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Workability is a vital aspect of the processing of materials, having roots
in both material behavior and process design. Whether a part can be pro-
duced by plastic deformation without cracking or the generation of other
defects is of important economic consequence. Because of the complex na-
ture of the workability of metals, there is no single test that can be used to
evaluate it. Several laboratory tests have been developed that are useful in
screening materials for workability, but in other instances, very specialized
tests that are specific to the process are commonly used.

The Handbook of Workability and Process Design is an update and ex-
pansion in scope of Workability Testing Techniques that was published by
the American Society for Metals in 1984. This original work was devel-
oped by the Metal Working Group of ASM to provide a readily available
description and interpretation of the most common workability tests in the
deformation processing of metals. Prior to its introduction, this informa-
tion was widely scattered in the literature. The nearly 20 year life of this
book bears witness to the value and acceptance of the concept behind this
project.

Vi

At the time of the formulation of Workability Testing Techniques, the
use of finite element methods (FEMs) for the modeling and simulation of
metal deformation processes was in its infancy. In the ensuing 20 years,
the use of FEM analysis for process design has become rather common-
place. Therefore, in contemplating this revision and update, the editors
decided to expand the scope to incorporate process design, especially as
influenced by FEM analysis. By doing this, the Handbook of Workability
and Process Design takes on a more mathematical flavor than its prede-
cessor while still retaining a balance with its original intent. Thus, the
chapters that describe the various workability tests continue true to the
original intent of providing practical workability testing techniques that
can be used by the inexperienced practitioner.

We appreciate the contributions from the many experts who have con-
tributed to this Handbook. Also, special thanks go to Steve Lampman, of
the ASM staff, who not only provided editorial guidance throughout this
project but also expertly provided the chapters that describe the basics of
forging, rolling, extrusion, and wiredrawing.

Howard A. Kuhn
Johnstown, PA
May 1, 2003

S. Lee Semiatin
Dayton, OH
May 1, 2003

George E. Dieter
College Park, MD
May 1, 2003
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Workability and Process Design—
An Introduction

WROUGHT FORMS are produced by a wide
variety of metalworking operations that can be
classified either as bulk working or sheet form-
ing. Bulk working operations (Fig. 1) (Ref 1) in-
clude (a) primary operations where cast ingots,
continuously cast bars, or consolidated powder
billets are worked into mill shapes (such as bar,
plate, tube, sheet, wire) and (b) secondary oper-
ations where mill products are further formed
into finished products by hot forging, cold forg-
ing, drawing, extrusion, straightening, sizing,
and so forth. From a geometric viewpoint, bulk
forming operations are distinguished by large
changes in cross-sectional area (e.g., round bar
extrusion or flat rolling) and may be accompa-
nied by large changes in shape (e.g., impression
die forging or shape rolling). In contrast, sheet
forming operations (Fig. 2) (Ref 1) typically in-
volve large changes in shape (e.g., cup forming
from a flat blank) without a significant change in
the sheet thickness. Sheet forming has several
characteristics that distinguish it from bulk
working; for example, sheet formability in-
cludes different criteria such as springback and
the resistance of a sheet material to thinning.
Sheet formability and process design are not ad-
dressed in this Handbook and are left as topics
for another publication. Nevertheless, many of
the same concepts and methods described in the
present Handbook can be applied to sheet form-
ing processes.

While the major role of bulk forming opera-
tions is to produce the desired shape, in doing so
they also modify the material structure and sur-
face. Generally, the effects of bulk working
processes are beneficial, leading to improved in-
ternal quality (closure of casting porosity, re-
finement of grain structure, and grain alignment)
as well as improved surface quality (burnished
surfaces and worked surface material). However,
the large amount of metal movement during bulk
forming operations also can introduce material
discontinuities that are potential defects (i.e.,
imperfections that degrade intended function).

Some general types of surface and internal
discontinuities of wrought products are illus-
trated in Fig. 3 for the example of rolled bar.
Imperfections such as segregation, porosity, or
seams can influence the potential or likelihood
of a defective part, and their prevention is one

basic objective of process design and control.
Material control is also important, because many
problems can be traced back to the process of
melting and solidification. For example, poros-
ity and shrinkage cavities (pipe) in an ingot can
be passed on to the wrought form (Fig. 4).

The demands of high-performance products
and rapid product development also can be
major concerns in the manufacturing of new
products. For example, metallurgical features
(such as dispersoids and reinforcing particles)
that lead to desirable properties in modern high-
performance materials may also render them
hard-to-work. At the same time, rapid product
and process development have achieved a high
level of sophistication through the use of modern
design methods and tools, enhanced by comput-
erization. These innovations can be classified as
materials testing and data acquisition, process

and product modeling and simulation, and sen-
sors and model based process control. Effective
application of such methods and tools leads to
process design and controls that prevent defects
and reach the full advantages offered by bulk-
forming operations in the production of high-
performance components.

This Handbook focuses on bulk-forming
processes, the defects that frequently occur in
such processes, and the roles of materials test-
ing, process design, and process control in
avoiding defects. The types of workability prob-
lems that may occur are introduced first, and the
general concepts of process modeling for de-
signing and controlling bulk working processes
are described. This introductory chapter also in-
cludes a brief overview on modeling of bulk
forming processes by numerical techniques such
as finite element analysis (FEA). Finite element

Cast slab, Castingot, bloom,
band, strip billet, wire bar
Flat rolling Shape rolling Tube Hot Hot
piercing  extrusion forging
Two- Two- Three- Solid Hollow
dimensional dimensional dimensional
shapes shapes 1
Plate Beam | | | |
Sheet Channel Ring Forge Cross Gear Bar Tube Open die
Strip Angle roling roling  roling roling Rolling Section Multihole  forging
Foil Rail H ' |\ |\ :
Bar ~ = 4 - o el ‘
we—— [ L] oo o
Hexagon Sl i tosmee- bl it ' forging
— Impression
A die forging
— Closed
die forging
I — Swaging
Drawin Drawin
in:'e 9 Sinkir?g — Cold extrusion
Bar On plug — Cold forging
Section On mandrel

Fig. 1 General classification of bulk deformation processes. Source: Ref 1
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Flg 2 General classification of sheet forming processes. Source: Ref 1

NIk

Section A-A

scab

Chip
(lamellar
structure) (c)

Fig. 3 Ten different types of imperfections that might be found in rolled bar

analysis is an effective method for solving a
wide variety of engineering problems and has
been useful in the design and analysis of both
bulk and sheet forming processes (Ref 2).

Workability Problems

Workability refers to the relative ease with
which a material can be shaped through plastic
deformation. Workability is usually thought of
as being limited by the onset of fracture. Greater
workability of a material allows greater defor-
mation and/or a more complex shape that can be
produced before fracture occurs. In general,
however, a workability problem occurs when the

part produced by the bulk working process is un-
acceptable and must be scrapped or reworked.
From this practical point of view, workability
also may be defined by other factors such as the
generation of a rough surface finish or the in-
ability to achieve a required tolerance on a criti-
cal dimension.

Workability also is a complex technological
concept that is related to both material and
process characteristics. Workability depends not
only on the fracture resistance (ductility) of the
material but also on the specific details (stress
state) of the process as influenced by die geom-
etry, workpiece geometry, and lubrication condi-
tions. Ease of manufacture is aided when the
material has a low flow stress (yield strength) so

Embedded

X/
A

I
—

axmlndicates

section of ingots

used for rolling
bars below

“—Bar rolled from ingot A— ‘“—Bar rolled from ingot B—

Fig_ 4 Longitudinal sections of two types of ingots

showing typical pipe and porosity. Pipe is a con-
dition that develops in the nominal top centerline of the
ingot because of metal shrinkage during solidification.
When the ingots are rolled into bars, pipe and porosity be-
come elongated throughout the center of the bars.

that the force that must be applied by the pro-
cessing equipment and the stresses on the dies
are lower. On the other hand, a poorly designed
or controlled process can produce defects in an
easy-to-work material, leading to a scrap part.
By way of example, lead is a very ductile and
workable material that can be formed readily by
compressive operations such as forging and
rolling; yet, lead fails to form easily in tensile
operations such as drawing.

A hard-to-work alloy presents other chal-
lenges to provide a deformation process envi-
ronment that prevents defect formation. The
evaluation of a material by the various workabil-
ity testing and analysis methods described in this
Handbook provide a framework for intelligently



choosing materials for best workability or for
changing the design of the process to enhance
the workability of a given material. As a first
step toward devising a solution to a workability
problem, it is useful to categorize workability
problems in terms of their general source:

®  [Fracture-related problems: for example, in-
ternal bursts or chevron cracks; cracks on
free surfaces; cracks on die-contacted sur-
faces

®  Metal-flow-related problems: for example,
end grain and poor surface performance; in-
homogeneous grain size; shear bands and
locally weakened structures; cold shuts,
folds, and laps; flow-through defects

® Control, material selection, and utilization
problems: for example, underfill, part dis-
tortion, and poor dimensional control; tool
overload and breakage; excessive tool wear;
high initial investment due to equipment
cost; poor material utilization and high
scrap loss

These types of problems are introduced briefly
in the following sections of this chapter. Each
type of problem may involve different kinds of
methods or solutions in the design of the process
and/or product. For example, workability can be
improved by changes in die geometry, work-
piece geometry, lubrication conditions, or pro-
cessing temperature. Much plastic deformation
of metals is carried out at elevated temperature
(hot working) because flow stress decreases
with increasing temperature.

The same general approach applies to sheet
forming operations in that the major emphasis of
formability evaluation also is on measuring and
predicting the limits of deformation before frac-
ture. Sometimes the term formability is used in
conjunction with either the sheet formability or
bulk workability. However, the term formability
is limited more properly to sheet forming opera-
tions because there are major distinctions in the
conditions of sheet forming and bulk forming
processes. In sheet forming, metal is deformed
plastically by tensile loads, often without signif-
icant changes in sheet thickness or surface char-
acteristics and with the possibility of significant
elastic recovery or springback because the mag-
nitudes of plastic and elastic deformation may
be similar. In contrast, metal is deformed plasti-
cally by compressive loads during bulk forming,
and the plastic deformation is proportionally
much more prevalent than elastic deformation.

Fracture-Related Problems

The general types of fracture in bulk working
are:

® Free surface fracture
® Die contact surface fracture
® Internal fracture

The most common types of fracture failures in
bulk working are free surface fracture (at hot or
cold processing temperatures) and internal frac-
ture. Internal fracture occurs by mechanisms

Chapter 1: Workability and Process Design—An Introduction / 5

such as triple-point cracking/cavitation at hot
working temperatures or inhomogeneous defor-
mation that cause internal defects such as central
bursts or chevron cracking. Internal fracture can
be an extremely dangerous type of defect be-
cause it cannot be detected visually.

Free Surface Cracking (Adapted from Ref
3). A free surface, by definition, has neither a
stress normal to it nor a shear stress on it. Free
surface fractures occur on surfaces undergoing
free expansion due to compressive loads on con-
tact surfaces between the tools (rolls or dies) and
the workpiece. The tensile stresses leading to
free surface fracture are often referred to as sec-
ondary stresses since they are not applied di-
rectly by metalworking equipment. Edge crack-
ing in rolling of plates, strip, or rings is a
primary example of free surface cracking.
Another is the surface cracking occurring on ex-
posed expanding surfaces during upsetting or on
the leading edges of localized areas of extrusion
in forgings.

One of the most successful and useful design
tools to come from bulk workability research is
the workability diagram for free surface fracture
during the cold working of wrought and powder
metals. An example of a workability diagram of
this type is shown in Fig. 5 from Chapter 3 of
Ref 4, “Cold Upset Testing.” The graph indicates
the locus of free surface normal strains (one ten-
sile and one compressive) that cause fracture.
The workability diagrams are used during
process design by plotting calculated or esti-
mated surface strain paths that are to be imposed
during forming on the fracture locus diagram
(Fig. 5). If the final strains lie above the locus,
part failure is likely, and changes are necessary
in preform design, lubrication, and/or material.

The fracture locus concept has been used to pre-
vent free surface cracking in forging and to pre-
vent edge cracking in rolling. With modifica-
tions, the fracture locus approach has also
provided insight into such failure modes as cen-
ter bursting in extrusion and forging and die-
workpiece contact fractures in forging. These
limits change with chemistry, grain size, temper-
ature, second-phase content, and possibly with
strain rate.

The concept of a working limit for free sur-
face fracture is important because the workabil-
ity of a metal may be characterized for a partic-
ular set of process conditions. In general, as the
working temperature is increased, the location
of the fracture line will move upward, indicating
that higher deformation can be accommodated
before fracture. However, higher temperatures
are not always beneficial, as in the case of IN718
nickel-base superalloy, which has a temperature
limit of about 1120 °C (2050 °F) for hot work-
ing (Ref 5 and Chapter 12, “Workability Theory
and Application in Bulk Forming Processes” in
this Handbook). Experimental observations have
shown that the slope of the line increases with
strain rate for some metals, most notably some
brasses and austenitic stainless steels (Ref 6).
The position of the line drops (lower workabil-
ity) as the second-phase content increases, much
like the tensile ductility decreases with second
phase. The fracture line location is also sensitive
to the microstructure. For example, a spher-
oidized structure for a high-carbon steel has a
higher fracture-line position than a pearlitic mi-
crostructure has. More details and references on
workability in terms of free surface cracking are
in Chapter 11, “Design for Deformation
Processes.”

Material B

Material A

Strain paths

Fracture loci

Tensile strain ———»

-——— Compressive strain

Fig. 5 Schematic workability diagrams for bulk forming processes. Strain path a would lead to failure for material A.
Both strain paths (a and b) can be used for the successful forming of material B. Source: Ref 4
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Die-Contact Surface Cracking. Cracking
on surfaces in contact with a die is a common
problem. Frequently, cracks occur during forg-
ing on surfaces that are in contact with the dies.
One common location of such defects is in the
vicinity of a die or punch corner. A combination
of shear deformation with tension or low values
of hydrostatic pressure in the vicinity of a
die corner are responsible for surface cracking
(Ref 7).

Observation of a variety of such defects
shows that an apparently common characteristic
is an abrupt change in frictional shear traction
distribution in the region of the crack. High fric-
tion to retard metal flow in advance of the crack
location is one method for preventing such de-
fects. These cracks usually do not propagate
deeply into the workpiece but instead result in
unacceptable surface quality or unacceptable
machining depths if that surface is to be finish
machined. As the forging community has moved
closer to net-shape forming, this type of defect
has become an increasing problem. Causes of
this problem include nonuniform lubrication,
flow around die corners, and an improper start-
ing workpiece surface.

Central or Internal Bursts (Chevron
Cracking). Central bursts are internal fractures

Fig, 6 Section through a heat resistant alloy forging

showing a central discontinuity that resulted
from insufficient homogenization during conversion. Step
machining was used to reveal the location of the rupture;
original diameter is at right.

caused by high hydrostatic tension in combina-
tion with internal material weaknesses. Chevrons
are internal flaws named for their shape (Fig. 3k).
A central burst, or chevron crack, is associated
most commonly with extrusion and drawing op-
erations, although it can be generated by forging
and rolling processes as well. Internal bursts in
rolled and forged metals result from the use of
equipment that has insufficient capacity to work
the metal throughout its cross section. If the
working force is not sufficient, the outer layers of
the metal will be deformed more than the inside
metal, sometimes causing wholly internal, inter-
granular fissures that can act as initiation sites for
further crack propagation during service loads. In
forward cold extrusion, the occurrence of central
bursts or chevrons is nearly always restricted to
isolated lots of material and usually to only a
small percentage of the pieces extruded in any
particular production run.

A change in deformation zone geometry is
usually sufficient to eliminate the problem. The
conservative design approach is to ensure that no
hydrostatic tension develops. Often, however,
the part or tooling design cannot be changed suf-
ficiently to eliminate hydrostatic tension. If the
level of hydrostatic tension can be kept below a
critical level, bursting can likely be avoided.
This may be accomplished by a change in lubri-
cant, die profile, temperature, deformation level,
or process rate.

The probability of internal burst is enhanced
in areas of material weakness if they are acted on
by hydrostatic tension stress states during the
deformation process. For example, with ingot
imperfections (such as pipe, porosity, segrega-
tion, or inclusions), tensile stresses can be suffi-

ciently high to tear the material apart internally,
particularly if the forging temperature is too
high (Ref 8). Similarly, if the metal contains
low-melting phases resulting from segregation,
these phases may rupture during forging. Ingot
pipe, unhealed center conditions, or voids asso-
ciated with melt-related discontinuities may also
induce center bursts if reduction rates are too se-
vere or temperatures are incorrect during work-
ing. The conversion practice to bar or billet must
impart sufficient homogenization or healing to
produce a product with sound center conditions.
An example of an unsound condition that did not
heal is shown in Fig. 6.

It also is useful to point out that, if the stress
state is compressive in areas where material
weaknesses occur, the compressive stress state
will close up any porosity or pipe and will retard
any inclusions or segregation from initiating
cracks. The stress state, as controlled by the
process parameters, thus has an important role in
the degree of soundness in the worked material.
The classic work by Lou Coffin and Harry
Rogers (Ref 9) showed very clear relationships
between damage generation and tensile stress
states (as well as damage healing and compres-
sive stress states) during deformation processing.

Macroetching and ultrasonic inspection meth-
ods are the most widely used for identifying re-
gions of unsoundness. Bursts usually display a
distinct pattern of cracks and do not show
spongy areas, thus distinguishing them from
pipes. Bursts are readily detected by macroetch-
ing. Figure 7 shows a large burst that occurred
during the forging of an electroslag-remelted
(ESR) ingot. The cause was traced to a weak so-
lidification plane near the bottom of the ingot

Fig. 7

Cross section of a forged bar showing a forging burst. The burst is located approximately at the centerline of

the workpiece. Arrow indicates the direction of working.



combined with higher than normal forging tem-
peratures.

Flow-Related Defects

The defects described in this section are re-
lated to the distribution of metal. They can be
avoided by proper die design, preform design,
and choice of lubrication system. Strictly speak-
ing, these defects are not fundamental to the
workability of the material but are related to the
process details. However, knowledge of these
common forging defects is necessary for a prac-
tical understanding of workability. These are the
defects that commonly limit deformation in sec-
ondary operations.

Most types of flow-related defects occur in
hot forging, which is described in more detail in
Chapter 13, “Workability in Forging.” However,
the following provides a general introduction to
typical types of defects that may occur from
bulk working. They are common for impression-
die forging, in which case defect formation may
also involve entrapment of oxides and lubricant.
When this occurs, the metal is incapable of
rewelding under high forging pressures; the term
cold shut is frequently applied in conjunction
with laps, flow-through defects, and so on to de-
scribe the flaws generated.

Underfill may not seem like a flow-related
defect, but aside from simple insufficient start-
ing mass, the reasons for underfill are flow re-
lated. These include improper fill sequence, in-
sufficient forging pressure, insufficient preheat
temperature, lubricant buildup in die corners,
poor or uneven lubrication, and excessive die
chill. An improper fill sequence may result in
excessive flash loss, or it may be the result of ex-
traordinary pressure requirements to fill a partic-
ular section. Sometimes, venting may eliminate
the problem; more often than not, a change in
the incoming workpiece shape or a change in the
deformation sequence is required.

Laps and Folds. Laps are surface irregularities
that appear as linear defects and are caused by the
folding over of hot metal at the surface. These
folds are worked into the surface but are not met-
allurgically bonded (welded) because of the
oxide present between the surfaces (Fig. 8). Thus,
a discontinuity with a sharp notch is created.

In rolling, laps are most often caused by ex-
cessive material in a given hot roll pass being
squeezed out into the area of the roll collar.
When turned for the following pass, the material
is rolled back into the bar and appears as a lap on
the surface (Fig. 3). A lap or fold occurs in die
forging from an improper progression in fill se-
quence. Normally, a lap or fold is associated
with flow around a die corner, as in the case of
an upper rib or lower rib, or with a reversal in
metal-flow direction.

In die forging, a general rule of thumb is to
keep metal moving in the same direction. The
die corner radius is a critical tool dimension, and
it should be as generous as possible. In pro-
gressing through a forging sequence, the die cor-
ners should become tighter so that the workpiece
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F|g 8 Micrograph of a forging lap. Note the included
oxide material in the lap. 20X

fillets are initially large and progressively be-
come smaller as the forging steps are completed.
Figure 9 (Ref 10) shows schematically a lap
forming as metal flows around a die corner.

Extrusion-Type Defects. The tail of an extru-
sion is unusable because of nonuniform flow
through the extrusion die. This results in a cen-
ter-to-surface velocity gradient, with metal from
the workpiece interior moving through the die at
a slightly higher velocity than the outer material.
The result shows up at the tail of the extrusion as
a suck-in or pipe, and, for extrusions, the tail is
simply cut off and discarded. Alternatively, a
follower block of cheaper material may be
added so that most of the defect falls in the
cheaper material, and less length of the extruded
workpiece is lost.

For forgings that involve forward or back-
ward extrusion to fill a part section, the same
situation can develop. Metal flow into a rib or
hub can result in a suck-in defect, which in a
worst-case scenario would show up as a fold on
the face opposite to the rib. A best case would
be a depression on what otherwise should be a
flat surface. One method of eliminating this
type of defect is to position more material on
the back face initially. Another method is to
change the rib geometry (aspect ratio and/or an-
gles). If neither of these changes can be accom-
plished, an extra forging step may be needed to
limit the amount of extrusion that is done in any
one step.

Extrusion-type defects are formed when cen-
trally located ribs formed by extrusion-type flow
draw too much metal from the main body or web
of the forging. A defect similar to a pipe cavity
is thus formed (Fig. 10). Methods of minimizing
the occurrence of these defects include increas-
ing the thickness of the web or designing the
forging with a small rib opposite the larger rib,
as shown in Fig. 10.

Shear-Related or Flow-Through Defects.
Shearing defects are also known as flow-through
defects because they result from excessive metal
flow past a filled detail of the part. Flow-through
defects are formed when metal is forced to flow
past a recess after the recess has filled or when
material in the recess has ceased to deform be-
cause of chilling. An example of this is shown in

N
SR

Formation of flash

Curve of natural metal flow

§\\\\\\‘

Formed forging defect

Fig_ 9 Lap formation in a rib-web forging caused by
improper radius in the preform die. Source:
Ref 10

Fig. 11 (Ref 7) for a trapped-die forging that has
a rib on the top surface. The rib denoted by “2”
is filled early in the forging sequence, and sig-
nificant mass must flow past the rib in order to
fill the inner hub, zone “4.” The result can be a
complete shearing-off of the rib in the worst
case, with a lesser case being the formation of a
shear-type crack.

Similar to laps in appearance, flow-through
defects can be shallow, but they are indicative of
an undesirable grain flow pattern or shear band
that extends much deeper into the forging. An
example is shown in (Fig. 12) (Ref 12). Flow-
through defects can also occur when trapped lu-
bricant forces metal to flow past an impression.

Seams are crevices in the surface of the metal
that have been closed, but not welded, by work-
ing the metal. Seams result from elongated
trapped-gas pockets or from cracks. Even
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Small rib added to prevent
extrusion defect

(b)

F|g 10 Extrusion-type defect (a) in centrally located
rib and (b) die-design modification used to
avoid defect. Source: Ref 11

though seams can occur from cracks, the two
can be distinguished from the presence of ox-
ides. In mill processing, for example, cracks
with little or no oxide present on their edges may
occur when the metal cools in the mold, setting
up highly stressed areas. Seams develop from
these cracks during rolling as the reheated outer
skin of the billet becomes heavily oxidized,
transforms into scale, and flakes off the part dur-
ing further rolling operations. In contrast, cracks

7

Fig_ 11 Schematic of a flow-through crack at the base

of a rib in a trapped-die forging. Excessive
metal flow past region 2 causes a shear crack to form at A
and propagate toward B. Source: Ref 7

also result from highly stressed planes in cold-
drawn bars or from improper quenching during
heat treatment. Cracks created from these latter
two causes show no evidence of oxidized sur-
faces. Seams are generally heavily oxidized and
decarburized in steels (Fig. 13).

Seams have a large number of possible ori-
gins, some mechanical and some metallurgical.
Seams can develop from cracks caused by work-
ing or from an imperfection in the ingot surface,
such as a hole, that becomes oxidized and is pre-
vented from healing during working. In this
case, the hole simply stretches out during forg-
ing or rolling, producing a linear seam in the
workpiece surface. Seams also result from
trapped-gas pockets, cracks, a heavy cluster of
nonmetallic inclusions, or a deep lap.

| 500 pm |

Flg 12 Flow-through defect in Ti-6Al-4V rib-web structural part. Source: Ref 12

Seams may be continuous or intermittent, as
indicated in Fig. 3(h). Depth of seams varies
widely, and surface areas sometimes may be
welded together in spots. Seams seldom pene-
trate to the core of bar stock. Seams can be
difficult to detect because they may appear as
scratches or because a machining process
may obliterate them. Seams are normally closed
tight enough that no actual opening can be de-
tected visually without some nondestructive in-
spection techniques such as magnetic particle
inspection. Figure 14 is an example of a seam
detected by routine magnetic particle inspection
of a hot-rolled 4130 steel bar. No stringer type
inclusions were observed in the region of the
flaw, but it did contain a substantial amount of
oxide (Fig. 14b).

Seams may not become evident until the part
has been subjected to installation and service
stresses. For example, seams are sometimes dif-
ficult to detect in an unused fastener, but they are
readily apparent after a fastener has been sub-
jected to installation and service stresses. Seams
also may not become evident until the constraint
exerted by the bulk of material is removed from
the neighborhood of a seam. The incomplete re-
moval of seams from forging stock can cause ad-
ditional cracking in hot forging and quench
cracking during heat treatment.

Microstructure and Properties

A product with poor properties is another po-
tential problem, and it usually arises from an in-
adequate microstructure such as grain flow and
grain size. A major advantage of shaping metal
parts by rolling, forging, or extrusion stems from
the opportunities such processes offer the de-
signer with respect to the control of grain flow.
The strength of these and similar wrought prod-

F|g 13 Micrograph of a seam in a cross section of a 19
mm (3/4 in.) diameter medium-carbon steel bar
showing oxide and decarburization in the seam. 350X



ucts is almost always greatest in the longitudinal
(or equivalent) direction of grain flow. The max-
imum load-carrying ability in the finished part is
attained by providing a grain flow pattern paral-
lel to the direction of the major applied service
loads when, in addition, sound, dense, good-
quality metal of satisfactorily fine grain size has
been produced throughout.

Grain Flow and Anisotropy. Metal that is
rolled, forged, or extruded develops and retains
a fiberlike grain structure that is aligned in the
principal direction of working. This characteris-
tic becomes visible on external and sectional
surfaces of wrought products when the surfaces
are suitably prepared and etched (Fig 15). The
“fibers” are the result of elongation of the mi-
crostructural constituents of the metal in the di-
rection of working. Thus the phrase direction of
grain flow is commonly used to describe the
dominant direction of these fibers within
wrought metal products from the crystallo-
graphic reorientation of the grains during defor-
mation and/or the alignment of nonmetallic in-
clusions, voids, and chemical segregation. The
occurrence and severity of fibering varies with
such factors as composition, extent of chemical
segregation, and the amount of work or reduc-
tion the workpiece receives.

In wrought metal, the direction of grain flow
is also evidenced by measurements of mechani-
cal properties. Strength and ductility are almost
always greater in the direction parallel to that of
working. The characteristic of exhibiting differ-
ent strength and ductility values with respect to
the direction of working is referred to as “me-
chanical anisotropy” and is exploited in the de-
sign of wrought products. Although best proper-
ties in wrought metals are most frequently the
longitudinal (or equivalent), properties in other
directions may yet be superior to those in prod-
ucts not wrought—that is, in cast ingots or in
forging stock taken from ingot only lightly
worked.

Although all wrought metals are mechani-
cally anisotropic, the effects of anisotropy on
mechanical properties vary among different
metals and alloys. For example, a vacuum-
melted steel of a given composition is generally
less mechanically anisotropic than a conven-
tionally killed, air-melted steel of the same
composition. Response to etching to reveal the
grain flow characteristic of anisotropy also
varies. Metals with poor corrosion resistance
are readily etched, whereas those with good
corrosion resistance require more corrosive
etchants and extended etching times to reveal
grain flow. Because grain flow can be a vital
factor in the service performance of a part, it is
useful to use arrows on forging drawings to
show optimum grain flow direction that corre-
sponds to the direction of principal service
stress. Effects of grain flow are described in
more detail in Chapter 11 “Design for
Deformation Processes.”

Grain Size. The influence of grain size on
properties such as strength and ductility is gen-
erally well understood, and the effects of ther-
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Flg 14 Seam in rolled 4130 steel bar. (a) Close-up of

seam. Note the linear characteristics of this
flaw. (b) Micrograph showing cross section of the bar.
Seam is normal to the surface and filled with oxide. 30X

momechanical processing on grain size are crit-
ical in obtaining products with satisfactory prop-
erties. This requires a more extensive evaluation
of the dynamic and thermophysical conditions
that influence metallurgical processes at a mi-
croscopic level. Thus, the effects of thermome-
chanical processing on grain size require more
complex models based on the principles of phys-
ical metallurgy and the continuum mechanics of
mechanical flow.

Grain size and grain structure also influence
workability. Workability typically decreases
with increasing grain size, because cracks may
initiate and propagate easily along the grain
boundaries. When the grain size is large relative
to the overall size of the workpiece, as in con-
ventionally cast ingot structures, hot working is
required because of the low workability of the
material. In general, the workability of metals
increases with temperature. However, as temper-
ature increases, grain growth also occurs. Thus,
the design of thermomechanical processes may
involve a complex set of factors such as materi-
als control (preforms with suitably fine grain

F|g 15 Section through a forged head on a threaded
fastener showing uniform grain flow that min-
imizes stress raiser and unfavorable shear planes

size for good workability) and an optimal work-
ing temperature for adequate workability with-
out excessive growth of grain size.

Control of grain size during thermomechani-
cal processing is a topic of significant practical
importance, and extensive efforts have been em-
ployed in this regard. For example, the concept
of grain size control has been used for many
years in the production of flat-rolled products.
Small niobium additions increase the austenite
recrystallization temperature, and controlled
rolling is used to refine the relatively coarse
austenite structure by a series of high-tempera-
ture rolling and recrystallization steps. It com-
bines repeated deformation and recrystallization
steps with the addition of austenite grain-growth
inhibitors such as titanium nitride to refine the
starting austenitic grain size and to restrict grain
growth after recrystallization. This is a topic of
ongoing interest, as described in more detail in
the section “Microstructural Modeling” in this
chapter.

Similar metallurgical effects on grain size
apply to other materials and hot working opera-
tions. Minor variations in composition may also
cause large variations in workability, grain size,
and final properties. In one case, for example,
wide heat-to-heat variations in grain size oc-
curred in parts forged from nickel-base alloy
901 (UNS N09901) in the same sets of dies. For
some parts, optimal forging temperatures had to
be determined for each incoming heat of mate-
rial by making sample forgings and examining
them after heat treatment for variations in grain
size and other properties. This illustrates the
complexity of process design and modeling of
thermomechanical forming.

Material Control, Selection, and
Equipment Utilization

The efficiency and productivity of a forming
operation are influenced by a number of factors
such as material selection and control, equipment
cost, tool wear, part distortion, poor dimensional
control, poor material utilization, and high scrap
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loss. Material control is important, as material
variation can have significant effects on proper-
ties and characteristics of the product such as
grain size and mechanical properties. The re-
sponsibility of assuring and verifying the proper-
ties and characteristics of the product is vested in
material control, which controls all processes
employed in production, from selection of raw
material to final inspection. It establishes manu-
facturing standards to ensure reproducibility in
processing and product uniformity. Material con-
trol depends on the proper application of draw-
ings, specifications, manufacturing process con-
trols, and quality-assurance programs to satisfy
all requirements for metallurgical integrity, me-
chanical properties, and dimensional accuracy. It
also provides for identification and certification,
so that a product history can be traced.

Effective utilization of materials and equip-
ment also depends on the type of workpiece ma-
terial and forming operation. Other chapters de-
scribe briefly equipment and workability for
specific types of bulk-working operations.
Chapter 11 “Design for Deformation Processes”
also describes briefly tool materials. A wide
range of materials for tools and dies is available
to designers. Among the important attributes are
hardenability; machinability; and resistance to
wear, plastic deformation, shock loading, and
heat checking. The needed levels of resistance to
wear, plastic deformation, and so forth, are de-
termined by factors such as type of equipment
used, workpiece temperature, expected die tem-
perature, and number of parts to be fabricated.
Low-alloy steels and hot-work die steels are
often suitable for conventional metalworking.
On the other hand, high-temperature die materi-
als are required for special applications such as
isothermal forging of titanium and nickel-base
alloys. These die materials include various su-
peralloys and TZM molybdenum (Mo-0.5Ti-
0.1Zr). Recommendations on the selection of
these materials are made in Chapter 11 “Design
for Deformation Processes.” The approach used
in making these recommendations and the tool
materials are discussed in detail for hot forging
tooling.

Process Design and Modeling

A considerable array of mechanical tests and
modeling techniques has been developed to pre-
vent defects and/or optimize results in bulk
forming operations such as forging, extrusion,
and rolling. In general, the tools and techniques
for process design have one or more of the fol-
lowing objectives:

® Prevent improper part shape or final geom-
etry that differs from expectations

® Prevent defects or cracking that occur dur-
ing shaping

® Prevent poor properties from the develop-
ment of inadequate microstructure

®  Optimize results in terms of desired process

characteristics (such as energy consumption
and maximum productivity) and/or product
properties (such as microstructural homo-
geneity, grain flow characteristics, and grain
size)

Each objective requires different types of analyt-
ical tools or models. For example, models based
on continuum mechanics can address flow-
related problems such as insufficient die fill,
poor shape control, and fracture conditions.

The four major design considerations in a
bulk forming process are material flow, worka-
bility, resultant properties (microstructure) of
the product, and utilization factors (economics,
efficiency, productivity, etc.). The first consider-
ation is the workpiece material and its flow
stress behavior. Flow stress is the stress needed
to cause plastic deformation and is affected by
temperature, rate of deformation, and amount of
previous plastic deformation. Flow stress behav-
ior is based on mechanical testing and can be
modeled by constitutive equations that describe
mathematically the relationship between stress
and strain during plastic deformation.

The second consideration is the fracture be-
havior of the material and the effects of temper-
ature, stress state, and strain rate on fracture; this
combined view of ductility and stress state is
termed workability for bulk forming processes.
Even if the desired shape is obtained, cracking
or some other cracklike discontinuity may occur.
For example, edge cracking may occur during
rolling, or central bursts may occur during ex-
trusion. Cracking of the tool itself may even
occur. Many methods have been developed to
evaluate workability, as described in more detail
in subsequent chapters, with damage criteria de-
tailed in Chapter 12 “Workability Theory and
Application in Bulk Forming Processes”.

The third major consideration is a determina-
tion of the desired final microstructure needed to
produce an acceptable product. Microstructural
optimization or prediction requires additional
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models besides just continuum mechanics.
Microstructural modeling also requires quanti-
fying the thermal field in the materials and the
associated metallurgical phenomena. The practi-
cal application of such physical metallurgy-
based models continues to advance further as
numerical techniques such as finite element
analysis (FEA) become more sophisticated with
improvements in computer hardware. The abil-
ity to accurately predict thermomechanical his-
tories by finite element modeling is being used
to predict the evolution of microstructure,
thereby replacing data-intensive empirical meth-
ods with more knowledge-based analytical/nu-
merical methods using the fundamental princi-
ples of transport phenomena, continuum
mechanics, and physical metallurgy.

The fourth consideration involves added con-
straints of available equipment and economics in
addition to flow 