PCT/US2013/071801

WO 2014/093009

L "OId

(4) samesadwo |
0061 0081 004t 0091 0061 00k ot
; HE— l

oozt

B A

V=29 v

R,

e N,

dezs .

eydiy JA

1/18



WO 2014/093009 PCT/US2013/071801

16

Beta annealing a workpiece comprising a titanium alloy 18

¥

Cooling the beta annealed workpiece to a temperature below the ~
beta transus temperature of the titanium alloy of the workpiece 20

v

Heating the workpiece to a temperature in a workpiece forging temperature
range within the alpha-beta phase field of the metallic material

26 ¥ \
- Multi-axis forging the workpiece, including 22
¥

a) Press-forging the workpiece at a workpiece forging temperature in the workpiece forging
temperature range in the direction of a first orthogonal axis of the workpiece with a strain rate
that is sufficient to adiabatically heat an internal region of the workpiece

y ‘\-—28

b) Optionally, allowing the adiabatically heated internal region of the workpiece to cool to a temperature
at or near the workpiece forging temperature in workpiece forging temperature range and heating an
outer surface region of the workpiece to a temperature at or near the workpiece forging temperature

i \_ 32,34

¢) Press-forging the workpiece at a workpiece forging temperature the workpiece forging
temperature range in the direction of a second orthogonal axis of the workpiece with a strain
rate that is sufficient to adiabatically heat an internal region of the workpiece

‘ 46

d) Optionally, allowing the adiabatically heated internal region of the workpiece to cool to a temperature
at or near the workpiece forging temperature in workpiece forging temperature range and heating an
outer surface region of the workpiece to a temperature at or near the workpiece forging temperature

i \— 52,54

e) Press-forging the workpiece at a workpiece forging temperature in the workpiece forging
temperature range in the direction of a third orthogonal axis of the workpiece with a strain rate
that is sufficient to adiabatically heat an internal region of the workpiece

v \'-"56

f) Optionally allowing the adiabatically heated internal region of the workpiece to cool to a temperature
at or near the workpiece forging temperature in workpiece forging temperature range and heating an
outer surface region of the workpiece to a temperature at or near the workpiece forging temperature

| \_ 60, 62

g) repeating one or more of the press forging steps 28,46,56 until
total strain of at least 1.0 is achieved in the titanium alloy workpiece

FIG. 2 \—64
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FIG. 3(a)

24
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FIG. 3(c)

FIG. 3(e)

FIG. 3
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FIG. 3(b)
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FIG. 3(d)

FIG. 3(f)
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Heating a cylindrical-like shaped workpiece comprising a metaliic

material selected from titanium and a titanium alloy having a starting

cross-sectional dimension to a workpiece forging temperature
in the alpha+beta phase field of the metallic material

~

402

¥

Upset forging the workpiece at the workpiece forging temperature

404

¥
Rotating the workpiece 90°
¥
Multiple pass draw forge the workpiece
at the workpiece forging temperature, comprising:
Y
Incrementally rotating the workpiece
in a rotational direction followed by
¥

Draw forging the workpiece at the workpiece forging
temperature after each increment of rotation

¥

Repeating incrementally rotating and draw forging until the
workpiece comprises the starting cross-sectional dimension.

v

Cooling the workpiece 1o a second workpiece forging temperature
in the alpha+beta phase field of the metallic material
{optional two femperaiure process)
¥
Upset forging the workpiece
at the second workpiece forging temperature

¥
Rotating the workpiece 90°
¥

Multiple pass draw forge the workpiece
at the second workpiece forging temperature, comprising:

v

incrementally rotating the workpiece
in a rotational direction followed by

v

Draw forging the workpiece after
each increment of rotation

¥

Repeating incramentally rotating and draw forging until the
workpiece comprises the starting cross-sectional dimension
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FIG. 11(a)

FIG. 11(b)
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FIG. 12(b)
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FIG. 13
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FIG. 14
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FIG. 15
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FIG. 16(b)
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