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This final engineering report covers the work performed on a titanium
alloy developnent program during the period from 1 May 1976 through
31 December 1977 under NASC Contract N00019-76-C-0427. The program was
accomplished undéi the directir i of Ti W. T. Highbèrger , Naval Air Systems
Conmiand technical project monitor.

This program was conducted as a team effort . The team consisted of a
major user of titanium alloy s in the aerospace industry, an aerospace research
and development organization, and a producer of titanium alloy s. The respec-
tive organizations involved in this effort were the Los Angeles Division (LAD)
of Rockwell International (Rockwell), Rockwell Science Center , and Colt
Industries-Crucible Materials Research Center. Overall program responsib ili ty
was with LAD.

Program effort was completed under direction of Mr.j.~ R. Keller, Program
Manager and LAD Project Engineer , who replaced Mr. R. G. Berryinan iii~That
capacity when the latter accepted a position outside the company. Performance
of the program was under the general direction of Mr. W. D. Padian, Manager ,
Materials and Producibility, and Mr. J. Melill , Supervisor ,, Materials Applic-
ation. Mr. J. C. Chesnutt was the Rockwell Science Center Project Engineer,
and Dr. F. IL 9!s wTc~ tTe Crucible Materials Research Center Project
Engineer.
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I NTRODUCTI ON

Over the past decade, a concentrated effort has been made by both
producers and aerospace users of titanium alloys to develop alloys for
future aircraft applications . This effort has been motivated to a large
extent by the advent of new design criteria and concepts such as fracture
mechanics and design-to-cost. Ti-6A1-4V , the workhorse of titanium alloys
in aircraft structures, is being pushed to its technological limits to
satisfy these criteria and, in some instances, is falling short of meeting
imposed requirements. A new titanium alloy , CORONA-5,~, has been developed
specificall y to meet the needs of aircraft applications designed to fracture
mechanics criteria.

- - - - - _

/~~ I)eveloped over the past 3 years under sponsorship of the Naval Air Systems
Coninand, CORONA-5, having a nominal composition of Ti-4.5A1-5Mo-l.5Cr, has
been advanced to a state wherein it is ready for aircraft implementation .
The salient feature of this new alloy is its very high fracture toughness at
moderately high strength levels. Fracture toughness as high as 140 ksi
v’TIT (155 MPa~ i) has been developed in this alloy at ultimate tensile strength
levels of 140 ksi (965 MPa). These properties represent a two-fold increase
in toughness over typical values of RA Ti -ÔA 1-4V at equivalent strength levels .

Interest in CORONA-5 throughou~ the aerospace industry has resulted in
distribution of samples of the alloy to interested parties for independent
evaluations . In addition , so that the full potential of CORONA-S might be
realized , efforts are being conducted to establish the optimum strain/time!
temperature envelope for alpha-beta processing and annealing, and also to
produce the alloy at greater ultimate tensile strength levels on the order
of 170 to 180 ksi (1 , 175 to 1, 240 MPa) .

This report presents results of a program aimed at demonstrating the
feasibility of producing COI~DNA- 5 on a production scale, evaluating itsstrength versus toughness characteri stics over a wide range of producible
strength levels, and making it available to investigators other than the
developing agencies for their independent evaluation of its properties. In

F addition , results are present& herein of detailed material characterizations
of selected forgings produced under a previous development contract
(Reference 3).

~
W
~~

NA- 5 from Industries , c~~el1 Inte rnational , ~~va1 Air Systems
Comand , and original alloy designation nun~er S.

I

~ I 
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Section II

StJIv1vti~RY

All basic objectives of the program were met. A 4,800-pound (2 ,180 kg) J
production size ingot was melted, conditioned , and forged to slab in pre-
paration for production rolling to plate. A study was conducted at this time
to establish the requi red parameters for final plate rolling to achieve the
desired microstructures recognizing the transition from laboratory to
production rolling facilities. In addition, a separa te effor t was conducted
to establish strength versus toughness trends associated with COI~DNA -5 . A
study was also conducted to establish the anz unt of strain/annealing -.
temperature/annealing-time relationship associated with the alloy, which ,
together with strength versus toughness trends , defined the . inal heat
treatments for be used for the plate produced. On completion of these tasks,
approximately 3,500 pounds ( 1,590 kg) of bloom was rolled to 3-inch (76.2 nin)
thick plate using th ree di fferent thermoncchanical processing sequences
representing high- and low-temperature beta processing and alpha-beta
processing . Samples of each of these plates were identi fied and transmitted
to various agencies requesting material for independent evaluation. In
addi tion , samples of two plates for each of the three processing sequences
were heat treated to target strength levels of 130 ksi (900 Wa) and 145 ksi
(1000 MPa), respectively. These samples were evaluated to dete rmine the
tensile properties , notched and unnotched fatigue behavior , fra cture toughness ,
fatigue crack propagation resistance , and stress corrosion cracking resistance Iof the material.

In addi tion, six forg ings , produced under the previous contract effort I(Reference 3) were evalua ted to determ ine mechanical properties similar to
those determ ined for the production plate described.

From the results of these efforts the following general conclusions
were drawn : -

1. cO1~3MA-5 is producible as a plate product from a mechanical
properties standpoint using production melting and roll ing
equipment and facilities . J

2. A strong relationship exists between ailount of alpha-beta reduction
and annealing temperature and time , which pe rmits establishment of
final thermal treatments for the alloy .

3. Through adj ustment of microstructure and strength leve l , CO1~)NA- 5
exhibits an attractive co1thination of strength and toughness ove r F

a tics rang~: of 130 (900 Wa) to 170 ksi (117SMPa) .

2 1 ,
I -U - -
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4. Through adjustment of micros tructure during thermomechanical pro-

cessing and heat treatment, CORONA-S plate develops very high
fracture toughness, excellent stress corrosion cracking resistance,
and high unnotched fatigue strength. Notched fatigue strength is 

*

equivalent to Ti-bA1-4V at the same static strength level.

5. CORONA-S forgings develop mechanical properties and stress
corrosion cracking resistance equivalent to or exceeding plate
when processed to optimize microstructure. -

ô. Throughout the alloy development effort, CORONA-S has displayed

I excellent response to predicted behavior ; good uniformity of
mechanical properties; freedom from anomalous behavior during
melting, forging , rolling , and evaluation; and relative ease of

I 
primary mill fabrication.

7. Based on the data hank of processing and microstructural history estab-
l i shed for the alloy in thick sections , CORONA-S is considered ready - F

I for application to selected fracture-controlled aircraft components.

The high fracture toughness of CORONA-S in combination with other mechanical
properties makes it an attractive candidate in fracture critical components for
both airframe and eng ine applications . Plate and forgings look equally attrac-

I tive . In addition , the alloy has the potential to find applications in the
form of bar and rod for fastener stock. The processability of the alloy
should also allow fabrication to sheet and coil . In the latter product form ,

I prel iminary indications are that judicious manipulation of the microstructure
should promote superpiastic forming of the material( 1~

) . The high strength
condition (up to 200 ksi [1,380 MPa] IJTS) also looks attractive , although
further data are needed to fully evaluate potential in this area.

I
I
I
I
I
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Section I I I

BACKGROUND

Results of the previous contractural efforts are presented in References
1 through 3. The following presents a stmlnary of those efforts :

.1-
NAVA IR CONTRACT N00019-73-C-0335

In April 1973, the Los Angeles Aircraft Division of Rockwell Inte rnational
was awarded a contract by the Naval Air Systen~ Conmand to conduct basic
titanium alloy research and development in an attempt to develop alloys
offering greater combinations of strength and fracture toughness than those
attainable in alloys commercially available at that time . The primary goal
of this effort was to develop an alloy with plane strain fracture toughness ,
K Ic, in excess of 100 Ksi uin. (110 Wav’iii) at a minimum ultimate tensile — I
strength (In’S) of 135 ksi (930 Wa) . A secondary goal of this program was
to develop an alloy with moderate K Ic values , on the order of 80 ksi/rn .
(88 MPai~i) at high UTS levels , e .g. ,  170 ksi (1175 Wa) minimum. This effor t
was conducted in two consecutive phases . During the fi rst phase , 20-pound
(9 kg) heats of 22 different alloy compositions were melted, fabricated to
plate , and evaluated using tensile tests , Charpy slow-bend toughness
determinations , detailed light micros tructural analyses , scanning electron
fractography , and transmission electron microscopy . From the results of these
evaluations, two alloy compositions were selected for ~cale-up to 500 pound -~

(230 kg) heats , and for detailed study in the second phase. Tests conducted -

during the second phase were similar to those in the fi rst phase, but also
included cor~.pact tension fracture toughness and salt-water stress corrosion.
The compositions evaluated in this second phase were Ti-4.SA1-51k-l.5Cr,
(CORONA-5) , aimed at achieving the high-toughness/moderate-strength goal ,
and Ti-8?vb-4.Scr-2.SA1, aimed at achieving the high-strength/moderate-
toughness goal.

NAVAIR CONTRACT N000l9-74 -C-0273

The second contractual effort was aimed at refining the alloy chemistries 1
and processing histories of the two alloys selected for detailed evaluation
in the second ph se of the prior program. This second program was also
conducted in two consecutive phases , and included an additional scale-up in
ingot size to 800 pounds (365 kg) of each alloy . At the conclusion of the
fi rst phase of this program , the high-toughness/moderate-strength goal
properties had been met by WRONA- 5, while the properties of Ti8t~b-4.5cr-2.5Al
fell short of meeting the high-strength/noderate- toughness goal . For this

I
L ~~~~~ • -•
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reason, further developmental e f fo rts on W!~)NA-5 were postponed to a sub-
sequent contract, and work dur ing the second phase of the second contractural
effort was directed toward improving the properties of II-8~b-4.5Cr-2.SAl.

~~chanical properties improvements achieved for this alloy during the second
phase, however, were limi ted, and a decision was made to discontinue efforts
at this time toward the moderate-toughness/high-strength goal alloy .

I 
NAVAI R CONTRACT N000l9- 7S-C-0208

The third contractual effo rt was aimed at evaluat ing the properties and

I 
microstructures of COJ~)NA- S using a relatively wide variety of processing
parameters to produce the end conf iguration : a Pra tt Whi tney aircra ft .JT9D
jet engine strut forging. This program included an additional scale-up in

I 
ingot size to 3,000 pounds (1,360 kg). A total of six different sets of
forging parameters and two diffe rent final heat treatments were evaluated
to identify effects of varying degrees of alpha-beta working on resultant

I 
microstructures and attendant mechanical properties. Preliminary evaluations
of mechanical properties were made on each of the 12 different forgings to
rank each in terms of combined strength and toughness. These evaluations

I 
included tensile tests, instrumented slow-bend Charpy toughness tests,
metallography , and fractography . Detailed evaluation of forgings selected
from the 12 conditions were performed during the current contract (NA 0019-
76-C-0427) and are reported herein.

I
I
I -

I
J I
;~ 

I

I I
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Section IV

TECHN ICAL APPROACH

This section describes the production tasks associated with melting and
roll ing of the program plate, engineering tasks associated with the develop-
ment of production processing schedules, and final evaluation of the product.
The engineering evaluation of previously produced forgings (Reference 3) is
also described . A schematic of these tasks presented in order of discussion
is as follows :

[MELTING AND PRIMARY PROCESSING
- I - 

-

[ EVALUATION OF PARAMETERS FOR SECONDARY PROCESSING 1
[ STRENGTH VERSUS TOUGHNESS EVALUATIONS 1 -

I STRAIN/ANNEAL ING TEMPERATURE/ANNEALING TIME j
L SECONDARY PROCESSING TO PLATE 

.

EVALUAT ION OF PRODUCTION PLATE]

- 

TEVALUATION OF FORGINGS PRODUC~i51
[~~DER CONTRACT N000l9-75-C-0208 J

Work performed during this contract consisted of preparing and melting
the first production-sized ingot of CORONA-5, weighing approximately 5,000
pounds (2 ,270 kilograms, followed by ingot reduction to round-corner, square
(RCS) bloom. Pri or to final processing of the bloom to plate, a detailed
production simulating parametric study was conducted to identify any potential
prob lems which , might be encountered during actual processing of the full bloom 1and to understand the effect of production processing and heat treatment on
microstructure of the material. Using sample material from the production- -

~ Fsized ingot, a study also was conducted to characterize the strength potential
and attendant trends in toughness of CORONA-S. A separate effort was conduct-
ed to determine the alpha-beta processing reduction/annealing temperature/
annealing time envelope for CORONA-S and similar compositions based on
strength and toughness properties . Following the parametric study , the full
bloom was sectioned into three segments and each was final processed through
a different thermomechanical processing (NP) sequence to plate . Plate stock
representing these 1’MP sequences were evaluated to establish the effect of
processing schedule on microstructure , mechanical properties, and stress
corrosion cracking resistance.

6 
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I
I Finally, detailed mechanical property characterizations were made on

selected forgirigs produced under a previous contract (Reference 3).

I Specific details of the approach and work conducted wi th in  each task 3
are presented in this section. Results of test and evaluations are presented
in the following section .

MELTING AND PRIMARY PROCESSING

Using the raw materials shown in Table 1, briquettes were blended ,

I compacted, and welded into an electrode which was then double consumable
melted into a 29-inch (0.78 meter) diameter ingot weighing 4 ,800 pounds
(2,180 kilograms), designated , Crucible Heat R52071. The beta transus of

I this ingot was determined to be 1,720° F(940° C). Chemical analyses of
this heat resul ted in the following nominal composi tion:

I Aluminum 4.4 w/o Hydrogen 0.0018 w/o

?~blybdenum 5.1 w/o Iron 0.20 w/o

I Chromium 1.46 w/o Carbon 0.065 w/o

I 
Oxygen 0.183 w.o Titanium balance

Nitrogen 0.011 w/o

I Primary processing of this ingot consisted of soaking in a 1 , 9500 F
(1,0650 C)’, TB + 230 0 F (130 0 C) ,  furnace for 6 hours, followed by a

I 
30 percent upset and square-up operation to a 29. 5-inch (0.75 m), (RCS)
bloom . After minimum reheat at 1,9500 F (1,065° C), the bloom was then
forged to 22 by 32-inches by length (0.56 by 0.81 m by length) ,  followed
by reheat to 1,950° F (1,065° C), and fina l square-up and drawout operations
to 13- 3/4 by 23- 3/4-inch by length (0.35 by 0.60 m by length) slab . The

L finishing temperature after this conversion was 1,500° F (815° C), TB-220° Fr I 
(120° C). The slab was then flattened on a plate placed on the bottom die of r
the- forge press . Dimensions of the slab after cooling were 13- by 23- by
93-inches (0.33 by 0.58 by 2.36 m).  The slab was then conditioned all over .

I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
EVALUATION OF PARAI4~TERS R.)R SECONDARY PROCESSI NG

Resul ts of previous contractural efforts in the development of (DRINA- 5,
particularly those obtained under contract N000l9-75-C-0208 (Re ference 3)

I have shown that a lenticular primary alpha morphology is necessary in this
- alloy to provide high-fracture toughness . In contrast, a globular primary

I’

~L.
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TABLE 1. RAW MATERIALS FOR CORONA-S INCOT ‘ -

__________ 
Chemistry 

_ _ _ _ _ _ _ _ _ _

Purchasing j
Material Element specification Actual

Ti s~x~inge , Mg reduced 0 0.12 max 0.089
(hardness = 140 BHN/ l ,500 kg, max) C 0.03 max 0.007

Fe 0.20 max 0.15 -~

Mg 0.10 max 0.029
Mn 0.10 max 0.010
Si 0.OS max 0.010 1
N 0.025 max 0.002
H 0.005 max 0.003 

-

ci. 0 . 15 max (LOSS -

Al -MD master alloy Al 42.0 42 .2  -

MD 54.0 53.9 *

- Ti --- 3.69
• 0 0.15 max 0~04

N 0.010 max 0.005
C 0.1S max 0.038 1 - -‘

Fe 0.S0 max 0 .19
Si 0.50 max
Mg 0.20 max

Cr, electrolytic Cr 99.0 mm
N 0 .Ol5 max
O 0.10 max -

‘C 0.10 max
Fe 0.50 max
Si 0.20 max

- Al , shot Al 99.0 mm
Fe 0.40 max
O 0.10 max
S 0.25 max

H _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _I 
• 

-

- 

~~‘ .
_ _

_
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alpha results in low toughness . An interpretation of these results is offered
I by Hirth and Froes (Re ference 4) in a separate publication . The lenticular

prima ry alpha morphology is relatively easy to produce in small billet or

I plate segments under laboratory conditions. When processing large, production
sized billets and plates in production facilities, however, several problems
are introduced. In particular, longer furnace heating times are required to

I insure uniform slab heating - a major factor in avoiding curling during plate
rolling. In addition, the th icker or more massive sections involved will
cool much more slowly than the smaller specimens processed in a laboratory .

I These longer heating times and slower cooling rates promote equi axing or
spheroidization of the primary alpha , and can be detrimental to the properties
of CORONA-S.

I Thus, to achieve the desired microstructure in CORONA- S using production
facilities , a paramet ric study was required prior to final processing of the

I slab segments to plate . This study was carried out by forging 1-inch (25 ma)
cubes of material from the preceding contract effort on a 150-ton (135 Mg)
press using a strain rate of ‘~.l inch/sec (25 niiVsec) . Forging was used

I ra ther than rolling since this defo rmation mode was more efficient both in
material usage and time , while adequately simulating defo rmation by rolling.
Cooling rates were retarded by placing forged cubes in vermicul ite . The

I predominant metallographic criterion for acceptable or unacceptable TW
sequence was the shape of the primary alpha phase : lenticular being acceptable
and globular being unacceptable. A second concern was to avoid formation of

I continueus grain boundary alpha since this could adversely affect stress
corrosion resistance .

I The starting microstructure for this study was equivalent to that of
the slab prior to rolling , i .e. ,  all-beta , which inherently removes from
consideration any microstructural complications which might arise from

I previous processing. Starting wi th this microstructure , the following
sequences were evaluated:

I I. Beta annealed (8A) + prima ry alpha precipitation (P~~)

2. Beta worked (8W) + prima ry alpha precipitation (p )

I 3. Beta worked (8W) + primary alpha precipitation (P~~) + alpha- fr • -

I beta worked (a/ sw) + primary alpha precipitation (P~~)

In addition to these sequences , specimens were evaluated at intermediate

I processing stages so that the development of each microstructural feature could
be identified as a function of processing sequence . Those microstructural
features monitored throughout this study included both intergranular and

I transgranular alpha phase dispersion and shape , and beta grain size and shape .
Primary attention was given to the transgranular alpha phase in that all
previous work had indicated this to be the most influential microstructural
feature on fracture toughness.I 

9
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A schematic showing the processing received by each specimen involved
in this study is shown in Figure 1. The purpose of investigating each set
of speciments is shown in Table 2. The results of this study are presented .,‘

~~

in section V. In that those results significantly influenced the selection
of secondary processing parameters , however , a s~niinary of microstructural
features for each of the three basic conditions is presented.

I .  BA + ~ : Contains very long, needle-like t ransgranular
alpha and continuous grain boundary alpha . - I

2. 8W + P : Also contains lenticular, transgranular primary -
~~

alpha which is discontinuous and shorter in Jlength than that formed in BA + P~~ condition.
- ‘ Grain boundary alpha is also present, but in a

semicontinuous manner . _ I

3. 8W + P + a/~~ + p . Produces range of microstructure from lenticular
to equia.xed alpha; however, short-time, low- —

temperature anneals provide acceptable struc- .•
tures . Longer times and higher temperatures j
tend to reduce aspect ratio of primary alpha .

STRENGFH VERSUS TOUG-INESS EVALUATIONS -

Following the foregoing activity , a study was conducted to establish
the strength versus toughness trends in CORONA-S over a wide range of strength - •

levels . A total of 27 different thermomechanical processing/final heat
treatment routes were employed on small plate segments produced from current I-} I
contract material as shown in Table 3. Standard , round-bar tensile tests -‘

per ASTM E-8 and instrumented Charpy slow-bend toughness tests were used for .

this evaluation.

Ancillary to the - goal of establishing strength versus toughness trends
was the goal of graph icall y demonstrating the role that thermomechanical ]
processing mode plays in a ffecting those trends - a premise used in the
rationale for the initial phases of this alloy development program in 1973,
that is to say , in almost any alloy , by adjusting either chemistry or final A •

heat treatment , increases in toughness can be produced at the expense of
strength or vice versa , strength at the expense of toughness and a trend
line can be established for the material . True improvement in toughness
performance requires an increase in static fracture toughness at equivalent or
higher strength levels to maintain structural efficiency . This effect can
be seen in the expression relating tensile-yield strength and static- fracture
toughness to critical crack size :
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TABLE 2.  SPECIME NS USED IN MICROSI RIJCTURAL SFUDY AFTER VARIOUS -

PROCESSING SEQUENCES

Treatment Acceptable - -

Spec imen Purpose Type (fl microstructure (2
~

NlO • Grain size ~8A • 
-

N9

Nl Intermediate structure Yes 
-

N 1A ~, Effect of al pha-beta anneal on Yes
N1B J beta-~~rked material Yes -“

N2 Structure after second alpha-beta 8W + Ppa - 

1anneal -~~

N3 As for N2 with slow cool Yes -~

N3A ~ Effect of 1650° F (900° C) hold - J
N3B -ç without prior deformation of -

alpha (compare with N4C, N4D)
N4 Structure after second alpha-beta

fo rge -

MA ~ Effect of moderate high alpha- Nb -

MB ~ beta anneal on as-fo rged Nb
structure

MC ~, 
Effect of high alpha -beta anneal 8W + Pp~x + No

N4D on as-forged structure c~/8W + Ppa Nb

ME Effect of moderate or moderate- Yes --

MJ I low alpha-beta anneal on Yes
• as-fo rged structure 

__________ 

} 

-

WTreatment : I
BA - Beta annealed -1 ~

‘- -

8W - Beta worked
- Alpha-beta worked

Ppct - primary alpha precipitation -

on the work on this alloy , lenticular pr imary alpha j~leads to high fracture toughness , while globular primary
alpha does not . Thus , lenticular primary alpha is
classified “acceptable” and globular prima ry alpha is
classified “unacceptable. ”

H
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( TABLE 2. SPECiME NS USED IN MICRDSTPJJC’lTIJRAL STUDY AFFER VAR IOUS
PROCESSING SEQUENCES (CONCL )

I Treatment Acceptable
Specimen Purpose Type ( 1) microstructure~

2
~

I N4K Show grain size MD - 
-

ML Effect of duplex high-moderate Yes
alpha-beta anneals on as-forged $w + ~~~ +

I structure ~/s9W + P a
NS Effect of moderate alpha -beta Yes

I anneal on as-forged structure

NSA Effect of beta anneal + high- YCS c

I 
N5B moderate alpha-beta anneal on BA + Ppa Yes~
NSC ~ structure (compare with N2, N3) Yes~
N6 ~ Effect of moderate—high alpha - 8W + Pjxi + Nb

I N7 ~ beta anneal on as-forged ct/BW + Pp~ No
N8 ~ structure No

I (flTreatment :
B A - - Beta

I 8 W - B e t a
I c~/8W - Alpha-

I 
Ppct - Primary alpha precipitation

on prior work on this alloy , lenticular primary alpha leads
to high fracture toughness , while globular primary alpha does not.
thus , lenticular primary alpha is classified “acceptable” and
globular primary alpha is classified “unacceptable.”

I ~
3
~~eta annealed structure.

I
I

~

I
I
1
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TABLE 3. PF~)CESSING HISTORY OF SF RENGFH/TOUQ-INESS TREND SPECIMENS

Condition Finish rolling Final heat treatment

A Beta rolled from 1,675/1 hr/~~ + 1,350/4 hr/AC
1,8000 F starting 

1,675/1 hr/N~ + 1, 100/8 Hr/ACB at 2 in. and
C reducing to 1/2 1,675/ 1 hr/ ftC + 1,100/8 hr/AC

in.
D 1,675/1 hr/WQ + 1,100/8 hr/AC
E 1,625/2 hr/N~ + 1,350/4 hr/AC IF 1,625/2 hr/~~ + 1,100/8 hr/AC
F* 1,625/2 hr/AC + 1,100/8 hr/AC
G 1,550/4 hr/~~ + 1,350/4 hr/AC 

•

II 1,550/4 hr/~~ + 1,100/8 hr/AC

H* 1,550/4 hr/AC + 1,100/8 hr/AC

I 1, 550/4 hr/~~ + 950/24 hr/AC

J 1,4 75/4 hr/~~ + 1,100/8 hr/AC

K 1,475/ 4 hr/~~ + 9S0/24 hr/AC 
IL Alpha-beta rolled 1, 625/ 1 hr/~~ + 1,250/6 hr/AC

M from 1,600° F 1, 625/ 0 .25 hr/~~ + 1,250/6 hr/ AC Jafter 1/2 hr soak
N starting at 2 in. 1, 550/24 hr/~~ + 1,250/6 hr/ AC
0 and reducing to 1, 550/2 hr/~~ + 1, 250/6 hr/AC I3/4 in.
P 1, 550/0.5 hr/~~ + 1,250/6 hr/AC

Q 1,475/48 hr/ 1~ + 950/24 hr/AC

R 1,4 75/4 hr/WQ + 950/24 hr/ AC
S Direct age at 1,100/8 hr/AC 

] I
T Alpha-beta rolled 1 ,675/1 hr/AC + 1,550/4 hr/~~ + l ,3S0/4 hr/AC

from 1,600° F 1,675/ 1 hr/AC + 1 ,550/4 hr/~~ + 1,100/8 hr/ACafter 1/2 hr soak
V start ing at 2 in. 1,675/ 1 hr/ AC + 1,550/4 hr/~~ + 950/24 hr/AC

and reducing to 1, 675/ 1 hr/AC + 1,475/4 hr/W~ + 950/24 hr/ACW
1/2 in.

X 1, 600/4 hr/AC + 1,475/ 12 hr/M~ + 950/24 hr/AC

Y 1,750/1.5 hr/AC + 1, 550/4 hr/~~ + 1, 100/8 hr/AC

et
1 1
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Hence , the object of a high-toughness alloy development program is to main tain

I 

or improve the critical crack length at equivalen t or greater strength levels
by shifting the strength versus toughness trend curve to higher levels, rather
than moving along a single curve . This is accomplished by controlling the

I interrelationship between chemistry, processing history and final heat
treatment.

I STRA I N/ANNEALING TEMPERATURE/ANNEAL I NG TIME

I These interrelationships were established for a family of Ti-Mo-Cr-A l
alloys including CORONA-S in a companion study conducted during this phase
of the program. Achievement of high-fracture toughness in this alloy system

I is highly dependent on development of an alpha phase morphology consisting of
essentially primary alpha particles having a lenticular shape . If , for a
given amount of deformation , the annealing time at temperature is excessive,

I the alpha particle phase will be globular and will tend to form a continuous
grain boundary network . As has been shown for (DRONA- 5 (References 1 and 3) ,
both these conditions will have an adverse effect on the toughness ol the
alloy. Annealing temperatures and times insufficient to cause recrystalliza-
tion and produce the lenticular alpha morphology also resul t in low toughness.

The proper annealing temperature for CORONA-S is within the range of
approximately 1,400 to 1, 600° F (760 to 870° C). For temperatures below
approximately 1,400° F (760° C), times required to effect the required struc-
tural change are too long and, hence, impractical. For temperatures above
approximately 1,600° F (870° C), globular alpha is produced almost immediately
with any substantial amount of prior alpha-be ta work.

I A number of investigations and publica tions have shown that di ffusion ,
tempering, creep and rupture , recrystallization , and grain growth (Refer- I I

I ences 5- 10) phenomena follow the rate process equation :

Rate = Ae~~~
RT

I where A = constant

I R = gas constant

Q = activation energy for the process

I T = absolute temperature

I
- J 

- 
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For a fixed property value , such as strength , hardness , gra in size , etc, the
ratc process equation can be reduced to the form:

C = Q / 2 . 3 R T - l o g t

Therefore, a plot of lot t (time) versus 1/T (° Rankine) for a given property
value should be a straight line. Applying this equation to mechanical proper-
ties obtained on a family of Ti-Mo-Cr-Al alloys, a series of curves def ining
the annealing temperature-time relationship for deformations in the range of
10 to approximately 70 percent have been developed. These curves enable --

determination of the proper -time required for annealing within the temperature J
range of 1,400 to 1,600° F (760 to 870° C) to achieve optimum strength arid
toughness for a given hot-working history .

SECONDARY PROCESSING TO PLATE

Fiom the results obtained in the aforementioned studies, secondary proces-
sing schedules were selected and a total of approximately 3,500 pounds (1 ,590 kg) :
of bloom was converted to 3-inch (0.076 m) thick plates, through three differ- J
ent sequences. The sequences are identified as (1) alpha-beta processed , (2)
high beta processed, and (3) low beta processed and are described as follows. -

ALPHA BETA PROCESSED (a/~9)

A 40-inch (1 m) length of billet weighing approximately 1,950 pounds
(885 kg) was soaked for 5 hours at 1,800° F (9800 C), TB + 80° F (450 C) then
rolled through an eight pass schedule fran 14- (0.36 m) to 6-inch (0.15 m)
th ickness in 2 minutes, finishing at 1,600° F (880° C), TB - 120° F (65° C).
This plate was then cut in half and plate ends were used for trend line studies.
One plate half, approximately 870 pounds (396 kg) was then soaked for 2 hours
at 1,625° F (885° C), TB - 95° F (55° C), and rolled through a nine-pass
schedule from 6- (0.15 m) to 3-inch (0.076 m) thickness, finishing at a tempe-
rature of approximately 1,400° F (760° C), TB - 320° F (175° C).

HI GH BETA PROCESSED (HIGH P) 1
The remaining half of the plate, also approximately 870 pounds (395 kg) ,  

~~~ J ~

‘

was soaked for 2 hours at 1,800° F, TB + 80° F (45° C) ,  and rolled through a j J
four-pass schedule fran 6- (0.15 m) to 3-inch (0.076 m) thickness, finishing
at a temperature of approxima tely 1,580° F (860° C), TB - 140° F (75° C).

B
16
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LOW BETA PROCESSED (LOW 8)

A 15-inch (0.38 m) length of billet weighing approximately 825 pounds
(375 kg) was soaked for 4 hours at 1,800° F (980° C) TB + 80° F (450 C), thcn
forged to 6- by 23- by 40-inch (0.15 by 0.58 by 1 m) slab suitable for rolling .
This slab was then soaked at 1, 750° F (955° C), TB + 300 F (15°, C) and rolled
through a six-pass schedule to 3-inch (0.076 m) thickness, finishing at
approximately 1,500° F (815° C), TB - 220° F (120° C).

I Subsequent to final processing , each plate segment was sectioned in sizes
appropriate to meet the requirements of various agencies requesting material

I for independent evaluations. Recamnendations were made , however, for specific
thermal cycles to be used in obtaining the desired conditions. Table 4 pre-
sents a list of the canpanies involved in the independent evaluation, the
quantity and condition of material shipped, and the tests to be performed .

I EVALUAT ION OF PRODUCTION PLATES

To provide baseline information for comparison with data generated during

I independent evaluations, one plate segment fran each of the three basic proc-
ess conditions , described in the paragraph “Secondary Processing to Plate ,”
was held for in-house evaluation . These plate segments were cut in half , and

I each half was given a different final heat treatment to produce two different
strength levels. The actual heat treatments given these plate sections are
shown in Table 5. -

I The material property characterizations performed on these plates 
- 

-

included :

1 • 

1. IXiplicate tensile tests in the longitudinal and transverse directions
of each plate.

1 2. Smooth (Kt = 1.0) and notched (Kt = 3.0) fatigue in the longitudinal
and transverse directions of plates D and F.

1 3. Caub ined FCP/Ki~ (fatigue-crack-propagat ion/ fracture toughness) tests
fran each plate.

1 4. K1 tests in 3.5-percent NaCl in the RW direction of plates B and E.

I
I
I
1 
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TABLE 4. SUt+IARY OF INDEP ENDENT EVALUATIONS TO BE MADE ON CORONA-S 
-

Agency or ccinpany Properties to be - -
~

and location Quantity and form determined 
-

AFML 340 lb - 6-in, slab Tensile.
(Dayton) 100 lb - 3-in , plate, da/dn~

2
~and . -

high B formability
100 lb - 3-in, plate,

cz/ 8
20 lb - 0.063-in.

sheet -

Alcoa 200 lb - Bloom Tensile, KIc,
(Cleveland) (F-is VFS) and S/N fatigue -

Boeing low 8
(Seattle) -~

GD 200 lb - 3-in, plate , Air and NaCl
(Fort Worth) low 8 da/dn , S/N

fatigue, and 
-

— weldability

GE 60 lb - 3- in, plate , Tensile , K Ic, -

(Evendale) ct/$ and low-cycle
fatigue - -

LLL 40 lb - 3-in. plate Tensile~ KIc,
(Livermore) KIsccJ3)erosion , -

and S/N fatigue

MACAIR 100 lb - 3- in, plate , Tensile , Kic,
(St . Louis) ct /B S/N fatigue, and 

-
- air and NaCl

da/dn

Northrop 120 lb - 3- in , plate , Ki~ , da/dn , and 
3 

1

(Hawthorne) high B formability -

120 lb - 3-in. plate , -. -
ct/B I-;’

NRL 100 lb - 3- in , plate, Ki~ and da/dn
(Washington D.C.)  high B 

B100 lb - 3-in. plate ,
ct / B

18
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TABLE 4. SUtVt4ARY OF INDEPENDENT EVALUATIONS TO BE MADE ON CORONA- S (CONCL)

Agency or company Properties to be
and location Quantity and form determ ined

I NSRDC 50 lb - 1/2-in, plate, Air and NaCl
(Annapolis) low B da/dn and

I 
weldability

PWA 100 lb - 3- in , plate , Tensile , KIc,
(West Palm Beach) low B da/dn , and S/NI fatigue

Rockwell/LAD 100 lb - 3-in. plate , Tensile , Kic,
(El Segundo) high B da/dn , and S/N

100 lb - 3-in. plate , fatigue
low BI 100 lb - 3-in, plate,
ct/B

I Grunmian low B
(Bethpage)

I G.W. University 50 lb - 3-in, plate Corrosion
(Washington, D.C.)  fatigue

WYMAN-GORDON Billet Tensile and KIc(Worcester)

1 K~c = fracture toughness
12

~da/dn = fatigue crack propagation rate

I ~
3
~~Iscc = stress corrosion cracking resistance

I
I

I 
-

4 

1
I

- ‘ 1
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EVALUATION OF }ORGIN(~ P1~)IJJCED UNDER (DWFRACT N000l9 -75-C-0208

Six of 12 forg ings produced under contract N000 19-75-C-0208 were selected
for detailed evaluation during the current program. The following presents
the rationale used in the selection of these forgings, together with the type
of testing perfon~~d on each :

Forgings 5-2 and 5-11 - These forgings were selected to evaluate the
fatigi.~ properties (S-N) of an all-beta processed forging (5-2) final
heat treated to a relatively high-strength condition of 145 ksi (1,000
MPa), 111’S, and an alpha-beta processed forging (5-11) final heat treated
to a strength level equivalent to typical strength levels of recrystall-
ization annealed (RA) Ti 6A1-4V alloy , i.e., 135 ksi (930 ~Va) . Two
di fferen t stress ratj os , (R factor - 0.1 and 0.5) were evaluated in the
latter forging to ascertain the- magnitude of R factor shift in the
S-N curve.

Forgings 5-1, 5-3, 5-5 , and 5-12 - These forg ings were selected to
evaluate the effect of varying pr imary alpha aspect ratios on the fat igue
crack propagation (FCP) and toughness (Kr~ ) characteristics of CORONA-S.
As shown in Table 3 of Reference 3, by comparing values in the platform
portions of each forging , forg ings 5-1, 5-3, and 5-5 were processed to
an equivalent strength level of approximately 140 ksi (965 MPa) , and
exhibited slow-bend charpy toughness values ranging from 142 to 162 ksi
u n .  (JSS to 180 MPaJm) . The variat ions in primary alpha aspect ratio
(see Figures 7, 9, and 11 of Reference 3) were produced by variations in
the final forging temperature. Forging 5-1 was finished above the beta
transus; 5-3 high in the alpha-beta field; and , 5-5 lower in the alpha-
beta field. All three forgings had been blocked above the beta transus .
Finally, forging 5-12, which had been alpha -beta blocked and finished low
in the alpha-beta field , was characterized by uniform, equiaxed pr imary
alpha , as seen in Figure 18 of Reference 3, and exhibited the least
desirable combination of strength. and toughness.

Three and one-half percent NaC1 solution KI5cc tests were performed on
two of the previously described forgings, 5-1 and 5-3, to characterize the
stress corrosion resistance of this alloy in the conditions representing the
best combinations of -strength and toughness. It should be noted that , due
to the -limited amount of material available in the platform sections of each I 

-

forging , a special compact tension specimen was designed to allow generation
of fatigue crack propagation data during normal precracking operations per -
formed in -the preparation of a fracture-toughness specimen. This specimen,
shown in Figure 2 , uses a modified (shortened) starter notch to provide more
material for precracking. In addition, it extends the specimen width to an
height/width (H/W) ratio of 0.486 , as compared to the ratio of 0.6 specified
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per ASThI E399-72. IXie to the change in H/W ratio, the formula for determining
stress intensity per AS1’M E399-72 has been modified (Reference 5) to be as( follows:

- 
Pf(a/w) 

II K - 

BW~
’2

I where

P = max imum load (pounds)

I B = specimen thickness (inch)

I W = effective specimen length (inch)

K = max imum stress intensity (pounds inch -3/2 )

I f(a/w) = geometry factor (dimensionless),

I given by

f(a/w) = 30.96 (a/w)1”2 - 195.8 (a/w) 3”2 + 730,6 (a/w)
S
~
’2

I - 1186.5 (a/w) 7”2 + 754.6 (a/w) 9”2

I a = total crack length (inch)

A schematic representation of FCP/Xiç specimen locations within the

I forging platform is shown in Figure 3, while KTscc specimen location within
the as-tested FCP/ KIc specimen half is shown in Figure 4.

I -

I -

~
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Section V

RESULTS AND DISCUSSION L

The results recorded dur ing this program were generated from five areas
of engineering investigation shown schematically as follows:

EVALUATION OF PARAMEfERS FOR SECONDARY PROCESSING 1
- 

I
[ STRENGI1-I VERSUS TOUGHNESS EVALUATIONS I -

- I —

L STRAIN/ANNEAL ING TFI4PERA11JRE/ANNEALING T IME -

EVAlu ATION OF PRODUCTION PLATE f -

EVALUATION OF FORGINGS PRODUCED
UNDER CONTRACT N000 l9-75-C-0208

Rationale for each of these investigations was presented in Section IV. Test j
results in each area will be presented and discussed in this section in the
preceding order . T)

EVAlu ATION OF PARAMEI’ERS FOR SECONDARY PROCESSING -

Referring to Section IV, paragraph entitled “Eva luat ion of Parameters for -

Secondary Processing ,” and to Figure 1, the parametric studies required for
secondary processing of production plates included the investigation of three ‘

thermomechanical treatments: (1) beta annealing followed by primary alpha
precipitation (M + Ppa)~ (2) beta working followed by prima ry alpha prec ipita- -

tion (~W + P~~) ,  and (3) beta working followed by primary alpha precipitation
plus alpha-beta working followed by primary alpha precipitation (~W + P~~ + ct/BW
+ P~~) .  Results of these studies are presented as follows: ~

1. ~A + Ppr:~~ Five samples (N9 , N 1O , NSA , N5B 1 and NSC) were studied in
this category . N9 and NlO were merel y samples of the bloom following
primary breakdown and beta annealing for 6 and 3 hours , respect ively,
at 1,775° F (970° C), TB + 550 F (300 C), followed by a water quench.
In that grain growth differences between the 3- and 6-hour hold t imes

- 
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were not significant, the 6-hour cycle was chosen to insure
homogenization. Samples NSA , B, and C were evaluated to determ ine the
effects of beta annealing followed by duplex and tri plex anneal ing

I treatments on primary alpha morphology after a two-step convent ional
forging process , the first above and the second below the beta transus .

I These three samples demonstrated typical M + P~~ structures with  very
long , needle-like transgranular alpha and a continuous alpha structure
present at the grain boundaries (Figures 5, 6 , and 7). Both the trans-

I granular and grain boundary alpha particles tend to thicken with
increasing time at subtransus annealing temperatures.

I
I
I
I -

I
I - 

- F
5O~m ,

1 1- --
I -

Figure 5. Specimen NSA (Figure 1) beta anneal plus high alpha - j -

beta hold. Note extremely high aspect ratio ofI transgranular alpha and continuous grain boundary alpha .

I -

I
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Fi gure 6. Specimen N5B (Fi gure 1). Note coarsening of both transgranular
and intergranular alpha compared to Figure 5.
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Fi gure 7. Spec imen NSC (Figure 1). Note coarsening of grain boundary alpha .
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2. BW + PpuJ: Seven specimens (Ni, N1A , N1B, N2, N3, N3A, and N3B) were
evaluated in this category . All specimens exhib ited a lenticular ,

I transgranular pr imary alpha with sem icontinuous primary alpha at the
gra in boundaries, The lent icular primary alpha formed during this
processing mode is substantially different from that formed during

— BA + P~~ treatments, where long needles form. In the present case,
discontinuous needles form which are much shorter in length. (Compare
Figures 8 through 11 with Figures S through 7 .) Aging for 8 hours at
1,650° F (900° C) does little to change either the lenticular nature
of the transgranular primary alpha or the semicontinuous morphology of
the grain boundary alpha (Figure 8). This observation is in direct

I contrast with the observations made in material after the alpha-beta
working plus alpha-beta anneal ing discussed as follows .

I 3 I + PP~ + cz/BW + Pi~ 1: Thirteen different samples (N4 , N4A , N4B , N4C ,
N4D , ME , N4J , N4K , N4L , N5, N6 , N7 , and N8) were evaluated in this
category . Sample N4 shows that the effect of the alpha -beta working

I on the primary alpha is that of distorting or deforming the primary
alpha (compare Figure 12 , specimen N4 , with Figures 9 and 10, specimens
N2 and N3). Specimen N4A through N4J anC N5 , N6 , N7 , and N8 illustrate

I that increasing time and temperature during alpha-beta annealing tends
to drive the deformed, lenticular, transgranular alpha toward an undesir-
able , globular morphology . Only the short-time, low-temperature anneals

I yield acceptable primary alpha morphol ogies (e.g. ,  Figures 13 and 14 ,
specimens N4E and N4J) . Longer time , high - temperature treatments tend
to promote reduction of primary alpha aspect ratios to approxima tely

I 1:1 (Figures 15 and 16, specimens (N4C and N4D). The 1,650° F
(900° C) 2-hour treatment (Figure 16 , specimen N4D) produces an almost
spherical primary alpha , in marked contrast to the shape observed without

I alpha-beta deformation (Figures 8 and 11, specimens N3A and N3B) . A
simi lar effect is noted with the grain-boundary alpha , wherein this

I 
phase is discontinuous along the grain boundaries.

As shown in Figure 16 (specimen MD), alpha-beta working plus annealing
high in the alpha-beta field results in “cell” formation between the

I globular primary alpha particles . Flash anneal ing above the beta
transus (specimen N4K) revealed these “cells” to be subgrains rather
than small , recrystallized grains . The structure exhibited by specimen

I MD, suggested an alternate heat treatment to produce an acceptable
microstructure after 8W + Ppa + u/BW + P~~, wherein an additional , lower
temperature anneal has been added to the treatment (Figure 17 , specimen

I ML) to produce lenticular primary alpha within the subgrain structure.

- F
I 
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11
Fi gure 8. Specime n N313 (F i gure 1) . Beta forge plus hi gh alpha- -

beta hold with additiona l 1650°F (900°C) 2-hour
t rcatmcnt . Note lenticular  morphology of prima ry alpha .
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Fi gure 9. Specimen N2 (F igure 1) ,  lenticular primary alpha ,
semicontinuous grain boundary alpha.

I
I

I
I

1-i. 
_ _ _ _ _

I - &

Figure 10. Specimen N3 (Figure 1) as for Figure 9 with
I addition of fine alpha background from slow cool .
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Fi gure 11. Spec imen N3A (Fi gure 1), as for Fi gure 10 with
add i t iona l 1650° F (900° C) - 1/2-hour treatment .
Note lenticular morphology of primary alpha .
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F i gure 13. Specimen N4E (Fi gure 1). Note distorted primary alpha . -
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Fi gure 14. Specimen N4.J (Fi gure 1). Note distorted primary
alph a of rela ti vely hi gh aspect ratio. -
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I Fi gure iS. Specimen N4C (Fi gure 1). Note globular primary
alpha compared to preceding fi gures .
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Figure 16. Specimen N4D (Figure 1). Note almost spherica l primary
alpha and sub grain structure between these particles .
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STRENGtH VERSUS TOUG-INESS EVALUATIONS

Results of diqñicate instrumented Charpy-type , slow-bend toughness
specimens and single standard tensile specimens in -longitudinal and t ransverse
testing directions are presented for 27 plate se~~~nts in Table 6. Each
plate seg~~nt was subjected to a different thernomechanical processing/ final
heat-treatment sequence, as described in Table 3, in order to establish.
strength versus toughness trends of (D1~)NA-5 over a wide range of strength
levels . Data are presented over the IJTS range of 140 to 210 ksi (965 to
1,450 tfa) and are also plotted in Figures 18, 19 , and 20 which distinguish
the three primary processing nodes : beta finished and alpha-beta annealed ,
alpha-beta finished and alpha-beta annealed , and alpha-beta finished and
duplex annealed.

In that the toughness results shown in the aforementioned tables and
fi gures were obtained from instrumented Charpy- type, slow-bend tests, caution S
must be exercised in drawing conclusions based on absolute magnitudes of
these toughness values . These results do , however, provide guidelines wherein
qualitative comparisons can be made . For example , a comparison of Figures 18 ,
19, and 20 indicate a higher level of toughness obtained from beta processed
and alpha-beta annealed mater ial than from either of the two processing
modes over the ent ire strength range. These results are summarized in
Figures 21 and 22 , coithining plots of the three processing modes using trans-
verse strength and toughness data only . The higher toughness is associated
with processing sequences which, as determined in the earlier work, result
in a lenticular alpha-phase morphology and greater resistance to crack propa-
gatioñ in the microstructure. A discontinuous alpha grain-boundary network

- is also produced which is desirable from the K lscc standpoint. The uniformity
of data evident in the plots suggest good reproducibility of strength/toughness
coithinations for given microstructural conditions . It is also clear that by
adjustment of thernomechanical processing sequences and heat treatment , shifts
in the trend lines can be produced as desired. As discussed earlier , to fully
exploit higher toughness characteristics of a material a corresponding increase
in strength is desirable. As noted in Figures 21 and 22, a baseline is
constructed for an al loy exhibiting a K Ic of 70 ksi 6n (77 MPa ,‘iii) at a TYS
of 120 ksi (828 *a) shown as a reference , K J~ = 0.583 TYS , which describes
the increase in TYS (and corresponding IJTS) required to maintain a constant $ -

strength/ toughness relationship and, hence , a constant critical flaw size .
As seen in these figures , the trend line shift necessary to accomplish this
is achievable in (DRONA- 5 by altering processing node together with subsequent
heat treatment.

STRAIN/ANNEALING TFI4PERATURE/ANNEALING TIME

As discussed previously, a separate study was conducted to establish the
strain/temperature/time relat ionship for CORONA- S employing the rate process
equation:

C Q/ 23RT -log t
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Tabl e 7 suiinnarizes the properties obtained on all oys of the listed
compositions using a variety of annealing temperatures and times . For purposes
of defining a time-at-temperature and temperature range for annealing, the
da t a establishes a band, as presented in Figure 23. Annealing parameters for
each alloy have been plotted as log of time versus the reciprocal of absolute
temperature . lin e AA of Figure 23 fixed by samples A and C of Table 7
defines the region of low toughness due to insufficient thermal exposure to
produCe the desi red lenticular shape and, furthernore , a nonuniformity of
p roperties . 1.ine CC f ixed by sampl es L , F, 1 , and .J defines the region of
low toughness due to fo rmation of globular alpha. Line CC is t runcated at
80 hours and above 1 ,400° F (1,760° C) since times in excess of about 80 hours
would he impractical in conmercial practice . Line BB of Figure 23 fixed by
samples B, I), and 11 defines the lower limit for a unifo rm acceptable strength
and toughness . Any combination of annea l ing t emperature within the range of
1 ,400 to 1,600° F (1,760 to 870° C) and time falling in the region above the
line BB and below l ine CC will result in the desired lenticular structure and
unif orm properties with these alloys .

The upper and lower limits for time at temperature defined by Figure 23
are for material having about 10 percent deformation in the alpha-beta field.
Deformation greater than 10 percent will accelerate the development of the
lent icular alpha in the initial stages, but, more importantly, the development
of globular alpha in the secondary stage . Samples of CORONA-S with a nominal
oxygen content of 0.18 percent produced under the current contract were --
deformed in the alpha-beta region 30 and 70 percent respectively . Samples of
the deformed material were then annealed at various times ranging from 0.08 to
24 hours, and at temperatures ranging from 1,47 5° to 1,625° F (800° to 885° C).
Microstructural examination of the annealed samples was made to establish the
presence of the desired lent icular alpha structure and the undesired globular
alpha structure. The results are tabulated in Tables 8 and 9 for 30- and
70-percent deformation, respectively. The data for 30 and 70 percent (Tables 8
and 9), and for the 10-percent deformation from Figure 23 have been plotted in
Figure 24 to show the maximim time at temperature for obtaining 100 percent
lenticular alpha . For example , for a material g iven 10-percent deformation,
annealing times up to 15 hours at 1 ,600° F (870° C) will result in the high-
toughness lenticular structure, whereas, if material is deformed 70-percent in
the alpha-beta reg ion , the maximum t ime allowed at this temperature is less
than 1- 1/2 hours. Furthermore, the data contained in Table 9 for 70-percent Jdeformation shows that at 1,625° F (885° C) a globular structure is obtained
at times as short as 5 minutes, thus fixing the maximum upper limit for tem-
perature at about 1,600° F (870° C). Air cooling from the annealing temperature
is used to avoid the formation of the detrimental continuous grain boundary
networks followed by a stabil ization treatment for the temperature range of
1,0000 to 1,400° F (535° to 760° C) to effect full partitioning of the elements
and therma l stress relief.
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1 ,600° F 1 ,550 ° F 1 , 500 0 F 1 ,1.500 F 1 ,1+000 F

C

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

t 15 t0
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at is fa c t

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

B
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-
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- 

A~~~~~~~~~~~~~~~~~~~~~~ 

U:satisfactory

- Reciprocal of temperature
i/i (° R) x 10~~

~1

J:igLlrc 23. Plot of annealing parameters for Ti-~~-Cr-A1 alloys listed
in Table 7, with approximately 10 percent deformation .
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TABL E 8. DFSCRIPT ION OF MICROSI’RlJCFURE FOR IN(DT R5207l,
— 4 .4%Al , 5 i%t ~b , 1.46%Cr AND 0.18% OXYGEN, GIVEN A 30%

DEFORMATION IN THE ALPUA-BEI’A FIELD AND ANNEALED FOR
VARIOUS T~MES IN THE 1,475° TO 1,625° F (8000 TO 885° C)

TBIPERATURE RANGE

I __________ 

Temperature, ° F

Time ,
4 hr 1,625 (8850 C) 1,550 (845 0 C) 1,475 (800° C)

0.08 Lenticular Lent icular -

I
0.25 Lenticular - -

0.50 Lenticular - - -

i - - Lent icular

2 - Lenticular -

I 4 Globular! - Lent icular
lenticular

1 8 Globular Lenticular Lenticular

24 
- 

- Globular Lenticular/

I globular

I 
-

I 
-

I

I
I
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TABLE 9 . DESCRIPTION OF MIC ROS~R1JCFURE FOR I NGOT R5207 1 , -
1~

4.4°0A1 , 5.l°..Mo, l .46%Cr AND 0.18% OXYGEN , GIVEN A 70~..
DEFOI~1ATION IN THE ALPhA-BETA FIELD AND ANNEALED R)R

VAR IOIJS TIME S IN TIlE 1,475° TO 1,625° F (800 0 TO 885° C)
‘W’4PURATURE RANGE

Temperature , 0 F

Time ,
hr 1 ,625 (885° C) 1,550 (845° C) 1,475 (800 0 C)

0.08 Globular - -

0.25 Globular Lenticular -

0.50 - Globular - - -

I - - - Lent icular

2 - Globular! -
len t icular

4 Globular - Globular! - .
lent icular

8 - Globul ar -

24 - - Globular

_ _  

so -
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(870 ° C) (845 ° C) (815° C) (785 0 C) (760 0 C)
1 ,6000 F 1 , 550 0 F 1 ,500 0 F 1,4500 F 1 ,400° F

8 0 -

60 Unsatisfactory oe~°~

S:t is fac t ory 

5 .1  5.2 5.3 5 .1+
- Reciproca l of temperature

PIT (° R) 1o— ~

I
I

-~~ I,-
-- r

~ii
Figure 24. Maximiin t ime at annealing temperature for obtaining lenticular

alpha over a range of deformation from 10 to 70 percent . I
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Figure 24 is a plot of the maximum time allowed as a function of tempera-
ture for a given reduction. Replotting the data in Figure 25 defines the -

maximum time permitted as a function of reduction for a given temperature .
The fo rm of these curves and theoretical considerations suggest that the
relationsh ip between t ime and defo rmation for a constant temperature is:

log t = M 1og~~~+ K 1 - 
-

where 
-

t = time in hours i
D = fraction deformation 

-

M, K, and K
1 are constants. 

-(

Analyses based on the curves in Figures 24 and 25, and the data contained in
Tables 7, 8, and 9 show that the upper boundary is def ined by the equation: -

1 40,522log t = 1.323 log ~ + 
4 575T 

— 7. 838

t = time in hours 
1 

-

D = fraction defo rmation

T = absolute temperature (°C + 273.1) .1
Therefore, any set of time , temperature, and defo rmation conditions

wh ich falls above the curve defined by the abovementioned equation will not
- produce a lenticular structure having the desired uniform strength-fracture I 

-

toughness combination . I -

The above-mentioned equation defines the maximum or upper limit for time,
de fo rmation , and temperature for achieving the desired structure and properties .
Figure 23 defines the lower limit , line BB , for material given approximately
10-percent de formation in the alpha-beta temperature region. Increasing the - -

amount of defo rmation will accelerate the development of lenticular alpha in
the initial stages • For example , Figure 23 shows that material given
approximately 10-percent de formation and heated for 4 hours at 1,550° F
(8450 C) will noj have the desired lenticular structure and uni formi ty of
properties . 1-lowever, as show-n in Table 8 , material given 30-percent
de fo rmation in the alpha-beta temperature region shows a full lenticular
structure after 2 hours at 1,550 ° F (845° C). This acceleration by de formation $is furthe r evident from examination of the data for material deformed

52
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-

I 1425F
0

I
0~ I V  —
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‘ 1 ,425° F

I 1 500F

I 
- 

~~~~~
“ 1 ,500° F

I 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ( Q 1 rO ~~~~~~) -
~~~~~~~~~~~~
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1600 F
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2 -

1 ,600° F

I
- Satisfa ctory

I I I I

0 10 20 30 40 50 60 70 80 90

I Deformation - percent - -
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-

I -Figure 25. Maximiin annealing t ime as a function of reduction
for a given annealing temperature.
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70-percent in the alpha-beta temperature region and annealed at 1,550° F
(845° C), which is shown in Table 9. The sample annealed for 0.25 hour at
1 ,550° F (845° C) shows a lenticular structure compared to an unsatisfactory
structure for material with 10-percent deformation annealed 4 hours at
1,550° F (845° C) .  Furt he rmere , the acceleration is so great with 70-percent I 

—

deformation that the sample annealed 2 hours at 1,550° F (84 50 C) shows a
mixed lenticular-globular alpha , thus approaching the upper limit.
Figure 26 defines this lower limi t for approximately 10, 30, and 70-percen t
de fo rmation . Mathematical treatment combining the afo rementioned basic A

equations; namely:

log t = 2 .3 ~~ 
+ K ]~ at constant deformation I

log t = M log 
~~ 

+ K3, at constant temperature J

where j
t t i m e i n hours

D = fraction de formation I
M, K1, K2, and K

3 are constants

establishes that the minimum comb ination of time, deformation , and temperature
is defined by the equation :

1 42,920log t = 1.323 log ~ + 
4.5751 

- 8.969 k
the re fo re , any set of time , temperature , and defo rmation condi tions which
falls below the curve defined by this equation will not produce a lenticular
structure having a uniform high strength- fracture toughness combination .

EVALUATION OF PRODUCTION PLATE i
TENS! Lii P1~3PERT IFS

Tensile properties from duplicate longitudinal and transverse tests
f rom each of the s ix  production processed plate segments are presented in
Table 10. As seen from Table 5, all test results met the target goals of
130 ksi (900 14’a) or 145 ksi (1 ,000 MPa) III’S depending upon heat treatment.
Good un i formi ty of ul t imate and yield strength is observed in each test
direction and also when comparing test directions, particularly for the high
beta processed material . A 3 to S-ks i (20 to 35 t~Fa) range typifies the
strength variation with a few exceptions. A 10 to ll-ksi (70 to 75 MPa)

54

- ~~~~~~~~~~~~ . .~~~~~
..• ~~~~~~~ 

- - ~.



- —a; w — - - -

(870 0 C) (845° C) ( 815° C) (785° C) (760° C)
1 ,600 ° F 1 ,550 ° F 1 ,500° F 1 ,450° F 1 , 400 0 F

4 0 —  
I I I

30 -

Satisfactory( 20

1 1 0 :

8 10% deformat ion

I
I .2~~~~, ’ 

. 
- LUnsat isfactory

. 1 .

4.8 4 .9 5.0 - 5.1 5.2 5.3 5.4

- Reciproca l of temperature
- i / i  ( ° R) x I0~~I .

I
Figure 26. Minimun time at annealing temperature for obtaining lenticular

I alpha over a range of deformation from 10 to 70 percent .
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TABLE 10. TENSILE PI~)PERU IFS OF 3-INC h -THICK P!ODIJCfl ON PLATE

P1ate~~ Orientation~
2
~ TYS (ksi) UI’S (ksi) Elong (%) RA (%)

A L-l 129.9 135.8 17.1 47.8
L-2 128.9 136.2 18.0 38.9 

- -

T-1 135.2 139.5 16.2 32.4 -

1-2 131.8 138.9 14.5 34.2

B L-1 136.3 146.4 14.6 37.8 -

L-2 136.2 145.3 14.2 30.4
T-l 141.7 150.8 14.2 29.7 

—

T-2 139.1 149.2 11.9 24.0

C L-1 129.6 131.6 19.8 66.1 
-.

L-2 136.7 139.0 19.8 53.4 -

T-l 142.0 142.5 19.2 40.2 
1

T-2 140.9 142.4 16.3 39.6

D L-1 142.6 149.4 17.5 Si.l I
L-2 147.4 156.5 14.4 33.6
1-1 153.5 157.5 12.9 46.5 -

- 
T-2 153.8 160.8 11.8 24.3

F L-l 132.9 134.9 19.8 59.4
L-2 135.4 137.4 18.8 49 .5
T-1 138.5 139.0 21.3 58.0
T-2 139.8 140.8 15.2 42.2 1

F L-l 148.1 155.9 15.0 47.9
L-2 153.1 159.6 13.6 38.5
T-1 157.3 161.8 12.9 45.1
1-2 157.0 162.0 10.9 29.2

1 I - -

(1) Refer to Table 5

(2) L = Longitudinal; T = Transverse I
I

I t
Sb 

-
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I di ffe rence between longitudinal and transverse properties for the low -beta
and alpha beta processed plate represented the maximum variation noted.

I 
This is not considered excessive for production processed material .

As expected, somewhat wider variation in tensile ductility resulted,
particularly reduction of area values . Nevertheless, good to excellent

I ductility was obtained for all material at this strength level’.

I 
At the higher aging temperature , no significant difference in strength

level is evident as a function of process mode , although some improvement
in ducility appears to resul t wi th lower temperature processing . At the

I 
lower aging temperature, a 5 to 15 ksi (35 to 105 MPa) increase in strength
resul ts wi th lower temperature processing, with tensile ductility also showing
some improvement.

FATIGUE PROPERTIES

Smooth (K1 = 1.0) and notched (KT = 3.0) round-bar axial tension fatigue
curves were generated for production plate D [low-beta processed and heat

I 
treated to 145 ksi (1,000 MPa) , IJTS] and plate F [alpha-beta processed and heat
treated to 145 ksi (1,000 MPa) , III’S] at a stress ratio of +0.05. The results
of these tests are shown in Table 11 and Figures 27 and 28. Properties in the

I 
longitudinal and transverse directions were seen to be essentially equivalent to
each other in both plates. Furthermore , there was essentially no difference
between the fatigue properties from plate-to-plate. Consequently, all four

I 
sets of data have been replotted in Figure 29, wherein comparisons are made
with typical properties for Ti-6Al-4V in the RA condition. It can be seen
from this figure that the unnotched fatigue strength of CORONA-S is
substantially greater than that of Ti- 6Al-4V condition RA, while notched

I fatigue strength (KT = 3.0) of the two alloys are essentially equivalent.

I FRACTURE TOUGHNESS AND FATIGUE CRACK PROPAGATION

Fracture toughness results of WR , combined FCP/K Ic tests sampled from each
of the six production processed plate segments are presented in Table 12. Test
spec imen was identical to that shown in Figure 21. The results indicate the

I 
influence of both hot working and heat treatment. Higher fracture toughness
tends to be obtained following high-temperature processing employed to obtain -~~~~~

the lenticular primary alpha morphology. Substantial alpha-beta processing,

I 
although resulting in higher strength , produces comparatively low values of
toughness due to formation of globular alpha. For a given hot-working process ,
toughness also tends to be lower at higher yield strength levels reflecting the
influence of matrix strengthening heat treatments on the alloy.
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TABLE 11. FAT IGUE PI~)PE i~F IFS OF PRODUCT ION PLATE

Plate and Max stress Max stress Cycles
test condition (ksi) (% Ftu) 

- 
to failure

( I )
Plat e D 91.8 60 10 , 000 ,000 NE
Kt = 1, R = 0.05 114.8 75 4 , 622 , 000 -

Longitudinal 116.3 76 3,056,000
Ftu = 153.0 ksi 118.6 77.5 1,781,000 -

119.3 78 98 ,000
122.4 80 1, 358 ,000
122.4 80 139 ,000 --
125.5 82 15, 000

i’late D 100.2 63 10,137,000 NF
Kt = 1, R = 0.05 106.5 67 2 , 853 , 000
Transverse 111.3 70 4,633,000 ¶

Ftu = 159.0 ksi 116.1 73 - 3,090 , 000
119.3 75 834 ,000 -‘123.2 77.5 955 ,000 j
127.2  80 1, 417 , 000 =

127.2 80 1, 115,000 -

135.1 85 20 ,000

Plate D 29.1 19 10,000,000 NF -j
Kt = 3. R = 0.05 30.6 20 8,468 , 000
Long itud ina l 38.3 25 390 ,000 -

Ftu = 153.0 ksi 41.3 27 220 , 000 -

45.9 30 79 ,000
61.2 40 28 , 000 -

76.5 50 12 , 000
91.8 60 7 , 000

Plate 1) 30.3 19 10,000,000 NE -

Kt = 3, R = 0.05 35.0 22 702 ,000 
-

Transverse 38.2 24 210,000
Ftu = 159.0 ksi 39.7 25 10,000,000 NE

44.6 28 94 , 000
• 47 . 7  30 61 ,000 

-

55 .7 35 45,000
- 

. ( 1 )  
J 

63.6 40 15,000 1
Low-beta processed, heat treated: 1 ,525° P/4 hr/AC +

1,050° P/8 hr/AC -
~~

~
2 1Alpha -beta processed, heat treated: 1 ,525° P/4 hr/AC +

1 ,050° F/8 hr/AC
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FAB 1i~ 11 . FAT I CUE PROPER!’ IFS OF PRODUCTION PLAT E ( OJNCL)

Plate and Max stress Max stress Cycles
test cond i t i o n 

— 

(ksi) 1° , Ftu) to fa i lure

( 2 )

I Plate F 102.5 65 10,139,000 NE
Kt = 1, R = 0.05 110.4 70 1, 521 ,000
Longitudina l 118.3 75 1,016,000

I Ftu = 157.7 ksi  122 .2  77 . 5  1 ,104,000
124.6 79 479,000
126.1 80 265 ,000

I 129.3 82 84 ,000
130.1 82.5 52 ,000

I Plate F 101.2 62.5  10 ,000 ,000 NE
Kt = 1, R = 0.05 103.6 64 4,052,000
Transverse 108.5 67 3,395,000

I Etu = 161.9 ksi 113.3 70 4,285,000
121.4  75 583,000
129.5 80 709 , 000

I 133.6 82 .5  339 ,000
137.8 85 - 43 ,000

I Plate F 31.5 21) 10,000,000 NF
Kt = 3, R = 0.05 33.1 21 950 ,000
Long itudinal 34.7 22 216,000

I Ftu = 157.7 35.6 22.5 118 ,000
37.1 23.5 366,000
39.4 25 313,000

1 44.2  28 123,000
• 47.3  30 35, 000

I Plate F 30.8 19 10,000,000 NF
Kt - 3, R = 0.05 35.6 22 909 ,000
Transverse 37.3 23 10 ,000 ,000 NF

I Ftu = 161.9 40.5 25 632 ,000
40.5  25 - 

173,000
44 .5  27.5 78 ,000

1 45 .4 28 47 , 000
48.6 30 136,000

r
1 (1)

Low-beta processed, heat treated: 1,525° F/4 hr/AC +

1,050° F/8 hr/AC -~~ 

-

I 
(2)

Al pha -beta processed , heat treated: 1 ,525° F/4 hr/AC +

1,050° F/8 hr/AC
L
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I TABLE 12. FRACTURE ‘IOUGI INESS DATA FOR PRO[XJCF ION PROCESSED I>LAT E

I Pl ate Orientation TYS (ksi) K Ic ( I(Q) (ksi /Ti~.)

A WR 133.5 124.1

I B 140.4 
- (l 2 2 .3 ) ~~~

I C WR 141.5 76.3

I D WR 153 .7 ( 60 .0 )~~~

F WR 139.2 88.6

- I F WR 157 .2 53.6
‘

I
I 

~
1
~R f  to Tabl e 5

1 ~
2
~Average of duplicate long transverse test specimens —

~
3
~Failed precrack shape requirement of ASTM E399-74

I ~
4
~Failed during precracking; value estimated from fracture surfaceand precrack loading

- I
‘ I -

I
I

I
. 1

I -
i 

-

- - 
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Fatigue crack propagation results are presented in Tables 13 through 18
and Figures 30 through 35 for production plates A through F. For comparison
purposes, the data are replotted in Figure 36 and contrasted with a scatter
band of data reported in References 1 and 2. Greater scatter is exhibi ted by
the production pla te over the entire range of del ta K evaluated than is shown
for plates previously produced . Curves for forgings presented in a later
section of this report also fall within this scatter band of prior data. The
effects of processing and heat treatment are both evident in the production
plate data. Pla tes A and , particularly, B rolled from the higher soaking
temperature result in growth rates slower than the lower temperature
p rocessed plates. Plate B exhibi ted a growth rate on the low side of the
prior data scatter band over the entire range of delta K evaluated. Plates E
and F rolled from the lower soaking temperatures exhibited the fastest growth
rates yet encountered for the alloy . Plates C and D were intermediate in 

- 
-:

behavior.

I
STRESS CORROSION CRACKING RESISTANCE

Results of stress corrosion cracking tests conducted on specimens sampled
from production plates B and E are presented in Table 19. One hundred-hour
tests were performed on samples machined from plates B and E compact tension
specimens using a bolt-loaded , double cantilever beam specimen configuration
(Reference 13) . The specimens were fat igue precracked and loaded with the
crack t ips in contact with 3.5-weight percent NaCl solution to an initial stress
intensity of 0.8 KIc and the specimens immersed in solution for 100 hours.
On completion of the 100-hour soak the specimens were unloaded and broken
open under cyclic loading to expose the fracture surfaces. From these
surfaces the final crack position was measured using an optical microscope.
Plates B and E were selected for testing to evaluate the most favorable
toughness and fatigue crack-growth-rate conditions representing the t~~
processing ercremes . Plate B was high-beta processed and heat treated to
145 ksi ultimate strength goal while plate E was alpha-beta processed and
heat treated to 130 ksi ul timate strength goal . The data indicate no sig-
nificant difference as a function of processing history , and when expressed
as a percent of KIc compare favorably with cond PA Ti-6A1-4V for which a
60-percent KI~ value of KI 5~~ in synthetic sump tank water ( a less aggresive
environmen t) is considered nominal (Reference 15) , under 1000-hour testing

• condi tions .

~~~~

H

- —  
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TABLE 19. STRESS CORROSION CRACKING RESISTANCE FOR PROrIJCTION 
- 

-

PLATES B AND E IN 3.5 PERCENT NaCIC1) -

K 1 , ksi /Th’. K 1 (J(Q), ksi /T1i % K~ , (KQ)
Spec imen scc C 

- 
c

5-B 69.0 (112.3) 
-

- 
- 61 1

S-E 68.1 88.6 77 
-

-Il
~
1
~WOL specimen , WR direction , 100-hour test 
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I MICROSTRUCTURAL

The microstructure of each of six production processed plate segments
is shown in Figures 37 through 42. The orientation of the micrograph, W it 1~

respect to the plate direction , is indicated in Figure 37 using the con-

I 
vention of ASThI E399-74 where L is parallel to the rolling direction, T
parallel to the transverse direction and S parallel to the through-thick-
ness direction. Plates A and B have micros-tructures which are characteristic

I 
of material rolled at temperatures above the beta transus. These micro-
structures , Figures 37 and 38, consist of coarse, acicular pr imary alpha
plates with an extensive network of alpha phase along the prior beta grain

I 
boundaries. The acicular alpha plates, which form by nucleation and growth ,
have a high-aspect ratio. The microstructures of both plates are quite slini-
lar in appearance and differ generally only by the nature of the fine alpha

I 
precipitation in the regions between the alpha plates . The effect of the
final aging temperature on this fine precipitation reaction and the resulting
effect on mechanIcal properties have been well documented by a study of

I 
CORONA-S forgings (References 3 and 12).

Plates C and D (Figures 39 and 40) have microstructures which result

I 
from rolling that starts at a temperature above the beta transus and finish~
es at a temperature in the alpha-beta phase field. This microstructure con-
sists of primary alpha which has an acicular morphology but with a smaller

I 
aspect ratio than the beta-processed material . As in the case of plates A
and B, the microstruc-tural difference between plates C and D is found in the
transformed beta regions . Plate D has a finer dispersion of precipitated
alpha which appears as a darker etching in Figure 40 than the transformed
beta of plate C in Figure 39.

I 
Finally , plates E and F, which were rolled starting at a temperature

below the beta transus, have microstructures which consist of slightly e5- —

longated primary alpha particles in a transformed beta matrix.

I CORRELATION OF FRACTURE PROPERTIES AND FRACrOGRAPHY 
F

I Fracture toughness , KI~ , and 100-hour stress corrosion cracking thresh-old, KIscc~ results for a production processed plate are repeated in Table 20

I 
together with average transverse tensile properties for the plates produced.
The fracture toughness trends for the plate were similar to those for forged
material (References 3 and 12) in that the highest toughness values were

I 
obtained for material which had been beta processed and that low-temperature
aging , which produced higher strength for plate of similar processing history,
also produced a comensurate loss in fracture toughness (compare plates A and ~~~ ~~~ - 

-

I B, C and D, E and F). For plates C, D, B, and F no significant fracture
toughness trend could be established (other than the aging temperature effect);

1 the effect of higher aspect ratio primary alpha in plate C and D is non-

- I - 
-



- —a; w —- -

_____  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- I ~~~ ~~ 
-

- ~2O~.tm-
~~~~:~~~- - -‘-

, ,~

ii~ 
J~~~~~~~

j  ;

1~ 
F
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tAB LE ~0. TENS I LE , FRACIIJRE TOU~~1NESS , AND STRESS-CflRROSION-
cRAcKEN ( ;-TU REsI I0LD SII¼tVIARY OF PRODUCTION PlATE J
trrs (2) n’s e PA Kj~ (1(Q)~

3
~ Kj 

(3)
Plate ( 1) 

ksi ksi % % ksi v’iriT ks~~~6~

A 139 134 15.4 33.3 124.1

B 150 140 13.0 26.9 (112.3)~~~ 69.0

142 141 17.8 39.9 76.3

1) 159 154 12.4 35.4 (60)~~~ ii
F 140 139 18.3 50.1 88.6 68.1

F 162 157 11.9 37.2 53.6

I 1 1  Refer to Table 5.
lU .\ l I tensile specimens in transverse (1) orientation .
(3) K J~ 

and K I~~ 
specimens in TL orientation.

(I) F: i i l c d  prec’rack shape requirement of ASN E399-74.
(5 )  I~ii led during precracking; value estimated from fracture surface

and prec rack loading.

I
4 

•

TL ~~~~~~
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existent since most of the elonga ted primary alpha par ticles are aligned with
the crack propagation direction. This result is in contrast to the case in
the forgings in which randomly oriented, high-asp ect ra tio primary alpha
par ticles (Fi gure 9, Ref erence 3 and Figure 1(b) , Ref erence 12) p roduce
significant enhancement of fracture toughness.

Scanning election fractography (Figures 43, 44 , and 45) f urther illus-
I trate the effect of beta processing on toughness enhancement and show the

similari ties in f rac ture topography of pla tes C, D, E and F.  For each KI~i specimen, a pair of micrographs is presented. A low magnification micro-
graph of the fatigue precrack-to-overload (KIt) transition zone and a higher
magnif ication micrograp h of the overload region near the transition is present-

I ed for beta processed material in Figure 43. This illustrates the abrupt
transition and the highly irregular fracture topography that occur in this
processing mode, resul ting in high fracture toughness. The remaining four

I pla tes (Fi gures 44 and 45) exhibited relatively smooth trans itions and f ine
equiaxed, dimpled fracture consistent with moderate-to-low toughness condi-
tions in this alloy. The Kjscc values for plates B and E were 0.61 l(~ and

I 0.77 Kit, respec tively. Frac tograph s of the two Kiscc specimens are s~hown
in Fi gure 46. Hi gher magnification micrographs of the stress-corrosion
cracking region of the specimens (Fi gure 46, (b) and (d)  show f aceted-

I corrosion cracking similar to that observed in other titanium alloys. Some
secondary cracking perpendicular to the plane of the f racture is observed
in Figure 46, (a) and (c) , which corresponds to cracking parallel to the LT

I plane in Figures 38 and 41. The plane could contain easy crack propaga tion
directions as a result of elongated grain boundaries in the former case and
elongated primary al pha par ticles in the latter case .

I
I
i
I
I
I
I
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Fat i gue data for beta processed fo rging 5-2 heat treated to a nomina l 
V

~t rcngth oF 115 k s i  (1 ,000 MPa) and for al pha beta processed forging 5 - l i  -

heat  t reated to  135 ksi  (930 MPa) at two stress ratios are presented in
l ah l e  21 and Figure  47. Also shown in Figure 47 are typical S-N curves for
cond RA T i - O V \ l - i \ ’  for con~)arison purposes . The result; i ndicate a s ign i f i - -~~

c a i i t l v  highe r leve l of fat igue strength associated with al pha-beta processed
aiteri al R = 0 .5  than for the beta forged material . Decreasing the R factor
to 0.1 produces a reduction in fatigue strength at cycles beyond 5 x i0~ ; —~

howeve r, the l a t t e r  compares favorab ly wi th  the typical curve plotted for
Fi-6A1 - 4V . This behavior is consisten t with  results recorded for production I
plate at Kt = I as shown in Figure 29. ~1

I~~\CIiJRE TOtJ~ INESS ANI) FAT I WE CRACK PIUPAGA1’ ION DATA

Fracture toughness data for forgings 5- 1 , 5-3 , 5-5 , and 5- 12 are
1)~~’sented in Table 22 together with tensile data for the same specimen
lo adi ng di ivct ion . Fatigue crack propagation data generated during p re-
cracking of the Kk specimens are presented in Tables 23 through 26 and
l:igu res 48 t hrough 51. The fracture toughness results reflect the influence
of the PriIr! (Y al pha phase mo rphology p roduced by process i ng . Forgin gs

3 and 5-5 reveal a structure characterized by lenticular primary alpha
~.. i t h  no contiunous grain bounda ry alpha network . These forgings exhibited
the highest toughness values. Somewhat lower toughness was produced in
forg ing 5-1 , ~hich contained an ac icular alpha Widmanstatten microstructure
w i t h  cont inuous grain boundary alpha network. comparatively low fracture -.
toughness was obtained in forg ing 5-12 due to the formation of a nearly
v qt i i ax ed g lobular  al pha microstructure . In con t ras t , fatigue crack p ropagation
results show no apparent s e n s i t i v i t y  to changes in prima ry alpha morphology . -

\ comparison of Figu res 48 through 51 indicates nearl y identical growth
rates ove r the range of AK ’ s from 15 to 40 k s i  /Tn . ( 1 7  to 44 MPa/~ ) .  This
suggests a mat r ix-cont ro l led  phenomenon for c rack propagation under these
COfl(li t I OnS . V

~1~ L
STRESS CORROSION CRACKING RFSI STANCE

~TStress corrosion cracking resistance results are presented for forgings 5-i 1
and 5-3 in Table 27. 

V

One hundred-hour Kiscc measurements were made on specimens taken from the
compact tension spec imens used to generate the fatigue-crack-growth-rate curves V

from forgings 5-1 and 5-3. These two microstructural conditions were chosen to

92 11
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TABLE 21. ~X~1 T1~1PERA’1 1JRE FATIGUE P~ )PERF I JiS OF (D~~NA -5 FORG I NGS

Max stress Max stress Cycles
Condi t ion (ksi ) (°o Etu) to failure 

V

V 

Beta processed 100 69.3 10,000,000 NP( forging 5-2 105 72.8 2,534,000
at R = 0.5, Kt = 1; 110 76.3 629 ,000

Ftu = 144.2 ksi 112 77.7 485,0001 115 79.8 182,000
117.5 81.5 91 ,000
120 83.2 50,0001 125 86.7 7 ,000

Al pha-beta 108 79.8 10 , 000 ,000 NP
processed 110 81.3 7,982,000
forging 5-11 115 85.0 4,460,000

$ at R = 0.5, Kt = 1; 120 88.7 1,869,000
• 

J 
Ftu = 135.3 ksi 122.5 90 .5 1,938 ,000

125 92.4 93 ,000
127 93.9 107 ,0001 130 96.1 60,000

I 
Alpha-beta 75 55.4 8,474,000
processed 85 62.8 10,000,000 NP
forging 5-il 100 73.9 1 ,630,000
at R = 0.1, Kt = 1; 110 81.3 1 ,249,000

I Ftu = 135.3 ksi 120 88.7 682,000
122.5 90.5 329,000
125 92.4 64,000
127.5 94.2 46,000

I H
I

~r

~- i
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Figure 49. Fatigue crack propagation characteristics of forging 5-3,

5 NRW F-3 , CORc~ A-5 , RT, R 0.08, 600 cpn.
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Figure 50. Fatigue crack propagation characteristics of forging 5-5,
5 NRW F-5, CORONA-S, RI, R = 0.08, 600 cpu.

- 

102 

- 

I



- —‘- w- — -  
V

— - - — ~~~--- —-—- -————

I

-02
1 . X 10

=

I —

1 . X 10

L x 1 o
06 ~~~~~~~~~~~~~~~~~~~~~~~~~~

I 1 . x 10

1 —08 I I I 1 1 1 1 1  I I I I I I I L
1 . X 10 -00 +01 +02

I . X 1 0  1 . X l 0  I. X 10

I I DELTA K (ksi /T~~)Figure 51. Fatigue crack propagation characteristics of forging 5-12,
5 ~ W F-12, CORONA- 5, RI, R = 0.08, 600 cpu.

- ‘ 1 103

- V -  V V 
V



V - — V

TABLE 27 . STRESS CORROSION CRACKING RESISTANCE F(R CORONA- S -

FORGINGS 5-1 AND 5-3 IN 3.5-PERCENT Na Ci(1~

K1 , ksi ~~~ K
1 , 

(1~~) ksi ~/I~ 
-‘ 

V

Structure scc c

5-1 106.6 (121.6)
(2
~
3) 

—

(2 ,3)5-3 127.5 (148. 0) 
-

~
1
~WOL spec imen, WR direction , 100-hour test

~
2
~Fai1ed ASTM E399-74 thickness requ irement I

(3)
TS spec~jnens from forging preform (Reference 3) ii

represent a high-toughness beta forged and high-toughness alpha-beta forged
microstructure, respectively. The specimens were tested identically to the
K ISCC specimens from the production process plate. The specimens were loaded -

to 0.9 K11; l itt le or no crack advanced was noted. When examined in the ~ V V

scanning electronic microscope, no evidence of stress corrosion cracking was -

observed ; some evidence of plastic deformation was noted in the region of the -~

crack t ip. This suggests that for these high toughness conditions
(KIC >l2O ksi v’in. ), specimen geometry may have been insufficient to prevent 

-

extensive crack tip plasticity . Further threshold K
iscc testing of the da/dt

versus K-type or corrosion-fatigue testing, although outside the scope of the 
-

present program , is rcconincndcd to confirm the ~~L specimen results for these
microstructura l conditions . I

I

• 
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Section VI

DETAILED TECHNICAL CONCLUSIONS

1. The primary microstructural feature in CORONA- S contribut i,ng to high
fracture toughness (namely, high-aspect-ratio lent icular alpha phase
formed from the beta matrix) is achieved by several thermomechanical
processing routes, including (1) beta annealing followed by a high
alpha-beta anneal, (2) beta working followed by a high alpha-beta
anneal , and (3) beta working followed by a high alpha-beta anneal plus
alpha-beta working followed by a low alpha-beta anneal .

2. Alpha-beta working followed by high alpha-beta annealing tends to
globularize the alpha phase, resulting in reduced fracture toughness.
A subsequent lower temperature alpha-beta anneal produces lenticular
alpha within the intergranular subgrain structure which has the
potential of restoring high fracture toughness.

3. Through adjustment in thermomechanical processing, shifts in the
strength-toughness trend line are produced to achieve a constant V
critical crack length equivalent to an alloy exhibiting KIC = 70 ksi/in . - -

at 120 ksi ‘fl’S. The highest trend line is exhibited by beta finishing
followed by alpha-beta anneal ing.

4. Mathematical expressions have been derived which define both the max imtnn
and minimum t imes at the annealing temperature, for given amounts of
alpha-beta reduction, required for achievement of the desired high-

P toughness lenticular microstructure in a family of Ti4b-Cr-Al alloys.

5. Tensile properties of production-processed CORONA-S plate met target
goals and exhibited good uniformity with respect to test direction.

6. IJnnotched axial tension high-cycle fatigue properties of production-
processed CORONA-S plate are significantly higher than Ti-6A1-4V beyond
~~ cycles. Notched Kt = 3.0 properties are equivalent to Ti-6A1-4V. 

r~ 

-

7. Fracture toughness of CORONA- S production-processed plate reflects the - 
V

influence of both microstructure and tensile strength. Lenticular alpha -
- 

-

results in higher toughness, and globular alpha results in the opposite.
For a given hot working process, toughness is higher at lower yield
strength.

:‘
~ 

-
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8. The range of fatigue crack propagation data from production-processed
plate exceeds the range of values generated from all prior CORONA-S
programs, with slowest growth rates associated with beta-processed and
alpha-beta-annealed production plate. The latter also represent the - -

slowest growth rates generated throughout development of the alloy.

9. Stress corrosion cracking resistance of CORONA-S production-processed
plate tested in 3.5 percent NaCl aqueous environment compares favorably
with Cond RA Ti-6A1-4V, based on limited data.

10. Optical and SFN metallography confirms the influence of microstructure
on fracture toughness and stress corrosion cracking behavior of CORONA-S
production plate.

11. ~innotched axial  tens ion high-cycle fat igue properties o.f CORONA-S
fo rg ings are sig n i f i c a n t l y  hig her than Ti -Ô A I- 4V beyond io~ cycl es at two -

R Factors .

12. Fracture toughness of CORONA-S forgings reflects the influence of micro- - -

structure similar to that seen in production plate; i.e., high toughness
assoc iated with lenticular primary alpha , and lower with globular alpha .

13. Fatigue crack propagation test resul ts for CORONA-S forgings fall on the -

-low side (slow growth rate) of the scatter band for product ion plate and
indicate no dependence upon primary alpha morphology. -

- i~i
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