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ABSTRACT

The influence of temperature and strain-rate on the 
plastic deformation behavior and microstructural development 
in Ti-6Al-4V forged at high strain-rates in the alpha + beta 
region was described. A reduced gage section cylinder was 
upset forged at temperatures between 843-98 2 C. 
Conventional forging equipment (hydraulic press, steam
hammer and a 620D DYNAPAK hammer) was used to produce

-1 2 -1deformation rates ranging from 10 to 10 s
The major effect of strain-rate on microstructural 

development was observed at low temperatures in the form of 
flow localization associated with intense deformation of the 
alpha phase. The effect of increasing temperature was to 
decrease the volume fraction of alpha, increase the 
strain-rate sensitivity and eliminate flow localization. 
The principal deformation mechanisms during forging and 
observed at all processing conditions was local grain 
deformation by dislocation glide and multiplication. 
Restoration was associated with dynamic recovery. However, 
high strain-rates promoted the formation of aligned 
deformation subgrains and impeded dynamic recrystallization.

Dynamic recrystallization was observed to be a 
restoration mechanism associated with low temperature and
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low strain-rate forging. The paramenter % DGV and 
experimental observations were combined to produce a 
workability map indicating safe and fail areas for the upset 
forging of Ti-6A1-4V in this study. Mechanisms for the 
evolution of microstructure in the region of most severe 
deformation in the reduced gage section specimen were also 
summarized for various processing conditions.
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I. INTRODUCTION
A. General Comments Regarding Forging of Titanium 
For over 25 years the bulk of titanium forgings have 

been manufactured for the aircraft industry where the high 
strength/weight ratio of titanium and its alloys has been an 
advantage.  ̂ Titanium forged components in aerospace
engines include compressor discs and spacers, compressor 
blades, fan vanes and contour flanges.

In the manufacturing and production of titanium
components forging has met little competition from casting; 
forged components produce useful shapes with increased
integrity and improved mechanical properties relative to 
castings.

Titanium is an allotropie metal which at low
temperatures has hexagonal close-packed structure (a phase) 
and at high temperatures is body-centered cubic ( 3 phase). 
Alloying elements are added which are preferentially soluble 
in one of the phases and serve to either raise or lower the 
transformation temperature. Commonly, solid solution
additions of aluminum are added to stabilize the alpha
phase. Interstitial alpha stabilizers, carbon, nitrogen,
hydrogen and oxygen, are carefully controlled since their 
presence leads to embrittlement.

Alloying additions which are preferentially soluble in 
the beta phase and lower the beta transus include vanadium.
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molybdenum, niobium and tantalum. Another group of alloying 
elements which includes manganese, iron, chromium, cobalt, 
nickel, copper and silicon, form compounds. Tin and 
zirconium have similar solubilities in alpha or beta.

Depending on the particular alloying elements, titanium 
alloys are classified according to their room temperature 
microstructures as 1) alpha, 2) alpha + beta, and 3) beta 
alloys.

Typical final forging temperatures of titanium alloys 
are in the two phase region, although lower forging 
pressures are required for forging above the beta transus. 
Forging in the a + 3 region is imposed by the reduced 
ductility of the beta forged microstructure.

Forging of titanium alloys is generally more difficult 
than forging of precipitation hardening stainless steels but 
less difficult than forging nickel-base creep resistant 
alloys.

Temperatures and strain-rate have marked effects on the 
resistance to deformation during forging. Increases in 
temperature lower deformation resistance whereas increases 
in strain-rate raise the resistance.

The main problem in forging titanium is the narrow 
forging temperature range for satisfactory forging. The 
high temperature limit is set by microstructural 
requirements and the lower limit by increased forging
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pressures and shear cracking. In alloys such as Ti-6Al-4V 
this range is between 850 C and 950 C. For multiple blow 
forging operations such as accomplished with hammers, 
overheating due to deformation needs to be avoided. Heat 
dissipation is poor in titanium alloys, due in part to its 
low thermal conductivity. Poor heat transfer properties 
also create conditions which result in surface shear by die 
chilling.

Another major problem associated with forging of 
titanium is the propensity for interstitial pick-up at 
annealing and hot working temperatures. Interstitial 
contaminants promote embrittlement.

Titanium alloys are forged successfully on pneumatic
and drop hammers, and mechanical, screw and hydraulic
presses. The relatively low forging temperature (0.58-0.63 
/Tm) requires forging pressures of 400-550 Mpa, (60-80 

Ksi) for planar areas. The main problem associated with low 
deformation rate presses, is rupture due to die chilling. 
Higher speed presses and hammers help eliminate die-chilling 
but undesirable heat build-up must be avoided.

Forging in the a + 3 region usually begins with a
forged microstructure and care must be taken to assure 
adequate breakdown and homogenization of the plate structure 
to the more desirable equiaxed microstructure.
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B . Forging Equipment
The common types of forging machines used to forge 

titanium and its alloys are hydraulic and mechanical
presses, and gravity and steam hammers. Less common are the 
high energy-rate forging (HERF) hammers such as the DYNAPAK 
and CEFF. Presses in general are slow and produce
deformation by squeezing the material, whereas hammers are 
fast acting and deform the material by impact.

The hydraulic press is essentially a load-restricted
machine. Its operation is based on the motion of a
hydraulic piston guided in a cylinder. The hydraulic
press's capability to carry out a forging operation is
limited mainly by the maximum available load. In a direct
drive hydraulic press the maximum press load is available at

( 2 )any point during the entire ram stroke.
Hammers are energy-restricted machines. During a 

working stroke (the distance the hammer travels before 
impact), the deformation proceeds until the total kinetic
energy is dissipated by plastic deformation of the forging
stock and by elastic deformation of the ram and anvil when 
the die faces make contact. The steam hammer is classified 
as a power drop hammer since the downstroke of the ram is 
accelerated by steam pressure in addition to gravity.
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The DYNAPAK, a high speed metalworking machine, was
designed in 1955 by the Convair Division of the General

( 4 )Dynamics Corporation. The original intent of the
device was to test materials with predetermined impact 
energies. It was then adapted to its curent use as a 
metalworking or forging machine.

The main features of the 620 D DYNAPAK are shown in 
Figure 1. The machine is approximately 3 meters high and
1.8 meters wide. A 620 D DYNAPAK has a rated energy of
54,400 J, (40,000 ft-lb) which is produced with maximum 
driving pressure of 13.8 Mpa (2000 psi) and maximum stroke 
of 30 cm (12 inches).

The ram is accelerated by compressed air in a cylinder 
sealed by an "0" ring as shown in Figure 2. A slightly 
higher pressure is applied to an outside chamber which holds 
the ram in ready position. To trigger the machine, a small 
volume of gas is admitted through the vent C into the area 
inside the seal base ring B. The resultant gas pressure 
changes the static balance and moves the ram downward. This 
slight movement breaks the seal and allows the high pressure 
gas in chamber D to act over the entire surface of the 
ram-piston. The ram is guided by two aluminum sections 
attached to the frame and commonly referred to as gibs. The
moveable frame assembly reacts to the firing force by
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Figure 1

FRAMED Y N A P A K

R A M

GI BS

B O L S T E R

M A I N  F R A M E

C O I L  S P R I N G  S U S P E N S I O N

Main features of the DynapakTj>1
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(a)

UI7

11
L i

(c)
Gas, high 
pressure

Ga s / low 
pressure

(b)

E

Hydraulic
fluid

(2 )Figure 2-. Principle of operation of Dynapak Machine
a) Ready position, b) Triggered, c) Impact 
position, d) Recocking.
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accelerating upwards. Upon impact of the ram dre and the 
bolster die, the entire assembly is forced down upon a coil 
spring suspension system and oscillates until dampened. 
Hydraulic jacks recock the ram back to ready position.

The DYNAPAK and steam hammer are energy restricted 
machines respective to the hydraulic press, a load 
restricted machine. Listed in Table I are the forging 
velocities of the common types of forging equipment.

Table I.. Comparative Forming Velocities.
Metal Working Process Impact Velocity Range

M/SEC FT/SEC
Hydraulic Press 0.03 - 0.3 .1 - 1
Mechanical Press 0.8 - 1.5 2.5 - 5
Drop Hammer 0.3 — 6.0 1 - 20
Power Hammer (steam) 5.0 - 9.0 16 - 30
High Velocity (DYNAPAK) 9.0 - 20.0 30 - 65
Explosive Forming 61 .0 > 200

C. Review of Forging Test Types
Several types of tests and sample geometries have been 

historically used in forging studies. The most commonly 
used test, involves compression forging (upset) of a right, 
circular cylinder or disk.^ 7 ^*
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If the work is distributed uniformly in the compression
forging of a right, circular cylinder the sample will
shorten and spread laterally. Normally though, high
friction stresses at the interface between the platens and
sample limit the amount of lateral spread, producing a
dead-metal zone which gives rise to barrelling or
non-uniform flow. To minimize barrelling, the cylinder ends
are grooved and well lubricated. Heated platens or cage
assemblies are used to avoid die chilling effects. This
sample geometry has been used for several studies to
determine workability, forming limits in bulk deformation 

( 8 )processes and to obtain values for flow stress at
various temperatures and strain-rates. Compression of 
cylinders can be performed on tensile-testing equipment, 
several types of forging machines, in particular hydraulic
and mechanical presses or with a cam plastometer. The cam
plastometer, an experimental device which can compress 
cylinders at a constant strain, was developed by J. E. 
Hockett^' This device produces constant
strain-rates from 0.001 - 200 s

Lateral side pressing of cylinders (diametrical 
compression) has been utilized to provide information on a 
material's propensity for flow localization in the form of 
shear bands.111' 12' 13' 141
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Another sample recently designed to measure workability 
and a material's propensity for flow localization is a right 
circular cylinder with a reduced gage section in which
deformation is concentrated. This sample, developed by M.C. 
Mataya,  ̂ is compressed with a "stop ring" to limit
the amount of displacement. A workability parameter, 
percent Distributed Gage Volume (DGV) can be calculated from 
the deformed gage section by means of the following formula :

V -V.DGV (in percent) = —   x 100 [1]
Vo

where VQ is the original gage volume and V^ is the final
apparent gage volume between specimen ends.

The torsion test, a common workability test is used to
simulate the high strain-rate deformation at both ambient

(17 18)and hot-working temperatures. ' " From the torsion
test one can obtain direct values to produce shear
stress-shear strain curves. Large values of strain can be
achieved without the complication of barrelling as in a 
compression test (19) at fairly constant high-strain rates
(10s-1).

Torsion testing equipment consists of a twisting head, 
with a chuck for gripping the specimen and for applying the 
twisting moment to the specimen and a weighing head, which
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grips the other end of the specimen and measures the 
twisting moment or torque. One problem is the strain 
and strain-rate gradient from surface to center of the
rod. The torsion test has not been widely standardized 
to obtain workability and flow stress data for hot
working temperatures.

D . Review of the Effect of "HERF" Processing on 
Microstructure

There is limited research on HERF or high velocity 
forging, in part, due to the unavailability of equipment 
which can reach the high strain-rates associated with 
HERF and the fact that commercial interest has been 
limited to a few producers. Of the research that has
been performed on HERF, most has been associated with
equipment response, design and forging capacity.
The early HERF research was often combined with studies 
of other high strain-rate deformation behavior at 
ambient temperatures and very high strain-rates, greater 
than 10^s  ̂ or higher than that encountered during 
HERF forging.

One of the earliest publications on the 
metallurgical aspects associated with HERF forging was 
an effort "to collect data on metalworking parameters as
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a function of velocity, pressure and temperature,
individually and in combination, to determine the effect of
deformation rate on resultant mechanical and physical

( 21 )properties and service performance". Upset forging
was used to obtain preliminary information and direct 
extrusion to produce stock for metallographic examination 
and to determine tensile properties. Materials studied 
included Ti-6A1-4V. Results indicated that "major 
advantages of this type of high energy-rate metalworking 
include low heat transfer, more precise control over forming 
temperatures and deformation and resulting refinement of 
initial structure. In most cases, significant improvement 
in properties were obtained as a result of these refined
structures."

During the early 1970's a research group at Dow
Chemical, Rocky Flats Division, Golden, Colorado, (now the
Energy Systems Corp., Rockwell International) solved an
apparent paradox in 304L stainless steel forgings produced

(2 2 )by two forge shops. The yield strength was consist
ently higher in forgings from one manufacuturer who used 
HERF techniques even though the microstructure appeared to 
be fully annealled with equiaxed grains significantly larger 
than those observed in forgings from the other shop, which 
were forged by conventional slow strain-rate techniques. The
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mystery was explained when transmission electron microscopic 
examination revealed that the HERF forging had substantial 
dislocation tangles and cell structure retained from hot 
working whereas the second forging exhibited completely 
recrystallized grains with very few dislocations in the 
matrix ̂ ^ ̂ .

(23)In 1978 this author and others examined the
dislocation substructures associated with HERF forged 21-6-9 
stainless steel. One conclusion was that :

"the substructure of HERF processed specimens
consisted of subgrains formed by dynamic recovery 
typical of hot working deformation, and of 
dislocation cells characteristic of cold work.
The mixed substructures are a result of the 
interplay between high strain-rate of HERF 
deformation and the high temperatures 0.68 to 0.78 
/Tm, at which the final deformation was

performed."

The cell structure of the HERF processed specimens was
surprising because of the high temperature of the final
deformation operation 0.68 /<pm’ Apparently, the high
strain-rate of HERF processing is "sufficient to prevent the 
diffusion-controlled, climb process necessary for 
development of a hot worked structure during the last
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(23)operation". Also established in this study was that
the HERF processed material was considerably more ductile 
(41-46% elongation) than that of "press-formed" material 
(22-29% elongation) without significant decreases in 
strength. Values of yield strength for HERF forgings were 
found to be 737-782 Mpa (110-127 Ksi), while similar values 
for press forgings were found to be 756-861 Mpa (110-127 
Ksi ) .

(24)Another study on the microstructure of HERF
forged 21-6-9, revealed the presence of fine scale 
recrystallization associated with HERF processing. When 
HERF 21-6-9 samples were etched with oxalic acid, the fine 
recrystalii zed grains would pit, exaggerating the amount of 
M23C6 carbide precipitation. If the sample was etched 
with Murakami etch, only the carbides would be attacked, 
thus decreasing the apparent amount of precipitation.

Later research on dislocation substructure of High
Energy Rate Forged 21-6-9 and 304L forgings was conducted by

( 25 )M.C. Mataya et al . They found that although HERF 
processing could produce desirable mechanical properties and 
structures, nonuniformity of mechanical properties did 
occur. Other problems associated with HERF forging were 
local heterogeneous distribution of work which often lead to 
folds in grain flow or adiabatic shear bands. Several



T-2709 15

forgings of complex shape were studied by light ” microscopy
and transmission electron microscopy. The initial purpose
of Mataya1s study was to establish a basic understanding of
the substructure and how it is influenced by various

( 25 )operations within the forging process. General
observations concluded that there was a "wide variation in
properties and structure not only between different forgings 
but also between the stem and body of the individual
forgings...these differences originate in the deformation 
history of the forgings and the extent of recovery and/or 
recrystallization that develops during heating of the
deformed structure."

The most current research on microstructure associated
with HERF processing was conducted by T.J. Headly, et al, 
( 26 ) In their investigation, a modified A-286 Fe-base 
superalloy was examined by light and transmission electron 
microscopy. Electrical resistance measurements were used to 
determine the effect of HERF processing on the precipitation 
of second phases during aging. It was found that retained 
work after HERF processing prior to aging "accelerates Y 1 and 
(Ti, Mo)C precipitation whereas it has a negligible effect 
on cellular n and M^B^ precipitation." Also that HERF 
processing "promotes precipitation of Widmanstatten n and n 
platelets inside y 1 particles."
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General information about the effects of HERF forging
(27)are summarized by Altan regarding high energy rate

forging equipment. In the HERF processes, the workpiece 
moves at a very high velocity, at some stage during 
deformation. During the initial portion of upset forging
the inertial forces are directed toward the center of the 
billet and increase the compressive radial stress and the
required forging load. However, this effect is 
insignificant since the inertial forces become noticeable
only at ram velocities in excess of 200 ft/sec. Inertial 
forces are important at the end of the deformation where ram 
velocity approaches zero and the plastic flow is outward at 
high radial velocities. At some point in deformation the
vertical inertial forces must reverse and appear as tensile 
stresses directed outward. These stresses can initiate 
center bursts or cracking. Friction increases forging load 
requirements. In high speed forging the numerical value of 
the coefficient of friction is altered and the energy
expended to overcome friction reappears as heat. In
general, the coefficient of friction decreases with 
increasing forging or sliding velocity.

The impact speeds of HERF hammers increase strain-rate, 
and adiabatic heating from deformation can produce a net 
reduction in flow stress.
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E. Literature Review
1. Titanium

Titanium is an allotropie metal which transforms from
the low temperature alpha phase with a hexagonal crystal
structure to the beta phase with a body-centered crystal

(28 29)structure at high temperatures. 7 The transformaton
occurs at 885 C in pure titanium. In alloys such as 
Ti-6Al-4V, the addition of six percent aluminum strengthens 
the low temperature phase by solid solution strengthening 
without embrittlement and raises the transformation 
temperature. The addition of four percent vanadium 
stabilizes the high temperature phase and lowers the
allotropie transformation. Four percent vanadium exceeds
the alpha solvus at all temperatures, thereby enabling
Ti-6A1-4V to have a small amount of 3 present in the 
equilibrium microstructure at low temperatures. Figure 3
respesents a pseudo-binary equilibrium phase diagram for a 
6% aluminum, titanium alloy. The beta transus temperature 
for the addition of 4% vanadium is shown to be around
1000 C. If Ti-6A1-4V is quenched from above 800 C, the
metastable 8 will transform to martensite. The room
temperature constituents and their morphologies are
dependent on both temperature and cooling rate. Rapid 
quenching from above the 8 transus will result in martensite
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Figure 3. Schematic Phase Diagram of the Ti-6Al-4V 
alloy system.
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formation. Slower cooling rates will produce nucléation and 
growth products such as Widmanstatten alpha (plate alpha) 
and retained beta. The thickness of the alpha plates will 
depend upon the cooling rate. Alpha may also
precipitate as grain boundary alpha, at the prior 3 grain
boundaries. If heating is accomplished in the two phase 
region below the 3 transus, non-transformed alpha, primary 
alpha will be present. Rapid quenching will preserve the 
volume percent of alpha present at temperature. The
morphology of the transformed 3 will again depend upon
cooling rate. Slow cooling rates from high in the two phase 
region will result in preferential regrowth on primary 
alpha grains.

Complete transformation of the 3 to martensite upon
quenching is difficult in sections greater than 25.4 mm

( 28 )thick and several intermediate phases have been
(29 32 33)reported. ' ' The two most common intermediate

phases are omega and an interface phase, whose formation has 
been reported to result in ductility losses. The omega 
phase is coherent with the alpha and cannot be suppresssed 
by quenching. Omega also forms during low temperature
aging. Omega formation is associated with 3 alloys but has
been reported in a + 3 alloys. Omega will transform to
acicular alpha upon proper aging and can contribute to grain



T-2709 20

refinement and homogenization of the alpha phase. The 
interface phase ( 34,35) j_g a monolithic single crystal 
layer with either an fee or fct structure which develops at 
the a / 3 interface upon cooling rates less than 400 C/minute. 
The presence of this intermediate phase has been reported to 
decrease fracture toughness and to increase the fatigue 
crack growth rate. Aging eliminates the interface phase and 
rapid quenching discourages its formation.

Precipitation reactions are also possible in Ti-6A1-4V. 
The most common is the precipitation of fine 3 after 
quenching and aging. The martensite produced in Ti-6A1-4V 
is relatively soft and not a significant strengthing 
mechanism. Interstitial elements such as oxygen have high 
solubilities in the low temperatue phase and do not
contribute to hardening. Two types of martensite, ot 1 and 
a", associated with the a + 3  titanium alloys. The a 1, 
hexagonal martensite is the most common and when aged 
between 500 C and 700 C will produce an increase in strength
in the order of 35 MPa (5 Ksi).

The benefit of achieving a martensitic structure is 
ability to refine and distribute the alpha phase. The 
amount of martensite formed will depend directly upon the
amount of present at quenching.
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The formation of a" is associated with loss in tensile
ductility but its function is also known to be a precursor

( 33 )to producing a favorable "uniform" alpha distribution.
The formation of a " appears to largely depend upon the 

content of the beta stabilizing elements in the 3 at the 
solution, temperature.* ̂  , and that vanadium concentra
tions of 7-13% in the 3 phase at 800 C are required for the 
a" transformation. Phases with less than 7% vanadium 
concentration transform to a ', whereas concentrations of 
vanadium greater than 13% result in retained 3 at room 
temperature. An athermal martensitic transformation has 
also been reported by I m a m ^ ^  , but Williams maintains 
that retained transforms directly to Widmanstatten alpha 
which obeys the Burger relationship .

Values for the volume percent of the phases present and 
their compositions for Ti-6Al-4V at hot working temperatures
can be found in Table 11(a), which describes equilibrium 

( 3 7 )conditions , and IKb) which represents the as
(29)quenched conditions.

The alloy additions of 6% aluminum and 4% vanadium to 
titanium produce a heat treatable, a + 3 alloy with 
favorable mechanical properties. Typical mechanical 
properties for a Ti-6A1-4V alloy are listed in Table
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Table II. Volume percent of a and g at hot working temperature, 800-1065°C, and the Al and 
V compositions of each phase in the 
a) equilibrium and b) as-quenched condition

COMPOSITION 
a g

AMOUNT Al V Al V
TEMPERATURE a % g_% W+% W+% W+% W+%

UoOoCD 80 20 6.1 2.8 4.7 10.5
8 50 °C 76 24 6.2 2.6 5.2 8.2
9 0 0 °C 65 35 6 . 6 2.2 5.8 6.0
950 °C 

a) EQUILIBRIUM
45
(37)

55 -- - -

Al V
W+% W+%

900 °C 50% a 7.5 2.5
25% a ' + 25% g 5.8 6.7

1065 °C 1000% a ' 6.6 4.7

(29)b) QUENCHED ' '
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2. Plastic Deformation During Hot-Working
Various mathematical equations have been developed to

estimate the force required to upset forge a right, circular
cylinder or disk. The analysis requires a mathematical
model of plastic deformation, values of friction at the tool
workpiece interface and flow stress data at temperatures and

(39)strain-rates of interest.
All methods assume a constant volume relationship, the 

most basic relationship of the plasticity theory where :

Ei + e 2 + £3 = 0

Torsion, tensile and compression tests have been used to
establish flow stress data. The uniaxial compression of a
cylinder, disk or ring is most commonly used to obtain true

( 7 9stress-true strain data for bulk forming operations ' '
10, 11, 18)

It is difficult to obtain flow stress data during the
compression of a cylinder and due to the difficulties in 
maintaining a constant strain-rate, uniform deformation and
eliminating the effects of friction.

Several investigators  ̂ * have dealt with
these conditions successfully to acquire flow stress values 
at hot working temperatures and various strain-rates for 
Ti-6242, an a + 3 alloy similar to Ti-6Al-4V.
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When strains are high as in the compression of a 
cylinder, Hooke's law of proportionality no longer applies, 
and a proportionality constant such as Young's modulus, for 
plastic deformation is not obtainable. Instead several 
empirical equations have been developed in an attempt to
mathematically predict values of true stress-true strain for 
the plastic region of the stress-strain curve.

The simplest and most satisfactory in representing true 
stress-true strain behavior is the power equation :

0 = K£nU,T [3]
where K is the strength coefficient and n the strain 
hardening exponent. When n=0, the material is a perfect 
plastic, and when n=l.0 is perfectly elastic.

During hot working, flow stress is more dependent on
strain-rate than total strain. The power equation to
reflect the strain-rate dependency becomes :

a = C e m |£/T [4]



T-2709 26

where m is the strain-rate sensitivity exponent and can be
found by a rate-change test in which m is determined by
measuring the change flow stress brought about by a change

( 41 )in strain-rate at a constant strain and temperature.

m = ,É_LS—2.. [5]
d In el0'1

This relationship has been applied to flow stress data from
the compression of rings and cylinders of Ti-6242, to
determine values for m and predict flow stress at various
strain-rates and temperatures.

Semiatin, et al, by using a mechanical press, have
acquired m values for the a + 3 microstructure of Ti-6242.
and concluded that for strain-rates of 2 and 10s , m
showed a strong dependence on temperature but a weak

( 7 )dependence on strain.
( 12 )In a succeeding investigation of Ti-6242,

Semiatin, et al, obtained m values for strain-rates from
-3 -1strain-rates of 10 to 10 s for hot working

temperatures and determined that m increases with tempera
ture and decreases with strain-rate. The values obtained 
for m from Semiatin1s investigation are shown in Figure 4.
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Figure 4. Strain rate sensitivity parameters, m , for 
the Ti-6242 a + B microstructure (12)
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It is generally assumed that during plastic 
deformation, 95% of the mechanical work required for
deformation is converted to thermal energy. At slow
strain-rates less than 0.1s , heat can be lost to the
tooling and atmosphere. At high strain-rates, deformation 
time is decreased and conditions for deformation heating 
become increasingly adiabatic, that is, heat transfer from 
the system decreases.

In research work on the thermal instability strain in 
plastic deformation (42)^ culver developed the thermal 
number, a parameter which accounts for the effect of time 
and heat transfer properties of the metal on the degree of 
adiabatic heating during deformation for several alloys
including Ti-6A1-4V. The thermal number, , defined by:

R _ Lf_
Rt ~ a t [6]

where, L = 1/2 length of deformation region 
a = K/pc thermal diffusivity 
K = Thermal conductivity 
p = density 
C = heat capacity 

The value, R̂_ , provides a numerical effect of the heat 
transfer conditions related to the material's thermal 
properties, geometry and rate of deformation based on heat
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loss in one dimension. Culver found that when the value of 
Rt reaches 10, adiabatic conditions exist and for values 
of Rt = 50 over one-half the deforming region is
adiabatic.

Several numerical approaches have been taken to 
estimate temperature profiles during deformation. A basic 
equation associated with incremental bulk temperature rise 
during deformation is:

AT = •95-fgd£- 171
pC J

This equation predicts a temperature rise dependent on flow 
stress, o , heat capacity, C, and density, p .  The value J 
is a term which converts mechanical energy into heat energy 
and 0.95 represents the percentage of the work converted to 
thermal energy.

The temperature rise on deformation is a function of 
time and is dependent on the metal's ability to transfer 
heat by thermal conduction. Ti-6A1-4V has low thermal
conductivity, low density and high flow stresses which tend 
to make incremental temperature rises high and promote
adiabatic conditions. Culver reported a temperature rise of 
207 C and at e = 1.0, and Dieter reported a 600 C
temperature rise for Ti-6Al-4V.
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Another important consideration in metal deformation 
processes is the friction forces which develop at the 
interface between the tooling and workpiece. In forging 
operations, friction conditions are dealt with as either 
sliding (Coulombic) or sticking friction. Sticking friction 
conditions prevail in hot working where friction conditions 
can be reprented by an interface film with a constant shear 
strength, which is equal to the flow stress of the
material in shear, t  . From Von Mise1s yield criteria the 
relationship between yield stress in shear, expressed as k , 
and the normal yield stress, a , is:

a
t = k = —  [ 8 ]
° /3

It is usually assumed that the interface shear strength 
is some fraction of the yield stress in shear, as is 
expressed by m, the interface friction factor where :

[9]
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The shearing stress at the interface can never exceed 
the yield stress in shear, for once = k movement along 
the interface is arrested and deformation proceeds by 
subserface shear.

Of the mathematical approaches which have been 
developed to estimate force requirements to upset forge a 
cylinder or disk, some can be simple such as "slab" or force 
balance method which assumes uniform deformation (no 
barrelling). More complex methods include:

- Uniform-Deformation Energy method - calculates 
average forming stess from the work of plastic 
deformation

- Slip-Line Field theory - permits point-by-point 
calculation of stress for plane - strain conditions 
only

- Upper-and Lower-Bound solutions - based on the theory 
of limit analysis, uses reasonable stress and 
velocity fields to calculate the bounds within which 
actual forming load must lie

- Finite Element Analysis - permits numerical analysis 
of small volume elements which are assumed to have 
uniform conditions
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An equation derived from the slab method analysis and
considering friction to predict the average forging stess 
is. (6, 39, 43)

az - °0 (1 + f j  K 1 [10]

where a = flow stess
m = interface friction factor 
r = initial radius 
h = initial height 

In this equation, the required forging stress is 
primarily a function of flow stress, friction and geometry, 
but does not consider redundant work, i.e., work due to
non-uniform flow, barrelling.

A solution for a solid disk which considers barrelling, 
allows for velocity discontinuities in the deformed metal. 
Without barrelling, it is assumed that the axis of the
cylindrical coordinate system coincide with the principal
axis. Non-uniform flow can be dealt with by introducing a
shear component. When barrelling occurs as a result of 
friction over the die surface, the total required forging
pressure is lowered. This is a result of the velocity 
component at the contact surface being less than that in the 
center. The radial velocity changes over the thickness of
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the disk and produces a shear component in the strain-rate
field which increases the internal work of deformation,

( 39)thereby lowering external power requirements.
The equation to predict the required average forging 

stress for a cylinder or disk including friction and 
non-uni form flow is:

fz  ! + § ( ?  + #) 71 + I
til]

0 1 + 3 73

Equation 11 will produce a slightly lower value for the
required forging stess than equation 10.

Modeling the plastic deformation behavior has been
advanced by computers and the Finite Element Analysis
method. * ̂ ^  * For an upset forging, this method has
been able to predict the strain, strain-rate and flow

( 14 )history for any element in the workpiece.
P. Dadras^^ has proposed a semi-empirical approach 

to upset forging to determine the elastic zone, bulge 
profile and load displacement curve for the upsetting of 
cylindrical billets. From this method, Dadras was able to
determine stress distribution in the billet and the effects 
of process and material parameters. He concluded that the 
size of the elastic zone is dependent on the ratio of the 
initial yield strength to the flow stress of the material
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(0^/0 ^), and this region becomes smaller as the ratio
(a /aQ ) decreases. He also noted a substantial growth of
the elastic zone with friction. Another important feature
of modeling plastic deformation behavior is the ability to
predict the workability of the metal. Catastrophic failure
in an upset forging can occur as free or die-contact surface
fracture or as internal fracture due to the presence of high

( 8 )tensile stresses at the center of the billet.
Titanium alloys such as Ti-6A1-4V and Ti-6242 are 

characterized by poor thermal conductivity, large 
temperature dependence on flow stess and substantial flow 
softening which results in conditions favoring unstable 
flow.

It has been the objective of several investigators 
13, 14, 15, 42, 47) predict processing conditions which
promote unstable flow due to compressive plastic 
instability, thermal induced flow softening (adiabatic 
conditions), and the propensity for shear band formation.

Shear bands can be associated with adiabatic heating 
and are a most serious condition associated with unstable 
f l o w . A d i a b a t i c  shear bands are a condition 
of dynamic instability and result from localized flow
discontinuities at the interface between non-moving and
moving metal. During upset forging, as deformation
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proceeds, the flow tends to be confined at the interface 
region due to localized deformation heating at the 
non-deforming/deforming interface. If the thermal
diffusivity of the metal is low and the flow stress of the 
metal is temperature dependent, flow stess in this narrow 
region will be lowered allowing for deformation to proceed 
more easily in these areas than in the adjacent areas. The 
localized lowering of flow stress for a constant deformation 
rate operation will result in local increases in strain-rate 
and larger strain-rate gradients, thus creating the 
conditions of unstable flow.

The severity of shear band formation will depend on 
sample geometry, yield stress, work hardening
characteristics, and thermal properties of the alloy. Shear 
bands occur internally and are only detected by destructive 
testing. In the final forged product, they lead to a 
decrease in the integrity of the forging and may have 
deleterious effects on mechanical properties. In the 
extreme, cracking may develop along the shear bands.

Shear bands in the macrostructure of upset cylinders 
are represented by white bands which form into an X-shape. 
The legs of the X's rotate away from the compression axis as 
deformation proceeds. Further deformation will cause the 
shear bands to intersect and form a flat region of intense
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( 13 )deformation at the center of the specimen. The shear
bands originate along slip lines of classical plasticity
theory; the orthogonal net of the two directions of maximum

( 47 )shear stress and maximum shear strain.
Shear bands have been classified as either deformed or 

transformed bands. Deformed bands are areas of concentrated 
or intense deformation. This type of shear band occurs most 
often in non-ferrous alloys. The transformed shear band is 
principally observed in ferrous alloys, by the transforma
tion of ferrite to austenite and then to martensite.

It is important to be able to predict processing 
conditions which lead to unstable flow and the presence of
shear bands. A method, devised by Semi at in et al
which utilizes an instability model, produced a workability 
map which denotes processing conditions of Ti-6242 that lead 
to shear band formation. In this model, the quantity, a , 
the fractional change of strain-rate with strain, developed
by Jonas, is a parameter often used to gage the tendency of

( 12 )material to undergo flow localization.
This parameter for plane strain conditions is defined

by:

1 dé = Y' 
e de m

[12]
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where,
1 da
a d e |ê,T

[13]

and indicates a materials work hardening, or flow softening 
behavior. This value is obtained from the true stress-true 
strain curve which has not been corrected for adiabatic 
heating. The strain-rate sensitivity coefficient has been 
defined by equation 5.

Jonas et al, suggest that when the a parameter of a
material is 5 or greater, the material is particularly
susceptible to persistant flow localization. The results of
Semiatin, et al on Ti-6242 generated a workability diagram
for the flow stability of both 6 and a + 3 microstructures
for hot working temperatures, (816-1010 C), and strain-rates

-3 -1in the range of 10 to 10 s Confirmation of the
model's ability to predict processing conditions which 
produced shear bands was achieved by macrostructural analy
sis of Ti-6242 samples forged under the conditions that were 
applied to the model. Shear bands were found in samples 
where processing conditions produced an a value of 5 or 
greater. In general, high strain rates and low temperatures 
promoted shear band formation. The workability map for Ti- 
6242 developed by Semiatin et al, can be found in Figure 5.
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T-2709 39

Another method to determine workability was devised by 
M. C. Mat ay a. This method utilizes a test which
measures a material's propensity for localized flow via an 
empirical parameter, percent Distributed Gage Volume (%DGV). 
The specimen which is deformed in uniaxial compression is 
cylindrical and feature a reduced gage section.

Compression of the cylinder results in deformation 
being concentrated in the gage section. The parameter % DGV 
measures that fraction of the original gage volume that 
penetrates into the specimen ends, as shown by the cross 
hatched areas in Figure 6. A greater ability to distribute 
deformation will result in greater penetration and higher 
values of % DGV. Low values of % DGV are associated with
localized plastic flow and the formation of shear bands, 
gradients in hardness and microstructures. This test offers 
another means to evaluate material and processing conditions 
that will minimize non-uniformity in production forgings of 
complex shapes.

Results from Mataya's investigation of the compression 
forging of 21-6-9, 304L, 22-13-5 stainless steels and 6061
aluminum are that % DGV values decrease with increasing
temperature, indicating a decrease in work hardening.
Values for % DGV for compression forged Ti-6Al-4V for both 3 
and a + 3 microstructures actually increase with increasing
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(a)
DISTRIBUTED 

DEFORMATION

(b)
CONCENTRATED 
DEFORMATION

DGV

LOW DGV

Figure 6. A schematic drawing of specimen cross sections 
showing the relative amount of gage volume 
penetration (DGV) into the specimen ends for 
two different deformation behaviors: (a) dis
tributed deformation and (b) concentrated de
formation (15)
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temperature, Figure 7. Mataya describes the low values of % 
DGV values due to dynamic recrystallization and work 
hardening and recovery as the mechanism which produce higher 
% DGV values.
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(° F)
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•  TI-6AI-4V, c-c-/3 PROCESSED 
▲ TI-6AI-4V, {3 PROCESSED

700 800 900 1000 1100
UPSET TEMPERATURE (°C)

Figure 7. Variation in 7 DGV for pressed specimens of
Ti-SAl-iV as a function of upset temperature. 
The circles are for starting microstructures 
of globular alpha (a). The triangles are for 
starting micros true Lure of acicuiar u (15)
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1. Microstructural Development During Hot-
Working

a . General Considerations 
During hot working metals can either undergo dynamic 

recovery or dynamic recrystallization, where dynamic refers 
to occurring during deformation. In general, materials with 
low stacking fault energy tend to deform by planar slip and 
recover by dynamic recrystallization. Metals which have 
high stacking fault energies tend to soften by dynamic 
recovery. When dynamic recovery is the sole softening
mechanism, the microstructure consists of the elongated, 
original grains, which contain an internal fine dislocation 
substructure termed subgrains. Subgrains develop by 
polygon!zation and have diameters in the order of 1-10
ym. They appear equiaxed even in highly deformed
grains which conform to the outward change in shape of the 
objects. This cannot be explained by subboundary migration, 
which contributes only to 6-10% of the total strain. This 
ability may be due to repolygonization, the repeated process 
of the untangling of subgrain boundaries and reformation, 
while maintaining the same spacing and dislocation density.

When steady-state deformation is reached, the
perfection, dimensions and misorientation of the stable 
subgrains depend on the metal and on the strain-rate and
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temperature of deformation. The stable subgrain size
depends upon the equilibrium dislocation density as
determined by the balance between the events of generation,
unpinning and glide and the recovery events of climb, cross
glide, and annihilation. The dislocation density at
hotworking temperature, (steady state flow stress) is not a
function of strain but primarily a function of strain-rate,
atom m o b i l i t y a n d  effective stress. The strain
at which steady-state stress is reached is delayed by
high-strain rate deformation. In many metals the activation
energy for recovery is lower than that for recrystallization
and is favored at lower temperatures where the time for
recrystallization is long. Metals such as zirconium,
titanium, aluminum, refractory metals, iron and its alloys
containing carbon, chrome and silicon, and most bcc
materials favor dynamic recovery as a restoration

( 40)process.
The appearance of subgrains is the first structural

change which is evident in hot working. The misorientation
between subgrains is low. As deformation proceeds,
subgrains can either form small nuclei and disassociate into
new "boundary" grains, or, if misorientation becomes greater
than ten degrees, the subgrains become recrystallization

( 52 )nuclei and dynamic recrystalli zation occurs. Metals
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such as copper, nickel, and austenitic alloys tend to 
recover by dynamic recrystallization.

When dynamic recrystalii zation occurs, strength is lost 
due to the annihilation of dislocations. The occurence of 
dynamic recrystallization may lead to variations in the 
microstructure due to areas which experience grain growth 
and some which soften recovery adjacent to recrystallized 
areas. For these reasons, processing conditions which favor 
restoration by dynamic recovery instead of dynamic 
recrystalli zation will tend to develop more homogeneous 
structure in the final product.

Static recovery can occur when deformation is stopped. 
Metals in which dynamic recovery is the sole softening 
mechanism produce stable substructures which recrystallize 
slowly after deformation. Considerable static recovery must 
take place to form nuclei by coalescence for recrystalliza
tion to occur. Metals which soften by dynamic recovery can 
retain substructure for strengthening. The dense substruc
ture formed during the hot working of low stacking fault 
energy metals will recrystallize rapidly, therefore making 
it difficult to retain the as-worked structure.^ ^ ^ ^

Dynamic recovery as it occurs during hot deformation is 
not equivalent to static recovery and cold working. The 
small subgrains associated with hot deformation cannot be
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produced by cold working and annealing, and the high density 
of dislocations cannot develop during hot working due to the 
concurrent events of generation and annihilation.

In an investigation of pure bcc iron, it was observed 
that the type of softening process which occurs depends upon 
whether the steady state is above or below a critical value
and that the probability of dynamic recrystallization
decreases with increasing stress level. Steady state
stress level is known to increase with increasing 
strain-rate and decreasing temperature. This implies that 
the magnitude of the driving force, i.e., the higher
dislocation density at high stress levels, is not the only 
factor determining the occurrence of dynamic recrystalliza- 
tion. The proposed controlling mechanism for dynamic 
recrystalli zation depends upon the distance xcr' the
thickness of the dislocation trough, behind a 
recrystalli zation boundary. If is smaller than the
critical diameter required for nucléation, no recrystalli
zation will take place.

When the temperature of deformation is raised or when 
the strain-rate is lowered, the yield stress, the rate of 
strain hardening, the steady state stress and starting
strain and peak stress and strain (hot strength) are
d e c r e a s e d . A  parameter, Z, developed by Zener and
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( 55 )Hollomon defines a temperature compensated
strain-rate as:

Z = ê expQ/,RTle,T [14]

where Q is the experimental activation energy associated 
with the temperature dependence of the flow stress and R the 
universal gas constant. Numerous investigators have
shown that as Z decreases, i.e., under conditions of higher 
deformation temperature and lower strain-rates, the larger 
the subgrains that are formed. Not only does the subgrain 
diameter increase but the dislocation density within the 
subgrains and in the sub-boundaries also decrease.

The dependence of mean subgrain diameter d on 
temperature T and strain-rate is described by the relation:

d  ̂ = a + b log Z [15]

Higher strain-rates and low temperature (high values of Z) 
promote dynamic recovery, raise the steady state stress 
level, allow for substructure strengthening by hot working, 
develop finer subgrain size and increase the dislocation 
density of nucleus where upon static recrystallization 
produces a finer grain size.
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A general equation relating flow stress and subgrain 
size is:(23)

a = a + KGbd m [16]o
where G = lattice friction stress

K = constant
G = shear modulus
b = Burgers vector

The value for m which depends on the misorientation and
perfection of subgrains will shift from 1/2 for subgrains
which are approaching large, angle boundary characteristics
to 1.0 for fine, oriented subgrains approaching cell
structure characteristics. This relationship parallels
Hall-Petch behavior, where there is a greater contribution
to strengthening as substructure size becomes finer.

A method to categorize microstructural development
during hot deformation of a polycrystalline metal has been

( 52 )developed by Rhines. Significant aspects of Rhines
paper relating to deformation and recovery effects 
applicable to this investigation have been summarized below.

Local zone deformation within each grain where the 
change in grain boundary shape and size, represented by 
grain elongation, occurs by slip without rotation. The 
extent to which a hot deformed grain can elongate (length to 
width ratio) approaches that of a cold-worked state when
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deformation rate is high or temperature of deformation is 
low. Deformation zones within a grain of a polycrystalline 
body which refers to the compartmentalization of grains into 
zones of differing orientation corresponding to contact with 
different neighboring grains. Grain boundary shearing or 
grain boundary sliding occurs above the recovery temperature 
and is a special kind of high temperature deformation of the 
grains. Transgranular shearing, which is a process where 
highly localized shear displacements cross grains along the 
direction of maximum resolved shear stress. The formation 
of grain boundaries which appear scalloped, dentate 
boundaries, may be associated with the result of block shear 
between alternating bands of subgrains. Subgrain formation 
is the first structural change which becomes evident in hot 
working and is a result of polygon!zation. As deformation 
proceeds, the subgrains become more distinct and assume 
equilibrium shapes resembling ordinary grains. This is a 
division process which involves nucléation of new boundary 
but not the nucléation of new crystals. Growth of subgrains 
corresponds to grain growth. Subgrain boundary size is 
decreased by increasing strain-rate or lowering deformation 
temperature. Another mechanism proposed for the formation 
of dentate grain boundaries is the adjustment of subgrain 
boundaries by thermal relaxation. Each scallop in the large
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grain boundary has the same dimensions as a typical
subgrain. New grains will nucleate if the subgrain size and
misorientation are favorable.

b. Characteristics of Ti-6A1-4V and similar 
alloys.

During hot deformation of a + 3 titanium alloys,
restoration has been determined to occur by dynamic
recovery, coupled with a certain amount of grain boundary

( 12 )sliding , aided by adiabatic deformation heating.
Dislocation climb is the primary mechanism for high 
temperature deformation.

At low hot working temperatures, (843 C ), the alpha
phase constitutes 80% of the microstructure and tends to 
dominate the deformation behavior. At room
temperatures, the alpha phase has been found to be weaker 
and strain more than the beta phase. '  46) jn the
temperature range where a and 3 are present in equal 
amounts, (925 C - 950 C), structure changes are greater in 
the alpha. At high temperatures, where alpha has decreased 
to around 20%, deformation characteristics of dynamic
recrystallization and polygon!zation of the 3 phase
, . . ( 56 )dominate.
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-2 -1At higher strain-rates (10 S ) polygon!zation is
favored over recrystallization. In describing high
temperature flow behavior of Ti, a + 3  alloys, the rule of
mixture has been found to be inadequate.^7, 45, 46)

F. PURPOSE
The purpose of this investigation was to examine the

effects of strain-rate and temperature on the plastic
deformation behavior and evolution of microstructure during
high strain-rate forging of Ti-6A1-4V in the two phase, a + 
3 region. In light of the limited amount of research
published concerning metallurgical response to high strain- 
rate forging, emphasis is placed upon the HERE (high-energy- 
rate-forging) regime 10 -10 s . An attempt will be 
made to determine regimes for forging in terms of 
strain-rate and temperature which will produce satisfactory 
forgings, i.e., those absent of shear band defects. The 
effect of deformation heating and adiabatic conditions on 
deformation mechanisms, flow localization, phase
transformation and recovery will be addressed. Significant 
advantages as well as problem areas associated with high
strain-rate forging will be documented.
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G. SCOPE
To accomplish the goals of this investigation the 

material chosen was titanium, containing a nominal six 
percent aluminum and four percent vanadium, commonly termed 
Ti-6A1-4V. This material was chosen due to (1) the 
sponsor's interest in this aircraft alloy, (2) the extensive 
information available on this alloy compared to the other 
titanium alloys, and (3) the exceedingly limited research on 
the effects of high velocity forging of this alloy.

The sample chosen for the investigation was the 
modified, right circular cylinder developed by M. C. Mataya, 
for the following reasons : (1) this sample accentuates the
conditions for flow localization, an important consideration 
in forging, (2) the large, non-deforming, ends limit heat 
flow to the dies, (3) conditions of friction are the same
for each forging at the gage/end interface due to adhering
to machining tolerances and (4), sample geometry more 
closely represents close-die forging where regions of 
material deform at different strain-rates.

A 620 D DYNAPAK operated at three firing pressures,
12.4 MPa (1800 Psi) , 6.9 MPa (1000 Psi) and 1.4 MPa (200
Psi) was chosen for the high-velocity forging. The DYNAPAK
used energy produced by low mass/high velocity.
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A 5000-lb Erie steam hammer was chosen to apply high 
mass/medium velocity forging conditions and a 150-ton Erie
hydraulic press was used to produce forging energy
associated with high mass/low velocity conditions.

The hot rolled Ti-6A1-4V bar stock elected for this 
study was used in its as-received condition to simulate 
conventional forging practice. The forging temperatures
chosen were in the a + B < two phase region commonly used in 
producing Ti-6A1-4V components for aerospace application.

Samples were limited to a "one blow" forging operation 
for the following reasons : (1) one blow forging has always
been of interest to high-velocity forgers because of lower 
forging costs and (2) to retain the microstructure and 
substructure evolved during initial hot-deformation. 
Analysis of the structure will center primarily on 
deformation in the non-transforming alpha phase because the 
alpha phase morphology, volume percent and distribution are 
known to have a significant effect on mechanical properties, 
such as strength, ductility, toughness and fatigue of 
Ti-6A1-4V components.
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II. EXPERIMENTAL PROCEDURES AND ANALYTICAL TECHNIQUES
A. Material Composition
The Ti-6Al-4V used in this study was AMS 4928H 

(Aerospace Material Specified) produced by the RMI Company. 
The 63.5 mm (2.5 inch) diameter bar stock was hot rolled and 
had received a two hour production or mill anneal at 700 C. 
The beta transus of this heat was reported to be 999 C (14). 
The complete chemical composition of this alloy is shown in 
Table IV.

Table IV. Chemical Composition of Ti-6A1-4V, AMS4928-H,
63.5 mm bar stock

ELEMENT WEIGHT PERCENT
c 0.02
N 0.01
Fe 0.18
Al 6.5
V 4.2
Y 10 ppm
B 30 ppm
0 0.18
H 41 ppm
Ti Balance
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B . Specimen Preparation
Modified, right circular cylinders 88.9 mm in length 

were machined from the bar stock holding all tolerances to
0.13 mm (0.005 inches). The center gage section measured 
38.1 mm (1.5 inches) in length by 31.75 mm (1.25 inches) in 
diameter. Complete dimensions can be found in Figure 8. 
After machining, samples were measured and inspected for 
uniformity. Values were calculated for the statistical mean 
x and standard deviation s, for the critical dimensions. 
These results are list in Table V.

Table V. Mean value, x , and standard deviation, s, for 
machined reduced gage section sample dimensions.

Height-End Section.......................25.4 mm 0.13
x = 25.47 
s = 0.08

Height - Center Section................. 38.1 mm 0.13
x = 38.15 
s = 0.08

Diameter - Center_ Section...............31.8 mm 0.13
x = 31.08 
s = 0.05

Radius............................... 0.13
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Diam = 
6.35cm  

-  (2 .5 0 0 " )

2.54cm  
(1.000")

3.81cm
0 .5 0 0 " )3.18 cm 

0.250")
R= OI3cm 

(.005") 8.89cm
(3.500")

Figure 8. Shape and dimensions of the modified gage 
section cylinder.
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Before forging, samples were mechanically cleaned, and 
coated with a fiber glass coating. Delta Glaze 347m. This 
coating protects the samples from picking up interstitial 
contaminants such as oxygen, hydrogen and nitrogen during 
furnace heating in air.

To avoid excessive heat loss during transfer from the 
furnace to the forge dies and after forging to the quench 
tank, the machined gage section was packed with fiber frax, 
an insulating material. All samples received a one hour and 
fifteen minute soak, the time determined for samples with 
imbedded thermocouples samples to reach equilibrium, prior 
to forging and quenched immediately upon forging.

C. Forging Set-Up
1. Determination of Ram Velocities for 620 D 

DYNAPAK
The 620 D DYNAPAK, owned by Precision Forge Company, 

Santa Monica, California, was located at Precision Metal 
Products, El Cajon, California and is shown in Figure 9.

A series of tests were conducted on the 620 D DYNAPAK 
to acquire values for the ram velocity at a given forging 
pressure to determine the deformation rates encountered 
during the HERF forging.
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TMFigure 9. Model 620D Dynapak property of Precision 
Forge Company, Santa Monica, California.
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The velocity was determined by measuring the time it 
took the ram to travel a known distance. The time interval 
was measured with a Hewlett Packard 5204 Universal Counter 
and a 5300 B Display System capable of digitally measuring 
and displaying from 0.1 micro seconds to 10 seconds. An 
electronic relay box was designed to process signals to 
start and stop the counter.

To activate and deactivate the counter, a beam from a 
420 Metrological gas laser which was focused on a 
cadium-sulfide cell was used. To activate the counter, the 
beam was broken by the bottom edge of a 50.8 mm (2 inch)
wide steel rod, attached to the moving ram. Figure 10. When
the top edge of the rod passed through the laser beam, it
recombined, deactivating the counter by completing the 
electronic circuit.

Only two sizes of spacer plates were available, 
limiting velocity measurements to be made at 178 mm (7 inch) 
and 244 mm (9.6 inch) work distances. Estimates of terminal 
velocities were made by averaging over a relatively small
distance and obtaining values at the end of the working 
distance. Aluminum cylinder slugs were compressed at 
forging pressures from 1.4 MPa (200 Psi) to 13.8 MPa (2000 
Psi) at the two working distances.
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R O D

L A S E R

REC/EI VER

R E L A Y  B O X C O U N T E R

Figure 10. Ram velocity measuring system.
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2. Tooling
a. DYNAPAK

The tooling for the 670 D DYNAPAK consisted of a 
box-lock die and punch assembly. The displacement or strain 
of the modified cylinders was controlled by sinking a cavity 
61.0 mm (2.4 inches) into the bottom die which functioned as 
a "stop ring" by limiting the travel of the punch. A 127 mm 
(5.0 inch) spacer plate was placed below the bottom die 
creating a 287 mm (11.25 inch) total stroke or working 
distance. A schematic of the tooling assembly for the 
DYNAPAK and dimensions can be found in Figure 11.

The furnace used to heat the specimens was a GM 
Enterprise, production gas box furnace. Auxiliary 
thermocouples were attached to a "dummy" sample to monitor 
temperatures during soaking, prior to forging. The furnace 
was positioned less than two meters from the DYNAPAK machine 
which allowed the samples to be forged and quenched within 
15 seconds or less.

The forging set temperature and actual thermocouple 
monitoring temperature are listed in Table VI.
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3 0 .4 8  cm 
(12.0")

2.54cm/I.O

6.10cm
(2.4")

19.05 cm 
(7.500")

6.10cm
(2.4")

19.08 cm 
(7.510")

6.10cm
(2.4")

7 6 2  cm 
(3 .0")

3 0 .4 8  cm 
(12.0")

3 0 .4 8  cm 
(12.0")

RAM
TOPPLATE
PUNCH

BOTTOMDIE

BOLSTER

Figure 11. Tooling assembly and dimensions for the
620D D y n a p a k . T M
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Table VI. Set furnace temperatures for Dynapak forgings and 
actual temperatures as monitored by thermocoupled 
sample.

FORGING TEMPERATURE 
Set C Actual C

843 848
899 895
954 953
982 978

Hydraulic Press/Steam Hammer
The 150-ton Erie hydraulic press and the 5000-lb Erie 

steam hammer, Figure 12(a), used to forge samples were 
located at Rocky Flats in Golden, Colorado.

The tooling set-up for the press and steam hammer
consisted of a split tool-steel ring which had been machined 
to 61.0 mm (2.4 inches) high is presented in Figure 13(a), 
and samples were placed between the stop rings on the bed of 
the hydraulic press and anvil of the steam-hammer, Figure
13(b). Sample displacement or strain was limited when the
platen or hammer contacted the stop-ring. The furnace used 
to heat the specimens was an experimental size, computerized 
Lindberg furnace capable of close temperature control.
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Figure 12 a). 150 ten Erie hydraulic press
b). 5 ton Erie steam hammer

Property of Rockwell International Rocky 
Flats Division, Golden, Colorado.
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19.05 cm ■ 
(7 .50")

_JI.43 cm 
(4 .5 0 " )'

1
6.10 cm

( a )
(2 .4 0 " )

Figure 13 a)

b)

Dimensions of the split stop ring tooling 
for the hydraulic press and steam hammer 
forgings.
Placement of sample and split stop ring.
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D . Test Conditions
Samples were forged in the a + 3 region above the

reported temperature, 800 C for Ti-6A1-4V, at four
deformation rates. The sample designation used for each 
processing condition can be found in Table VII. In general, 
the letter designates the forging equipment and the last 
number the forging temperature.

Control samples from the bar stock were cleaned and 
coated. These samples were placed in the furnace at the
beginning of the heating time and quenched at the end of the
forging run. This provided information on the micro
structure before deformation at each temperature.

E. Sample Analysis
After forging, the samples were mechanically cleaned to 

remove the protective coating. Measurements were taken with 
calipers at positions which corresponded to the areas
measured prior to forging. Additional measurements were 
made on an optical comparator to obtain values for the size 
of the radius of the bulged section in each forged sample. 
These values were used to calculate the workability 
parameter % DGV.



-2709 67

\ è o s - '

° c N v

^ m \

5 x 10"' 1.5 x I0 2 1.5 xIO2 3 .2  xIO 2 4 .4  x I02

8 4 3  °C

X ' 58

PI SH I 2D I I0 D I I8DI

8 9 9  °C

X ' - 61

P2 SH2 2D2 I0D 2 I8D 2

9 5 2  °C
P3 SH3 2D3 I0D 3 18 D3

9 8 2  "C

^ V 6 5

P4 SH4 2D 4 I0D 4 I8D4

HYDRAULIC

PRESS

STEAM

HAMMER
2 0 0  psi 

DYNAPAK
lOOOpsi

DYNAPAK
I800ps i

DYNAPAK

Table VII. Sample designations for processing conditions.



T-2709 68

1. Macroscopic - The modified, right, 
circular cylinders upsets were sectioned vertically and one 
face polished to 600 grit, Figure 14(a). This polished 
section was submitted to an acid etch solution consisting of
50 ml HgO, 30 ml HNO^ and 5 ml HF which brought out
plastic flow lines by delineating the a + 3 phases. The
a in the bar stock was elongated from the initial hot
working conditions and represented an internal grid system.

Radial strain, e was calculated by measuring the
initial length, 1Q , between the non-deformed alpha lines
and following a line into the deformed region to acquire a 
value for 1^, the final length. This is demonstrated
schematically in Figure 15. A representative measurement is 
shown schematically on a forged specimen. These
measurements were made at 1/4 positions horizonally and 1 mm 
positions vertically in one-quarter of the axisymmetric
sample. A value for true radial strain was determined by
e r = In ^f/l . These values were used to construct
strain-contour or deformation behavior maps.

Macro etching revealed the presence of shear bands, and 
the size and shape of the non-deforming "dead metal zone". 
A value to quantify the degree of dead metal zone was
calculated by measuring the total deformation area and the
area of the dead metal zone. This value termed "percent
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Transmission Electron 
Microscopy (TEM ) 
region-----

Optical 
^microscopy 

z  section

(a) Macro etch 
section

(b) Optical microscopy 
section

Imm

Optical micrograph 
locations

(c) Optical microscopy
cutout

Figure 14. Forged sample indicating locations of 
microscopy specimens.
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dead metal zone area" was determined by the ratio of elastic 
area to total area:

Area Dead Metal Zone
% DMZA = Total Deformation Area x 100 [17]

Another prevalent feature of a large number of the 
sectioned forgings was the deformation of the large ends by 
penetration of the gage section. The degree of penetration
was established by measuring the angle, ‘P , created by the 
deformed platen (large end) with the line for rigid platen. 
Figure 16 demonstrates the regions associated with a) % DMZA 
and b) how <P was calculated.

2. Microscopic
a. Light

Samples for light microscopy were removed by further 
sectioning the split forging as shown in Figure 14(b).

The mounted samples were ground to 600 grit and electro 
polished with a LECO Electro Polisher Cell. The electro
polishing medium consisted of 800 ml acetic acid and 50 ml
perchloric, which was kept at around 1-3 C by surrounding
the beaker with ice.
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DMZ

(a)

(b)

% DM ZA = 

DMZ 
TOTAL

Figure 16. Area associated with the calculation of 
a) % DMZA b) Angle cf>
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Polishing conditions were 2.3 - 2.5 amps at 50 volts 
with a fairly energetic flow rate. This technique prepared 
the surface for etching with a solution of 70 ml HgO, 20 
ml HNOg and 4-5 ml HF. All micrographs were taken with a 
Leco Neophot 21. High magnification > 1000X employed oil 
emersion techniques.

Micrographs of the control samples (heated, not forged 
and water quenched) required the use of Nomarski or 
interference contrast. The Nomarski technique provided 
contrast between the two phases present, primary alpha and 
martensite. Measurement of the volume percent alpha was 
made by square grid analysis. The size range of alpha 
particles was also measured. A series of light micrographs, 
625X, were taken at a position midway between the vertical 
center-line and original radius of gage section, Figure 
14(c). This mid-way position was chosen to avoid effects of 
the radius or edge and to be a region of "uniform" 
deformation. The axisymmetric conditions of an upset forged 
cylinder, allowed the analysis to be confined to one quarter 
section of the deformed cylinder. Micrographs were taken at 
625X at 1 mm positions from the horizontal center line to 
the base or non-deformed large ends. Values for volume 
percent alpha and degree of deformation were made at 1 mm 
intervals. Grain size was obtained for the more equiaxed 
structure formed in the center region.
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b . Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy was used to take

micrographs at 2000X and 5000X of Sample 18D1 with an AMR
1200 , Scanning Electron Microscope. The sample was prepared 
by the same techniques used for light microscopy.

c . Transmission Electron Microscopy (TEM)
The area in which samples for transmission electron

microscopy thin foils were obtained from Specimens 18D1 and 
Pi forged at 843 C is represented in Figure 14(b). Thin
wafers 0.25 - 0.30 mm thick were diamond sawed from this
area and from the plane corresponding to the light
microscopy region. These thin wafers were further reduced
in thickness to 0.05 - 0.08 mm foils by thinning in a
solution of 50 ml 50 ml HNO^, 5 ml HF. To keep
this thinning reaction slow enough to avoid pitting, the
temperature of the solution was kept at 1-2 C by means of an
ice bath surrounding the solution.

The foils were rinsed with methanol and dried. Discs 
of 3 mm in diameter were punched from the foil. To produce 
a thin region of 1000-2000 A required for electron penetra
tion, a Fisheone jet polisher with an auxiliary cooling coil
bath and dry ice was used to maintain the jet polishing
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solution at around -40 C. The electro polishing solution** 
was 96.5% MeOH, 3% HgSO^ and 0.5% HF. The flow rate
was kept relatively slow and optimum polishing conditions 
occurred at 25 mv with 25-28 ma. The time for polishing and 
penetration was approximately 2.5-3 minutes for each foil.

** Composition obtained from Westinghouse, Bettes, 
Pennsylvania, by Dr. E. Brown, CSM.
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III. RESULTS
A. Ram Velocity Measurements for 620 D DYNAPAK 
Table VIII lists the terminal velocity measurements 

made for the 620 D DYNAPAK from a series of tests at a 
178 mm (7 inch) stroke and a 244 mm (9.6 inch) stroke. 
Firing pressures from 1.4 MPa (200 Psi) to 12.4 MPa (1800 
Psi) were used. The theoretical velocity/energy data 
provided by the manufacturer, General Dynamics Corporation, 
for this DYNAPAK is presented in figures 17 and 18. Figure 
17 is a plot of net energy as a function of firing pressure 
for various stroke distance or ram travel. Figure 18 shows 
a plot of velocity as a function of net energy is given. 
Velocity values for the ram, as measured in these 
experiments, the frame due to reaction force applied to the 
frame when the ram is fired, and the relative (total) 
velocity of the ram and frame are plotted.

Data from graphs, Figures 17 and 18 were used to 
determine the theoretical velocity as a function of firing 
pressure at pressures and working distances used in this 
study's experiments. The calculated ram velocities and the 
experimental ram velocities for working distances of 178 mm 
(7 inch) and 244 mm (9.6 inch) are plotted in Figures 19 and 
20, respectively. Excellent correlation between the 
theoretical and experimentally measured velocities are shown 
in these figures.
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Table VIII. "Terminal" Velocity Measurements of the 620 D
DYNAPAK *Average of all tests at one condition

FIRING PRESSURE MPa (psi) 
7" STROKE

TIME* (y sec) VELOCITY M/SEC
(FT/SEC)

1.4 (200) 12,235 4.1 (13.6)
2.8 (400) 8,960 5.7 (18.6)
4.1 (600) 7,248 7.0 (23.0)
5.5 (800) 6,282 8.0 (26.5)
6.9 (1000) 5,553 9.1 (30.0)
8.3 (1200) 5,148 9.8 (32.4)
9.7 (1400) 4,774 10.6 (35.0)

11.0 (1600) 4,469 11.3 (37.3)
12.4 (1800) 4,237 11.9 (39.3)

9.6" STROKE
1.4 (200) 11,339 4.5 (14.8)
2.8 (400) 8,340 6.1 (20.0)
4.1 (600) 6,766 7.5 (24.6)
5.5 (800) 5,871 8.6 (28.4)
6.9 (1000) 5,171 9.8 (32.2)
8.3 (1200) 4,717 10.7 (35.3)
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Figure 17. Net energy as a function of firing pressures 
for various stroke distances for the 620D 
Dynapak™. (4)
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Figure 18. Energy as a function of ram, frame and 
relative (total) velocity for the 620 D 
DynapakTm. (4)
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Figure 19. Comparison of measured (o) and theoretical 
(V) ram velocities as a function of firing 
pressure for a 178 mm (7 inch) stroke 
produced on 620D Dynapak™.
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Figure 20. Comparison of measured (o) and theoretical 
(V) ram velocities as a function of firing 
pressure for a 244 mm (9.6 inch) stroke 
produced by a 620D Dynapak.

RAM 
VELO

CITY 
(M

/S
E

C
)



T-2709 82

It has been determined that for metalworking processes 
such as forging, it is important to determine values of flow 
stress at various hot working temperatures and strain-rates, 
to estimate friction and geometry contributions, and to 
predict forces required for deformation and determine 
conditions which lead to fracture or failure due to flow 
instability.

Values for the initial strain-rates of each forging 
operation were determined by:

. _ V
o ~ H [18]0

where V = ram or hammer velocity
H q = initial sample height 

The forging velocities, energy and strain-rates associated 
with forging of the test samples are presented in Table IX.

B . Macroanalysis
Sections of the specimens, forged between 843 C to

-1982 C at each of the strain-rates, where a) 440s , b)
320s”"*-, c) 150s  ̂ and d) 0.5s ^ , are shown in Figures 
21 through 24.

Striking differences in the plastic flow behavior due
V.to strain-rate and temperature effects are shown. The
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it

(a) I8DI (b) IODI

(c) SHI (d) PI
T=843°C

Reduced 5%

Figure 21. Samples forged at 843°C, sectioned and
macro etched to reveal plastic flow behavior.
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(a) I8D2

(c) SH2

(b) I0D2

(d) P2
T=899°C
Reduced 5%

Figure 22. Samples forged at 899 C , sectioned and
macro etched to reveal plastic flow
behavior.
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(a) 18 D3

(c)SH3

(b) I0D3

(d) P3
T=952°C
Reduced 5%

Figure 23. Samples forged at 9 5 2 ° C, sectioned and macro
etched to reveal plastic £ low behavior.
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(a) 18 D4 (b) 10 D4

r W r r T i M  ' vimmm  AAm „ u.JuKmJm*l l  ' mi i

(c) SH4 (d) P4
1=982°C
Reduced 5%

Figure 24. Samples forged at 932°C , sectioned and macro
etched to reveal plastic flow behavior.
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samples were categorized into three classes, A, B , and C , 
according to their macroscopic flow behavior. The criteria 
used to categorize the forging response included : 

o The existence of white bands 
o The degree of flow localization 
o Flow line continuity
o Deformation in the large end region (gage section 

penetrates large ends, large value of <f> )
Because barrelling occurs in all specimens, by 

definition, all samples exhibit non-uniform or non-homogene
ous flow. In this study the term homogeneous will
correspond to the behavior associated with equal flow
distribution, i.e, absence of flow localization.

Class A Samples
Class A samples, 18D1, 10D1 and SHl, have the following 

characteristics :
o Prominent white bands 
o A high degree of flow localization
o Discontinuity of flow lines
o No large end deformation
The most prominent feature associated with the Class A

Samples are the severe shear band formation which results in
white, X-shaped bands. These bands lie along velocity
discontinuity lines associated with the slip-line field
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theory. The shear bands begin as X's rotating away from the 
compression axis as shown in Figures 21(a), (b), (c). As 
deformation proceeds, the flat region between the two legs 
of the X's develops due to the intersection of the two 
non-deforming regions.

Class B Samples
Class B samples, 18D2 and 10D2, have the following

characteristics :
o Weak white bands
o Some degree of flow localization 
o No discontinuity of flow lines 
o Slight degree of large end deformation 
Class C Samples
Class C specimens, Pi, P2, SH2, P3, SH3, 10D3, 18D3,

P4, SH4, 10D4 and 18D4, have the following characteristics : 
o No white bands 
o Low to no flow localization 
o No discontinuity of flow lines 
o High degree of large end deformation
Samples Pi, P2 and SH2, Figures 21(d) and 22(c), (d)

deviate from classification in that the specimens have 
little to no large end deformation, an observation which 
becomes more prominent as forging temperature increases. 
The large end deformation behavior of sample Pi is similar
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to the Class A samples forged at the same temperature, 
843 C and that of P2 and SH2 with Class B samples forged at 
899 C. Samples Pi, P2 and SH2 are best classified as Class 
C due to their adherence to the three other features
describing flow behavior.

To obtain values of flow stress at higher strain-rates, 
the samples incompletely forged on the Dynapak, Figure 25, 
and equations associated with the compression of a cylinder
were used. To calculate values for C and m in the power
equation, equation 4, and flow stress for the high
strain-rates, the information obtained in the present 
investigation was combined with that reported in literature 
for Ti-6A1-4V. These results are listed in Table X and the 
complete method of analysis can be found in Appendix 1. The 
behavior of the calculated C and m values concur with
experimental findings, i.e., m increases with temperature
and decreases slightly with strain-rate. Low temperatures 
and high strain-rates result in higher flow stress values.

Although the samples forged at 1.4 MPa were excluded 
from additional analysis, they do provide a pictorial
representation of the deformation pattern at incremental
stages of strain. Figure 25, displays barrelling occurring 
at low strains, 0.40, and indicates the sample response as 
deformation proceeds.
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: , g

T=843°C

€=.56

T=899°C

T=952°C

6=.69 ( 6 = 8 4

T=982CC

3/4 SIZE DYNAPAK 2 0 0 psi

Figure 2d . Samples forged between 3 43° C and 982°C on 
the 62OD Dynapak at 14 MPa (200 Psi) to 
various strains due to insufficient energy.
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Two methods were used to quantify the distribution of 
strain in the forged specimens: deformation (strain-
contour) maps and the computation of the distributed gage
volume, DGV. Strain contour maps were drawn from the
calculated strain values taken at X and Y positions in 
one-quarter of the axisymmetric, deformed section. Strains 
of approximately the same magnitude were linked together to 
form strain-contour regions. The three classifications of 
the forged samples, Class A, B , and C are depicted in 
Figures 26(a), (b), (c), respectively. Class A map, Figure
26(a), has a large dead metal zone, where radial strain is 
0.0 and a high degree of concentrated strain at the 
interface between the area 1 and 2. This flow behavior can 
be contrasted to the Class C map in which the area 1, (DMZ) 
is small and strain is distributed uniformly. The flow
behavior of Class B is between Class A and Class C.

The propensity of the material to flow localization was 
quantified with the empirical parameter, DGV, as listed in 
Table XI(a). These %DGV values were not corrected by minor 
variations in sample height due to elastic defection of the 
stop ring as considered in Mataya's study. Mataya 1s samples 
measured slightly higher final height values than the stop 
ring and therefore would result in higher %DGV values. When 
a deviation in final height of the forged sample from the
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0.0

0.9

%i)0Vo-8 CLASS A

(a) %

o.o o . \

0.5
0.6 0.9

CLASS B
w

%

0.0
0.3

0.5
0.7

CLASS0.8 0.9

W(c)

Figure 26. Radial strain contour maps associated with 
a) Class A, b) Class B , and c) Class C 
forgings.
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Table XI. Values for %DGV, %DMZA and cp, deformation para
meters associated with the compression forging
of a reduced gage-section, Ti-6A1-4V right cir
cular cylinder.

CLASS A 18D1
10D1
SHl

(a)% DGV
3.5

5
5

(b) DMZ A
79
79
76

(c)
4>

- 0 -

— o — 

-  0 -

CLASS B 18D2
10D2

61
63

CLASS C PI
SH2
P2

18D3
10D3
SH3
P3

18D4
10D4
SH4
P4

12
22

21
10
15
38
22

23
25
34
28

29
45
8

24
27
20
6

NOT
CALCULATED

3°
3°

10 °

17°
18°
12 °

12 °

17°
17°
16°
14°
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stop ring height did occur, it was a decrease in height, and 
thereby possibly producing lower %DGV values. Minimal 
negative deviation was observed in the HERE forged samples, 
no more than 0.04% and 0.08% for the press and steam hammer, 
with the exception of sample SH4, forged at 982 C on the 
steam hammer which measured 2% less in final height than the 
stop-ring height of 61 mm. Corrections were excluded since 
the greatest final height deviation was associated with 
samples without flow localization or shear bands, the 
propensity for formation of which would be accentuated by 
this negative deviation. The mathematical analysis of % DGV 
is presented in Appendix 2. The % DGV values are lowest for 
the Class A samples, 3.5, 5.0, 5.0 and the Class B samples, 
8.0, 10.0. Samples with % DGV of 12.0 or greater,
indicative of homogeneous flow, are the Class C samples.

Another value, percent dead metal zone area, % DMZA is 
also listed in Table XI(b). This value quantifies a 
prominent feature apparent in the macroetched specimens, the 
ratio of the cone-shaped elastic region to the total 
deformation area in the gage section.

The size of the dead metal zone tends to decrease with 
increasing temperature and decreasing strain-rate, and is 
largely influenced by flow stress and work hardening 
behavior. Large values of % DMZA are coincident with flow 
localization.
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Large end deformation associated with the Class C 
samples is expressed by the value This angle represents
the degree of deviation of the large ends from a rigid, 
horizontal platen and indicates penetration of the gage 
section into the large ends. The values for <p are presented 
in Table XI(c) and increase with increasing temperature and 
strain-rate.

C . Microanalysis
Light microscopy of the as-received bar stock at low 

and high magnification are represented in Figures 27(a) and 
27(b). The alpha phase in this mill annealed structure is 
represented by the light regions whereas the beta phase 
appears as dark regions in the a + 3 mixture between the 
large, elongated alpha. Samples which were heated and not 
forged at forging temperature of 843 C , 899 C and 952 C are 
shown in Figures 28, 29, and 30.

All samples experienced a one hour and fifteen minute 
soak and were water quenched ; thus the amount of primary 
alpha at the forging temperatures is represented. Quenching 
transforms the metastable 3 to martensite. Values of the 
approximate volume fraction and the size range of the 
primary alpha are listed in Table XII.
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2 0 ^

i jI 0 fJL

Figura 28. Microstructure of bar stock heated one
hour-15 minutes to 843 'C and water quenched,
a) 625X b) 1250X
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Figure 29. Microstructure of bar stock heated one
hour-15 minutes to 399°C and water quenched.
a) 625X b) 1250X
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sc __ .v,4. , v t:.̂ f- r̂ -

1 1
0  /i

y
Figure 30. Microstructure oi bar stock heated one

hour-15 minutes to 9 5 2 °C and water quenched
a) S25X b) 1250X
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Table XII. Volume fraction and size range of primary 
alpha in as-received and control samples.

VOLUME FRACTION ‘ SIZE RANGE OF
ALPHA, % ALPHA PLATES, ym

_____  ____  (WIDTH - LENGTH)
min. max.

As received 84 4 - 100 / 16 - 18
Cl (843 °C) 81 4 - 70 / 30 - 30
C2 (899 °C) 67 5 - 40 / 13 - 25
C3 (952 °C) 32 3 - 50 / 11 - 27
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The control sample for the DYANPAK forgings at 982 C is 
shown in Figure 31(a). In this micrograph, a small amount 
of primary alpha is present, but in Figure 31(b), the 
control sample for the steam hammer/press forgings has 
exceeded the 3 transus and upon quenching has transformed to 
all martensite. The forged samples, P4 and SH4 were 
excluded from additional microstruetureal analysis, because 
they also showed evidence of overheating.

Figures 32 to 3 9 show sequences of microstructures in 1 
mm intervals from the center of the gage section the base 
region of the forged samples. Each series is related to the 
respective macroscopic sample's flow behavior. The Class A 
samples are represented by 18D1 in Figure 32. The shear 
band microstructure is present at the center and 1 mm 
positions. In contrast, Class C sample Pi, Figure 33 forged 
at the same temperature shows an equiaxed center 
microstructure. Table XIII, presents estimates at the 1 mm 
intervals of the volume fraction of primary alpha, the angle 
of deformation, 0 , (angle made with original alpha parallel 
to the compression axis), the position at which irregular 
alpha/transformed beta boundaries appear and grain size 
(limited to center line microstructure).

Figures 34, 35, 36 and 37 show the microstructures
produced by forging at 899 C. Sample SH2 does not exhibit
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Figure 31. Microstructure of bar stock heated one
hour-15 minutes to 98 2 ’C and water quenched.
a) 6 25X - Furnace for D y n a p a k ™  forgings
b) 625X - Furnace for pres s/s team hammer 

forgings.
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Center

T = 8 43 °C €o=4.4 xIO s'1
L

4 0  y

Figure 32. Deformation micros truc tn r e at 1 mm intervals 
from the center location for sample forged 
at a pressure of 12.4 Mpa (18 0 0 Psi) on the 
Dvnaoak'--^.
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Figure

Center

T= 843°C èo = 5 x l 0 V
I I

4 0  p

33. Deformation micros trueture at 1 mm positions
of sample forged on the hydraulic press.
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Center

4 0  fj

Figure 34. Deformation microstrueture at 1 mm positions 
of sample forged at a pressure of 12.4 M p a , 
(1800 Psi) on the Dynapak^.
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s r

Çenter

é©= 3.2 x I02sh

Figure 35. Deformation microstructure at 1 mm positions 
of sample forged at a pressure of 6.9 MPa 
(10 0 0 Psi) on the Dynapah ^1
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Center

60= 1.5 x 10 s'

4 0  p

Figure 36. Deformation microstructure at 1 mm positions
of sample forged on the steam hammer.
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Center

Figure 37. Deformation microstructure at 1 mm positions
of sample forged on the hydraulic press.
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4mm

Center

Go = 4 .4  x 10 s

40 p

Figure 38. Deformation miorostrueture at 1 mm positions
of sample forged at a pressure of 12.4 MPa
(1800 Psi) on the Dynapak .
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>ix

Center

Figure 39. Deformation microstrueture at 1 mm positions
of sample forged on the hydraulic press.
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Table XIII. Volume fraction of primary alpha and the 
angle, <f>, of deformation at 1 mm intervals 
at the base to center of gage section.

SAMPLE POSITION BASE 6 mm 5 mm 4 mm 3 mm 2 mm 1 mm jCENTER
18D1 74 - 73 76 73 77 66 70

(j) 0 0 - 15 25 40 45 60 70
g.s .** * elongated 4

PI %a 80 - 79 77 77 73 63 71
0 18 25 40 55 65 80 90

18D2 g . s . * *%a 63 60 56 53 52
equiax 

62 62
11
60

0 15 25 40 42 70 80 90
* mixture

10D2 %a 55 61 49 58 60 55 51 51
0 0 30 40 50 65 - 90

g . s . ** * mixture ;!
SH2 %a 62 64 59 62 60 55 55 60

0 0 25 40 60 70 80 90
g.s .** * 4

P2 %a 50 47 44 45 63 46 41 41
<J> 0 20 30 35 45 60 68 90

18D3
g.s . **

%a 18 22 23 20 24 19
*

2 0
7

26
0 18 40 50 65 70 - 90

g.s . ** * 5
P3 %a 20 20 17 17 15 19 19 21

4) 0 13 25 40 58 70 - 90
g.s . ** 11

*Position where well defined dentate boundaries first 
appear.

**Center grain size in y
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shear bands at this temperature. As strain-rate increases, 
primary alpha elongates more and produces a finer structure 
at the center region.

The samples representing the 952 C forging temperatures 
are 18D3, Figure 38, and P3, Figure 39. At this 
temperature, the amount of primary alpha has decreased 
considerably, the alpha plates in the a + 3 microstructure 
have coarsened and the primary alpha elongates more in the 
high-strain-rate sample 18D3.

Scanning Electron Microscopy was utilized to study the 
transformed shear band region in Class A sample 18D1.
Figure 40(a) shows the non-shear band region, where the
alpha is represented by the darker elongated patches, the a 
+ 3 region in between the large alpha grains by a rough 
appearance, and the 3 by the light region outlining the 
alpha. Figure 40(b) shows the shear band region where the 
alpha appears as dark patches or plates and presumably the 
highlighted region between plates. Better resolution of the
shear band region at the higher magnification in Figure 41.
More apparent at this magnification are small, white 
particles within the alpha which may be a precipitate as 
discussed in a later section.

Transmission electron microscopy, TEM, was performed on
Class A sample 18D1 and Class C sample. Pi, to study the
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¥  H P

SEM micrographs of sample 18D1
a) 2000X, non-shear band regio
b) 2000X, shear band region
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Figure 41. SEM micrograph or shear band, region in 
sample 1801, 500 OX.



T-2709 117

dislocation substructure in the alpha due to strain-rate 
differences. These micrographs will be presented in a later 
section on microstructure analysis.
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IV. DISCUSSION
The emphasis of this research was to examine the

effects of relatively high strain-rates at common hot 
working temperatures on the plastic deformation behavior of 
forged T-6A1-4V. The macroscopic and microscopic
observations of the deformation behavior of Ti-6A1-4V will 
be discussed in this section and related to the work of
other investigators.

A. Macroscopic Analysis of Forged Specimens
The deformation behavior of the sample used in this

study may be compared to the compression of a right circular 
cylinder between two rigid platens. The friction conditions 
at the platen/cylinder intersection can be considered the 
maximum condition for sticking friction. Under these 
conditions the coefficient of friction, m, is equal to 1.0 
producing an interface shear stress, equal to the yield
stress in pure shear. The value of the shear stress is
related to the normal yield stess by:

✓3

The platens of the hypothetical model are actually the
large, right circular cylinders f which make up the ends of
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the reduced gage section cylinder. At the die/cylinder 
interface sticking conditions prevail, where m is a value 
less than 1.0. Ideally, the large ends will respond as 
non-deforming, rigid bodies. In actuality, the sample is a 
continuium body and deformation at the junction of the 
cylinders is dependent on the stress-strain state in each 
cylinder.

The yield stress of the cylinder is a constant and 
primarily a function of temperature and structure, but the
value of flow stess in the deforming region will be a result
of the rate of deformation, the amount of work (strain) 
hardening and the effect of deformation heating.

The strain and strain-hardening conditions in hot 
working may be best described by the Flow Theory or 
Incremental Theory of Strain-Hardening where the "stress
state controls the manner in which the current deformation 
is occurring but not directly related to the total 
strain. In this concept the strain increments, and
not the total strains, are related to the stresses.

The three basic areas associated with compression
forging of the reduced gage section sample are represented 
in Figure 42. Area I is the elastic region or dead metal 
zone, (no plastic deformation). This conical shaped region 
forms due to geometrical constraints which limit the flow
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Figure 42. Areas associated with non-uniform deformation 
in the compression of a cylinder with inter
face friction.
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laterally and essentially lowers the effective stress in 
this region. Area 2 represents the region where the bulk 
deformation is concentrated. During compression,
deformation concentrates in the center until tensile 
stresses force the material to flow out radially. Area III, 
an annular ring, results from this radial extrusion of 
material and is responsible for barrelling.

Macroscopic observations of the forged samples in this 
study indicate that there are significant differences in the 
plastic flow behavior as a result of variations in strain- 
rate and temperature. On the basis of results described
previously, samples were classified according to their 
macroscopic flow behavior. A workability map derived from 
macroscopic results of this study and tabulating to %DGV can 
be found in Figure 43. This map indicates the combined
effects of deformation-rate and temperature on the flow
behavior. For the same initial strain-rate, the value of 
%DGV increases with increasing temperature. At a constant 
temperature, %DGV decreases with strain-rate with the 
exception of the %DGV values obtained for the steam hammer 
samples forged at 952 C and 982 C. These %DGV values are 
approximately 30% higher than the other samples forged at
this temperature. This peak could indicate a change in
workhardening mechanisms possibly associated with adiabatic 
heating assisting deformation.
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The most prominent features of Class A samples are
severe shear bands which appear as white X shaped features.
Figure 44 is a schematic representation of the mechanism of
shear band formation in these samples. This schematic shows
that as deformation proceeds, the two dead metal zones
intersect and form the flat band at the center of the
cylinder. The processing conditions of these samples
coincide with processing condition in the "Fail" area of the
workability map designed by Semiatin et al for

-1Ti-6242, Figure 5, where e is greater than 10s and
temperatures below 845 C produced unsatisfactory forgings. 
This unstable flow condition was also indicated by the low 
values of the workability parameter developed by Mataya,
(see Table XI(a)).

Conditions which promote unstable flow are high yield
stresses and concentrated deformation. The high yield
stresses, ( 441, 428, 399 MPa) of the Class A samples are
responsible for the large size of the elastic region. Shear 
band susceptibility has been noted to become more pronounced 
the higher the strength of the m a t e r i a l . * High
flow stresses promote a strain-rate discontinuity at the
boundary between the elastically stressed zones and the more
homogeneously plastic region next to them. When deformation
rates are rapid during hot forging and the heat generated
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Figure 44. Workability map as a function of %DGV to
predict the occurrence of flow instability 
in the a +3 microstructure of Ti-6A1-4V.
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cannot be dissipated, substantial temperature increases at 
this boundary result in a localized instability of the flow 
stress. Unstable flow conditions prevail and shear bands 
develop by concentrated flowf  ̂ recrystallization 
or transformation.^^

To predict a rough estimate of the prevailing heat 
transfer conditions at the strain-rates associated with this 
study, values for the thermal number, , were obtained
for two limiting conditions. The first condition will be to 
predict whether bulk temperature rises due to deformation 
will be adiabatic and the second condition will be if 
adiabatic conditions prevail in the area across the shear 
bands in the samples where deformation is localized.

To estimate adiabatic conditions with bulk deformation, 
L , in equation 6 is one half the height of the gage section, 
19 mm. This assumes heat transfer will be limited to the 
large ends due to the insulating material surrounding the 
gage which corresponds to the conditions of uniaxial heat 
flow required of the model. Assuming a is 15.5 mm/sec for 
the Ti-6Al-4V,^^ and Rt = 100 for complete adiabatic
conditions, it was calculated that deformation times of 0.23 
seconds or less will result in the deformation process being 
fully adiabatic.
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In the case for the Class A samples, a high degree of
deformation is occurring in a narrow band of approximately 4
mm width. With the same technique, the results show that
for deformation times as short as 0.05 seconds "fully"
adiabatic conditions can exist in this localized region of
strain. These results are not surprising and coincide with
the results reported by Dadras, ̂ ̂  Semiatin,^^

( 42 )Culver and others.
The other important criteria is the amount of

incremental heat rise due to deformation. Culver has
predicted a temperature rise of 207 C for 50% strain in 
Ti-6A1-4V at room temperature. A value of true strain is 
difficult to assess during hot working, but what can be
assumed is that in the Class A samples, the localized strain 
is very high. By using the flow stress values in Table X 
and assuming a strain of 1.0, the temperature rise in Class 
A samples are in the order of 160-180 C. These values, like 
the thermal number, are rough estimates in an attempt to 
quantify the existing thermal conditions during deformation.

During forging at high strain-rates bulk and/or local 
temperature rises may allow the material to exceed the 
transus. Whether the phase transformation kinetics are 
rapid enough to induce a to 3 transformation is uncertain. 
A classical phase transformation, (indicated by large g
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grains), (Figure 31(b), was not noted in any forged samples, 
even though at the highest forging temperature, 982 C, an 
estimate of 100 C temperature rise was calculated. Short 
deformation times and quenching may have inhibited the 
diffusion controlled transformation of a to 3. However, the 
adiabatic heating could likely contribute to a slower 
cooling rate resulting in more time for recovery processes 
and 3 to a transformation upon cooling.

Another distinguishing feature of the Class A samples 
is discontinuity of flow at the elastic/plastic boundary. 
This indicates that local conditions prevailed which created 
a loss in integrity in the metal at this interface area, 
where the elastic zone remained relatively rigid while the 
adjacent section was extruded radially by compression from 
the large non-deforming ends. This feature is believed to 
be assisted by adiabatic deformation heating.

The Class A samples exhibited the least amount of 
lateral spread at the gage/large end interface and more 
closely modeled the condition of rigid platens compressing a 
cylinder. The Class A samples are classified as forgings 
which exhibit failure due to unstable flow and the formation 
of shear bands.

The Class B samples tend to take an intermediate 
position between Class A and Class C. As in the Class A
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samples shear bands exist but are poorly defined, (Figures 
22(a), (b)), % DGV values are relatively low, 6 and 8, and
some degree of flow localization is present (Figure 26(b)). 
In general, plastic flow is more homogeneous and no 
discontinuity is observed in the flow lines. During 
deformation, bulk adiabatic conditions prevail but the 
incremental temperature rise will be decreased by lower flow 
stresses and less strain localization. The shear bands 
present are weak and diffuse and appear to be highly
deformed primary alpha.

The penetration of the large ends by the gage section 
has become apparent, and is indicated by a 5 degree inward 
curvature at the gage/large end junction. At the 899 C 
forging temperature, the effect of strain-rate on response 
to deformation is observed. The sample forged on the steam 
hammer, has a smaller elastic zone and a larger % DGV 
typical of Class C samples and is no longer classified with 
the other high strain-rate samples.

Another observation which indicates that at this
forging temperature, the flow behavior of Ti-6Al-4V is
strain-rate sensitive is the difference in appearance of the 
shear bands in samples 18D2-10D2. The higher strain-rate 
sample has a more clearly defined shear band region than the 
slightly lower strain-rate sample.
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Class B samples would not necessarily indicate forging 
failure but indicate processing conditions which may be 
borderline in producing forgings without shear bands.

Class C samples are characterized by homogeneous flow.
The most prevalent feature of this group of samples is the
deformation of the large ends by the penetration of the 
smaller gage section. This is indicated by a high degree of 
inward curvature at the gage/large end junction and is
associated with high values of % DGV. M a t a y a ^ ^  have
proposed that high values of % DGV can be associated with 
the gage section work hardening during deformation. Percent 
DGV results in 304L, 21-6-9, 22-13-5 stainless steel and
6061 aluminum show a decrease in % DGV with an increase in
temperature, an adequate account for these alloys. However, 
for the results for T1-6A1-4V in this study and in Mataya's 
investigation, where % DGV increases with increasing temper
ature, occur under conditions which normally produce less 
workhardening. Mataya proposed dynamic recrystallization as 
the mechanism for the apparent work hardening behavior.

The deformation of the large ends may also be related
to the strain-rate sensitivity of Ti a + g alloys which is
known to increase with temperature and decrease with 
strain-rate. The effect due to strain-rate sensitivity may 
be explained as follows. During deformation the sample
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shortens and strain rate increases. Also, as the 
temperature increases the deformation resistance decreases, 
but the available energy for deformation from the forging 
equipment remains constant, producing higher deformation 
rates, i.e., strain-rates, (with the exception of hydraulic 
press). (Initial strain-rate was chosen as a representative 
value of the deformation rates associated with the forging 
operations. Final strain-rates will depend upon the 
particular characteristics of the forging equipment used in 
this study. Further clarification of these conditions can 
be found in Appendix 3.)

As deformation proceeds, the over-all stress state 
(dislocation density) in the deforming region is increased. 
McQueen and Jonas point out that at high temperatures
the dislocation density at the yield stress is three orders 
of magnitude lower than that attained at steady state flow. 
If the hot deformation has been performed to large enough 
strains, a steady state flow is always reached. The
non-deforming region remains at the lower steady-state 
stress level, and at some point, the stress state of the 
deforming region becomes large enough to cause yielding in 
the large, non-deforming ends. This increase in 
stress-state in the gage section is also indicated by the 
increase in the diameter of the gage section by lateral
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spread at the gage/end junction and the decrease in the size 
of the elastic region.

For Ti-6242, Dadras^^ has found that the size of the
elastic region is a function of the yield stress and flow 
stress of the metal and that as the ratio of yield stress to 
flow stress, ay / a0 decreases, the size of the elastic zone
will decrease. At constant hot working temperatures the
yield stress is low due to small strains whereas flow stress 
is affected by the conditions of ongoing deformation.
Steady-state stress increases with increasing strain-rate 
and decreasing temperature (it increases with increasing 
temperature compensated strain-rate). Therefore, the small 
elastic zone can be explained by the decrease in the cr /a0 
ratio and the deformation into the large ends explained by 
overall increase in the steady-state stress of the deforming 
region. It is to be noted that this is not really a
condition of work hardening only, where generation of
dislocations exceeds the annihilation of dislocations, but 
instead corresponds to conditions of low yield with some 
incremental strain-hardening leading to a constant higher 
steady-state stress created during deformation.

The values for % DGV which reflect this "work
hardening" behavior tend to be higher for the lower strain 
rates. This may be due to part of the observed decrease in
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m with increasing strain-rate or due to deformation heating 
resulting in flow softening.

Class C sample Pi has very little large end deformation 
and Class C samples P2 and SH2 have a slight degree of large 
end deformation. This may result from less strain-rate 
sensitivity indicated by low m values, 0.06 and 0.15,
respectively.

The homogeneous flow behavior of the sample Pi may be 
explained by an overall lowering of flow stress by 
deformation heating. The relatively long deformation times 
are adequate for bulk distribution of the increase in 
temperature due to deformation allowing for the material to 
work softening during deformation.

This is also indicated by the relatively large elastic 
zone, which according to Dadras, develops with an increasing 
ratio between c / a^. Sample Pi falls into the "Fail" 
region of the Ti-6242 workability map but does not represent 
a forging failure. Although several factors may be 
involved, this deviation may be attributed to the 
differences in high temperature flow properties of Ti-6242 
which was developed primarily for its superior high 
temperature strength, and/or due to differences in sample 
geometry. In any case, the % DGV value associated with this
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sample in this study is higher than those associated with 
the forging exhibiting localized flow.

A feature observed, but not indicated in the 
established classification is one of taper in the large 
ends. This taper is associated with longer forging times 
and is a result of die chilling raising local flow stresses 
near the die/sample interface. This is an important 
observation, for if deformation is severe enough and a flow 
stress gradient is present due to a temperature gradient, 
subsurface shear is likely. This condition is most 
prevalent in samples forged on the hydraulic press at low 
deformation rates.
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B . Microstructural Development
1. Effect of Temperature on Non-Deformed Bar 

Stock.
The microstructure of the as-received material, Figures 

32(a) and (b), consisted of large patches of elongated alpha 
grains representative of the hot-rolled bar. At all forging 
temperatures used in this investigation, the elongated
morphology and distribution of the alpha persisted, while 
the volume percent of alpha decreased with increasing 
temperature. It should be noted that the observations
associated with the microstructural response to deformation 
applies to the compression forging of a cylinder with the 
deformation axis parallel to the elongated alpha. A
microstructure in which the alpha is of different morphology 
and/or orientation may exhibit different flow behavior and 
microstructural development.

The starting microstructure at each forging temperature 
has been presented in Figures 28-31. These structures
should be comparable to alpha size, volume fraction and
morphology of the non-worked region of the forgings, i.e., 
the large ends of the specimens. The morphology of the 3

transformation will be a function of cooling rate ; small
control samples, approximately 13mm thick, will have the 
transformed 3 as martensite, whereas, the transformed 3 in
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the larger forging will consist of a mixture of 
Widmanstatten alpha, martensite and retained 3.

The morphology of the control samples and those of the 
forged samples at 843 and 899 C exhibit the effect of
cooling rates on 3 transformation. The control samples and 
forged samples at 952 C display an additional effect due to 
differences in cooling rates. In the slower cooling
forging, some of the transformed a produced during cooling 
through the a + 3 region appears to grow expitaxially on the 
primary alpha, Figure 45. Alpha has been noted to regrow 
preferentially on existing alpha in much the same manner as 
expitaxial ferrite, in dual-phase steels.* This
regrowth feature may be due to the increased diffusivity at 
the higher temperatures.

2. Effect of Deformation on Microstructure.
Rapid quenching after forging was performed to retain 

the effects of hot deformation on the evolution of
microstructure in the non-transforming alpha phase. 
Although it may be difficult to distinguish between the 
deformation structure and that which developed moments after 
the deformation had ceased, the microstructure will 
represent the effects of either competing or synergistic 
thermal and mechanical processes.
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Figure 45. Epitaxial alpha growth on primary alpha
formed during cooling in the non-deformed 
region of Sample 10D3 , 1250X.
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Cooling gradients exist within the forged samples. To 
normalize this effect, microstructural analysis was made at 
approximately the same radial position within each forging.

Figures 32 through 38 of the forged microstructures 
show that in order to accomodate the shape change required 
by external forces, the primary alpha grains have elongated 
and rotated. The metastable 3 matrix has transformed upon
cooling and structural evidence of the deformation
mechanisms associated with the 3 phase has been obscured. 
The principle deformation mechanism of the primary alpha 
phase is local grain deformation, (elongation), by 
dislocation glide and multiplication and dynamic recovery. 
By comparing the 2 mm position of two samples forged at
843 C, 1801 ( £q = 440s”1), Figure 46(a) to Pi ( =
0.5s ), Figure 46(b), it is shown that high deformation
rates produce a higher degree of localized grain deformation 
(elongation) of the cx phase and promote the formation of 
dentate boundaries than do low deformation-rates.

At low deformation-rates, grain boundary sliding maybe 
operative as a deformation mechanism to accomodate external 
stresses. There is also microstructural evidence for fine, 
scale recrystallization of the alpha as a restoration 
process for low deformation rates. Deformation mechanisms 
which result in various central region alpha morphologies
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Figure 46. Deformation microstrueture at the 2 mm posi
tion which shows the alpha more elongated 
with a greater degree of dentate a/a + 3 
boundaries in forging a) 18D1 than b) Pi, 
625%.
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for specific sets of processing conditions are summarized in 
Figure 47. The suggested deformation mechanisms of the 
alpha phase and other features of the deformation are 
described in detail in the following section.

a . Local Grain and Zone Deformation
A high degree of local deformation within the alpha is 

shown in Figure 48. Apparent in this micrograph is that the 
deformation is concentrated in certain alpha grains or zones 
of grains ; surrounding alpha grains remain largely equiaxed. 
This concentration of deformation may be a crystallographic 
effect where alpha grains in a particular orientation may 
have more slip systems operative to accomodate the external 
stess. This micrograph which represents low strain-rate
forging microstructure, also shows the lack of formation of 
dentate boundaries, although deformation is severe.

b . Grain Boundary Sliding
Deformation assisted by grain boundary sliding has been 

noted to occur in a + 3 titanium and to contribute between
small amount of the total deformation. Grain boundary
..,. . . , , , , . - . (40, 50, 52)sliding is impeded by subgrain formation.

Evidence for a certain amount of grain boundary sliding in
the samples Pi and P2, Figures 33 and 37, is indicated by
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Figure 47. Deformation mechanism map associated with a
phase morphology located at the center region 
of the forging.



T-2709 141

Figure 43. Local deformation within the alpha phase 
and regions of zones of deformed alpha in 
the forging PI, 1250X.
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less intense deformation and less subgrain formation in the 
alpha grains. Smooth a/a + 3 grain boundaries, required for 
grain boundary sliding, are prevalent. This effect shown by 
comparing the deformation in the alpha of the low strain 
rate samples to high strain-rate samples between the 2 and 4 
mm positions, in Figures 32-39.

c . Dentate Grain Boundary Formation
Dentate grain boundaries are thought to form either by

a block shear process or from recovery processes such as
polygon!zation where subgrain boundaries adjust by thermal 

( 52 )relaxation. The dentate boundaries in this study are
associated with deformation in the alpha and are not present 
in the non-deformed or lightly deformed regions (base to 4 
mm from the center) , of the forged samples. This feature is 
shown in Sample 10D2, (forged at 899 C at = 320s ^ ), by 
comparing Figure 49(a) from the non-deformed region to 
Figure 49(b) from a deformed region 3 mm from the center. 
The a/a + 3 boundaries in the non-deformed region of the 
sample reflect the 3 migration into the alpha from heating 
prior to forging and is indicated by outward curvature of 
the a + 3 region. A slight amount of alpha regrowth is
present compared to the quenched sample. In the deformed 
region, the a / a + 3 boundary morphology shows the formation
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Figure 49. Forged sample 10D2 showing a) the non
deformed region, limited alpha phase 
migration b ) deformed region, 3 mm alpha 
boundary migration assisted by deformation, 
1250X.
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of scalloped or dentate boundaries which appear to grow into 
the ot + 3  region. The formation of the dentate boundaries 
is also dependent on deformation-rate f becoming more 
pronounced as the deformation rate is increased. This 
effect is demonstrated by comparing the microstructure of 
the samples forged at 899 C Figure 34 to 37 at the 1 mm and 
2 mm positions. The a / a + 3 boundaries become rougher and 
more convex (outward curvature of &) as the deformation-rate 
is increased.

Evidence relating subgrain formation to dentate 
boundaries is established from TEM thin-foil micrographs of 
samples 18D1 and Pi, Figure 50 is the ol / a + 3  boundary 
region in sample 18D1. The a + 3 region is the darker area 
with plate-like substructure. The adjacent alpha grain is 
made up of many aligned subgrains apparently formed during 
deformation. The subgrains appear more elongated than 
equiaxed and are actually packets of subgrains. The width 
of the packets are approximately 0.7pm and correspond well 
to the 0.8 y m size of the dentates present in Figure 46(a).

The TEM micrograph of the sample forged at the same 
temperature but lowest strain-rate is shown in Figure 51. 
The a/a + 3 boundary region is similar except that the 
subgrains are larger in diameter and appear to produce a 
smoother a/a + 3 boundary. From the TEM micrographs it can
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Figure 50- TEM micrograph showing small aligned sub
grains at an a/a + 3 grain boundary in 
Sample 18Dl, 29 , 250X.
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Figure b 1. ThM micrograph showing larger., more equiaxed 
subgrains at an a/a t 2 grain boundary in 
PI, 37,500%.



T-2709 147

be seen that the subgrain structure parallels the grain 
boundary morphology in the light micrographs. The 
prevalence of the dentate boundaries in the higher 
strain-rate forged samples may be related to subgrain 
formation and deformation heating which decreases effective 
cooling rates and allows for 3 to a phase transformation to 
occur upon cooling. Dentate boundaries are found after 
forging at all temperatures but as discussed, are more 
prominent in the higher-strain rate forged specimens.

d . Subgrain Formation 
Subgrain formation by polygonization is a recovery 

process which occurs concurrently with deformation. High 
values of the Zener-Hollomon parameter, strain-rate 
compensated temperature parameter, Z, are associated with 
high strain-rates and low temperatures, it has been shown 
that the mean subgrain diameter, d , is dependent on 
strain-rate and temperature by:

d  ̂ = a + b log Z [15]
and that high values of Z develop finer subgrain size. 
Although the Z parameter originally assumed constant 
structure, this trend of finer subgrain size for larger Z 
values appears valid for a + 3 microstructures.
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It was shown previously that the dentate boundaries 
which parallel subgrain formation are smaller in the sample 
forged at the higher strain-rate. The effect of strain-rate 
on subgrain size is also demonstrated by comparing higher 
magnification TEM micrographs of subgrain formation in the a 
phase of sample 18D1, Figure 52, to sample Pi, Figure 53. 
The subgrain width of Sample 18D1 is in the range of 0.8 y m 
compared to 1.3 y m in sample PI forged at the same 
temperature. Higher magnification indicates that in Sample 
18D1, well-defined subgrains are present and contain dense, 
tangled dislocation-structure. This dense internal structure 
is known to impede dynamic recrystallization by making it 
difficult to achieve the critical nucleus size required for 
dynamic recrystallization to occur and is associated with 
high values of Z. Raising the forging temperature while 
holding constant the strain-rate will result in lowering the 
value of Z and increasing subgrain size. Sample 18D3, 
Figure 54, forged at 952 C, at processing conditions which 
would effectively lower the Z value, shows that the average 
a/ a + 3 boundary scallop diameter which has been shown to 
correlate to subgrain size, is around 2.0 y m, over three 
times larger than the subgrain size of Sample 18Dl. There 
is no microstructural evidence that recrystalii zation has 
occurred, only recovery.
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Figure 52. TEM micrograph of 18Dl showing well-defined 
subgrain with internal dislocation substruc
ture, 32,50OX.
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Figure 53. TEM micrograph of PI showing subgrain
formation with less internal substructures 
than Figure 51, 64,500X.
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Figure 54. Larger dentates at the a / a + S boundary 
indicating the formation of larger 
subgrains. Sample 18D3, 1250X.
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e . Subgrain Formation and Division
Higher magnification of the central region of specimen

10D2, (forged at 899 C , = 320s ^) Figure 55, shows that
the alpha is highly deformed and that what appears to be
small subgrains have become increasingly distinct,
apparently by increased misorientation at subgrain/subgrain
boundaries. These observations are consistant with the
division process which involves the formation of new grain

( 52 )boundaries but not the nucléation of new grains. The
division process is more prominent as the deformation rate 
is raised. This is indicated by the increase in the number 
of new grain boundary grains, Figures 34 and 37, at the
central location.

The formation of new grains by recrystallization is
impeded by continued dislocation generation within the 
subgrains decreasing the probability of obtaining the 
critical subgrain diameter necessary for recrystallization.

f . Dynamic Recrystallization
The microstructural feature of subgrain division can be 

contrasted to forging P2, forged at the lower strain-rate 
and 899 C, Figure 56. The alpha is more equiaxed 
representing less concentrated deformation and the evidence 
of subgrain formation (dynamic recovery) is limited to the
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Figure 55. Formation of small, individual grains by 
the nucléation of new grain boundaries due 
to increase misorientation of subgrains
during deformation. Sample 10D2, 1250X.
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Figure 56. Formation of fine, equiaxed grains at the a. / 
a boundaries resulting from dynamic 
recrystalii zation of the alpha. Sample P 2 f 
1250X.
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scalloped appearance of the a / a +  $ grain boundaries, in the
central region. The possibility of dynamic recrystalliza
tion occurring as a concurrent restoration process is
suggested by the fine, equiaxed alpha grains within the
alpha at a/ a boundaries, where nucléation of new alpha
grains would be preferential. The appearance of small, new
grains is also observed in the sample. Pi forged at 843 C.
Nucléation of new alpha grains is not apparent at the
highest forging temperature, and may be due to the
enhancement of thermally activated recovery processes
decreasing the dislocation density necessary for 
recrystallization.

g . Subgrain Formation by Shear 
The shear band regions at the center of the forging and 

along the elastic/plastic boundary in Class A samples
represented by 18D1 in Figure 57, consist of a
microstructure in which alpha has become highly elongated 
and is made up of segments of plates extending into the a +
3 region. These different segments in the elongated alpha
band may correlate to separate grains in the patches of
elongated alpha observed in the non-deformed microstructure. 
The deformation in the alpha adjacent to the shear band
region has been shown to consist of well developed,
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0

Figure 57. Plate-like alpha associated with shear on 
preferential planes in shear band region 
sample 18D1, 2000X.
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elongated subgrains with internal dislocation structure.
The deformation in the shear band region has produced alpha 
plates which have preferential orientation. The initial 
processing conditions for this sample is one of low 
temperature/high strain-rates, with local strain-rates in 
this region even higher, increasing the value of Z. It is 
proposed that the deformation mechanism responsible for the 
plate-like appearance is dislocation generation on preferred 
slip planes with minimal time or thermal energy for 
recovery. High strains develop, much as in a cold-worked 
structure, and to accomodate external stresses shear occurs 
on preferential planes, displacing the alpha. This condition 
parallels low temperature deformation where the alpha shears 
due to the limited number of slip systems available. This 
conclusion is reinforced by Figure 52 showing a high degree 
of internal substructure usually not associated with hot
working. The plate-like appearance of the alpha may also 
result from localized deformation heating which allows for 
the a to 3 transformation to occur in this region at the a / a 
+ 3 boundaries. Upon cooling, the 3 transforms to a and 
grows into the a + 3 region on prefered habit planes in the 
plate-like manner. It can be asserted that intense,
localized deformation and a high degree of adiabatic heating 
is responsible for the mophology of the alpha phase.
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The segments of grains not displaying plate-like 
morphology may be grains of certain crystallographic 
orientation positioned in such a manner where more slip 
systems are operative and thereby do not deform by shear.

There is a preference for non-basal slip in hep 
titanium and slip occurs most readily on the prismatic 
planes, (1010) in the 1210 direction with secondary slip on 
(1011).(59)

Evidence for deformation heating retarding the cooling
rate in these regions is indicated in the SEM micrographs of
this shear band area, Figure 40(b). The light regions in
the SEM correspond to the dark regions in the light micro,
Figure 57, which are associated with the 3 phase. Vanadium
diffusion to the 3 allows for retained 3 to the present in
low temperature microstructures. A lath-like distribution
pattern of diffusing elements such as vanadium to stabilize
the 3 phase has been noted in titanium and is different from
preferential grain boundary diffusion observed with ferrite 

(29)in steels. Also apparent is the formation of a white
precipitate in the more globular alpha, Figure 41 and may be 
correlated to precipitation, again assisted by deformation 
heating.
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SUMMARY AND CONCLUSIONS

Summary
Results from the investigation indicate that

strain-rate and temperature within the conventional forging 
regime have a strong influence on plastic flow and 
microstructural development during forging of Ti-6A1-4V. 
High strain-rates, low temperature and geometrical
constraints lead to flow localization and the formation of 
shear bands. The shear bands which appear macroscopieally 
as X-shaped features are microscopically associated with 
highly-deformed alpha which has a plate-like appearance.

At strain-rates greater than 0.1 s , it has been 
established that heat generated during forging is not
dissipated to the environment and conditions are closely 
adiabatic. When deformation is concentrated, the
deformation heating contributes to flow localization and 
effectively retarding cooling rates thereby, assisting 
recovery and 3 to a transformations.

The strain-rate sensitivity of titanium which 
increases significantly with increasing temperature,
alleviates the condition of flow localization by increasing 
the stress level in the deforming gage section and 
distributing the deformation more homogeneously.
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In an attempt to combine the effects of strain-rate 
and temperature on flow behavior and the formation of
microstructure, the temperature-compensated strain-rate 
parameter, Z, has been applied. An original assumption of 
this relationship is constant structure, and although the
relative amounts of the a and 3 phases change with 
temperature, it appears adequate to use Z in relating to 
processing conditions. Larger Z values are indicative of 
higher strain-rates and/or lower deformation temperatures. 
The following conclusions will utilize the parameter Z.

Conclusions
1. Processing conditions which raise the value of Z 

tend to increase flow stress, flow localization, flow 
discontinuity, promote shear band formation, produce finer 
subgrain size with retained dislocation structure and 
suppress dynamic recrystallization.

2. Dynamic recrystallization of the alpha phase was
found to be a restoration mechanism at low temperatures and 
low strain-rates.

3. The principle deformation mechanisms during
forging of Ti-6A1-4V were found to be local grain 
deformation by dislocation glide and multiplication and
restoration by dynamic recovery.
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4. Deformation in the alpha phase and subgrain 
formation are related to the dentate morphology of the a /& 
+ 3 grain boundaries, the migration of which is assisted by 
the beta to alpha phase transformation during cooling.

5. Although adiabatic conditions existed during 
forging, deformation heating was not found to produce a 
massive alpha to beta phase transformation at any 
combination of processing conditions and not directly 
related to the formation of shear bands, but was responsible 
for flow localization, enhancement of recovery and localized 
phase transformations.

6. Strain-rates of 150 s and greater, at forging 
temperatures of 843 C, produced a unique plate-like alpha 
morphology in the shear band regions as a result of aligned 
subgrain formation by shear deformation with minimal thermal 
assistance.

7. A workability map which delineates safe regimes 
for hot working in terms of strain-rate and temperature was 
developed utilizing the parameter, % DGV conditions.

8. The benefits associated with high strain-rate 
forging include subgrain refinement, retained dislocation 
substructure, suppression of dynamic recrystallization and 
decreased forging times which contribute to less die 
chilling and time for undesireable adiabatic heating effects 
such as a  to 3 phase transformations.
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APPENDIX 1 :

Determination of Flow Stress for Ti-6A1-4V for Processing 
Conditions in this Investigation

Values of flow stress for Ti-6A1-4V at hot working
temperatures are commonly reported for strain-rates in the
order of 10 ^-10s ^* Flow stress values for
Ti-6242, a similar a + 3 alloy, have been reported for 
strain-rates up to 100s ^

Two methods were used to determine values for flow
stress for the Ti-6Al-4V a + 3 microstructure at 
strain-rates from 0.5 to 440s  ̂ and temperatures from 843 
C - 982 C.

The first method incorporates the power law
relationship for flow stress at high temperatures,

where C is an empirical strength constant and m is the 
strain-rate sensitivity exponent equal to:

a = Cêm |e,T [4]

m d In ê|e,T- à I*1 a [5]
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The value m tends to increase with increasing temperature 
and decrease with increasing strain-rate.^  ̂

Given values of C and m for the strain-rate range of
0.25-16s were used to calculate flow stress values at
0.5s ^ , which corresponds to forging rate of the hydraulic 
press, for each temperature.

A method to calculate flow stress for nominal 
strain-rate of 150s  ̂ (steam hammer forging) employed the 
specimens forged on the DYANPAK at 1.4 MPa (200 Psi). These 
samples did not deform completely to the stop ring due to
the lack of energy available. The 6 20 D DYNAPAK produces
5440J , (4000 ft-lb) of energy with a 28.5 cm (11.25 inch)
stroke at 1.4 MPa (200 Psi). By measuring the final height 
of the deformed section and with the relationship describing 
the compression of cylindrical billet, an estimate of the 
apparent flow stress for deformation was determined. This 
relationship is:

i„V
ho

E = energy
V =0 original volume of cylinder
h =0 original height of cylinder

hf = final height of cylinder
apparent flow stress
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The apparent flow stress contains the stess required 
to overcome friction and redundant work.

An equation which incorporates a shear component and 
allows for barreling (redundant work) was used to find a 
value of flow stress from the apparent flow stress by 
considering the effects of frictional and redundant work.

This equation is:

and assumes, m, the interface friction factor, is equal to
1.0 for conditions where the interface shear is equal to the 
yield stress in shear.

This method was used to determine values for flow

and correlated well with those reported in litera-

G
Z

1 +

[11]

where GZ
apparent true average pressure

G0 true flow stress
m interface friction factor
r original radius
h = original height

stress for each temperature with a strain-rate of 150 s-1
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To obtain flow stress values at the higher 
strain-rates, results from both methods were combined with 
the relationship:

m = d In o
d In ê |e ,T

[5]
A value was determined for m at each test temperature from

-1 -1flow stress values at 10 s and 150 s whereby then
the power law equation could be utilized to obtain the 
constant C, at each temperature. These values were used to 
calculate flow stress for the higher strain-rates, 320 and 
440 s ^. The calculated value m is in good agreement with 
those values determined empirically for Ti-6242.
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APPENDIX 2.

Calculation of % DGV Parameter (15)

The calculation of % DGV was performed with the 
following equation :

V — V % DGV = o  f x 100 [13

where VQ and V^ were the original and final gage 
volumes. V^ was determined by adding the volumes of the 
cylinder, vCyi' and the curved sectior ring, vcsr' as

Vcsr was determined by rotatingshown in Figure 58. 
the cross sectional area of the curved sector at its center 
of gravity about the axis of the gage, Figure 58(b). The 
area was calculated by:

A = *5 [0.1745 rc 2 a - C(r^ - h) ] [20]

where C, the final gage height, and r , the radius of 
curvature of the barreled gage section were measured values. 
The height of the curved sector, h, was determined from:

h = rc - ^ < 4 V  - c2> [211
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(a) FINAL GAGE VOLUME (Vf)

Vcyl

Vcsr.

(b) Vcsr CALCULATION

I— h

Figure 58. A schematic drawing of the specimen geometry 
used to calculate Percent Distributed Gage 
Volume (% DGV). The final gage volume, V ^ , 
which is composed of the volumes of a cylinder, 
Vcyl, and a curved sector ring, Vcsr-(b) 
Parameters used to calculate VCsr in (a).
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and, the angle subtended by the segment was calculated from

rc " ha = 2 arc cos —  ---- [22 3
c

The radius of rotation, B, was determined from

B = rb “ (rc ~ b) [23]

where r^, maximum radius of the barreled gage section, was 
measured, and b , the distance from the center of gravity to 
the center of the circle is calculated from

b « -£i
12 A [24]

V then, is calculated by rotation as follows : csr

vcsr = ZttBA [ 25]

V , is determined from cyl .

Vcyl = CTr (rb ~ h)2 [26]

Adding Vcsr and yields Vf and percent DGV is then
calculated with Equation 1.
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APPENDIX III.

Characteristics_____ of______ the______ St rain-Rate/Displacement
Relationship for the Hydraulic Press, Steam Hammer and 
DYNAPAK

The strain-rates reported in this investigation were 
initial strain-rates determined by initial deformation 
velocity and initial specimen height. Strain-rate will 
increase during deformation as the specimen decreases in 
height as shown by:

V
o [18]eo H

How the strain-rate changes with deformation will depend
upon the load displacement characteristics of the forging 
equipment.

The hydraulic press is a load-restricted machine and
the platen speed remains constant throughout deformation and 
will result in strain-rate increasing as a function of
sample displacement. The steam hammer and DYNAPAK are
energy-restricted forging machines and their
strain-rate/displacement characteristics will depend upon
the energy absorbed during deformation. The steam hammer



T-2709 176

rated at 5 tons has a large, massive ram and the energy 
absorbed by the sample forging may decrease slightly the 
velocity of the ram. The decrease in velocity will have 
less of an effect on the available energy than for smaller 
mass systems. It is difficult to determine the exact 
velocity behavior of the steam hammer system and for 
simplicity it will be considered constant throughout 
deformation. Strain-rate/displacement characteristics of
specimens forged on the hydraulic press and steam hammer can 
be calculated for increments of deformation by assuming ram 
velocity constant and strain-rate only a function of sample 
height.

The DYNAPAK has a much lower mass ram, which allows
for the energy of the ram to be lost during deformation and 
essentially lowering the ram velocity. Strain-rate behavior 
calculated for the DYNAPAK hammer will be a function of both 
decreasing specimen height and decreasing ram velocity due 
to deformation resistance. Deformation resistance is 
directly related to temperature where increases in 
temperature lower the flow stress and thereby lower
deformation resistance.

The strain-rate/displacement characteristics for the 
hydraulic press, steam hammer and two pressure settings on 
the DYNAPAK for a 286 mm stroke (11.25 inches) are presented
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in Figure 59. The curve representing the steam hammer is 
presented dotted due to the uncertainty of -the velocity 
behavior.

At all conditions, strain-rate is shown to increase as 
the specimen shortens. It has been shown previously that 
lower forging pressures 1.4 MPa (200 Psi) produced 
insufficient energy for complete deformation. At some 
pressure between 6.89 MPa (1000 Psi) and 1.4 MPa (200 Psi) 
strain-rate in these samples would reach an inflection point 
and begin to decline. In this investigation the range 
between initial and final strain-rates remained relatively 
the same.

True strain-rate was determined for the DYNAPAK system 
by the following method.
Given :

o Flow stress (c,T), Table X 
o Energy available/initial strain-rate and 

velocity, Table IX 
o Sample dimensions Figure 8

Calculated :
o Determine energy used for incremental deformation by 

equation 19
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1200-

DYNARAK 
12.4 MPa (1800 psi)

1000

800

600

400

STEAM HAMMER

200-

2-
HYDRAULIC PRESS

20 47 60 73
Hf

100
Ho

DISPLACEMENT %
Figure 59. True strain-rate as a function of displacement 

for the hydraulic press, steam hammer and 620 D 
DYNAPAK at two pressure settings at 286mm stroke.
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o Energy remaining = E available - E used 
o Determine new velocity from Figure 18 
o Use average velocity VQ - V^/2

determine deformation time, t , for A h. 
o Calculate true strain-rate by:

[27]
where true strain, e , determined incrementally.


