in these regions.

Heat-treatment #3 (1450°F-2hr FC 1000°F AC) showed 1ittle tendancy for
globularization of the alpha phase since the annealing temperature is

significantly below the beta transus (23, 24, 25).

b. Heat Treatment Selection For Phase Il

The objective of heat treatment was to refine the « phase morphology
and break up the continuous grain-boundary a leading to improved mechanical
properties. Based on this phase of the work the STA and HT conditions were
chosen over the AN condition for more detailed evaluation in Phase Il1. They are
designated HT1 and HT2 respectively in Phase II. This selection was made based
on the aspect-ratio of the alpha (low desirable) (26) and the amount of grain
boundary alpha (minimum amount preferred (21)). For these reasons the R HIP'd
nrocess was eliminated from Phase I1.

2. PHASE 11 - MECHANICAL PROPERTY STUDY

Two heat treatments selected from Phase I results werce investigated in this
pwart of the program. They were applied to as compacted billets before IF and
again after IF as shown 1in Figure 1b. A total of 20 thermo-mechanical
conditions were evaluated (Figures 1b and 2). Microstructures for those
receiving HTl are presented in Figure 12. Microstructures resulting from HT2
are in Figure 13,

Microstructure development and interpretation will be discussed in detail.
Mechanical prcperties are then presented followed by fractographic results and a
discussion tying them all together,
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a. ticrostructure Development

In this phase, twenty (20) microstructural conditions (Figure 1b) were
studied and mechanically tested. Based on a preliminary observation of all
twenty microstructure it was concluded that the beta transus temperatures of the
two materials were:

HDH: T 1720°F

B

REP: T 1680°F

B

The higher beta transus temperature of the HDH powder material is due
to the higher oxygen level. The four (4) thermal excursions used in developing
the microstructures were:

HIP'ing at 1630°F
HT1 at 1650°F
HT?2 at 1680°F
IF at 1650°F

To be able to interpret the microstructures, Table 4 shows how close

each type of compact material was to the beta transus temperature at each of

these thermal excursions.

Table 4: Proximity of Each Thermo-Mechanical Process Step to
the Beta Transus Temperature (°F)

Compact

Material/Process HIP HT1 HT?2 IF

HDH -90 -70 -40 -70
REP -50 -30 0 -30
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The information in Table 4 1is wuseful in understanding the ratio
between primary and secondary alpha in these microstructures.

The following statements are also needed for a proper interpretation
of the microstructures:

a. The microstructure of the as produced HDH powder is lenticular
alpha in a colony arrangement within beta grain structure (27). This structure
will be termed "an alpha colony structure."

b. The microstructure of as produced REP powder particles is
martensitic (9).

C. A minimum of 80% o + 8 deformation is needed to fully transform
lenticular primary alpha into a low aspect ratio morphology upon a subsequent
recrystallization anneal (24). The 50% deformation IF was only sufficient to
partially change this morphology.

a. The morphology of the secondary alpha is determined by the
cooling rate from the maximum temperature and the subsequent aging treatment.

HTLl: The 1650°F treatment followed by a water quench and a low

Y

temperature iging (1050°F) resulted in the finest secondary alpha in this work. -
- 4

HT2: The 1680°F treatment followed by the air cool and high 3:?
temperature aging resulted in a coarser secondary alpha structure. ‘éi
A

iF: Judging from the microstructures of the as IF'd material, the i;

cooling rate from the forge press was slow enough to develop a relatively coarse ‘_J
secondary alpha. L

b. Microstructure Interpretation

Four thermo-mechanical process conditions are evaluated. They are shown
for the HT1 microstructure in Fig. 12 and for the HT2 microstructure in Fig 13.
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(1) As Compacted Structures

The as-HIP'd HDH powder (#1) is typical of an alpha colony b
structure which was exposed to long term heating high in the « + B phase field ’
followed by a very slow cooling. These caused the lenticular alpha structure to A
substartially coarsen but still retained the general appecarance of the alpha
plate colonies. It is important to remember that this coarse lenticular alpha
is the basic morphology of the primary alpha in most subsequent HDH conditions.

The as-HIP'd REP condition (#11) 1is typical of powder that was
HIP compacted very close to the beta transus temperature (3). It consists of a
higr volume fraction of coarse, high aspect ratio alpha. Some of the alpha -
plates are arranged in a morphology which resembles the colony structure.
However, it was not demonstrated yet that these alpha pliates share the common
crientation of alpha plates in a typical colony structure (28). This coarse
alpha plate structure is the basis for most primary alpha morphologies in the
subsequent REP condition which were treated below the beta transus temperature.

The as-extruded REP powder was not evaluated metallographically
in the study. However from the HT1 condition (#22), it could be assumed that it
had a predominantly low aspect ratio alpha morphology due to the alpha + beta
work during extrusion. The equiaxed alpha morphology is evident in all sub
transus heat treated conditions in contrast to the lenticular primary alpha
morphology in the HIP'd condition treated below the beta transus temperature.

(2) Ccmpacted + Heat Treated Structure

HDH:  HT1 (#2) (Figure 12) resulted in a high volume fraction
(approximately 70%) of coarse high aspect ratio primary alpha, the result of
heat treating at 70°F below TB’
of the type of heat treatment. dT2 (#5) (Figure 13) resulted in 3 smalloer

and a very fine secondary alpha which is typical

amount of primary alpha (approximately 50%) with coarser primary alpha which is
tvpical of this heat treatment.




T —————— MM ASei e w et it A Auih Sul et A A Ante S S et bubithe Sladiiiie Sihe A W v A AN S A . Tl U e S At Rt et B A i SOE Lot

REP (HIP): HT1 (#12) (Figure 12) resulted in approximately 50
vol. pct. of Tenticular primary alpha in a fine secondary alpha matrix. HTZ2
(#15) (Figure 13) was done right on the TB (see Table 4) resulting in a typical
oeta annealed alpha colony structure.

REP (EXTRUSION): HT1 (#22) (Figure 12) resulted in a combination
of 50 vol. pct. fine equiaxed primary alpha with medijum coarseness secondary

ienticular alpha. HT2 (#25) (Figure 13) resulted also in a 50 vol. pct. mixture
of coarser equiaxed primary alpha and coarser lenticular secondary alpha.

(3) Isothermally Forged Structures

HDH (#3 and #6): Both HT1 and HT2 show evidence of partial
breaking up of the coarse primary alpha lamellae into long aspect ratio alpha.
The coarse secondary lenticular alpha is the result of the slow cooling rate
from the forge press. There is about 50 vol. pct. primary alpha present.

REP (HIP) (#13 and #16): Both HT1 and HT2 show 50 and 40 vol.
pct. (respectively) of partially recrystallized primary alpha in a coarse

lenticular secondary alpha matrix.

REP (EXTRUSION) (#23 and #26): Both HT1 and HT2 show 40 and 20
vol. pct. (respectively) of globular primary alpha in a matrix of lenticular

sacondary alpha.

(4) 1IF + Heat Treated Structure

HDH (#4 and #7): These microstructures resemble conditions #2
and #5 (respectively), since they were subject to the same heat treatment.
However, in the latter condition the primary alpha 1is partially globularized
(the result of the IF; and for an unknown reason, there is less primary alpha
(approximately 30 vol. pct.).
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REP (HIP), HT1 (#14), The microstructure is now predominately
fine secondary alpha, the result of heat treating close to the TB (Table 4) with
only 20 vol. pct. primary lenticular alpha. It is not understood why the
primary alpha has such a high aspect ratio following the IF + HTI. HT2 (#17)
is a beta annealed alpha colony structure resulting from treating the material
at the beta transus temperature. It shows a typical alpha plate arrangement
within a prior beta grain structure. Grain boundary alpha along the prior beta
grain boundaries can also be seen.

REP (EXTRUSION), HT1 (#24) is similar to #14 but all the primary
alpha is globularized and more finely dispersed. HT2 (#27) 1is also a beta

annealed structure, as is #17, showing alpha plate colonies, and prior beta
grains.

€. Mechanical Properties

As described in Section III-2-f, Mechanical Testing, tensile and
fracture toughness tests were performed on each of the 20 samples described in
Figure 1b. Blanks used to machine the 0.252 in. guage diameter tensile and
precracked Charp V-notch samples are shown in Figure 2. Results from the tests
are given in Table 5.

Ductility and toughness is plotted as a function of yield strength in
Figures 14-18 and as a function of ultimate tensile strength in Figures 19-23.
The as HIPed + IF properties reported in Ref. 1 for both HDH and REP powder
compacts are shown in black symbols on each curve. These are the reference
points to compare the results of both heat treatments. The RA result for REP
powder is out of line with all other results. Consequently, ductility
comparisons will be made from elongation results only for REP powder conditions.
High and low boundary extremes are drawn on each plot.
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(1) Heat Treatment 1

In a1l cases the strength level is markedly increased by HT1
while ductility is lowered. Fracture toughness as measured by KQ increases
s1ightly while K (W/A) decreases slightly for both HDH and REP powder.

The main effect of HT1l, then, is to increase strength roughly
25ksi while more than halving ductility and holding a comparable fracture

toughress compared to the un-heat treated HIP + IF material.

{2) Heat Treatment 2

The HT2 effect on mechanical properties is not quite as
consistent. In all cases the strength level remains the same. For HDH powder
material, ductility increases significantly with some indication of a modest
increase in fracture toughness [KQ increases and KV (W/A) remains at the same
level]l]. For REP powder, there is a small decrease in ductility with a
substantial increase 1in fracture toughness. Since the REP powder is the
preferred production procedure due to higher purity and reliability, it will be
used to critique HT2.

Results show then that HT2 increases fracture toughness 50% to
100% while maintaining the same strength level and cliose to the same ductility
(15% vs 20%) of the un-heat treated HIP + IF material.

Clearly there is a big difference in the effect of HT1 and HT2 on
mechanical properties. This is expected from the different peak temperature and
even more from the very different final annealing temperature. These different
treatments produce very different microstructures and, therefore, different
properties. This 1i¢ discussed further in Section IV-2-e, Correlation of
Hicrostructure, Mechanical Properties and Fractography.

The objective of this program was to find a way to increase
toushnecs and/or ductility without losing strength. HT2 was found to be a

successful way to do that.
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d. Fractography

Scanning electron micrographs of both tensile and charpy fracture
curfaces are shown in Figures 24-26 for six conditions. Samples #4 and #7 are
arranged together 1in Figure 24 and #24 and #27 are together in Figure 25 to
compare HT1 and HT2 for the same powder and compaction conditions. The other
twe conditions examined, #3 and #22, are in Figure 26.

zach condition s discussed individually below.
(1) Sample 27

This condition is the casiest to analvze from fractographic point of
vicw and aiso to correlate the microstructure to properties. Since the material

Pas been ahove the beta transus temperature (T,)} it has a set of properties

similar to ¢ annealed or cast alloy conditionsp(name1y low strength and high
fracture toughness). The high fracture toughness 1is evident in the SEM
fractographs, Figure 25, showing a tortuous crack pith associated with both
faceted fracture features and ductile dimpled zones. Similar fracture behavior
was previousiy observed in titanium alloys treated to a similar condition which

resulted in high fracture toughness values (29).

The relatively high tensile ductility of this condition sample is evident
cyothe dinpled fracture surface visible on the tensile SEM fractograpn, Figure

25 Howevor, this is very uncommon because beta processed structure typically

dispiays Taceted tensile fracture associated with low tensiie olongation.
(2) Sample 3

Condition number 2 has an cxcellent ccerhination of tensile
strength, Auctility and fracture toughness. The good fracture toughness values
e possihiy the result of the coarse rermnant primary alpha which lead to a
rertuous crack path, and the relatively coarse secondarv alpha (due to slow
cooiing  fellowing IF) which is al<o contributes to an  improved  fracture

tougnriess when compared to the fine secondary alpha structure of the other
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conditions. The fractographs show a good combination of faceted fracture
features and ductile dimpled fracture regions. The high strength level can be
interpreted on the basis of the relatively high volume fracture of the secondary
alpha phase. The high tensile elongation is evident in the highly dimpled SEM
fractograph of the tensile test specimen, Figure 26, and is probably associated
with the deformation of the relatively coarse secondary alpha.

(3) Sample 22

This material condition is unique in this work since it has the
highest volume fraction of equiaxed primary alpha. This microstructure
condition is typically associated with good tensile strength and elongation but
lower fracture toughness. The tensile SEM fractograph, Figure 26, shows a very
fine dimple structure (on the order of 5u ) which corresponds to tr~ grain size
of the equiaxed primary alpha. This type of fracture is an indication of good

tersile ductility. A very similar dimpled surface is evident on the fractographs

of the fracture toughness specimers. This type of fine dimpled fracture 1is
usually associated with a much less tortuous crack path leading to relatively
low frac*ture toughness values (30).

(4) Sample 24

This sample condition has a much lower volume fraction of equiaxed
alpha compared to condition #22 and a very high volume fraction of fine
Tenticular transformed beta. This is a typical duplex microstructure which is
used extensively 1in gas turbine engine components when a good combination of
properties is reauired. Similar to condition #22, it also displays very fine
dimpled fracture features irn both the fracture toughness and the tensile SEM
fractographs, Figure 25. Comparison of the mechanical properties indeed shows
that these two microstructural conditions are similar in their behavior.

In spite of the fact that this condition had almost the <ame
precessineg route as condition #27 (the only difference is HT1 vs HT2), the beta
solutiur treatment in condition #27 completely changed the microstructure, the
fracture morphologies (Figure 25), and the subsequent set of mechanica®
properties {(Table 5).




{5) Sample 4

Condition #4 microstructure is typified by a high volume fraction
of very fine secondary alpha which resulted in the highest tensile strength
obtained in this work but also the Tlowest tensile ductility and fracture
toughness. This loss of ductility and toughness is common in titanium alloys
processed and treated to maximum strength conditions. The tensile fracture
surface (Figure 24) indicates several regions of very flat fracture features,
possibly associated with regions of high aspect ratio primary alpha. These low
energy fracture zones are, possibly, responsible for the tensile failure at
early stages of deformation before a void formation mechanism, which typically
leads to ductile dimple fracture, had the opportunity to develop.

The low value of the fracture toughness can not be explained on the basis
of the fracture appearance, Figure 24. However, very low elongation and RA
conditions, of the order of 1 to 2%, are almost always associated with very low
fracture toughness values in titanium alloys.

(6) Sample 7

Condition #7 should be compared to condition #4 because it has
the same processing route except for the use of HT2, instead of HTl, which
resulted in the coarsest secondarv lenticular alpha structure in this program.
On the other hand, condition #4 displayed the finest secondary alpha obtained in
the work. As a result, condition #7 has lower strength level than #4, high
ductility and higher fracture toughness. The faceted fracture features on the
tensile specimens (Figure 24) are typical of a fine alpha plate colony
structure, and the alpha plate morphology can be easily resolved on these
faceted fracture features.

The fracture toughness failure surface is similar in appearance to the
fracture features observed in condition #27 which also has a fine alpha plate
colony structure. Both samples received HT2 and Condition #7 and are expected
to have nearly the same values of fracture toughness as Condition #27.
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e. Correlation of lMicrostructure, Mechanical Properties and Fractography

correlate them with thermo-mechanical

described in Figure 1b and Table 2, respectively.

TABLE 6

treatment and mechanical

Microstructures have been grouped in Table 6 into catagories to help

MICROSTRUCTURE CLASS DESIGNATIONS WITH SAMPLE NUMBER AKD UTS (KSI)

Microstructure

Description

Sample Number (UTS - KSI)

HDH REP-HIP

REP-EX

iLenticular

Couarse
T MNed.

Fine

11 (129)

12 (155)

IEquiaxed

Coarse
Med.

Fine

25 (135)
23 (143) 26 (UTS)
22 (160)

Lenticular-fFauiaxed

Coarse
Med .

Fine

(145)
(151)
(155)

13 (142) 16 (140)

W O~

Trins formed Beta

coarse

Fine

2(168) 1(176)

«ach  class

coareens.,

of microstructure,

A number of consistent observations are poccible from Table 6.

strength level

58

decreases as the

Also note that the HDH material is consistently stronger for the same
microstructurre, probably due to the higher oxygen content of th:s material.

properties as

Within

structure
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The widest variation of properties within a microstructure group is

between fine and coarse lenticular transformedg. Fine transformed g structures
(2,4,14,24) produced by the low temperature [1050°F (566°C)] anneal of HTl have
markediy higher strength and lower toughness and RA, although the elongation is
comparable to a number of other structures.

(1) Microstructure

The development of the microstructure was already discussed in
detail in section IV-2-a of this report. Due to the fact that some conditions
were treated at or near the beta transus temperature, a wide range of
g microstructural characteristics was obtained in the work which give an excellant
opportunity to study the relationship of properties to a large variety of
microstructures.

The two basic microstructures are lenticular alpha and low aspect
ratic alpha. The development of these types was already discussed in detail in

section IV-2-a. Since these two types of microstructure have such a diversified
combination of properties, it 1is convenient initially to correlate the
mechanical properties developed in this study to these two basic microstructural
groups.  The microstructure classification in Table 7 1is based on the
predominant phases observed by optical microscopy (see Figures 12 and 13).

(2) General Microstructure-Properties Relationships

The basic property trends of lenticular versus equiaxed alpha
structure in alpha + beta titanium alloys are summarized in Table 8.

TABLE 8: Property Correlation to Alpha Morphology

Lenticular
Property Coarse Fine Equiaxed
YS Tow highest high
UTsS Tow highest high
Bl low law high
RA Tow Tow high !
FT high 10w

T P L R R
---------------- e
PR PP Py wOu T
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It could be seen from Table 8 that the equiaxed alpha
structure is generally good for tensile properties; coarse lenticular structure
is good for fracture toughness; and fine lenticular structure shows both poor
elongation and fracture toughness, but good tensile strength.

(3) Microstructure Property Relationships

(The microstructure designations used here are based on Table 7)

(a) Yield Strength

As predicted from Table 8, the coarse lenticular structure
(Group BC in Table 7) displayed the Tlowest YS. Microstructures with fine
lenticular alpha (Groups BF, PEF + SF, PLC + SF and PEC + SF) displayed the
highest values, while microstructures containing equiaxed alpha or mixtures of
equiaxed alpha showed medium strength results.

(b) UTS

The UTS results ranked almost the same as the yield strength
result in relation to the microstructure [see (a}].

(c) E1 and RA
The coarse primary alpha condition with the Towest strerath
showed the highest El and RA (BC and BF), while all high strength conditions

(containing fine lenticular alpha) showed very low ductility.

(d) Fracture Toughness

The highest FT value were observed 1in microstructures
coentaining cither coarse beta annealed morphology (BC), or secondary coarse
lenticular alpha (PLF + SC) or coarse primary lenticular alpha (PLC).

The lowest values were observed for conditions
containing fine lenticular alpha { BF, PLC + SF, PEF + SF AND PEC + SF ).

61




(e) Summary

From the above evaluation it is clear that the general
relationships observed in other alpha + beta titanium alloys (Table 8) occur in
the Ti-6A1-6V-2Sn alloy.

The existence of fine lenticular alpha phase, the result of
HT1, results in reduced ductility and fracture toughness. When it exists in a

SRERSE | IO IEAE - Team it (ANA

relatively small volume fraction (1ike Sample No. 2, Figure 12), it is still
sufficient to degrade ductility, Table 5, Figure 15, 16, 19 and 20.

On the other hand, the coarse lenticular structures
demonstrated the best fracture toughness values accompanied by relatively low
tensile strength. This trend is common in most alloys, in which low tensile
strength is associated with high fracture toughness. However, in titanium
alloys, the coarse lenticular morphology leads into a tortuous fracture crack
path which further increases the FT values.

The fine equiaxed alpha structure provides a good
combination of tensile and fracture toughness properties.
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SECTION IV

L an an on a an

CONCLUSIONS

'y v AN
e tet.

L
.

This work has demonstrated that through use of various titanium alloy

-
r &
.

powder sources, compaction methods, and heat treatment conditions, it is
possible to produce a wide variety of microstructural conditions and concomitant
mechanical properties in the Ti-6A1-6V-25n alloy.

The properties which were of special interest in this work were tensile
strength, elongation and fracture toughness. Based on previous work it was .;;
known that optimization of the properties required break-up of the continuous :
grain boundary alpha. A range of microstructures were produced in Hydride-
Dehydride and Rotating Electrode Powder compacts using a combination of hot 5
isostatic pressing, extrusion and isothermal forging in combination with two
heat treatments. Within the range of microstructures produced, it is difficult
to identify one type of microstructure which has the best overall mechanical fﬂ
behavior. However, two types of microstructures were identified as having :
adequate combinations of tensile strength, elongation and fracture toughness.

(a) The first type of microstructure has a high volume fraction of fine -
equiaxed primary alpha in a matrix of finely transformed beta, the result of G
extrusion and heat treatment (HT1) Loth in the alpha + beta phase field. This VL
microstructure is known also to have good fatigue crack initiation resistance.
In general, HT1 provided a large increase in tensile strength, over 20 ksi, with o
some loss in ductility and minor changes in toughness. o

(b} The second type of microstructure has a combination of relatively
coarse secondary alpha plates and a small volume fraction of large, low aspect
ratio primary alpha. This microstructure can be obtained by heat treating
either the hot isostatically pressed (HIP'd) or isothermally forged (IF) powder
compacts in the alpha + beta phase field (HT2). This microstructure is a duplex ;{_
type structure with the good fracture resistance contributed by the lenticular :p
colony regions and good elongation contributed by the low aspect primary alpha ~
regions. The HIP'd compacts have more coarse lenticular alpha and, therefore <o
better fracture toughness while the IF material has more low aspect ratio
primary alpha with higher ductility. There is a small reduction in yield and
ultimate strength, 5 ksi average, with this heat treatment.
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