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[0001] This invention was made with United States government support
under NIST Contract Number 70NANB7H7038, awarded by the National Institute of
Standards and Technology (NIST), United States Department of Commerce. The

United States government may have certain rights in the invention.
BACKGROUND OF THE TECHNOLOGY

FIELD OF THE TECHNOLOGY

[0002] The present disclosure relates to methods of forging metal alloys,
including metal alloys that are difficult to forge due to low ductility. Certain methods
according to the present disclosure impart strain in a way that maximizes the buildup
of disorientation into the metal grain crystal structure and/or second-phase particles,
while minimizing the risk of initiation and propagation of cracks in the material being
forged. Certain methods according to the present disclosure are expected to affect

microstructure refinement in the metal alloys.
DESCRIPTION OF THE BACKGROUND OF THE TECHNOLOGY

[0003] Duciility is an inherent property of any given metallic material (i.e.,
metals and metal alloys). During a forging process, the ductility of a metallic material
is modulated by the forging temperature and the microstructure of the metallic

material. When ductility is low, for example, because the metallic material has
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inherently low ductility, or a low forging temperature must be used, or a ductile
microstructure has not yet been generated in the metallic material, it is usual practice
to reduce that amount of reduction during each forge iteration. For example, instead
of forging a 22 inch octagonal workpiece to a 20 inch octagon directly, a person
ordinarily skilled in the art may consider initially forging to a 21 inch octagon with
forging passes on each face of the octagon, reheating the workpiece, and forging to
a 20 inch octagon with forging passes on each face of the octagon. This approach,
however, may not be suitable if the metal exhibits strain-path sensitivity and a
specific final microstructure is to be obtained in the product. Strain-path sensitivity
can be observed when a critical amount of strain must be imparted at given steps to
trigger grain refinement mechanisms. Microstructure refinement may not be realized

by a forge practice in which the reductions taken during draws are too light.

[0004] In a situation where the metallic material is low temperature sensitive
and is prone to cracking at low temperatures, the on-die time must be reduced. A
method to accomplish this, for example, is to forge a 22 inch octagonal billet to a 20
inch round cornered square billet (RCS) using only half of the passes that would be
required to forge a 20 inch octagonal billet. The 20 inch RCS billet may then be
reheated and the second half of passes applied to form a 20 inch octagonal billet.
Another solution for forging low temperature sensitive metallic materials is to forge
one end of the workpiece first, reheat the workpiece, and then forge the other end of

the workpiece.

[0005] In dual phase microstructures, microstructure refinement starts with
sub-boundary generation and disorientation buildup as a precursor to processes
such as, for example, nucleation, recrystallization, and/or second phase
globularization. An example of an alloy that requires disorientation build up for
refinement of microstructure is Ti-6Al-4V alloy (UNS R56400) forged in the alpha-
beta phase field. In such alloys, forging is more efficient in terms of microstructure
refinement when a large reduction is imparted in a given direction before the
workpiece is rotated. This can be done on a laboratory scale using multi-axis forging
(MAF). MAF performed on small pieces (a few inches per side) in (near-)
isothermal conditions and using very low strain rates with proper lubrication is able to

impart strain rather homogeneously; but departure from any of these conditions
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(small scale, near-isothermal, with lubrication) may result in heterogeneous strain
imparted preferentially to the center as well as ductility issues with cold surface
cracking. An MAF process for use in industrial scale grain refinement of titanium
alloys is disclosed in U.S. Patent Publication No. 2012/0060981 A1, which is

incorporated by reference herein in its entirety.

[0006] It would be desirable to develop a method of working that provides
sufficient strain to a metallic material to initiate microstructure refinement

mechanisms efficiently through forging, while limiting ductility issues.

SUMMARY

[0007] According to a non-limiting aspect of the present disclosure, a
method of forging a metallic material workpiece comprises open die press forging the
workpiece at a forging temperature in a first forging direction up to a reduction
ductility limit of the metallic material. Open die press forging the workpiece up to the
reduction ductility limit of the metallic material is repeated one or more times at the
forging temperature in the first forging direction until a total amount of strain
imparted in the first forging direction is sufficient to initiate microstructure

refinement. The workpiece is then rotated a desired degree of rotation.

[0008] The rotated workpiece is open die press forged at the forging
temperature in a second forging direction up to the reduction ductility limit of the
metallic material. Open die press forging the workpiece up to the ductility limit of
the metallic material is repeated one or more times at the forging temperature in
the second forging direction until a total amount of strain imparted in the second

forging direction is sufficient to initiate microstructure refinement.

[0009] The steps of rotating, open die press forging, and repeating open
die press forging are repeated in a third forging and, optionally, one or more
additional directions until a total amount of strain to initiate grain refinement is
imparted in the entire volume of the workpiece. The workpiece is not rotated until a
total amount of strain that is sufficient to initiate microstructure refinement is

imparted in each of the third and one or more additional directions.
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[0010] According to another non-limiting embodiment of the present
disclosure, a method of split pass open die forging a metallic material workpiece to
initiate microstructure refinement comprises providing a hybrid octagon-RCS
workpiece comprising a metallic material. The workpiece is upset forged. The
workpiece is subsequently rotated for open die drawing on a first diagonal face in an
X' direction of the hybrid octagon-RCS workpiece. The workpiece is multiple pass
draw forged in the X' direction to the strain threshold for microstructure refinement
initiation. Each multiple pass draw forging step comprises at least two open press
draw forging steps with reductions up to the reduction ductility limit of the metallic

material.

[0011] The workpiece is rotated for open die drawing on a second diagonal
face in a Y' direction of the hybrid octagon-RCS workpiece. The workpiece is
multiple pass draw forged in the Y’ direction to the strain threshold for microstructure
refinement initiation. Each multiple pass draw forging step comprises at least two
open press draw forging steps with reductions up to the reduction ductility limit of the

metallic material.

[0012] The workpiece is rotated for open die drawing on a first RCS face in
a Y direction of the hybrid octagon-RCS workpiece. The workpiece is multiple pass
draw forged in the Y direction to the strain threshold for microstructure refinement
initiation. Each multiple pass draw forging step comprises at least two open press
draw forging steps with reductions up to the reduction ductility limit of the metallic

material.

[0013] The workpiece is rotated for open die drawing on a second RCS face
in an X direction of the hybrid octagon-RCS workpiece. The workpiece is multiple
pass draw forged in the X direction to the strain threshold for grain refinement
initiation. Each multiple pass draw forging step comprises at least two open press
draw forging steps with reductions up to the reduction ductility limit of the metallic
material The steps of upsetting and multiple draw forging cycles can be repeated as
desired to further initiate and or enhance microstructure refinement in the metallic

material.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The features and advantages of the methods and articles described
herein may be better understood by reference to the accompanying drawings in

which:

[0015] FIG. 1 is a flow diagram of a non-limiting embodiment of a method of

split-pass open die forging a metallic material according to the present disclosure;

[0016] FIG. 2 is a schematic representation of a hybrid octagon-RCS

workpiece according to a non-limiting embodiment of the present disclosure; and

[0017] FIG. 3A through FIG. 3E are schematic illustrations of a non-limiting
embodiment of a method of split-pass open die forging a metallic material hybrid

octagon-RCS workpiece according to the present disclosure.

[0018] The reader will appreciate the foregoing details, as well as others,
upon considering the following detailed description of certain non-limiting

embodiments according to the present disclosure.

DETAILED DESCRIPTION OF CERTAIN NON-LIMITING EMBODIMENTS

[0019] Itis to be understood that certain descriptions of the embodiments
described herein have been simplified to illustrate only those elements, features, and
aspects that are relevant to a clear understanding of the disclosed embodiments,
while eliminating, for purposes of clarity, other elements, features, and aspects.
Persons having ordinary skill in the art, upon considering the present description of
the disclosed embodiments, will recognize that other elements and/or features may
be desirable in a particular implementation or application of the disclosed
embodiments. However, because such other elements and/or features may be
readily ascertained and implemented by persons having ordinary skill in the art upon
considering the present description of the disclosed embodiments, and are therefore
not necessary for a complete understanding of the disclosed embodiments, a
description of such elements and/or features is not provided herein. As such, itis to
be understood that the description set forth herein is merely exemplary and
illustrative of the disclosed embodiments and is not intended to limit the scope of the

invention as defined solely by the claims.



10

15

20

25

30

WO 2014/149594 PCT/US2014/019788

[0020] Any numerical range recited herein is intended to include all sub-
ranges subsumed therein. For example, a range of "1 to 10" or “from 1 to 10” is
intended to include all sub-ranges between (and including) the recited minimum
value of 1 and the recited maximum value of 10, that is, having a minimum value
equal to or greater than 1 and a maximum value of equal to or less than 10. Any
maximum numerical limitation recited herein is intended to include all lower
numerical limitations subsumed therein and any minimum numerical limitation recited
herein is intended to include all higher numerical limitations subsumed therein.
Accordingly, Applicants reserve the right to amend the present disclosure, including
the claims, to expressly recite any sub-range subsumed within the ranges expressly
recited herein. All such ranges are intended to be inherently disclosed herein such
that amending to expressly recite any such sub-ranges would comply with the
requirements of 35 U.S.C. § 112, first paragraph, and 35 U.S.C. § 132(a).

[0021] The grammatical articles "one", "a", "an", and "the", as used herein,
are intended to include "at least one" or "one or more”, unless otherwise indicated.
Thus, the articles are used herein to refer to one or more than one (i.e., to at least
one) of the grammatical objects of the article. By way of example, "a component”
means one or more components, and thus, possibly, more than one component is
contemplated and may be employed or used in an implementation of the described

embodiments.

[0022] All percentages and ratios are calculated based on the total weight of

the particular metallic material composition, unless otherwise indicated.

[0023] Any patent, publication, or other disclosure material that is said to be
incorporated, in whole or in part, by reference herein is incorporated herein only to
the extent that the incorporated material does not conflict with existing definitions,
statements, or other disclosure material set forth in this disclosure. As such, and to
the extent necessary, the disclosure as set forth herein supersedes any conflicting
material incorporated herein by reference. Any material, or portion thereof, that is
said to be incorporated by reference herein, but which conflicts with existing
definitions, statements, or other disclosure material set forth herein is only
incorporated to the extent that no conflict arises between that incorporated material

and the existing disclosure material.
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[0024] The present disclosure includes descriptions of various
embodiments. ltis to be understood that all embodiments described herein are
exemplary, illustrative, and non-limiting. Thus, the invention is not limited by the
description of the various exemplary, illustrative, and non-limiting embodiments.
Rather, the invention is defined solely by the claims, which may be amended to
recite any features expressly or inherently described in or otherwise expressly or

inherently supported by the present disclosure.

[0025] As used herein, the term "metallic material” refers to metals, such as

commercially pure metals, and metal alloys.

[0026] As used herein, the terms "cogging", "forging", and "open die press
forging” refer to forms of thermomechanical processing (“TMP”), which also may be
referred to herein as “thermomechanical working”. "Thermomechanical working" is
defined herein as generally covering a variety of metallic material forming processes
combining controlled thermal and deformation treatments to obtain synergistic
effects, such as, for example, and without limitation, improvement in strength,
without loss of toughness. This definition of thermomechanical working is consistent
with the meaning ascribed in, for example, ASM Materials Engineering Dictionary,
J.R. Davis, ed., ASM International (1992), p. 480. As used herein, the term "open
die press forging" refers to the forging of metallic material between dies, in which the
material flow is not completely restricted, by mechanical or hydraulic pressure,
accompanied with a single work stroke of the press for each die session. This
definition of open die press forging is consistent with the meaning ascribed in, for
example, ASM Materials Engineering Dictionary, J.R. Davis, ed., ASM International
(1992), pp. 298 and 343. As used herein, the term "cogging" refers to a
thermomechanical reducing process used to improve or refine the grains of a
metallic material, while working an ingot into a billet. This definition of cogging is
consistent with the meaning ascribed in, for example, ASM Materials Engineering
Dictionary, J.R. Davis, ed., ASM International (1992), p. 79.

[0027] As used herein, the term "billet" refers to a solid semifinished round or
square product that has been hot worked by forging, rolling, or extrusion. This
definition of billet is consistent with the meaning ascribed in, for example, ASM

Materials Engineering Dictionary, J.R. Davis, ed., ASM International (1992), p. 40.
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As used herein, the term "bar" refers to a solid section forged from a billet to a form,
such as round, hexagonal, octagonal, square, or rectangular, with sharp or rounded
edges, and is long in relationship to its cross-sectional dimensions, having a
symmetrical cross-section. This definition of bar is consistent with the meaning
ascribed in, for example, ASM Materials Engineering Dictionary, J.R. Davis, ed.,
ASM International (1992), p. 32.

[0028] As used herein, the term "ductility limit" refers to the limit or
maximum amount of reduction or plastic deformation a metallic material can
withstand without fracturing or cracking. This definition is consistent with the
meaning ascribed in, for example, ASM Materials Engineering Dictionary, J.R. Davis,
ed., ASM International (1992), p 131. As used herein, the term "reduction ductility
limit" refers to the amount or degree of reduction that a metallic material can

withstand before cracking or fracturing.

[0029] As used herein, the phrases "initiate microstructure refinement" and
"strain threshold for microstructure refinement initiation" refer to imparting strain in
the microstructure of a metallic material to produce a buildup of disorientation (e.g.,
dislocations and sub-boundaries) in the crystal structure and/or second phase
particles that results in a reduction of the material’s grain size. Strain is imparted to
metallic materials during the practice of non-limiting embodiments of methods of the
present disclosure, or during subsequent thermomechanical processing steps. In
substantially single-phase nickel-base or titanium-base alloys (at least 90% of y
phase in nickel or B phase in titanium) the strain threshold for microstructure
refinement initiation refers to the nucleation of the first recrystallized grains. It can be
estimated from a stress-strain curve measured at the temperature and strain rates of
interest through uniaxial compression or tension. It is usually in the order of 0.1 to
0.3 strain. When dual phase nickel-base and titanium-base alloys are forged,
microstructure evolution is far more sluggish. For instance, the globularization of the
secondary phase may not be achieved or even initiated in a single draw. The focus
is then placed on the strain required to build up disorientation efficiently throughout
the accumulation of multiple forging steps. Microstructure refinement refers then to
the formation of small sub-grains increasingly disoriented from their parent grain or

original orientation. This is tied to dynamic recovery (accumulation of dislocations
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into sub-boundaries), the effect of which can also be seen on stress-strain curves in
the form of flow softening. Similar threshold values of 0.1 to 0.3 are usually obtained
and may be used as a qualitative estimate of strain threshold that needs to be
reached at every draw or forge operation. Promoting disorientation build up during a
draw increases the probability that sub-grains will disorient even more after rotation
for the next draw instead of bringing their orientation back to that of their parent

grain.

[0030] According to an aspect of a method of split pass open die forging
according to the present disclosure, split pass open die forging relies on precisely
controlling the amount of strain imparted to the workpiece at every pass to limit
cracking of the workpiece. If insufficient reduction is taken in a given forging
direction to initiate the microstructure refinement process in that given direction,
open die press forging is repeated on the same face, in the same direction, up to the
reduction ductility limit of the metallic material being forged, until sufficient reduction

has been imparted in that direction to initiate microstructure refinement.

[0031] If the desirable amount of reduction to be imparted to a workpiece at
any pass to initiate microstructure refinement exceeds the maximum amount of
reduction that can be taken in one draw forging pass without too much material
cracking, i.e., the amount of reduction exceeds the material's reduction ductility limit,
then the reduction pass should be split into two or more passes so that 1) the strain
imparted in any pass is less than the reduction ductility limit of the material at the
forging temperature, and 2) the total strain imparted in one forging direction is
sufficient to initiate satisfactory microstructure refinement. Only after imparting
sufficient strain to drive microstructure evolution and initiate microstructure
refinement in the one direction should the workpiece be rotated for forging for the

next reduction pass, in a second direction.

[0032] Referring to FIG. 1, according to one non-limiting aspect of the
present disclosure a method 100 of forging a metallic material workpiece to initiate
microstructure refinement comprises open die press forging 102 the metallic
material workpiece at a forging temperature in a first forging direction up to a
reduction ductility limit of the metallic material. The reduction ductility limit of the

metallic material, as the phrase is used herein, can be estimated qualitatively by
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the fracture strain (&), which is the engineering strain at which a test specimen
fractures during a uniaxial tensile test. One particular uniaxial tensile test that may
be used is described in ASTM E8 / E8M — 11, “Standard Test Methods for Tension
Testing of Metallic Materials”, ASTM International, West Conshohocken, PA, USA
(2011). The true fracture strain ¢ is the true strain based on the original area Aq and
the area after fracture A, and is given by the Equation (1). A person ordinarily
skilled in the art may readily estimate the reduction ductility limit for a particular
metallic material from Equation (1) and, therefore, reduction ductility limits for

specific metallic materials need to be included herein.
Equation (1): & =In (Ao/ Ay)

[0033] After open die press forging 102 the metallic material workpiece at
a forging temperature in a first forging direction up to a reduction ductility limit of
the metallic material, the workpiece is open die press forged up to the reduction
ductility limit of the metallic material 104 one or more times at the forging
temperature in the first forging direction until a total amount of strain in the first
forging direction is sufficient to initiate microstructure refinement. The workpiece is
then rotated 106 a desired degree of rotation in preparation for the next forging

pass.

[0034] It will be recognized that a desired degree of rotation is determined
by the geometry of the workpiece. For example, a workpiece in the shape of an
octagonal cylinder may be forged on any face, then rotated 90° and forged, then
rotated 45° and forged, and then rotated 90° and forged. To eliminate swelling of
sides of the octagonal cylinder, the octagonal cylinder may be planished by rotating
45° and planishing, then rotating 90° and planishing, then rotating 45° and
planishing, and then rotating 90° and planishing. As will be understood by those
having ordinary skill, the term "planish" and its forms, as used herein, refer to
smoothing, planning, or finishing a surface of a metallic material workpiece by
applying light open-die press forging strokes to surfaces of the metallic workpiece
to bring the workpiece (e.g., a billet or bar) to the desired configuration and
dimensions. An ordinarily skilled practitioner may readily determine the desired
degree of rotations for workpieces having any particular cross-sectional shapes,

such as, for example, round, square, or rectangular cross-sectional shapes.

10
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[0035] After rotating 106 the metallic material workpiece a desired degree of
rotation, the workpiece is open die press forged 108 at the forging temperature in a
second forging direction to the reduction ductility limit of the metallic material. Open
die press forging of the workpiece is repeated 110 up to the reduction ductility limit
one or more times at the forging temperature in the second forging direction until a
total amount of strain in the second forging direction is sufficient to initiate

microstructure refinement in the metallic material.

[0036] Steps of rotating, open die forging, and repeating open die forging
are repeated 112 in a third and, optionally, one or more additional directions until all
faces have been forged to a size such that a total amount of strain that is sufficient to
initiate microstructure refinement is imparted in the entire volume, or throughout the
workpiece. For each of third and one or more additional directions in which
microstructure refinement needs to be activated at that point in the process, open die
press forging is repeated up to the reduction ductility limit and the workpiece is not
rotated until a sufficient amount of strain is imparted in that specific direction. And for
each of the third and one or more additional directions in which only shape control or
planish is needed, open die press forging is performed only up to the reduction
ductility limit. An ordinarily skilled practitioner, on reading the present description,
may readily determine the desired degrees of rotation and the number of forging
directions required for working a specific workpiece geometry using the methods

described herein.

[0037] Embodiments of methods according to the present disclosure differ
from, for example, working methods applying strain to form a slab from workpiece
having a round or octagonal cross-section. For example, instead of continuing
working to provide a flat product, edging only to control width, in non-limiting
embodiments according to the present disclosure similar repeated passes are
taken on additional sides of the workpiece to maintain a somewhat isotropic shape,
that does not deviate substantially from the target final shape, which may be, for

example, a rectangular, square, round, or octagonal billet or bar.

[0038] In cases when large redundant strain must be imparted, the drawing
method according to the present disclosure can be combined with upsets. Multiple

upsets and draws rely on repeating a pattern of recurring shapes and sizes. A
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particular embodiment of the invention involves a hybrid of an octagon and an RCS
cross-section that aims to maximize the strain imparted on two axes during the
draws, alternating the directions of the faces and diagonals at every upset-and-draw
cycle. This non-limiting embodiment emulates the way in which strain is imparted in

cube-like MAF samples, while allowing scale-up to industrial sizes.

[0039] Accordingly, as shown in FIG. 2, in a non-limiting embodiment of a
method of upset forging and draw forging according to the present disclosure, the
special cross-section shape 200 of a billet is a hybrid of an octagon and an RCS,
herein referred to as a hybrid octagon-RCS shape. In a non-limiting embodiment,
each draw forging step results in this recurring hybrid octagon-RCS shape prior to a
new upset. In order to facilitate upsetting, the workpiece length may be less than
three times the minimum face-to-face size of the hybrid octagon-RCS. A key
parameter in this hybrid shape is the ratio of sizes between, on the one hand, the 0°
and 90° faces of the RCS (arrow labeled D in FIG. 2) and, on the other hand, the
diagonal faces at 45° and 135° (arrow labeled Dgiag in FIG. 2) which make it look
somewhat like an octagon. In a non-limiting embodiment, this ratio may be set in
relation to the upset reduction such that the size of the 45°/135° diagonals (Daiag)

before upset is about the same as the size of the 0°/90° (D) diagonals after upset.

[0040] In one non-limiting exemplary calculation of the hybrid octagon-RCS
shape, an upset reduction of U (or as a percentage (100 X U)) is considered. After

an upset forging of U reduction, the diagonal size becomes:

Hd:’a@ o f?ﬁ
10U -0,
Then, the reduction from new diagonal to face is defined as R, and:
o 10
1= F m e -
ﬁbf
L
Rearranging gives:
. 10
T I-R.
After upset, the size between the main faces is:
D
-,

12
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So the reduction on faces to become the new diagonal is

D.. -
r—1—ﬁi&—1—ﬂM—1-1—U

=T -2

[0041] This implies that for reduction r to be defined (positive), U must be
greater than or equal to R. In the case where U=R, in theory, no work would be
needed on the faces to become the new diagonals. In practice, however, forging will

result in some swell in the faces, and forging will be needed.

[0042] Using these equations, a non-limiting embodiment according to the
present disclosure considers the situation in which D = 24 inch, U = 26%, and R = 25%.

¥0.74

This gives: # = 078 ~ 1147
Then the diagonal dimension is:

Dutag = BD ~ 1147 x 24~ 275 gng:

However, part of the reduction work on the diagonals swells onto the faces, so the
reduction put to form and control the size of the new diagonals actually must be greater
than 1.3%. The forging schedule needed to control the faces is simply defined as a few
passes to limit swelling and control the size of new diagonals.

[0043] A non-limiting example of split pass open die forging 300 is
schematically illustrated in FIG. 3A through FIG. 3E. Referring to FIG. 3A, a hybrid
octagon-RCS workpiece comprising a hard to forge metallic material is provided and
open die upset forged 302. The dimensions of the workpiece prior to upset forging
are illustrated by the dashed lines 304, and the dimensions of the workpiece after
upset forging are illustrated by the solid line 306. The faces representing the initial
RCS portion of the hybrid octagon-RCS workpiece are labeled in FIGS. 3A-E as 0,
90, 180, and 270. The Y-direction of the workpiece is in the direction that is
perpendicular to the 0 and 180 degree faces. The X-direction of the workpiece is in
the direction perpendicular to the 90 and 270 degree faces. The faces representing
the initial diagonal octagon portions of the hybrid octagon-RCS workpiece are
labeled in FIGS. 3A-E as 45, 135, 225, and 315. The diagonal X' direction of the
workpiece is in the direction perpendicular to the 45 and 225 degree faces. The

13
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diagonal Y" direction of the workpiece is in the direction perpendicular to the 135 and

315 degree faces.

[0044] After upset forging, the workpiece is rotated (arrow 308) for open die
drawing on a first diagonal face (X' direction), and specifically in the present
embodiment is rotated (arrow 308) to the 45 degree diagonal face for draw forging.
The workpiece is then multiple pass draw forged (arrow 310) on the diagonal face to
the strain threshold for microstructure refinement initiation without passing the
reduction ductility limit. Each multiple pass draw forging step comprises at least two
open press draw forging steps with reductions up to the reduction ductility limit of the

metallic material.

[0045] Referring to FIG. 3B, the workpiece after multiple pass draw forging
on the 45 degree diagonal face is depicted by reference number 312 (not drawn to
scale). The workpiece is rotated 90 degrees (arrow 314), in this specific
embodiment, to the 135 second diagonal face (Y' direction) for multiple pass draw
forging 316. The workpiece is then multiple pass draw forged (arrow 316) on the
diagonal face to the strain threshold for microstructure refinement initiation. Each
multiple pass draw forging step comprises at least two open press draw forging

steps with reductions up to the reduction ductility limit of the metallic material.

[0046] Referring to FIG. 3C, in a non-limiting embodiment, the workpiece is
upset forged 318. The dimensions of the workpiece prior to upset forging are
illustrated by the dashed lines 320, and the dimensions of the workpiece after upset

forging are illustrated by the solid lines 322.

[0047] After upset forging, the workpiece is rotated (arrow 324) for open die
drawing on a first RCS face, and specifically in the present embodiment is rotated
(arrow 324) to the 180 degree diagonal face (first RCS face; Y direction) for draw
forging. The workpiece is then multiple pass draw forged (arrow 326) on the first
RCS face to the strain threshold for microstructure refinement initiation. Each
multiple pass draw forging step comprises at least two open press draw forging

steps with reductions up to the reduction ductility limit of the metallic material.

[0048] Referring to FIG. 3D, the workpiece after multiple pass draw forging

on the 180 degree face is depicted by reference number 328 (not drawn to scale).

14
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The workpiece is rotated 90 degrees (arrow 330), in this specific embodiment, to the
270 degree second RCS face (X direction) for multiple pass draw forging 332. The

workpiece is then multiple pass draw forged (arrow 322) on the second RCS face to
the strain threshold for microstructure refinement initiation. Each multiple pass draw
forging step comprises at least two open press draw forging steps with reductions up

to the reduction ductility limit of the metallic material.

[0049] Referring to FIG. 3E, the hybrid octagon-RCS workpiece 334 forged
according to the non-limiting embodiment described herein above is seen to have
substantially the same dimensions as the original hybrid octagon-RCS workpiece.
The final forged workpiece comprises a grain refined microstructure. This is result of
(1) the upsets, which constitute reductions along the Z-axis of the workpiece,
followed by multiple draws on the X' (reference number 312), Y' (reference number
316), Y (reference number 326), and X axes (reference number 332); (2) the fact
that each pass of the multiple draw was to the reduction ductility limit; and (3) the
fact that the muitiple draws on each axis provided a total strain up to the strain
threshold required for microstructure refinement. In a non-limiting embodiment
according to the present disclosure, upset forging comprises open die press forging
to a reduction in length that is less than the ductility limit of the metallic material, and
the forging imparts sufficient strain to initiate microstructure refinement in the upset
forging direction. Usually, the upset will be imparted in just one reduction because
upsets are typically performed at slower strain rates at which the ductility limit itself
tends to be greater than at the higher strain rates used during draws. But it may be
split in two or more reductions with an intermediate reheat if the reduction exceeds

the ductility limit.

[0050] ltis known that Vee dies naturally create significant lateral swell on
the first pass of a reduction. A non-limiting embodiment of a split pass method
includes after a 90° rotation, the reduction is made to the original size first, and only
then takes the reduction. For example, going form 20 inch to 16 inch with a
maximum pass of 2 inch, one may take a reduction to 18 inch on the first side, then
rotate 90° and take a reduction to 20 inch to control the swell, then take another
reduction on the same side to 18 inch, and then again another reduction to 16 inch.

The workpiece is rotate 90° and a reduction to 18 inch is made to control the swell,
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and then a new reduction to 16 inch.. The workpiece is rotated 90° and a reduction
to 18 inch is taken to control the swell, and then again to 16 inch as a new reduction.
At that pint a couple of rotations associated with planish and passes to 16 inch
should complete a process that insures that no more than a 2 inch reduction is taken

at any pass.

[0051] According to an aspect of the present disclosure, the metallic
material processed according to non-limiting embodiments herein comprises one of
a titanium alloy and a nickel alloy. In certain non-limiting embodiments, the metallic
material comprises a nickel-base superalloy, such as, for example, one of
Waspaloy® (UNS NO7001), ATI 718Plus® alloy (UNS N07818), and Alloy 720 (UNS
NO7720). In certain non-limiting embodiments, the metallic material comprises a
titanium alloy, or one of an alpha-beta titanium alloy and a metastable-beta titanium
alloy. In non-limiting embodiments, an alpha-beta titanium alloy processed by
embodiments of the methods disclosed herein comprises one of a Ti-6Al-4V alloy
(UNS R56400), a Ti-6Al-4V ELI alloy (UNS R56401), a Ti-6Al-2Sn-4Zr-6Mo alloy
(UNS R56260), a Ti-6Al-2Sn-4Zr-2Mo alloy (UNS R54620), a Ti-10V-2Fe-3Al alloy
(AMS 4986) and a Ti-4Al-2.5V-1.5Fe alloy (UNS 54250).

[0052] In a non-limiting embodiment according to the split pass forging
methods of the present disclosure, open die press forging comprises forging at a
forging temperature that is within a temperature range spanning 1100°F up to a
temperature 50°F below a beta-transus temperature of the alpha-beta titanium alloy.
In another non-limiting embodiment, a method according to present disclosure
further comprises one of reheating or annealing the workpiece intermediate any

open die press forging steps.

[0053] It will be recognized that it is within the scope of the methods of the
present disclosure to reheat the workpiece intermediate any open pass press forging
steps. It will also be recognized that it is within the scope of the methods of the
present disclosure to anneal the workpiece intermediate any open pass press forging
steps. The specific details of reheating and annealing a metallic material are known
or readily ascertainable to ordinarily skilled practitioners and therefore need not be

specified herein.
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[0054] The examples that follow are intended to further describe certain
non-limiting embodiments, without restricting the scope of the present invention.
Persons having ordinary skill in the art will appreciate that variations of the following
examples are possible within the scope of the invention, which is defined solely by

the claims.

EXAMPLE 1

[0055] A 24 inch octagonal billet comprising Ti-4Al-2.5V-1.5Fealloy is
heated to a forging temperature of 1600°F. A reduction ductility limit of the alloy at
the forging temperature is estimated to be at least 2 inches per reduction and would
not tolerate much more reduction in a repeated fashion without extensive cracking to
be 2 inches per reduction. The billet is open die press forged in a first direction, on
any face of the octagonal billet, to 22 inches. The billet is then open die press forged
in the first direction to 20 inches. The billet is rotated 90° to a second direction for
open die press forging. While the original octagonal billet dimension was 24 inches,
due to swelling of alternate faces during forging in the first direction, the billet is open
die press forged in the second direction to 24 inches. The billet is then open die
press forged in the second direction two more times to 22 inches, and then to 20
inches. The billet is reheated to the forging temperature. The billet is rotated 45°
and then is split pass forged 2 inches per reduction in the third forging direction to 24
inches, then to 22 inches, and then to 20 inches. The billet is rotated 90° and then is
split pass forged 2 inches per reduction in another forging direction, according to the

present disclosure, to 24 inches, then to 22 inches then to 20 inches.

[0056] The billet is next planished by the following steps: rotating the billet
45° and squaring the side to 20 inches using open die press forging; rotating the
billet 90° and squaring the side to 20 inches using open die press forging; rotating
the billet 45° and squaring the side to 20 inches using open die press forging; and
rotating the billet 90° and squaring the side to 20 inches using open die press
forging. This method ensures that no single pass imparts a change in dimension of
more than 2 inches, which is the reduction ductility limit, while every total reduction in
each desired direction is at least 4 inches, which corresponds to the strain threshold

required to initiate microstructure refinement in the microstructure of the alloy.
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[0057] As part of a sequence of multiple upsets and draws, the split pass die
forging method of the present Example, the microstructure of the Ti-4Al-2.5V-1.5Fe
alloy is comprised of globularized, or equiaxed, alpha-phase particles having an

average grain size in the range of 1 ym to 5 ym.

EXAMPLE 2

[0058] A hybrid octagon-RCS billet of a metallic material comprising
Ti-6Al-4V alloy is provided. The hybrid octagon-RCS shape is a 24 inch RCS with 27.5
inch diagonals forming an octagon. The length is defined to be no more than 3 x 24
inches or 72 inches, and in this example the billet is 70 inches in length. In order to
initiate microstructure refinement, the billet is upset forged at 1600°F to a 26 percent
reduction. After the upset reduction, the billet is about 51 inches long and its hybrid
octagon-RCS cross-section is about 27.9 inch x 32 inch. The billet is to be draw forged
by a reduction of the 32 inch diagonals back to 24 inch faces, which is an 8 inch
reduction, or 25% of the diagonal height. In doing so, it is expected that the other
diagonal would swell beyond 32 inch. In the present example, a reasonable estimate
for the reduction ductility limit at a forging temperature in the range of 1600°F is that no
pass should exceed a 2.5 inch reduction. Because reductions from 32 inch to 24 inch
on diagonals could not be imparted at once in open die press forging given that this
exceeds the reduction ductility limit of the material, the split-pass method according to

the present disclosure was employed for this specific non-limiting embodiment.

[0059] In order to forge the old diagonals down to being the new faces, the 32
inch high face is open press forged to 29.5 inch, and then open press forged to 27.0
inch. The hybrid octagon-RCS billet is rotated 90°, open die press forged to 30.5 inch,
and then open die press forged to 28 inch. The hybrid octagon-RCS billet is then
forged on the old faces to control the new diagonal size. The hybrid octagon-RCS billet
is rotated 45° and open die press forged to 27 inch; and then rotated 90° and open die
press forged to 27.25 inch. The hybrid octagon-RCS billet is open die press forged on
the old diagonals so that they become the new faces by rotating the hybrid octagon-
RCS billet by 45° and open die press forging to 25.5 inch, followed by open die press
forging the same face to 23.25 inch. The hybrid octagon-RCS billet is rotated 90° and
press forged to 28 inch, then open die press forged to 25.5 inch in another split pass,
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and then open die press forged to 23.25 in a further split pass on the same face. The
hybrid octagon-RCS billet is rotated 90° and open die press forged to 24 inch, and then
rotated 90° and forged to 24 inch. Finally, the new diagonals of the hybrid octagon-
RCS billet are planished by rotating the hybrid octagon-RCS billet 45°and open die
press forged to 27.25 inch, followed by rotating the hybrid octagon-RCS billet 90° and
open die press forging to 27.5 inch.

[0060] As part of a sequence of multiple upsets and draws the split pass die
forging method of the present Example, the microstructure of the Ti-6AI-4V alloy is
comprised of globularized, or equiaxed, alpha-phase particles having an average

grain size in the range of 1 ym to 5 ym.

[0061] It will be understood that the present description illustrates those
aspects of the invention relevant to a clear understanding of the invention. Certain
aspects that would be apparent to those of ordinary skill in the art and that, therefore,
would not facilitate a better understanding of the invention have not been presented
in order to simplify the present description. Although only a limited number of
embodiments of the present invention are necessarily described herein, one of
ordinary skill in the art will, upon considering the foregoing description, recognize
that many modifications and variations of the invention may be employed. All such
variations and modifications of the invention are intended to be covered by the

foregoing description and the following claims.
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What is claimed is:

1. A method of forging a metallic material workpiece to initiate microstructure

refinement, the method comprising:

open die press forging the workpiece at a forging temperature in a first

forging direction up to a reduction ductility limit of the metallic material;

repeating open die press forging the workpiece in the first forging direction
up to the reduction ductility limit one or more times at the forging temperature until
a total amount of strain imparted in the first forging direction is sufficient to initiate

microstructure refinement;
rotating the workpiece a desired degree of rotation;

open die press forging the workpiece at the forging temperature in a second

forging direction up to the reduction ductility limit of the metallic material;

repeating open die press forging the workpiece in the second forging
direction up to the reduction ductility limit one or more times at the forging
temperature until a total amount of strain imparted in the second forging direction is

sufficient to initiate microstructure refinement; and

repeating the rotating step, the open die press forging step, and the
repeating open die press forging step in a third and, optionally, one or more
additional forging directions until a total amount of strain that is sufficient to initiate
microstructure refinement is imparted in an entire volume of the workpiece, wherein
the workpiece is not rotated until a total amount of strain that is sufficient to initiate
microstructure refinement is imparted in the third direction and any one or more

additional directions.

2. The method according to claim 1, wherein the metallic material comprises one

of a titanium alloy and a nickel alloy.
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3. The method according to claim 1, wherein the metallic material comprises a

titanium alloy.

4, The method according to claim 3, wherein the titanium alloy comprises one of
a Ti-6Al-4V alloy (UNS R56400), a Ti-6Al-4V ELI alloy (UNS R56401), a Ti-6Al-2Sn-
4Zr-6Mo alloy (UNS R56260), a Ti-6Al-2Sn-4Zr-2Mo alloy (UNS R54620), a Ti-10V-
2Fe-3Al alloy (AMS 4986) and a Ti-4Al-2.5V-1.5Fe alloy (UNS 54250).

5. The method according to claim 3, wherein the metallic material comprises one

of an alpha-beta titanium alloy and a metastable-beta titanium alloy.

6. The method according to claim 3, wherein the metallic material comprises an

alpha-beta titanium alloy.

7. The method according to claim 6, wherein the alpha-beta titanium alloy
comprises a Ti-4Al-2.5V-1.5Fe alloy (UNS 54250).

8. The method according to claim 2, wherein the metallic material comprises one
of a of Waspaloy® (UNS N07001), ATI 718Plus® alloy (UNS N07818), and Alloy 720
(UNS N07720).

9. The method according to claim 1, wherein the forging temperature is within a
temperature range spanning 1100°F up to a temperature 50°F below a beta-transus

temperature of the alpha-beta titanium alloy.

10.  The method according to claim 1, further comprising reheating the workpiece

intermediate any open die press forging steps.
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11. The method according to claim 1, further comprising annealing the workpiece

intermediate any open die press forging steps.

12. A method of split pass open die forging a metallic material workpiece to

initiate microstructure refinement, comprising:
providing a hybrid octagon-RCS workpiece comprising a metallic material;
open die upset forging the workpiece;

rotating the workpiece for open die drawing on a first diagonal face in an X'

direction of the hybrid octagon-RCS workpiece;

multiple pass draw forging the workpiece in the X' direction to the strain

threshold for microstructure refinement initiation;

wherein each multiple pass draw forging step comprises at least two open
press draw forging steps with reductions up to the reduction ductility

limit of the metallic material;

rotating the workpiece for open die drawing on a second diagonal face in an

Y' direction of the hybrid octagon-RCS workpiece;

multiple pass draw forging the workpiece in the Y' direction to the strain

threshold for microstructure refinement initiation;

wherein each multiple pass draw forging step comprises at least two open
press draw forging steps with reductions up to the reduction ductility

limit of the metallic material;

rotating the workpiece for open die drawing on a first RCS faceinan Y

direction of the hybrid octagon-RCS workpiece;

multiple pass draw forging the workpiece in the Y direction to the strain

threshold for microstructure refinement initiation;

wherein each multiple pass draw forging step comprises at least two open
press draw forging steps with reductions up to the reduction ductility

limit of the metallic material;
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rotating the workpiece for open die drawing on a second RCS face in an X

direction of the hybrid octagon-RCS workpiece;

multiple pass draw forging the workpiece in the X direction to the strain

threshold for microstructure refinement initiation;

wherein each multiple pass draw forging step comprises at least two open
press draw forging steps with reductions up to the reduction ductility

limit of the metallic material;

repeating the upset and multiple draw cycles as desired.

13.  The method according to claim 12, wherein the metallic material comprises

one of a titanium alloy and a nickel alloy.

14. The method according to claim 12, wherein the metallic material comprises a

titanium alloy.

15.  The method according to claim 14, wherein the titanium alloy comprises one
of a Ti-6Al-4V alloy (UNS R56400), a Ti-6Al-4V ELI alloy (UNS R56401), a Ti-6Al-
28n-4Zr-6Mo alloy (UNS R56260), a Ti-6Al-2Sn-4Zr-2Mo alloy (UNS R54620), a Ti-
10V-2Fe-3Al alloy (AMS 4986) and a Ti-4Al-2.5V-1.5Fe alloy (UNS 54250).

16. The method according to claim 14, wherein the metallic material comprises

one of an alpha-beta titanium alloy and a metastable-beta titanium alloy.

17.  The method according to claim 14, wherein the metallic material comprises

an alpha-beta titanium alloy.

18. The method according to claim 17, wherein the alpha-beta titanium alloy
comprises a Ti-4Al-2.5V-1.5Fe alloy (UNS 54250).
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19.  The method according to claim 13, wherein the metallic material comprises
one of a of Waspaloy® (UNS N07001), ATI 718Plus® alloy (UNS N07818), and Alloy
720 (UNS N07720).

20. The method according to claim 12, wherein the forging temperature is within a
temperature range spanning 1100°F up to a temperature 50°F below a beta-transus

temperature of the alpha-beta titanium alloy.

21.  The method according to claim 12, further comprising reheating the workpiece

intermediate any open die press forging steps.

22.  The method according to claim 12, further comprising annealing the

workpiece intermediate any open die press forging steps.
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