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FOREWORD

This final engineering report covers the work performed on a titanium

alloy development program during the period from 1 May 1976 through
31 December 1977 under NASC Contract N00019-76-C-0427. The program was
accomplished under the directir of Mr. W. T. Highberger, Naval Air Systems

Command technical project monitor.

This program was conducted as a team effort. The team consisted of a
major user of titanium alloys in the aerospace industry, an aerospace research
and development organization, and a producer of titanium alloys. 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 responsibility

was with LAD.

Program effort was completed under direction of Mr. G. R. Keller, program
Manager and LAD Project Engineer, who replaced Mr. R. G. Berryman in 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. H, FroeS was thé Crucible Materials Research Center Project
Engineer.
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Section |

INTRODUCTION

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-58, has been developed
specifically to meet the needs of aircraft applications designed to fracture
mechanics criteria.

WPSERSENRLYS.

/” Developed over the past 3 years under sponsorship of the Naval Air Systems

Command, CORONA-5, having a nominal composition of Ti-4.5A1-5Mo-1.5Cr, 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

/in. (155 MPa/m) 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-6A1-4V at equivalent strength levels.

Interest in CORONA-5 throughout 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-5 might be
realized, efforts are being conducted to establish the optimum strain/time/
temperdture 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 CORONA-5 on a production scale, evaluating its
strength versus toughness characteristics 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
addition, results are presented herein of detailed material characterizations
of selected forgings produced under a previous development contract
(Reference 3).

3CORONA-5 from Colt Industries, Rockwell International, Naval Air Systems
Command, and original alloy designation number 5.




Section 11

SUMMARY

All basic objectives of the program were met. A 4,800-pound (2,180 kg)
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 required parameters for final plate rolling to achieve the
desired microstructures recognizing the transition from laboratory to
production rolling facilities. In addition, a separate effort was conducted
to establish strength versus toughness trends associated with CORONA-S5. A
study was also conducted to establish the amount of strain/annealing-
temperature/annealing-time relationship associated with the alloy, which,
together with strength versus toughness trends, defined the Iinal 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 mm)
thick plate using three different thermomechanical processing sequences
representing high- and low-temperature beta processing and alpha-beta
processing. Samples of each of these plates were identified and transmitted
to various agencies requesting material for independent evaluation. In
addition, samples of two plates for each of the three processing sequences
were heat treated to target strength levels of 130 ksi (900 MPa) and 145 ksi
(1000 MPa), respectively. These samples were evaluated to determine the

tensile properties, notched and unnotched fatigue behavior, fracture toughness,

fatigue crack propagation resistance, and stress corrosion cracking resistance
of the material.

In addition, six forgings, produced under the previous contract effort
(Reference 3) were evaluated to determine mechanical properties similar to
those determined for the production plate described.

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

1. CORONA-5 is producible as a piate product from a mechanical
properties standpoint using production melting and rolling
equipment and facilities.

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

3. Through adjustment of microstructure and strength level, CORONA-5
exhibits an attractive combination of strength and toughness over
a UTS range of 130 (900 MPa) to 170 ksi (1175MPa).

$
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4. Through adjustment of microstructure during thermomechanical pro-
cessing and heat treatment, CORONA-5 plate develops very high
fracture toughness, excellent stress corrosion cracking resistance,
and high unnotched fatigue strength. Notched fatigue strength is
equivalent to Ti-6A1-4V at the same static strength level.

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

6. Throughout the alloy development effort, CORONA-5 has displayed
excellent response to predicted behavior; good uniformity of
mechanical properties; freedom from anomalous behavior during
melting, forging, rolling, and evaluation; and relative ease of
primary mill fabrication.

7. Based on the data bank of processing and microstructural history estab-
lished for the alloy in thick sections, CORONA-5 is considered ready
for application to selected fracture-controlled aircraft components.

The high fracture toughness of CORONA-5 in combination with other mechanical
properties makes it an attractive candidate in fracture critical components for
both airframe and engine applications. Plate and forgings look equally attrac-
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,
preliminary indications are that judicious manipulation of the microstructure
should promote superplastic forming of the material (11), The high strength
condition (up to 200 ksi [1,380 MPa] UTS) also looks attractive, although
further data are needed to fully evaluate potential in this area.




Section III

BACKGROUND

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

NAVAIR CONTRACT N00019-73-C-0335

In April 1973, the Los Angeles Aircraft Division of Rockwell International
was awarded a contract by the Naval Air Systems Command 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,
Ki., in excess of 100 Ksiv/in. (110 MPa/m) at a minimum ultimate tensile
strength (UTS) of 135 ksi (930 MPa). A secondary goal of this program was
to develop an alloy with moderate Ky. values, on the order of 80 ksivin.

(88 MPavm) at high UTS levels, e.g., 170 ksi (1175 MPa) minimum. This effort
was conducted in two consecutive phases. During the first 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 microstructural analyses, scanning electron
fractography, and transmission electron microscopy. From the results of these
evaluations, two alloy compositions were selected for scale-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 first phase, but also
included corpact tension fracture toughness and salt-water stress corrosion.
The compositions evaluated in this second phase were Ti-4.5A1-5Mo-1.5Cr,
(CORONA-5), aimed at achieving the high-toughness/moderate-strength goal,

and Ti-8Mo-4.5cr-2.5A1, aimed at achieving the high-strength/moderate-
toughness goal.

NAVAIR CONTRACT N00019-74-C-0273

The second contractual effort was aimed at refining the alloy chemistries
and processing histories of the two alloys selected for detailed evaluation
in the second phase of the prior program. This second program was also
conducted in tw6 consecutive phases, and included an additional scale-up in
ingot size to 800 pounds (365 kg) of each alloy. At the conclusion of the
first phase of this program, the high-toughness/moderate-strength goal
properties had been met by CORONA-5, while the properties of Ti8Mo-4.5cr-2.5Al
fell short of meeting the high-strength/moderate-toughness goal. For this
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reason, further developmental efforts on CORONA-5 were postponed to a sub-
sequent contract, and work during the second phase of the second contractural
effort was directed toward improving the properties of TI-8Mo-4.5Cr-2.5Al.
Mechanical properties improvements achieved for this alloy during the second
phase, however, were limited, and a decision was made to discontinue efforts
at this time toward the moderate-toughness/high-strength goal allocy.

NAVAIR CONTRACT N00019-75-C-0208

The third contractual effort was aimed at evaluating the properties and
microstructures of CORONA-5 using a relatively wide variety of processing
parameters to produce the end configuration: a Pratt Whitney aircraft JT9D
jet engine strut forging. This program included an additional scale-up in
ingot size to 3,000 pounds (1,360 kg). A total of six different sets of
forging parameters and two different final heat treatments were evaluated
to identify effects of varying degrees of alpha-beta working on resultant
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
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.
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Section IV

TECHNICAL APPROACH

This section describes the production tasks associated with melting and
rolling 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
| EVALUATION OF PARAMETERS FBR SECONDARY PROCESSING
| STRENGTH VERSUS TOUGLNESS EVALUATIONS |

[ STRAIN/ANNEALING TEMPER&TURE/ANNEALING TIME

I

| SECONDARY PROCESSING TO PLATE |
| !

EVALUATION OF PRODUCTION PLATE

EVALUATION OF FORGINGS PRODUCED
UNDER CONTRACT N00019-75-C-0208

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. Prior to final processing of the bloom to plate, a detailed
production simulating parametric study was conducted to identify any potential
problems which might be encountered during actual processing of the full bloom
and to understand the effect of production processing and heat treatment on
microstructure of the material. Using sample material from the production-
sized ingot, a study also was conducted to characterize the strength potential
and attendant trends in toughness of CORONA-5. A separate effort was conduct-
ed to determine the alpha-beta processing reduction/annealing temperature/
annealing time envelope for CORONA-5 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 (TMP) sequence to plate. Plate stock
representing these TMP sequences were evaluated to establish the effect of
processing schedule on microstructure, mechanical properties, and stress
corrosion cracking resistance.
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Finally, detailed mechanical property characterizations were made on
selected forgings produced under a previous contract (Reference 3).

Specific details of the approach and work conducted within each task

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,
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
this ingot was determined to be 1,720° F(940° C). Chemical analyses of
this heat resulted in the following nominal composition:

Aluminum 4.4 w/o Hydrogen 0.0018 w/o
Molybdenum 5.1 w/o Iron 0.20 w/o
Chromium 1.46 w/o Carbon 0.065 w/o
Oxygen 0.183 w.o Titanium balance
Nitrogen 0.011 w/o

Primary processing of this ingot consisted of soaking in a 1,950° F
(1,065° C), Tg + 230° F (130° C), furmace for 6 hours, followed by a
30 percent upset and square-up operation to a 29.5-inch (0.75 m), (RCS)
bloom. After minimum rcheat at 1,950° F (1,065° C), the bioom 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 final 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
finishing temperature after this conversion was 1,500° F (815° C), Tg-220° F
(120° C). The slab was then flattened on a plate placed on the bottom die of
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.

EVALUATION OF PARAMETERS FOR SECONDARY PROCESSING

Results of previous contractural efforts in the development of CORONA-S,
particularly those obtained under contract N00019-75-C-0208 (Reference 3)
have shown that a lenticular primary alpha morphology is necessary in this
alloy to provide high-fracture toughness. In contrast, a globular primary
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TABLE 1. RAW MATERIALS FOR CORONA-5 INGOT

Chemistry
Purchasing
Material Element specification Actual
Ti sponge, Mg reduced 0 0.12 max 0.089
(hardness = 140 BHN/1,500 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 0.05 max 0.010
N 0.025 max 0.002
H 0.005 max 0.003
Cl 0.15 max 0.055
Al -Mo master alloy Al 42.0 42.2
Mo 54.0 53.9
Ti --- 3.69
0 0.15 max 0.04
N 0.010 max 0.005
C 0.15 max 0.038
Fe 0.50 max 0.19
Si 0.50 max
Mg 0.20 max
Cr, electrolytic Cr 99.0 min
N 0.015 max
0 0.10 max
C 0.10 max
Fe 0.50 max
Si 0.20 max
- Al, shot Al 99.0 min
Fe 0.40 max
0 0.10 max
S 0.25 max
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alpha results in low toughness. An interpretation of these results is offered
by Hirth and Froes (Reference 4) in a separate publication. The lenticular
primary alpha morphology is relatively easy to produce in small billet or
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
insure uniform slab heating - a major factor in avoiding curling during plate
rolling. In addition, the thicker or more massive sections involved will

cool much more slowly than the smaller specimens processed in a laboratory.
These longer heating times and slower cooling rates promote equiaxing or
spheroidization of the primary alpha, and can be detrimental to the properties
of CORONA-S.

Thus, to achieve the desired microstructure in CORONA-5 using production
facilities, a parametric study was required prior to final processing of the
slab segments to plate. This study was carried out by forging 1-inch (25 mm)
cubes of material from the preceding contract effort on a 150-ton (135 Mg)
press using a strain rate of ~1 inch/sec (25 mm/sec). Forging was used
rather than rolling since this deformation mode was more efficient both in
material usage and time, while adequately simulating deformation by rolling.
Cooling rates were retarded by placing forged cubes in vermiculite. The
predominant metallographic criterion for acceptable or unacceptable TMP
sequence was the shape of the primary alpha phase: lenticular being acceptable
and globular being unacceptable. A second concern was to avoid formation of
continuous grain boundary alpha since this could adversely affect stress
corrosion resistance.

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
previous processing. Starting with this microstructure, the following
sequences were evaluated:

1. Beta annealed (BA) + primary alpha precipitation (Ppa)

2. Beta worked (BW) + primary alpha precipitation (Ppa)

3. Beta worked (BW) + primary alpha precipitation (Pba) + alpha-
beta worked (o/BW) + primary alpha precipitation (Ppy)

In addition to these sequences, specimens were evaluated at intermediate
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
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.
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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 sumary of microstructural
features for each of the three basic conditions is presented.

TR Contains very long, needle-like transgranular
L alpha and continuous grain boundary alpha.

2. BW + Ppa . Also contains lenticular, transgranular primary

alpha which is discontinuous and shorter in

length than that formed in BA + Ppa condition.

Grain boundary alpha is also present, but in a

semicontinuous manner,

3. BW + ppa + a/BW + P - Produces range of microstructure from lenticular
pa °

to equiaxed alpha; however, short-time, low-
temperature anneals provide acceptable struc-
tures. Longer times and higher temperatures
tend to reduce aspect ratio of primary alpha.

STRENGIH VERSUS TOUGHNESS EVALUATIONS

Following the foregoing activity, a study was conducted to establish
the strength versus toughness trends in CORONA-5 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
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 graphically demonstrating the role that thermomechanical
processing mode plays in affecting 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
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. SPECIMENS USED IN MICROSTRUCTURAL STUDY AFTER VARIOUS
PROCESSING SEQUENCES
Treatment Acceptable
Specimen Purpose Type(l) microstructure
N10 Grain size } BA -
N9
N1 Intermediate structure Yes
NI1A Effect of alpha-beta anneal on Yes
N1B beta-worked material Yes
N2 Structure after second alpha-beta |}RW + Ppa -
anneal
N3 As for N2 with slow cool Yes
N3A Effect of 1650° F (900° C) hold 4
N3B without prior deformation of =
alpha (compare with N4C, N4D)
N4 Structure after second alpha-beta
forge
N4A Effect of moderate high alpha- L No
N4B beta anneal on as-forged No
structure
N4C Effect of high alpha-beta anneal pw + Ppa + No
N4D on as-forged structure o/BW + Ppa No
N4E Effect of moderate or moderate- Yes
N4J low alpha-beta anneal on Yes

as-forged structure

(I)Treatment:

RA - Beta annealed
BW - Beta worked
a/BW - Alpha-beta worked
Ppa - primary alpha precipitation

(Z)Based on the work on this alloy, lenticular primary alpha

alpha does not.

leads’ to high fracture toughness, while globular primary
Thus, lenticular primary alpha is
classified "acceptable' and globular primary alpha is
classified "'unacceptable."
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g TABLE 2. SPECIMENS USED IN MICROSTRUCTURAL STUDY AFTER VARIOUS
PROCESSING SBEQUENCES (CONCL)
Treatment Acceptable (2)
Specimen Purpose Type(l) microstructure -
N4K Show grain size N4D _ -
N4L Effect of duplex high-moderate Yes
alpha-beta anneals on as-forged [{ BW + P at
structure . a/gw + ppa
NS Effect of moderate alpha-beta Yes
anneal on as-forged structure
NSA Effect of beta anneal + high- Yes©
NSB } moderate alpha-beta anneal on BA + Ppa Yes©
N5C structure (compare with N2, N3) Yes©
N6 Effect of moderate-high alpha- BW + Ppa + No
N7 beta anneal on as-forged [ o/BW + Ppa No
N8 structure No
(Drreatment:
BA - Beta
BW - Beta
o/BW - Alpha-

Ppa - Primary alpha precipitation

(Z)Based on prior work on this alloy, lenticular primary alpha leads

(3)Beta annealed structure.

to high fracture toughness, while globular primary alpha does not.
thus, lenticular primary alpha is classified "acceptable'" and
globular primary alpha is classified "unacceptable."
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TABLE 3.

PROCESSING HISTORY OF STRENGTH/TOUGHNESS TREND SPECIMENS

Condition| Finish rolling Final heat treatment
A Beta rolled from | 1,675/1 hr/WQ + 1,350/4 hr/AC
B 1,800° F starting | , coe/1 mr/wg + 1,100/8 Hr/AC
at 2 in. and
C reducing to 1/2 1,675/1 hr/AC + 1,100/8 hr/AC
D B3 1,675/1 hr/WQ + 1,100/8 hr/AC
E 1,625/2 hr/WQ + 1,350/4 hr/AC
F 1,625/2 hr/wQ + 1,100/8 hr/AC
F* 1,625/2 hr/AC + 1,100/8 hr/AC
G 1,550/4 hr/wQ + 1,350/4 hr/AC
H 1,550/4 hr/wQ + 1,100/8 hr/AC
H* 1,550/4 hr/AC + 1,100/8 hr/AC
I 1,550/4 hr/wQ + 950/24 hr/AC
J 1,475/4 hr/wQ + 1,100/8 hr/AC
K 1,475/4 hr/WQ + 950/24 hr/AC
L Alpha-beta rolled |1,625/1 hr/WQ + 1,250/6 hr/AC
M i?izrliﬁgoﬁrpsoak 1,625/0.25 hr/WQ + 1,250/6 hr/AC
N starting at 2 in. [1,550/24 hr/WQ + 1,250/6 hr/AC
0 ;72 €§?“Ci"g Y 11,550/2 hr/wQ + 1,250/6 hr/AC
p 1,550/0.5 hr/wQ + 1,250/6 hr/AC
Q 1,475/48 hr/WQ + 950/24 hr/AC
R 1,475/4 hr/WQ + 950/24 hr/AC
S Direct age at 1,100/8 hr/AC
T Alpha-beta rolled |1,675/1 hr/AC + 1,550/4 hr/WQ + 1,350/4 hr/AC
U i??ﬂrlifgoﬂrFsoak 1,675/1 hr/AC + 1,550/4 hr/WQ + 1,100/8 hr/AC
V starting at 2 in. |1,675/1 hr/AC + 1,550/4 hr/WQ + 950/24 hr/AC
W f?g Eif“Ci“g ' 11,675/1 hr/AC + 1,475/4 hr/WQ + 950/24 hr/AC
X 1,600/4 hr/AC + 1,475/12 hr/WQ + 950/24 hr/AC
Y 1,750/1.5 hr/AC + 1,550/4 hr/wQ + 1,100/8 hr/AC
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Hence, the object of a high-toughness alloy development program is to maintain
or improve the critical crack length at equivalent 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

interrelationship between chemistry, processing history and final heat
treatment.

STRAIN/ANNEALING TEMPERATURE/ANNEALING TIME

These interrelationships were established for a family of Ti-Mo-Cr-Al
alloys including CORONA-5 in a companion study conducted during this phase
of the program. Achievement of high-fracture toughness in this alloy system
is highly dependent on development of ar alpha phase morphology consisting of
essentially primary alpha particles having a lenticular shape. 1f, for a
given amount of deformation, the annealing time at temperature is excessive,
the alpha particle phase will be globular and will tend to form a continuous

grain boundary network. As has been shown for CORONA-5 (References 1 and 3),
both these conditions will have an adverse effect on the toughness ot the

alloy. Annealing temperatures and times insufficient to cause recrystalliza-
tion and produce the lenticular alpha morphology also result in low toughness.

The proper annealing temperature for CORONA-5 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-beta work.

A number of investigations and publications have shown that diffusion,
tempering, creep and rupture, recrystallization, and grain growth (Refer-
ences 5-10) phenomena follow the rate process equation:

Rate = Ae-Q/RT
where A = constant
R = gas constant-
Q = activation energy for the process
T = absolute temperature
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For a fixed property value, such as strength, hardness, grain size, etc, the
ratc process equaticn can be reduced to the form:

C =0Q/2.3RT - log 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 defining
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
range of 1,400 to 1,600° F (760 to 870° C) to achieve optimum strength and

toughness for a given hot-working history,

SECONDARY PROCESSING TO PLATE

From 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-
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/B)

A 40-inch (1 m) length of billet weighing approximately 1,950 pounds
(885 kg) was soaked for 5 hours at 1,800° F (980° C), T, + 80° F (45° C) then
rolled through an eight pass schedule from 14- (0.36 m) to 6-inch (0.15 m)
thickness in 2 minutes, finishing at 1,600° F (880° C), Tg - 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), Tg - 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), Tg - 320° F (175° C).

HIGH BETA PROCESSED (HIGH B)

The remaining half of the plate, also approximately 870 pounds (395 kg),
was soaked fer 2 hours at 1,800° F, TB'+ 80° F (45° C), and rolled through a
four-pass schedule from 6- (0.15 m) to 3-inch (0.076 m) thickness, finishing
at a temperature of approximately 1,580° F (860° C), Tg - 140° F (75° C).
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LOW BETA PROCESSED (LOW B)

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) Ty + 80° F (45° C), then
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), Tg + 30° 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), Tg - 220° F (120° C).

Subsequent to final processing, each plate segment was sectioned in sizes
appropriate to meet the requirements of various agencies requesting material
for independent evaluations. Recommendations were made, however, for specific
thermal cycles to be used in obtaining the desired conditions. Table 4 pre-
sents a list of the companies involved in the independent evaluation, the
quantity and condition of material shipped, and the tests to be performed.

EVALUATION OF PRODUCTION PLATES

To provide baseline information for comparison with data generated during
independent evaluations, one plate segment from each of the three basic proc-
ess conditions, described in the paragraph ''Secondary Processing to Plate,"
was held for in-house<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>