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M easurement and I nterpretation of Flow Stress Data

for the Simulation of M etal-For ming Processes

S.L. Semiatin* and T. Altan**

* Air Force Research Laboratory, Materials & Manufacturing Directorate, WPAFB, OH
**The Ohio State University, Columbus, OH

The yield stress of a metal under uniaxia conditions is often referred to as the “flow stress’.
Metal starts to deform plastically when the applied stress (in uniaxia tension without necking or in
uniaxial compression without bulging) reaches the value of the yield or flow stress. Metals which
undergo flow hardening or softening exhibit an increasing or decreasing flow stress, respectively, with
increasing strain. Furthermore, many metals show a small or large dependence of flow stress on both
strain rate and temperature at cold or hot working temperatures, respectively. The quantification of
flow stress constitutes one of the most important inputs to the simulation of a metal-forming process.

The flow stress of a metal may be quantified in terms of its dependence on strain, strain rate,
and temperature. Such an approach yields a phenomenological description of flow behavior and is
useful primarily for the specific material condition/microstructure and deformation regime in which
actual measurements have been made. Alternatively, flow stress models can be based on so-called
internal state variables such as disocation density, grain size, phase fraction, strain rate, and
temperature. In this case, the flow behavior can sometimes be extrapolated beyond the regime of
measurements provided the deformation mechanism is unchanged. Irrespective of whether flow stress
is described phenomenol ogically or mechanistically, similar measurement techniques are used.

For a given microstructural condition, the flow stress 0 can be expressed as a function of the
strain €, the strain rate, €, and the temperature T:*
o =f(T,,¢) (1)
During hot forming of metals (at temperatures above approximately one-half of the melting point), the

effect of strain on flow stress is often weak and the influence of strain rate (i.e., rate of deformation)

becomes increasingly important. Conversely, at room temperature (i.e., during cold forming), the effect

! Under uniaxial stress conditions, the axia stress G, axial strain €, and axial strain rate & are equa to the
effective stress 0 , effective strain € , and effective strainrate € . Thisis no longer true for multiaxial states
of stress. Hence, effective quantities are used more often to represent flow stress because of their general

applicability.



of strain rate on flow stress is usualy small. The degree of dependence of flow stress on temperature
varies considerably among different materials. Therefore, temperature variations during the forming
process can have different effects on load requirements and metal flow for different materials.

To be useful in the analysis of a forming process, the flow stress of a meta should be
determined experimentally for the strain, strain rate, and temperature conditions that exist during the
process and for the specific microstructural condition of the workpiece material. The most commonly

used methods for determining flow stress are the tension, uniform compression, and torsion tests [1].

Tension Test
The tension test is commonly used to determine the mechanical (service) properties of metals.
It is less frequently used to determine the large-strain flow stress of metals due the occurrence of
necking at relatively small strains. Nevertheless, it does find application for the modeling of sheet-
forming processes under ambient-temperature conditions (in which deformations can be moderate) and
superplastic-forming operations at elevated temperatures in which a large value of the strain-rate-
sensitivity exponent delays necking to large strains.
Two methods of representing flow stress data from the tension test are illustrated in Figure 1
[2]. In the classical engineering, or nominal, stress-strain diagram (Figure 1a), the engineering stress S
is obtained by dividing the instantaneous tensile load, L, by the original cross-sectional area of the
specimen, A,. The stress S is then plotted against the engineering strain, e = (I — Io)/l,. During
deformation, the specimen elongates initially in a uniform fashion. When the load reaches its
maximum value, necking starts and the uniform uniaxial stress condition ceases to exist. Deformation
is then concentrated in the neck region while the rest of the specimen undergoes very limited
deformation.
Figure 1b illustrates the true stress-strain representation of the same tension-test data. In this
case, before necking occurs, the following relationships are valid:
0 =true stress (flow stress)
= instantaneous |oad/ instantaneous area
=L/A
=S(1+e) (2

and



€ = true strain = In[llj = In(%} =In (1+e) 3)

Prior to necking, the instantaneous load is given by L = A . The criterion for necking can be
formulated as the condition that L be maximum or that:
L _
de
Furthermore, prior to the attainment of maximum load, the uniform deformation conditions (Equations
(2) and (3)) arevalid [2], and the following useful relations can be derived:

A=Ae*

0 (4)

and
L=Ao=A_oe " (5)

Combining Equations (4) and (5) resultsin:

a_q :Ao(d—(_je‘s —ae-ﬁj ©)
de de

or
do _
—=0 7
de ()

Very often the flow stress curve (or simply flow curve) obtained at room temperature can be expressed
in the form of a power law relation between stress and strain, i.e.,

G =Kg" (8
in which K and n are materia constants known as the strength coefficient and strain-hardening
exponent, respectively. Combining Equations (7) and (8) resultsin:

€ —Kn@"* =5 =K@ ©
or

€=n (10)

The condition expressed by Equation (7) is shown schematically in Figure 2. From this figure

and Equation (10), it is evident that at low forming temperatures (for which Equation (8) is valid), a
material with alarge n has greater formability, i.e., it sustains a large amount of uniform deformation
in tension, than a material with a smaller n. It should be noted, however, that this statement is not true

for materials and conditions for which the flow stress cannot be expressed by Equation (8). Such is the

3



case at elevated (hot-working) temperatures at which the material response is very rate sensitive but
often exhibits limited strain hardening.

The determination of flow stress after the onset of necking (Figure 1b) requires a correction
because a triaxia state of stress is induced (Figure 3). Such a correction for a round-bar specimen,
derived by Bridgman [3], is given by:

o= %Ku Z—R]m(u Lﬂ (12)
Tr r 2R

The quantitiesr and R are defined in Figure 3. For the evaluation of Equation (11), the values of r and
R must be measured continuously during the test. A similar expression was aso derived by Bridgman

to determine the flow stress during necking of sheet tension samples.

Uniaxial Compression Test

The compression test can be used to determine flow stress data for metals over a wide range of
temperatures and strain rates. In this test, flat platens and a cylindrical sample are heated and
maintained at the same temperature so that die chilling, and its influence on meta flow, is prevented.
To be applicable without corrections or errors, the cylindrical sample must be upset without any
barreling; i.e., the state of uniform stress in the sample must be maintained (Figure 4). Barreling is
prevented by using adequate lubrication. Teflon, molybdenum sulfide, or machine oil is often used at
room temperature. At hot working temperatures, graphite in oil is used for auminum alloys, and
melted glass is used for sted, titanium, and high-temperature alloys. To hold the lubricant, spird
grooves are often machined on both the flat surfaces of cylindrical test specimens (Figure 5a). The load
and displacement (or sample height) are measured during the test. From this information, the average
pressureis calculated at each stage of deformation, i.e., for increasing axial strain.

For frictionless, perfectly uniform compression, the average pressure-axial stress curve is
equivaent to the flow curve. In this case, similar to the uniform elongation portion of the tension test,

the following relationships are valid:
h A

e=In—2=In— 12
h A (12)
_ L
A (13)
A=A_¢ef (14)



§=E=ﬂzl (15)
dt hdt h

in which v is instantaneous crosshead speed, h, and h are the initial and instantaneous sample heights,
respectively, and A, and A are initial and instantaneous cross-sectional areas, respectively. Typically,
the compression test can be conducted without barreling to ~50 pct. height reduction (¢ = 0.69) or
more. A typica load-displacement curve and the corresponding & -€ curve obtained for the uniform
compression of annealed aluminum 1100 at room temperature is shown in Figure 6.

At hot working temperatures (i.e., temperatures typically in excess of one haf of the absolute
melting point), the flow stress of nearly all metas is very strain-rate dependent. Therefore, hot
compression tests should be conducted using a test machine that provides a constant true strain rate;
i.e., aconstant value of the ratio of the crosshead speed to the instantaneous sample height (Equation
(15)). For this purpose, programmable servohydraulic testing machines or cam plastometers are
commonly used. Sometimes, a mechanical press is employed; however, an approximately constant
strain rate is obtained for only the first half of the deformation when using such equipment. In order to
maintain nearly isothermal and uniform compression conditions, hot compression tests are conducted
in a furnace or using a preheated fixture such as that shown in Figure 7. The dies are coated with an
appropriate lubricant; e.g., oil or graphite for temperatures to 800°F (425°C) and glass for temperatures
to 2300°F (1260°C). The fixture/dies and the specimen are heated to the test temperature, soaked for a
predetermined time (usually ~10-15 minutes), and then the test is initiated. Examples of tested hot
compression samples are shown in Figure 8. Examples of high-temperature G-t data are given in

Figure 9.

Specimen Preparation

There are two machining techniques that can be used for preparing specimens for the cylinder-
compression test, viz., the spiral-groove design (Figure 5a) and the Rastegaev specimen (Figure 5b).
The spiral grooves and the recesses of the Rastegaev specimen serve the purpose of retaining the
lubricant at the tool-workpiece interface during compression, thus minimizing barreling. It has been
determined that Rastegaev specimens provide better lubrication and hold their form better during
testing compared to the spiral-grooved specimens. The specifications for the specimens and the test
conditions are as follows [4]:



Specimen with spiral grooves (Figure 5a)
Solid cylinder (diameter = 0.5 %% in., length = 0.75%% in.).
Ends should be flat and parallel within 0.0005 in./in.

Surface should be free of grooves, nicks and burrs.

Spiral grooves machined at the flat ends of the specimen with approximately 0.01 in. depth.
Rastegaev specimen (Figure 5b)
Flat recesses at the ends should be filled with lubricant.

Dimensions to = 0.008™%% in. and u, = 0.02%%% in. at the end faces have a significant effect on
the lubrication conditions.

Rastegaev specimen ensures good lubrication up to high strains of ~0.8 to 1; i.e., the specimen
remains cylindrical dueto theradia pressure that the lubricant exerts on the ring.

to/U, = 0.4 for steels (optimum value at which the specimen retains cylindrical shape up to

maximum strain before bulging occurs).

Parallelism of the Press (or Testing Machine) Dies

In a compression test, load is applied on the billet using flat dies. In order to ensure that a
uniaxial state of stress exists during the experiment, the applied load should be exactly parallel to the
axis of the cylindrical specimen. This calls for measurement of the parallelism of the platens of the
testing machine or press. A commonly used technique for measuring parallelism involves compressing
lead billets of the same height as the test samples; lead is used because it is soft and deforms easily at
room temperature. The circumferential variation in billet height is an indication of the parallelism of
the platens. Alternatively, for large-diameter dies, lead samples can be placed at different locations.
The difference in the fina height of the samples following compression can be used to correct for
parallelism.

Errorsin the Compression Test
Errors in the determination of flow stress by the compression test can be classified in three
categories [4]:
e  Errorsinthe displacement readings, which result in errors in the calculated strain
e  Errorsintheload readings, which result in errorsin the calculated stress

e  Errorsinthe processing of the data due to barreling of the test specimens



The first and second type errors may be reduced or eliminated by careful calibration of the
transducers and data acquisition equipment. However, barreling of the test specimens during
compression cannot be entirely eliminated because there is always friction between the specimen and
the tooling. The maximum error in determining flow stress via compression testing is thus usually that
associated with friction. In order to correct the flow curve and to determine the percentage error in
flow stress, finite-element-method (FEM) analysisis often used.

Average pressure (pay) - axia strain (g) plots derived from measured |oad-stroke data (corrected
for the test-machine compliance) and reduced assuming uniform deformation can aso be corrected for
friction effects using the following approximate relation [7]:

G m.d, \—
o~V 1o

in which ms denotes the friction shear factor determined from aring test (described next), and ds and h

represent the instantaneous sample diameter and height, respectively.

Gleeble Systems

Gleeble systems can be used to conduct hot/warm compression or tension tests on different
specimen geometries. The Gleeble 3500 system uses direct resistance heating capable of heating the
specimen at a rate up to 10,000°C/s. A high cooling rate of 10,000°C/s can be achieved using an
optional quench system. Temperature measurements are done using thermocouples or an infrared
pyrometer. The Gleeble 3500 mechanical system has a complete integrated hydraulic servo system
capable of exerting maximum tensile/compressive (static) forces of 10 tons. It aso has Windows-based
software for running the test and analyzing the data.

Ring Test

The ring test consists of compressing a flat ring shaped specimen to a known reduction (Figure
10). Changes in the external and internal diameters of the ring are very dependent on the friction at the
tool/specimen interface [5]. If the friction were equal to zero, the ring would deform in the same way
as a solid disk, with each element flowing radially outward at a rate proportional to its distance from
the center. With increasing deformation, the internal diameter of the ring is reduced if friction is large
and isincreased if friction is low. Thus, the change in the internal diameter represents a simple method

for evaluating interface friction.



The ring test can be used to quantify friction in terms of either an interface friction shear factor
ms (= +/3(t/5), in which T denotes the interface shear stress) or a Coulomb coefficient of friction p.

In either case, a numerical simulation of the ring test is conducted for the specific ring geometry,
workpiece/die temperatures, and a range of friction factors/coefficients of friction to generate a series
of so-called calibration curves describing the dependence of the percentage decrease in the ring ID on
height reduction. Corresponding measured values of the ID decrease (or increase) for several different
height reductions are cross plotted on the set of calibration curves to determine the pertinent friction
factor/coefficient of friction; the ID measurements are made at the interna bulge A typical set of
calibration curves for ring tests under isothermal conditions (die and workpiece a the same
temperature) and various ring geometries (i.e., ratios of initial ring OD: ring ID: thickness) are shown
in Figure 11.

Plane-Strain Compression Test

The plane-strain compression test (Figure 12) was developed to establish stress-strain curves
for the rolling process. According to Watts and Ford [8], the ratio of the width of the plate b to its
thickness h should be greater than 6 (i.e., b/h >6) in order to ensure plane-strain compression. The
recommended value of b/h should be at least 10 [9]. The ratio between breadth of the tool and the plate
thickness h should satisfy theinequality 2 < alh < 4[10].

During the test, one starts with a tool whose breadth is twice the initial thickness of the strip.
This tool pair is used to compress the specimen to half of its thickness. Then, the tool is exchanged
with second tool with half the breadth of the first tool and compression goes on until the sheet is one-
fourth its original thickness. A tool with one-half the breadth of the second can be inserted and so on.
Thus a plane strain compression test can be carried out keeping alh between the recommended limits
[10].

The equivalent strain in the plane-strain compression test is calculated by using the following
relation [10]

€ = (2/+/3) In (Why) (17)
in which h; denotes original thickness of the specimen. The uniaxia flow stress (effective stress) is

calculated using the expression [10]
5 = (+/3/2)(F/ab) (18)



The disadvantages of plane-strain compression test are [11]

- The anvils must be kept exactly aligned under each other because even a small lateral shift
will decrease the area under |oad.

- Along the edges of the dies, there is a stress concentration which may cause crack initiation at

astrain for which no cracks would occur under an uniaxial load.

Torsion Test

Because complications associated with necking (tension test) and barreling (compression test)
are avoided, the torsion test can be used to obtain 0 - data at higher strains, often in excess € = 2.
Therefore, it is used when 0 - € must be known for bulk forming operations such as extrusion, radial
forging, or pilger rolling, in which very large strains are present.

In the torsion test, a hollow tube or solid bar is twisted at a constant rotational speed; the
torque M and the number of rotations 6 (in radians) are measured.

For atubular specimen (internal radius = r, wall thickness = t, and gage length = 1), the average

shear stress t in the gage section is given by:

M
- 19

t 2nr’t (19)

The shear strainy is:
ré

And the corresponding shear strain rate yis

.1

V= (21)

I
For a solid bar of radius R and gage length |, the shear stressis given by the following relation
[12]:

_ B+n*+m*)M
2nR?

(22)

Here, n* and m* denote the instantaneous slopes of logM-vs-loge and logM-vs-log6 plots,
respectively. In most cases n* ~ n, the strain-hardening exponent, and m* ~ m, the strain-rate-
sensitivity exponent. The corresponding shear strain and shear strain rate are those pertaining to the

outer surface of the specimen, i.e.,



y=— (23)

p=—= (24)

Assuming that the material can be considered to be isotropic, t -y results from the torsion test

can be correlated to those from the uniform tension or compression tests using the following relations
derived from the von Mises yield criterion:

S =+/31 (25)
and
g=7/+3 (26)

Split-Hopkinson Bar Test

Forming processes such as hot or cold rolling which are carried out at high rates of deformation
necessitate flow stress data at high strain rates. For this purpose, the split Hopkinson pressure bar is
used for compression tests (as well as tension or torsion tests) at high strain rates at room or elevated
temperature.

A schematic illustration of the test apparatus is shown in Figure 13. The apparatus contains a
striker, an incident bar, and a transmitted bar. Figure 13a shows the general elastic wave propagation in
compressive test. In compression, when the striker bar impacts the incident bar, a compressive stress
pulse is generated and travels through incident bar until it hits the specimen. At the bar/specimen
interface part of the incident stress pulse is reflected due to materia (impedance) mismatch. The
transmitted pulse emitted from the specimen reaches the free end of transmitted bar and is reflected
there as a tension pulse. The tensile stress pulse travels back through the transmitted bar, and upon
reaching the specimen/transmitted bar interface, results in separation, thus ending the test. The stress,
strain, and strain rate in the specimen are calculated in terms of strains recorded from the two strain
gauges A and B.

In tension version of the test (Figure 13b), the specimen is attached to incident and transmitted
bars. The compressive stress pulse generated in the incident bar travels along the specimen until it
reaches the end of the transmitted bar. After reflection, the tensile stress pulse propagates through
specimen to the incident bar. Strains recorded by strain gauges A and B are measured [13].
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I ndentation Tests

Indentation tests are attractive for determining flow-stress data under the following conditions
[14].

- The sample size is limited because of the process technology involved or when the number of
materials to be tested is large.

- Testing of coated components. A number of engineering components are coated with
different materials to improve their durability. Using indentation tests, flow stress behavior of coatings
can be estimated by adjusting the indentation load.

At agiven strain, theflow stress & and hardness value H are given by the relation [14]
H()=Ci 5(%), (27)
in which C; is the constraint factor. The method for determining flow stress-strain relationship from
static or dynamic hardness tests using the constraint factor approach is given in Reference 14. Flow

curves can aso be obtained from hardness measurements by continuously measuring the force and

depth of indentation. However, this requires an extremely high degree of measurement accuracy [14].

Effect of Defor mation Heating on Flow Stress

The plastic work imposed during metalworking is dissipated by the formation of metallurgical
defects (e.g., dislocations) and the generation of heat. The former usually accounts for 5-10 pct. of the
work, while deformation heating accounts for 90-95 pct. of the work. Depending on the particular size
of the workpiece, a greater or lesser amount of the deformation heat dissipates into the dies. For the
sample sizes typically used to determine flow stress (e.g., ~12-mm diameter x 18-mm height cylinders
for isothermal compression tests), a measurable fraction of the heat is retained in the workpiece for
strain rates of the order of 0.01 s* or greater. For these strain rates, it becomes important to correct
flow-stress data for the temperature rise associated with deformation heating.

The temperature increase AT can be estimated from the following relation:
_0.90n[cde

P4C

AT (28)

Here, n denotes the adiabaticity factor (=fraction of the deformation heat retained in the sample), c is

the specific heat, and pq is the density. The integral represents the area under the “uncorrected” true
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stress-strain curve from a strain of zero to the strain for which the temperature rise is to be calculated.
The adiabaticity factor for hot compression testing of small samples is equal to ~0.5, ~0.9, or ~1 for
strain rates of 0.1, 1, and 10 s* [15, 16].

The procedure for correcting flow curves for deformation heating comprises the following
steps:

(i) Calculate the temperature rise (Equation (28)) for a number of specific strain levels for each
of severa flow curves measured at different nominal test temperatures and a given strain rate.

(i) Construct plots of measured flow stress versus instantaneous temperature (equal to nominal
test temperature + AT) for each of the given strains from step (i).

(iii) Determine the value of do/dT for a series of strains and nomina test temperatures from
the stress-versus-temperature plots.

(iv) Using these values of do/dT and the calculated temperature rise, estimate what the
isothermal flow stress would have been in the absence of deformation heating at a series of strains for

each measured flow curve.

Fitting of Flow Stress Data

Various analytical equations have been used to fit the flow stress data obtained from tension,
compression, and torsion tests. The specific form of the equation usually depends on the test
temperature (i.e., cold-working versus hot-working temperatures) and, at hot-working temperatures, on
the strain rate. The definition of the temperature for cold versus hot working is not precise. However,
the transition usually occurs at approximately one-half of the melting point on an absolute temperature
scale. From a metallurgically standpoint, hot working is characterized by a steady-state flow stress
beginning at modest strains (order of 0.25) due to dynamic recovery or by the occurrence of
discontinuous dynamic recrystallization.

Cold-Working Temperatures

A typica G-t curve obtained at cold-working temperatures is shown in Figure 6b. Strain
hardening is pronounced, but the strain-rate dependence is usualy minima. The flow stress &
increases with increasing € and, for some materials, may eventually reach a saturation stress at very
large true strains (usually &> 1). Because of the parabolic shape of the flow curve at cold-working
temperatures, true stress-strain data can often be fit by a power-law type of relation mentioned

previously in this article, viz.,

12



o =Kg" (8)

in which K and n are materia constants known as the strength coefficient and strain-hardening
exponent, respectively. A log-log plot of experimental data can be used to determine whether Equation
(8) provides a good fit. If so, the data fall on a straight line of slope equal to n, and the strength
coefficient K is equa to the flow stress at a true strain of unity. Often at small strains, an
experimentally determined curve may depart from linearity on the log-log plot. In this case, other
values of n and K may be specified for different ranges of true strain. Typical values of n and K
describing the flow-stress behavior of various metals at cold-working temperatures are given in Tables
1-3.

Other analytical expressions have been utilized to fit the true stress-strain curves for metals at
cold-working temperatures. These include the following (in which ab, and ¢ are material/fitting
constants that differ in each equation):

Ludwik Equation: G =a+b(g)°, (29)
Voce Equation: 6 =a+[b—a]*[1-exp(—ce)] (30)
Swift Equation: G =c(a+¢g)" (31)

The Ludwik equation approximates the stress-strain curves for annealed materials, but tends to
underestimate the stress at low strains (<0.2) and to overestimate the stress for high strains. For heavily
prestrained materias, ¢ ~ 1. The Voce and Swift equations tend to be used less frequently, partly

because of their greater complexity.

Hot-Working Temperatures

At hot working temperatures, G increases with increasing € and with decreasing temperature
T. Irrespective of strain rate, the flow curve generally exhibits a short strain-hardening transient
followed by a peak stress. In materials whose principal dynamic restorative mechanism is dynamic
recovery, subsequent deformation is characterized by a steady-state flow stress equal to the peak stress.
In materials which undergo discontinuous dynamic recrystallization (characterized by the nucleation
and growth of new, strain free grains during deformation), flow softening occurs following the peak
stress until a steady-state microstructure and flow stress is achieved. These phenomena are described
more extensively in the subsequent section dealing with Metallurgical Considerations at Hot-Working
Temperatures.
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In many engineering hot-working applications, a simple power-law equation is used to describe

the flow stress as a function of strain rate:
0 =Cg" (32)

Here, C is a constant (or a function of strain sometimes needed to describe the low-strain, strain-
hardening dependence) and m is the strain-rate sensitivity exponent. A log-log plot of G-& data can
be used to determine whether Equation (32) provides a good fit. If so, the datafall on astraight line of
slope equal to m. Some typical C and m values for various metals are given in Tables 4-7 [17]. It has
also been found that the dependence of the m value on homologous temperature (the ratio of the test
temperature to the melting point on the absolute temperature scale) is similar for many metallic
materias (Figure 14) [18].

Metallurgical Considerations at Hot-Working Temperatures

The flow stress of a metallic material is closely coupled to itsinitial microstructure and how its
microstructure evolves as a function of strain, strain rate, and temperature. Thus, the measured flow
stress is actually the average macroscopic deformation resistance associated with a number of
micromechanical processes such as the glide (dlip) and climb of dislocations, dislocation annihilation,
dip transfer across grain boundaries, dynamic recrystallization, dynamic grain growth/coarsening, etc.
For this reason, a particular set of flow stress measurements is specific to the initial material and
material condition for which it has been obtained.

Some of the important metallurgical factors that aid in the interpretation of flow curves at hot-
working temperatures are summarized in this section. These include the influence of dynamic recovery
and dynamic recrystallization on flow response and the effect of microstructural features (e.g., grain

size, crystallographic texture, and second phases) on plastic flow.

Deformation Mechanisms at Conventional Metalworking Strain Rates

The key mechanisms that control microstructure evolution and plastic flow during hot (and and

to some extent cold) working at conventional metalworking strain rates (E > 0.1 s are dynamic
recovery and dynamic recrystallization [19, 20]. As the terms imply, dynamic recovery and
recrystallization occur during hot working. As metals are worked, defects are generated in the crystal
lattice. The most important defects are line defects known as dislocations. As deformation increases,

the deformation resistance increases due to increasing dislocation content. However, the dislocation
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density does not increase without limit because of the occurrence of dynamic recovery and dynamic
recrystallization.

In high-stacking-fault-energy (SFE) metals (e.g., aluminum and its aloys, iron in the ferrite
phase field, titanium alloys in the beta phase field), dynamic recovery (DRV) predominates. During
such processes, individual dislocations or pairs of dislocations are annihilated because of the ease of
climb (and the subsequent annihilation of dislocations of opposite sign) and the formation of cells and
subgrains which act as sinks for moving (mobile) dislocations. Because subgrains are formed and
destroyed continuously during hot working, hot deformed metals often contains a collection of
equiaxed subgrains (with low misorientations across their boundaries) contained within elongated
primary grains [20, 21]. Furthermore, the dynamic-recovery process leads to low stresses at high
temperatures and thus cavity nucleation and growth are retarded, and ductility is high. The evolution of
microstructure in high-SFE (and some low-SFE) materials worked at lower temperatures, such as those
characteristic of cold-working, is similar. At these temperatures, subgrains may also form and serve as
sinks for dislocations. However, the subgrains are more stable. Thus, as more dislocations are absorbed
into thelr boundaries, increasing misorientations are developed, eventually giving rise to an equiaxed
structure of high-angle boundaries. Such a mechanism forms the basis for grain refinement in so-called
severe-plastic-deformation (SPD) processes. This mechanism of grain refinement is sometimes called
continuous dynamic recrystallization (CDRX) because of the gradual nature of the formation of high
angle boundaries with increasing strain.

In low-SFE materials (e.g., iron and stedl in the austenite phase field, copper, nickel), dynamic
recovery occurs at a lower rate under hot working conditions because mobile dislocations are
dissociated, and therefore climb is difficult. This leads to somewhat higher densities of dislocations
than in materials whose deformation is controlled by dynamic recovery. Furthermore, as the
temperature is increased, the mobility of grain boundaries increases rapidly. Differences in dislocation
density across the grain boundaries, coupled with high mobility, lead to the nucleation and growth of
new, strain-free grains via a discontinuous dynamic recrystalization process (DDRX) [20, 22]. At
large strains, a fully recrystallized structure is obtained. However, even at this stage, recrystallized
grains are being further strained and thus undergo additional cycles of dynamic recrystallization.
Nevertheless, a steady state is reached in which the rate of dislocation input due to the imposed

deformation is balanced by dislocation annihilation due the nucleation and growth of new grains (as
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well as some dynamic recovery). Hence, athough a nominally equiaxed grain structure is obtained at
large strains, the distribution of stored energy is not uniform.

The presence of second phase particles may affect the evolution of microstructure during hot
working of both high- and low-SFE materials. In high-SFE materials, particles may affect the
homogeneity and magnitude of dislocation substructure that evolves. In low-SFE materials, particles
may affect the evolution of substructure, serve as nucleation sites for dynamic recrystallization, as well

as serve as obstacles to boundary migration during the recrystallization process.

Flow Curves at Conventional Metalworking Strain Rates
The stress-strain (flow) curves that are measured under conventional hot working conditions
are afunction of the predominant dynamic softening mechanism.

Flow Curves for Dynamic Recovery. As mentioned above, the hot-working response of high

SFE metals is controlled by dynamic recovery. In such cases, dislocation generation is offset by
dislocation annihilation due to recovery processes. The flow curve thus exhibits an initial stage of
strain hardening followed by a steady-state (constant) flow stress. Typical flow curves for pureiron in

the bcc phase field are shown in Figure 15 [23]. The magnitude of the steady state flow stress G,

decreases with increasing temperature T and decreasing strain rate ¢ typically according to a

phenomenological (hyperbolic sine) relation as follows [19, 20]:

Z = $ exp(QIRT) = C’[sinh[(o 5..)] ™ (333)
in which Z denotes the Zener-Hollomon parameter, Q is an apparent activation energy, R is the gas
constant, and C’, o, and ng,, are constants. The constant nyy, is referred to as the stress exponent of the
strain rate or simply the stress exponent. Equation (33a) reduces to two simpler forms depending on

whether deformation is imposed at high temperature/low strain rate conditions (giving rise to low flow

stresses) or at low temperature/high strain rate conditions (giving rise to high flow stress):

Ndrv

Low stresses: Z = ¢ exp(Q/RT) ~ G, (33b)
High stresses: Z = € exp(Q/RT) ~ exp(B G, ndrV) (33¢)

The constants o, B, and ngr, are related by B = o’ngn. Rearrangement of Equation (33b) yields an
expression identica to Equation (32) in which the temperature dependence of the flow stress is

incorporated into C, and the strain-rate sensitivity exponent m is equal to the inverse of the stress
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exponent; i.e., m = 1/ngn. The loss of the power-law dependence of flow stress on strain rate at high
stresses, i.e., Equation (33c) istermed power-law breakdown.
The activation energy Q in Equations (33a, b, ¢) can be determined from the slope of a plot of

logioc versus 1/T at fixed strain rate or logioe versus 1/T at fixed stress, i.e.,

2.3R alogEI
==Y ) 34
Q m o@l/T) € (343)
or,
dloge
- 23R I 34b
Q o(1/T) o (34b)

A more fundamental, mechanistic insight into the shape of the flow curve for cases involving
dynamic recovery may be obtained by an analysis of the overall rate of change of (mobile) dislocation
density p with strain €, dp/de, i.e,,

dp/de = dp/d¥ storage — dp/ d € |recovery - (39)
The specific functional form of the dislocation storage and annihilation terms in Equation (35) can be
expressed as follows [24, 25]:

dp/de =U-Qp. (36)
In Equation (36), U denotes the rate of dislocation generation due to strain hardening, and Q is afactor
describing the rate of dynamic recovery; the rate of recovery is aso directly proportiona to the
instantaneous level of dislocation density p. At hot working temperatures, U is independent of strain
rate and temperature to a first order [25]. Thus, the strain rate and temperature dependence of the rate
of dislocation multiplication is determined principally by Q=Q(g, T). An example of such a
dependence for alow-carbon steel is shown in Figure 16a[25].

To a first order, the flow stress & under working conditions is given by the following

expression:

aGb+Jp , (37)

in which o denotes a constant whose magnitude is between 0.5 and 1.0, G is the shear modulus, and b

c

is the length of the burgers (slip) vector. Inspection of Equations (36) and (37) revedls that the strain-
rate and temperature dependence of the overal rate of hardening in the flow curve is largely
determined by Q. The strain-hardening rate is frequently quantified in terms of plots of do /dg (= 0)

asafunction of ¢ . Typical plotsfor low-carbon steel are shown in Figure 16b [25].
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Equation (36) reveals that a steady state dislocation density psis reached when U = Qp, or,
Pss = U/Q ) (38)
The steady-state flow stress G is thus given by the following relation:

6. = aGb,/p, =aGbyU/Q . (39)

Plastic-flow formulations such as Equations (35) — (39) form the basis of so-called internal-
state-variable relations of the flow stress. This specific case utilizes a single state variable, the mobile
dislocation density p.

There are a number of alternate approaches to the modeling of dynamic recovery under the
broad framework of Equation (35). For example, Kocks [26] has shown that a linear dependence of

strain-hardening rate (do /d€) on stress (0') is consistent with the following relation for dp/d :

dp/de = (kiy/p —kap)/b, (40)
in which k; and k, are constants. Similarly, for a strain-hardening rate that varies linearly with /o,
Roberts [27] has shown that the following relation applies:

dp/de =k3—k4\/5 , (41)
in which k3 and k4 are constants.

More information on internal-state-variable models is contained in the article

“Congtitutive/Internal State Variable Modeling of Flow Behavior of Crystaline Solids” in Volume
22A of the ASM Handbook.

Flow Curves for Discontinuous Dynamic Recrystallization. Flow curves for materids

undergoing discontinuous dynamic recrystallization (DDRX) have shapes that are distinctively
different from those that characterize materials which soften solely by dynamic recovery. Those for
DDRX exhibit an initial strain hardening transient, a peak stress, flow softening, and, finally, a period
of steady-state flow. Typical curves for two austenitic stainless steels are shown in Figure 17 [28].
Dynamic recrystallization typicaly initiates at a strain of approximately five-sixths of the strain
corresponding to the peak stress. Because of this behavior, the peak stress for a materia which
undergoes dynamic recrystallization is less than that which would be devel oped if the material softened
solely by dynamic recovery (Figure 18a). The strain at which DDRX initiates as well as the steady-
state flow stress that would be developed in the absence of DDRX are readily determined from a plot

of do /de asafunctionof o (Figure18b).
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From a phenomenologica standpoint, the strain at the peak stress ¢ is usually found to depend

on the initial grain size d, and the Zener-Hollomon parameter Z per an expression of the following
form [29-31]:

g,=C"do 2", (42)
in which C”, n3, and n, are material-specific constants. The activation energy specific to DDRX is
used in the determination of Z.

The regime of steady-state flow in stress-strain curves for materials which undergo dynamic
recrystallization may be smooth or exhibit an oscillatory behavior which dampens with increasing
strain. Temperature-strain rate conditions for which the dynamically recrystallized grain size is less
than one-half of the initial grain size show the former behavior. By contrast, those which give rise to
grain-size coarsening or a reduction of less than one-half of the starting grain size exhibit the
oscillatory behavior [32].

More information on the modeling of recrystallization is contained in the article “Models of
Recrystallization” in Volume 22A of the ASM Handbook.

Effect of Microstructural Scale on Flow Stress at Hot-Working Temperatures

The effect of microstructural scale (grain size, thickness of lamellag, etc.) on the flow stress can
at hot-working temperatures varies from relatively weak to very strong. By and large, the influence is
very small or negligible when the scale of the primary microstructural feature is of the order of 10-20
microns or greater. Below this size, the effect increases as the scale decreases. Two important
examples include the plastic flow of materials with a lamellar (colony) or acicular microstructure and
the superplastic flow of metals with a very fine equiaxed grain structure.

For materials with a colony or acicular microstructure, such as two phase (alpha-beta) titanium
alloys [33] and zirconium aloys[34], the thickness of the lamellae or lath-like featuresis typically less
than or equal to a few microns. In these cases, dynamic recovery and the formation of subgrains is
difficult. As such, flow curves exhibit a short strain-hardening transient, a peak stress, and then
substantial flow softening over a wide range of strain rates (e.g., 0.001 — 10 s%) (Figure 19a). The
observed flow softening has been ascribed to dlip transmission across interphase boundaries, dynamic
spheroidization, lamellar kinking, among other factors. For a pha-beta titanium alloys, such as Ti-6Al-

4V, with a colony/acicular alpha microstructure, the peak stress , follows a Hall-Petch dependence

on platelet thickness[33, 39, i.e,,
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G, =M, (t, +k, (7/2), (43)

in which My denotes the Taylor factor for the specific texture, t, isthefriction (lattice) stress, ks is the

Hall-Petch constant (‘reduced’ by a factor equal to My), and / is the platelet thickness. The slope of
the lines on Hall-Petch plots (Figure 19b) depend on strain rate. However, the overall magnitudes of
the slope are comparable to that predicted by the classical Eshelby model [36]. The loss of the Hall-
Petch contribution to the strength (the term Mrks /™2 in Equation (43)) has also been found to
correlate to the level of flow softening observed in flow curves for Ti-6Al-4V with a colony/acicular
microstructure [33].

Metals with a moderate-to-coarse equiaxed grain size tend to exhibit arate sensitivity (m value)
which varies only slightly with strain rate in the conventional hot working regime (0.01 < €< 50 s%).
By contrast, the m values of metals with an ultrafine, equiaxed grain size (d < 10 um) vary strongly
with strain rate (Figure 20). For such materials, a modest rate sensitivity (m ~ 0.25) is shown at both
very low strain rates (the conventional creep regime, or Region I, in Figure 20) and moderate-to-high
strain rates (the so-called power-law creep regime, or Region I11, in Figure 20). At intermediate rates
(typically 0.0001 < & < 0.005 s™), or Region II, m values are very high (m ~ 0.4 to 1), and superplastic
behavior (tensile elongations of the order of 500 pct. or more) is obtained. Under superplastic
conditions, the mgjority of the deformation occurs by grain boundary sliding (gbs) and grain rotation.
The flow stress under superplastic conditions is controlled not by the grain-boundary sliding per se but
by the kinetics of the micromechanical process by which stress concentrations developed at grain-
boundary triple points (due to grain rotation) are relieved. These processes include climb-limited glide
of dislocations in the vicinity of grain boundaries (i.e., mantle regions) or diffusional flow either
through the grains or aong the grain boundaries. The former explanation (climb-limited glide of
dislocations), first proposed by Gifkins [37] and later extended by Ghosh [38], appears to be the most
successful explanation of superplasticity.

A generalized congtitutive relation of the following form is often capable of describing the

relationship between the flow stress G, strain rate €, and grain sized of single-phase aloys during
superplastic deformation [39, 40]:

- ,ADGb,(5\"rb\p
=) () (44)
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In Equation (44), A is a constant (usually of the order of 10), D is a diffusion parameter, k is
Boltzmann’'s constant, T is absolute temperature, G is the shear modulus, b is the length of the Burgers
vector, n is the stress exponent of the strain rate (=1/m), and p is the grain size exponent of the strain
rate. For superplastic flow characterized by gbs accommodated by climb/glide of dislocations, n ~ 2
and p ~ 2. For gbs accommodated by diffusional flow, n ~1 and p ~ 2 or 3, depending on whether
bulk (lattice) or boundary diffusion predominates, respectively.

The extension of the phenomenological relation between €, 5, T, and d expressed by Equation
(44) to two- (or multi-) phase alloys is not obvious. This is because an ambiguity arises as to which
phasethe values of D, G, Q, d, and b relate. For example, for fine, equiaxed two-phase titanium aloys,
hard alpha phase particles are surrounded by much softer beta-phase grains. In this instance, the apha
phase acts like the core (which deforms relatively little) and the beta phase like the mantle (which
deforms to accommodates stress concentrations) in the Gifkins core-mantle model [37, 41]. The alpha
particle size is thus taken to be d, and all of the other quantities pertain to the beta phase [41]. The
applicability of this model for ultrafine Ti-6Al-4V deformed under superplastic conditions is shown in
Figure 21a The data in this figure have been plotted per Equation (44) rearranged to express AD as a
function of 1/T and the measured/imposed values of G, &, etc. The plot also includes a line indicating
the inverse temperature dependence of the diffusivity of vanadium solute in beta titanium. The
similarity of the slope of this line and the trend line for the plastic flow measurements indicates an
identical activation energy for the two processes. The fact that the plastic flow trend line lies above the
diffusivity line by approximately one order of magnitude suggests that A ~10.

For materials which undergo grain growth or coarsening during superplastic flow, the value of
d in Equation (44) increases with strain and must be taken into account when interpreting flow
response. As an example, constant strain rate flow curves for the superplastic deformation of Ti-6Al-
4V (used in part to derive Figure 21a) are shown in Figure 21b. The observed flow hardening is a

result of the dynamic coarsening of the alpha particles [41, 42].

Effect of Crystallographic Texture on Flow Stress

Crystallographic texture, or the preferred orientation of the grains comprising a polycrystalline
aggregate, can aso have amajor effect on the flow stress at hot- (and cold-) working temperatures. The
influence is greatest for metals with low-symmetry crystal structures and metals of any crystd

structure having a very strong texture.
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Single-phase apha and apha-beta titanium alloys can exhibit stress-strain curves which vary
noticeable with test direction as aresult of a strong texture of the hcp apha phase. For example, Figure
22a shows stress-strain curves measured in compression on samples cut from the rolling (“L"), long
transverse (“T7), 45 degree, and short transverse/thickness (ST) directions in a textured plate of Ti-
6AIl-4V with a colony apha microstructure [43]. Focusing on the peak stress, the plate was strongest
along the rolling direction and weakest along the 45 degree direction in the plane. These trends
correlated with the texture quantified in terms of inverse pole figures (Figure 22b). Basa poles were
preferentially aligned with the L direction thus forcing the activation of the strong <c+a> dlip systemin
the hcp aphalamellae. Similarly, prism poles were preferentially aligned with the 45 degree direction,
thereby favoring the activation of the complementary (softer) prism <a> systems.

The presence of a strong crystallographic texture even in a meta with a high-symmetry crystal
structure (e.g., cubic) can also lead to flow curves which exhibit a directionality with test direction. For
example, cast ingots of fcc metals typically have strong 100 fiber textures associated with the
development of coarse columnar grains during solidification. When tested parallel or perpendicular to
the columnar-grain/ <100>-fiber direction, the plastic-flow response will be different, as shown in the
results for a production-scale Waspaloy ingot (Figure 23) [44]. Samples compressed transverse to the
fiber-texture axis showed a peak stress following by flow softening, a behavior typical of a material
undergoing discontinuous dynamic recrystallization. By contrast, the stress-strain curves from tests
paralel to the fiber axis showed a lower peak stress followed by nearly steady state flow. These
differences can be explained in terms of the evolution of the Taylor factor [44]. In the as-cast
condition, the transverse samples had a higher Taylor factor than the axial samples and thus a higher
peak stress. The Taylor factor after recrystallization of the transverse samples was similar to that
initially, thus leading to the typical flow curve for material undergoing dynamic recrystallization. On
the other hand, the Taylor factor of the axia samples increased during deformation due to
recrystallization, thereby leading to an increment of texture hardening that counterbalanced the flow

softening due to dynamic recrystallization.

Effect of Second Phases on Flow Stress
The flow stress of materials comprising two (or more) equiaxed phases (each of whose sizeis
greater than or equal to ~ 10 um) is usualy a complex function of the specific volume fraction and

individual flow stress of each constituent. In particular, the activation energy of the alloy (determined
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per Equation (34)) is often found to be a function of the volume fraction and activation energy of each,
and thus exhibits a complex dependence on temperature.

Isostress, isostrain, and self-consistent modeling approaches have been used to understand the
flow behavior of two-phase materials [45]. The self-consistent analysis appears to be the best, as
demonstrated by its application for apha-beta titanium alloys [46]. In brief, the analysis assumes (i)
the flow behavior of each of the two individual phases can be described by a power-law relation of the
form of Equation (32), (ii) the m value is the same for both phases, (iii) the strength coefficients of the
two phases, C; and C,, are different. The analysis yields the overal strength coefficient of the alloy
(Caiy) as afunction of the volume fraction of the harder phase f; and the ratio C1/C, and thus the alloy
constitutive equation 6= Caioy € . Parametric results for m = 0.23 are shown in Figure 24 [46].
Results for m = 0.15 and m = 0.30 (which typically span those commonly found during hot working)
aresimilar.

The self-consistent analysisis also useful in quantifying the effect of temperature history on the
flow stress of two-phase alloys [46, 47]. This is especialy important for conventional metalworking
and high strain rate processes in which die chill or deformation heating, respectively, givesriseto large
temperature transients. The non-equilibrium microstructure developed during such processes (which
can be quite different from that in typica isothermal compression, tension, and torsion tests) is
quantified by diffusion models and coupled with the self-consistent analysisto predict flow stress.

More information on the application of the self-consistent method of modeling plastic flow and
texture evolution is contained in the article “Modeling and Simulation of Texture Evolution during the

Thermomechanical Processing of Titanium Alloys” in Volume 22A of the ASM Handbook.
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Figure Captions
Figure 1. Data from the uniaxial tension test: (a) Engineering stress-strain curve, (b) true stress-strain

curve, and (c) schematic illustration of dimensiona changes during the test. [2]

Figure 2. Determination of the strain at the onset of necking during the tension test. [2]

Figure 3. Axia stress distribution at the symmetry plane of a necked portion of atension specimen. [2,
3]

Figure 4. Compression test specimen: (a) View of specimen, showing lubricated shallow grooves on

the ends and (b) shape of the specimen before and after the test.

Figure 5. Typical specimen designs for the compression testing of cylinders: (a) Sample with spiral
grooves or (b) Rastegaev specimen. [4]

Figure 6. Room-temperature data for annealed aluminum aloy 1100: (a) Load-displacement curve
from a cylinder-compression test and (b) true stress-true strain (flow) curve results from both
cylinder compression and ring compression. [5]

Figure 7. Press setup and sample tooling design used for the hot compression of cylinders and rings.

Figure 8. Compression samples before and after hot deformation. (Left to right: AISI 1018 steel,
nickel aloy 718, Ti-6Al-4V)

Figure 9. Flow curves for (a) Type 403 stainless steel at 1800, 1950, and 2050°F (980, 1065, and
1120°C) and (b) Waspaloy at 1950, 2050, and 2100°F (1065, 1120, and 1150°C). The tests

were conducted in a mechanical press in which the strain rate was not constant. [6]

Figure 10. Thering test: (a) Schematic of metal flow and (b) example rings upset to various reductions
in height.
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Figure 11. Calibration curves for isothermal compression of rings having initial OD: ID: thickness
ratios of (a) 6:3:2, (b) 6:3:1, or (c) 6:3:0.5. [7]

Figure 12. Schematic illustration of the plane-strain compression test. [11]

Figure 13. Schematic diagram of specimen design and stress-wave propagation for (a) compressive
and (b) tensile Hopkinson-bar tests. [13]

Figure 14. Comparison of measurements (data points) of the strain-rate-sensitivity exponent (m) as a
function of the homologous temperature (fraction of the melting point) for various materials
and an analytical model (solid line). [18]

Figure 15. Flow curves for Armco iron deformed under hot-working conditions in the ferrite-phase
field. [23]

Figure 16. Characterization of the flow behavior of alow carbon-steel under hot working conditions:
(a) © asafunction of temperature and strain rate and (b) the overall hardening rate 6 = do / de

asafunction of stress G at astrain rate of 2 s and various temperatures.[25]

Figure 17. Flow curves for 316 and 317 stainless steels deformed under hot-working conditions. [28]

Figure 18. Schematic illustration of work hardening behavior for a material undergoing dynamic
recrystallization at hot-working temperatures: (a) stress-strain curve and (b) corresponding plot

of do /de asafunction of stress G .

Figure 19. Effect of aphaplatelet thickness on plastic flow of Ti-6Al-4V (with a lamellar/acicular

microstructure) at 900°C: (a) Flow curves and (b) Hall-Petch plot for the peak flow stress, Ep

[33].

Figure 20. Schematic illustration of the variation of flow stress with strain rate (on alog-log basis) for

afine-grain material which exhibits superplastic flow.
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Figure 21. Superplastic flow of ultrafine Ti-6Al-4V: (a) Plot illustrating applicability of the
generalized constitutive relation (Equation (41)) and (b) stress-strain data in the superplastic

regime indicative of flow hardening due to dynamic coarsening [41].

Figure 22. Plastic flow behavior of textured plate of Ti-6Al-4V with a colony- (lamellar-) apha
microstructure: (a) Stress-strain curves of samples oriented along different directions in the

plate and (b) the corresponding inverse pole figure for each compression-test direction [43].

Figure 23. Stress-strain curves from compression tests paralel (“axiad”) or perpendicular
(“transverse’) to the columnar-grain/<100>-fiber direction of a cast-and-homogenized

Waspaloy ingot [44].
Figure 24. Predictions from a self-consistent model of the dependence of the strength coefficient of a

two-phase alloy (Caioy) on theratio of the strength coefficients of the two phases (C,/C,) and
the volume fraction of the harder phase (f1), assuming m; = m, = 0.23 [46].
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Table 1.
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Table 2. Summary of K and n values describing the flow stress-strain relation, & = K(&)", for
various aluminum alloys

Tempera- g
Composition, % Material e rale.  Steain K.

Alloy Al Cu Si Fe Mu Mg Zn Ti r Ph history(a)  F C 15 range 10" pui n

1100 990 010 015 050 001 00l CDA 2 0 0 02507 252 0304
1100 Kem 001 000 016 001 001 0.03 A 68 20 (b} 0.2-10 7.3 0.297
FC 995 001 0092 023 0026 G033 001 Ale) 68 20 4 02-08 224 0204
2017 Rem (M 070 045 055 076 0.22 006 A 68 20 (b 0.2-1.0 452 0180
2024td) Wem 448 060 046 087 112 0.20 0056 A 68 20 (b} 0.2-10 5610 Q154
5052 Rem (068 010 019 004 274 0.0 003 Afe) o8 10 4 0.2-0.8 244 0134
S052¢d) Rem 009 003 016 023 250 0.03 A 68 20 b} 0.2-10 556 0189
5056 Rem 0.036 005 022 004 483 0.01 014 Ade) 68 20 4 0.2-07 570 0130
5083 Rem 0061 000 16 077 441 001 0002 613 A 68 20 4 0.2-08 652 0.131
5454 Rem 0065 (.12 Q08 0.X] 245 =001 L0082 Ale) (i3 20 4 02408 499 0137
662 Rem (.03 063 020 063 .68 D065 0,08 68 20 by 0.2-1.0 297 0122

{al CI = cold drawn, A
Annealed for 4 b TRE F 420 C)

annealed. (h Low-speed testing machine: no specitic rate given, (o) Anncalesd for 4 bt 752 1 00 Ch (d) Approsimate composition, {¢)

Table 3. Summary of K and n values describing the flow stress-strain relation, & = K(@)", for

various copper alloys
e s & Tempera- Strain
Compasition(h), % e Muterial  rate.  Strain K.

Allovia) Cu Si ke Sh Sn £n 5 Fh ™i 3 ( historsiel s range 0 psi n
CDALID  99.94 00025 0.0003 00012 00012 0001 64 I8 HRA 25 025-07 653 DA2R
CRATID 68 20 F 1} 0.2-1.0 540 0275
CDAZD 8.3 15.7 68 20 A 1d) 0.2-1.0 767 0.373
CDA2G0 TR 0.2 it 20 A 1y 0.2-1.0 981 0412
CDAZBD 1005 Ir Ir Kem 390 200 HRA 0.25-07 717 D414
CDA272 633 367 08 20 A 1 0.2-1.0 1039 0.394
CDAZTT 5.6 Tr 04 1.7 65 20 A 1dy 02-1.0 1153 033
CDAS21e) 91.0 9.0 lih] 20 F (d) 02-1.0 1308 0.486
ClIAG4T 97.0 05 20 (R 0 I () 0.2-10 672 0.282
CDATST 05.1 14 <005 124 6 20 A (i 0.2-1.0 1018 0.401
CDATO 61.7 Tr 206 Tr 17.5 68 20 A (d} 02-10 170 0336
4 C1A = Copper Development Asacciation, (b Tr = trace (0 HR = hot rolled. A = anncaled. 1 = Torged. ) Lowespeed esting machine: mo specilic rae given,

e ) Approsimate composition,
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Table 4. Summary of C (ksi) and m values describing the flow stress-strain rate relation, § =
C(&)™, for steels al various temperatures (C is in 10° psi)

Material Sirain rote
Sed history runge, 1y Sl rain C i © m o it < 1 ] "
Test temperature, F (C): 1110 (6003 1470 (800) 1830 (1000) 2190 (1200)
1615 Forped, 92-30 53 368 011z
0,15 ©, trace SL 040 annealed 0.25 194 0l 170 a4 T3 Uy
Mz, 001 F 0015 S 04 406 0121
0.5 115 G 183 0052 4E QUed
0.6 400 0121
07 EL I T Qi 182 0088 57 Gdsl
Test temperaiure, F (82 1654 (S0 130 L0 2000 (10000 2190 (1205
s Her rolled, 15-100 a0 1866 o082 124 2.100 5.9 Qln 15 0143
G150, 012 54 043 annealed 0.30 237 00E: 182 Qg 33 013 ¥4 G153
M, 0024 & 0025 P 040 237 o087 182 G5 127 0l4s 35 QA
00 ixl QiR 141 Q.47 119 QL& 13 Oxls
e Heg rolled, 006 118 0133 107 0124 a8 0117 &4 (1150
015 C 012 8L 048 annraied 01 165 00 137 0.099 o1 0130 13 0LF
Mn 0.034 5, 0025 F 02 e 00E: 185 Qg 1zl 019 i G140
03 228 0083 182 G085 134 01 95 048
04 M0 0084 182 Q078 129 0liS i 01
0.8 239 00Es 18l Ol 125 04l 83 0189
06 33 0T 169 Q14 121 01 18 020
o7 22 0ins 171 4127 134 0isl Bl 0188
Teat temperature, F () 1600 ($70 1800 {980 2000 (10907 2200 (1205) 2150 (1180
1018 152 00 158 0152 110 0192 92 00
1025 Forged, 3.5-30 023 3a7 4004 14 0075 53 0077
0.25C, 008 5L 045 anmeeled (.50 414 -0082 172 Q090 %6 0DO0M4
Mo 0012 F 0025 8 070 416  -00@1 175 0082 EE G105
1042 Hez rolied, 0.1-100 030507 102 0
a8
recelved
Tet temnperature, F (C): 1680 (200) 1330 (1000 2000 (1100) 2190 (1200)
104 5(a) 0o 54 0060 151 G058 1L2 010 80 0475
0A456C, 029 8L 0.73 0.10 289 0032 1338 4108 135 0l 94 &
M 0018 0021 S .20 335 0les i Qe 154 Ol:@E WS Gl
0.8 Cr. 0,01 Mo, 030 254 0083 246 @110 158 0a&2 103 Ga80
0 Ni 140 354 0105 247 014 155 07y 108 0u8g
“Test femnperature, F %) 1114 (Bl 1470 (AR TEIO(IO00) 20940 1 2000
1055 Forged, 3520 04 0087 1A% 0128 T4 Q45
0.55C. 02480073 anneeled EY &) 006 133 0191 14 0178
Me, 0014 B O0E S EVH] 0088 115 023 &4 (2
Test temperature, F (C): 1650 (900} LE30 {1000) 2000 (1100} 2190 {1200}
10600 Hiet ralled, 1.5-100 010 185 0127 133 0143 100 047 74 AT
08612, 026 8L 028 annealid 030 33 0114 169 128 0135 89 ODase
M, 0.014 5 0013 F, 050 233 0118 164 10 018 a6 1RO
0,12 Cr, 009 Ni o.m 213 0132 143 104 0193 78 0207
1080(u) g 162 0138 108 B7 Qldl 65 01
0,56 €, 0.26 8L, 0.22 0.0 1283 0137 1332 101 0143 75 016
M 0.014 8, 0013 020 218 0119 161 121 0128 85 0157
PO12Cr, 009 NI 030 2333 01l 17 1ne 0a32 22 0164
040 237 0il2 168 125 0148 88 G171
L) 236 0110 146 127 Qlad &7 017¢
0.60 AR DA28 171 17 0163 84 Q18
070 213 0129 162 W07 0181 78 O
Hex rolisd, 1.5-100 010 183 046 139 8% 0158 71 014
annealed 020 218 0133 166 17 0347 80 dag
Mo 0027 8, (23 LRI 218 0230 137 105 0178 13 02y
F, 010 O, 0.0% Ni 070 .0 0128 136 a7 019 65 028
Test temperature, F (Ch 1705 (230} 1940 (1060} 2075 (1138} 2190 (1200)
s Het rolied, 44231 0.103 163 O W 011z %1 01\ 76 OLS
.17, 0,155 8i, 0.62 @ 0323 (084 129 0107 W05 4128 86 02
Mo Q054 8, Dd2 P mazived 0338 04 0084 140 QL7 n2 0132 88 oMl
0512 208 0098 144 0127 0 G156 B3 0173
0.685 208 0105 136 0150 $5 01 78 OUss
(contined )

{a) Approsimais composition.
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Table 4. (cont’d)

Malerial Strui rufe
Slee history range, L Strain c L C m c m c i
Test temperaturs, F {Ch L1450 {90 20RO 1RG0y 2200 (1200}
Alloy sasl 08 166 0162 G4 QS0 T4 018l
035C, 027 5 148 010 0081 115 Q12 21 049
030 014 125 @00 84 042
E R A 030 0 144 010 162 010
023 Mo 0AG o.ode 45 01l W04 0429
050 001 144 anz il oy
0.5 0.094 M2z QR 47 0159
070 55 0099 139 0126 82 0045
A2E¥(n) et rolled, 1.4-100 010 1 080 12y a5 B2 0%88
035 €027 B D annsaled 035 8L 0w 150 Gl g
M 0025 & 0008 0.5 B0 137 @11k 113
B0 Cr, 240 Mi ®1 0480 155 113
039 Mo
Bida) Hek rolkd, 1.-100 010 8 01 1Tl 0loes 113 Qa2 B 0
0l C, L5881 054 anngaled 020 @1 0ol A 0108 143 040 101 0UE2
Mn 0038 8 0025 0.5y R 0104 200 012 138 018 L N L
R 012 Cr, 037 Ny 079 *% 012 182 0148 118 0AT8 75 023S
005 Mo
SM0Na) 005 Wl 015% 134 0155 83 Q175 63 o
LG, 018 8 017 016 B4 0143 141 014z 91 ocas 68 (gl
Ma, (.07 §, 002 0.5 we 0135 159 0131 114 QM1 Bl 0147
B0 G, 008 Ny 030 ¥ 0135 165 013 117 0142 B0 0474
045 0 0158 163 015 11F G155 B4 (uss
05 5 0131 15& 0153 111 Q5 74 0193
0.0 3 01Ed 44 0163 100 018 0 02
L) z 1 67 oz
5100 et ralled, 15100 010 67 0J0E
LOSC, 0.22 81, 046 annzaled 030 83 0471
Mo 0019 & 003l 05 B3 0M78
F 141 & 007 Ni 1] 77092
Test temiperature, F{C 2190 {1200
Mu5l gl 0
0ELC 1B EL O 013
Mn, 0058 & 0035 0%
B 0,12 Cr 037 ML 030
008 Mo 040
0.5
060
o7
CrSi s 0%
047 C, 3745, 0.38 010
Mn 2.2 Cr 20K 0.0
033
042
050
0.6
0%
Daja) Het rolled, 1.5-100 010
125 C, 043 8L 0237 amnsaled 030
Mim, 1316 Oy, 082 056
Hi Lik s} e8]
"Test temnperature, ¥ (L) TH30 (1000
H-13 ZAN-00E 0l 48 0374
029 C, 1.0z 5§ 0z 90 0285
Win, 0415 B, 03 tLe 0567
5, 5.9 Cr. 04 Ny el N5
123 Mo, 0007 K.
LEER
Tast temperature, F{Ch 1850 {900} L1830 {100 2000 1R00F 2099 (LT
H-250a) Fer rolled, 1 5-100 010 457 0058 372 0072 261 906 187 023
DECC 028 5L 022 antealed 0.0 454 0073 381 0037 40 Q121 183 040
Mn, 4300y, 0,53 05 446 0096 3 0102 226 U3t 162 0aS1
i, 055 Mo, 16 40 0T Wl oous 09 013 300 G148 1383 0482
WSV
(eomiinued s
(3) Apgroximute composition.
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Table 4. (cont’d)

Mlaterial Sirain rate
Steel hisory runge, 1% Struin [ n [ m c . [+ m C m
Tesd {exaperature, F (T RS L] 14T (B0 183 (10000 2190 {120
300 858y Hatroikd, 2.8-100 (13 408 e £ S & S S [
0.0 C, 053 5L 1.10 angenled 050 383 008z 178 o0rod 4 oIm
Mo, 0,009 E 0014 70 EXg 08 174 Dloe a6 Gl
5, 16503, 486,
0231 Mo 092 AL
OO T, 0.063 8¢
3085 Hot rolled, 310460 025 0147 351 L
007, 071 8 1.7 anesalid 040 01§ 300 47 9284
Ma, 008 F 000 L] 0x 454 41 Q310
8 183 CN 956 NI
300 88 Hot rolied 03-20 0z Qw1 366 138 0%z
108 0, 049 8L 109 i sied 040 o 404 T
My, 0057 E 0005 080 OE 418 i i
&, 1837 (r 816 [rbi] 003 40 134 0096
i
“Fest temperature, F iCh L6560 () G000 2000 (0000 2190 (1200)
E g 1.5-100 LlE 158 o0Te 157 ey A7 ¥
000 ¢, 042 8 010 ha o0 155 0081 10 01%
Ma, 1260 070 W2 005 12 00R9 125 Qa20
Hi L] 263 W4 198 0089 132 0113
040 265 o084 133 00%e 4E 4110
nsn 5. o ooF2 195 142 Qlls
] 341 QEE b4 Gug: 193 3g 9118
0T 228 oOT2 287 G0z 122 . 129 Q120
Tt Lemperature, L1040 (T 1474 (Bis A536 (L0OK) 1190125 1650 (GO0
302 B8 Hat driwn, 210525 394 oo BT a1
013, 042 5L 130 aneenled 451 .ot 94 D1
Mo, 0025 & 0008 481 e 85 08l
, 22300, 1258 N1
31088 Her drown, 310460 0z 503 Q0e0 23 oS 0ol 2o 015
Dz C, 126 8L 156 Anptalid 040 565 0080 3a3 208 0143 108 Q17
Mn, D01 F, 0029 &) A18 0067 218 97 0B 45 03
5, 2548 {n 2158 N
31658 Het driswm, 310460 0325 135 0383 122 40 €4 0217 20 QUM
00 C, 052 8t 140 anealed 140 288 0ler  weE 0138 37 0435 T4 o2
M, G025 E 0 050 193 018 301 G130 £1 0388 68 QM
2, 17.33Cr, 1333 ML,
217 Mo
s Hot roliad. 08100 025 263 oOT 154 73 0187
0.14 €, 027 5L 044 anerraied 030 [LOL S P 1<) 78 4Qlar
M, 0024 B 0.007 ajo 00RO 153 75 Qlss
& 12820
38 Ho, poiled, 08-100 023 ofE2 172 o082 [1e 007
0120, 01580009 Al LE] oopd T 007 s 0D
Ma, 0004 B 0015 0 Lol T A B 1
3, 1211 Cr 050N,
1145 Mo
Hot rotbed, 5530 0z 195 009  ES 013 383 (014
002 C, 043 8L 043 anpealed 050 223 0007 93 Q143 40 0205
Mo, 6081 & 0968 o B2 00IR 93 418 N1 0607
E 17380 031N
“Fesd temperatuce, ¥ (C): T4 (E30) 17 (925) s (el 2000 (LO95} 2100 J1S0;
Miriging 300 434 007 364 ofps MG QII2 NE 0145 180 QU4S
Teat temperature, F (T 2200 (1205}
Maraging 300 123 0188

13} Agpeonimas somprsiilon,




Tab | e 5-Su'rlrvaalr)-r of C (ksi) and m values describing the flow stress-strain rate relation, & = C(E)™,
for aluminum alloys at various temperatures

Sirain rate
Alluy Muleriul history ramge, L Strain o W o wr o W i m - o
“Test tempernture, F (T 350 {200) 570 (300 TS0 (4000 A0 (200 1114 {600
Swmxrpuare Cold rolied, Q=311
.50 AL 01T Cu 2 0288 57 0110 43 0Ro 28 0040 18 0155 GS 0230
00026 5L 00033 Fe, SI0F b2 L 0050 49 Q.00 28 012 s Q1 08 0S
008 Mn
Tt bemperature, F ({7 465 (241 645 (360 H25 (48l
EC Annwaled 2o Q1563
003 Cua, SUENE Mn, TEOF .20 1y 008G 53 0341 34 0148
0,033 Mg 0.082 8 oA 123 008 B3 015 33 018
033 Fe, 00 Zn, 060 {EB 0087 64 04T 33 0073
9.5 AL 030 158 00s4 67 0135 34 0151
Test temperature, F 0 390 (200) 750 (40 930 (30
1100 Cotd drawn. 02540
FR.0 AL {min} 010 A aled s e Q0gs 42 0118 21 01
i, (15 54, 11.50 Fe, 50 s 0071 44 0151 21 0227
0,01 Mn, 051 Mg 070 122 0075 45 0141 21 024
Test teanperature, F (£ 3001 {150 80 (250 A6 (ISE) K90 (ASU) L020 (ES0)
1100a} Extrided, 4-40
0,10 Cu, 0,20 £i, 0.0 0.10% 114 0022 9.1 0026 63 0088 Ao 22 a0
02:3 1533 o0z 105 0051 £3 D061 43 14 0130
(k-] 150 0o s 0@E 72 03 45 a5 Gusl
0512 151 00 119 008 i3 0083 a4 EE S LT
0495 no 002 123 0041 74 o0EE 43 24 0155
“Test temperature, F iC): 34 (200 750 {200 W0 (S
2047 Cold drawn, 02-30
o ued 0255 M8 0014 M3 00 88 0125
0300 322 =001 1331 011 32 01
070e &3 -003% 125 0122 51 O011%
“Teat temperature, ¥ (T2 £70 {300} H600 350) TS0 (A B40 (450} 600 {500
FLIELE)) Selurion meassd 04.311
025 Mp. 417 O, In# 250k 013 18 0635 21 0.1 73 010 462 0% 351
061 5, Pe, 080 WA 3650 100 0100 9.2 010 7 0m0 68 0090 a4
Mn, 0052 2o, 001 quemnd
P, 929 Al ELLEEE
= 750P
T tamparature, ¥ (C 4855 {240) 645 360} #25 (480}
052 Aumaled 32 0.55-63
0052 a, 004 Mo, S0F 0z 143 Do3g 84 007 54 0115
T4 Mp DADEL 040 159 0035 23 o7 i3 0130
el 158 i 0 0062 51 014
030 178 94 0068 35 01248
Annealed Sk @ 02563
JAOF 030 424 —002 109 0132 117 0.2
040 40 003z 208 0138 105 028
04 445 =003 0142 103 032
070 456 -0034 03 0144 103 0303
Anncaled 3 hoa [
001 Cu, O77 Mn, JROF 030 436 =000 305 0095 92 0132
441 My 010 01,408 436 -000 127 0Me 83 0.3
O 418 0003 183 01 85 0201
080 401 000 el 055 87 048
Anmegied 3hod G256
0063 Ca, 0.81 Mo, T80F 020 3.6 0ol 168 0003
245 Mp, 125, 040 B0 —-000 183 0L
(1825 <001 Zu, o 9 =009 160 010
g0 o oo 162 0097
“Test temperature, F (3 TH0 {00 B40 450 1020 (S50
TS Salution trasted 04=311
8 AL 131 Cn, lhe 870F ons 1090 el 40 0138 39
waner 266 a7 0113 62 0120 a8
quEnsned,
aged ol 285 F
forl6h

{a) Aggmoximate soanpeton.
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Tab I e 6. Summary of C (ksi) and m values describing the flow stress-strain rate relation, & = C(&)"™,
for copper alloys at various lemperatures
Strain rate
Alloy Malerial history  rage, U Strain c i c m c m c m_C m
“Test temperature, F iCh ET0 300 B40 50 A S00L 1330 750 1650 (N
Cogper Al 0168 G016 P00 00I0 127 QNS0 T4 0098 47 00
0.008 00010 ML 0013 25 GOM  L6E O3 47 0T 63 0lle
[T TR 18 0L 100 0128 &1 01
0.z8 y 194 Cig6 B3 0136 35 0193
44 e 263 150 0078 52 0182 52 0w
Test temperature, F (Ch 800 (427
67 (w13
Test teperature, 1 {7 TS0 {411} NSO 1114 60K}
He rafbed, 03540 023 G016 128 0126 66 016D
S6.54 Cu, 0563 Sk antealed 50 T4 UM 157 G1E0 6% Bae
0.0012 Pt 0.0012 8, 070 288 0057 133 0163 6§ 0176
00025 P, 000 Wi
Test temperature, F 290 (200} TEO 00 AL 1470 00
Extruded, celd 01-10 023 ALO 0017 M1 00 234 0061 113 01
S006 (1, 0053 Fa. drawn 308 050 o 399 244 0088 110 0135
0.004 P, 0.002 Sr, aled 650 a7 e 407 45 065 114 0140
Fe >, 90 min
CDA 260 He rolied, 2530 45 160 01H 71 0l
FOAE Cu, troe e + anmaled 423 48 027 70 0148
Sin, Sem T 424 M3 B8 63 0is
CDA 230 Hok relied, 3530 490 008 %3 74 0183 1 oz
siidd O, 001 P, annsaled 386 0T B8 4 061 1§ 033
% Fe, tracs Sn %7 47 0381 11 03
Eem Za
CDA 365 Hek rolied, 2530 025 458 0038 36 54 0006 24 01
3878 Cu, 0.90 B, annealed 950 572 ofaz  ms %3 013 11 01
0.02 Fe, trace Sn, a7 3%l OOBS e B4 018 1E

Rem 7o
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Table 7. Summary of C (ksi) and m values describing the flow siress-strain rate relation, & =
C(E)™, for litanium alloys al various lemperalures

Material Strain rate
Alloy liistory range, Lis Sirain < h i m (S L i m o wil < m 5 1
“Test temperature, F (T 6l (200} 342 (200 TER AN 1112 (600) 1472 (800G 1652 (H00)
Ty 1 wEh-la [ 923 0029 &08 QUMe  ARE Q004 253 0007 12F 0187 34 00
00 Fe, 0002 04 733 0056 488 0081 X6 QL1 1446 018L 5
L= By, 0& #3232 G056 noaa o 1485 01385
LUCH B Cp el } 0z 0042 oss 154 0187
U, Bem 1 10 0.044 0Dg3 15% 0173
(z5s-1a0 [ [NANEYS 113
04 0047 184
0.8 04 7 i 134
0E o043 537.0 0089 184
10 1ELE e 0045 369 0032 134
Test temperature, F 47 LR (6000 1200 F06) 1470 800 1650 (i00)
Unalicaed Hotrolled, 0.1-10 0.3 a4 Lo 13 033
003 B, 05 2 21 03224
0ooss K, 800, 0o 301 DDes 25 0316
00025 H, 20 min
Eem T
Test Lonmperatie, ¥ { £ (200 G106 TSI AU0)  TTID(6G0) 1472 (8000 1652 (U0U) 1832 (10D
Ti-SAL 25 8n Annsaled 025 160 ni 1256 OO 976 0OM3
5.0 AL 2.5 &, 30 rmin at 0.2 1228 Oaa 4 Doxe 2 0025 585 0084 5.4
0.0¢ Fa, 0.02 1470 F in 0.3 WA G021 L1125 0027 828 Q020
high A i314 0022 1160 003F 54 0019 SET 0040 A48 O0RF 31 G004
5 VAL 0.5 0021
Cls, Ram TH ne 964 002 5546 002 [T Re T ] 0254
08 0L 0.0 ng7y 52 Db
(] 453
10 33 0280
TI-SAlAY Anteaked 0 2E-160 0.1 a3 0017 4B G0 1194 0025
&4 AL 4D Y, 120 min 0.z I 1 2 G0Z1 1] D022 4.6 0024 5132 0146 2533 0143 90 0131
i id Fe, 0005 a 12 F 0z i520 o7 0017 912 Qa7
tn high 04 1B 0014 BLe 0073 298 0175 114 0147 94 02113
vaouam 03 T Qed
153 304 0205 200 01&l o11e
0z . A
09 0.20L
1.0 203 0145 47 Qg2
Test lemperature, F{C): 1550 (8430 1750 (U54) 1800 (982}
TidAl4y 064 123 1 94 029
Test temperature, F {C): 68 (200 392 (200} 752 1112 (6007 1472 (@00) 1652 {9000 1832 (1000}
A1 Anrealed 025-160 01 A1 G0l
34 AL 14 30 min =t 0z 1EE.Z D037 1503 CUB0 1285 00E5 1134 Q04D s34 0097 446 (U147 224 D153
LS Cr, 027 1290 F in [ s 003a
B, 00, lidgh Os TPe2 D4 1533 0o 1075 0033 0132 308 0)14%
0014 H,, 0.2 LETET 03 iEll opoz2
0. W3y oe 0046 @25 D045 567 0082 409 0127
Ram T 0.y 1814 GO0
N 1 0Ms 8§47 0036 532 0081 383 0025 278 G167
Si 008D
388 0137 280 DAY
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	Flow Curves for Discontinuous Dynamic Recrystallization. Flow curves for materials undergoing discontinuous dynamic recrystallization (DDRX) have shapes that are distinctively different from those that characterize materials which soften solely by dynamic recovery. Those for DDRX exhibit an initial strain hardening transient, a peak stress, flow softening, and, finally, a period of steady-state flow. Typical curves for two austenitic stainless steels are shown in Figure 17 [28]. 




