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SECTION I
INTRODUCTION

Increasing demand for improved system performance, specially in the
aerospace industry, has increased the emphasis on more efficient system
design with lower safety factors, on materials with improved mechanical
properties and on advanced manufacturing techniques. The demand for im-
proved performance coupled with higher cost for materials, manpower,
equipment, and for higher cost of no longer so plentiful energy sources
are responsible for increasing product cost.

Technological advances in every field (material, design, processing)
are needed to produce cost effective, long-life systems. One area that
offers a potential for reduced cost with no deterioration or with im-
proved mechanical properties is material processing, in particular, iso-
thermal forging.

The potential advantages of isothermal forging are numerous and could
result in lower cost of parts with more uniform and improved mechanical
properties (References 1, 2, 15, 16). The lack of popularity of the pro-
cess is purely economical. The cost of dies needed for forging of the
alpha + beta type titanium alloys traditionally used are prohibitive.

The high forging temperatures imposed by the alpha + beta transus of these
alloys, require more creep resistant die materials at competitive cost
(Reference 1).

The lower transus temperature of the newly developed beta or near
beta titanium alloys offer broader selection of lubricants and a broader
selection of less expensive die materials, an increased die 1ife, and a
lower energy necessary to heat the billet. A significant advantage of
isothermal forging is the possibility of producing net shape parts,
eliminating the need for extensive post processing machining (Reference
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1). A1l these factors contribute to the potential lower cost of isother-
mal forgings of beta/near beta titanium alloys. For these reasons
primarily, isothermal forging of beta/near beta titanium alloys is of
interest to the Air Force for production of parts for advanced weapon
systems. The selection and utilization of an alloy for production of

parts for a given application depends on the choice of the optimum pro-
cessing parameters and/or heat treatment necessary to obtain the desired
geometrical mechanical and metallurgical properties in the most economi-

cal manner. A sound selection requires a good understanding of the effects
of isothermal forging on the properties and microstructure of all the alloys
being considered. The work presented here provides guidelines of such
effects for Ti-alloy 10V-2Fe-3A1. i
1. TITANIUM: GENERAL INFORMATION (REFERENCES 3, 4, 5)

Titanium is a relatively light element, with a density of 0.163 1b/

1n3 (4.5gm/cm3). an excellent corrosion resistance up to about 400°C and
a relatively high strength to weight ratio (see Table 1 for properties
of titanium). For these reasons, titanium and its alloys have an impor-
tant industrial application.

Titanium is an allotopic element. It exists as hexagonal close pack
(a) from room temperature up to 882°C. At this temperature it trans-
forms to a body center cubic (B). Alloying elements affect this trans-
formation temperature. Some elements 1ike Al, Sn, C, 0, and N raise the
temperature at which the transformation occurs. These elements are called
alpha stabilizers. Oxygen and nitrogen tend to increase hardness and re-
duce ductility making titanium brittle and more difficult to form. Other
elements such as Fe, Mn, Cr, Mo, Cu, V, Nb, and Ta stabilize the trans-
formation temperature at lower temperatures. These elements are called
beta stabilizers.
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Titanium is very seldom utilized in its more pure elemental form.
Most commonly it is used as an alloy and very seldom of the binary type.
Titanium alloys commonly have two or more alloying elements, neverthe-
less phase diagrams for other than binary alloys are not readily avail-
able. (See References 6-8 for phase diagram of titanium alloys).

Titanium alloys are divided into three major categories according
to the predominant phase at room temperature, alpha alloys, alpha + beta
alloys, and beta alloys.

The alpha stabilized alloys have a high (o + B)/8 transformation
temperature. Alloys of this type usually have good ductility at low
temperatures, good high temperature creep streﬁgth, and relatively weak
dependency of stress on temperature. They are considered weldable but
not heat treatable and their mechanical properties are not too sensitive
to changes in microstructure.

Alpha + beta alloys are heat treatable, their strength levels are
medium to high, they possess good forming qualities, and lower creep
strength than alpha alloys.

The beta alloys have the best response to heat treatment, have high
strength, good formability, are generally weldable and have lower (a + B)/p
transformation temperatures. Most beta alloys are considered to have
higher hardenability than the alpha or alpha + beta alloys.

The structures that can be found in titanium alloys depend largely
on the type alloy being considered and the thermal history, heat treat
temperature, and cooling rate. Excellent treatments on titanium struc-
tures are available in the 1iterature (References 4, 9, 10) and an ex-
haustive treatment will not be presented here. A summary of the structures
is shown in Table 2.
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2. TITANIUM ALLOY 10V-2Fe-3A1

Titanium alloy 10V-2Fe-3A1 is a near beta alloy with a nominal com-
position of 10 w/o vanadium, 2 w/o iron, and 3 w/o aluminum. This alloy
was developed by Titanium Metals Corporation of America as a highly
hardenable, high fracture toughness alloy. Being a beta alloy it has a
marked dependency of stress on temperature, it is, nevertheless, recom-
mended for use up to about 310°C. At this temperature 10V-2Fe-3Al1 retains
about 80% of its room temperature strength (Reference 11).

Ti-10V-2Fe-3A1 is heat treatable. The resulting high strength that
can be achieved during heat treatment 1S;dug to a fine dispersion of alpha
particles in a beta matrix. o

Evidence exists, strongly suggesting, that Ti-10V-2Fe-3A1 exhibits
stress induced transformations (Reference 14). This phenomenon has not
been fully documented and characterized.

Little work has been published on the stress-strain rate-temperature
relation for Ti-10V-2Fe-3A1. The only such relation known was reported
by Rosenberg (Reference 13) on work by Chen (Reference 8):

¢ = 0.451 %' 72 exp(-36600 )
& iE

where the strain rate (&) is in sec. ], the flow stress (o) is in MPa
and T is the absolute temperature in degree Kelvin. Equation 1 is

applicable in the temperature range 704°C to 982°C and in the strain

rate range 1.67 x 1073 sec. 1 t08.33 x 1075 sec. 7.

Rosenberg (Reference 13) also reported on the findings of Paton and
Hamilton on the effects of strain rate on the inverse of the stress expo-
nent n. Paton and Hamilton found that the value of m in
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(2)

is not a constant for Ti-10V-2Fe-3A1. The inverse of the stress expo-

nent has a maximum value of m = 0.37 at about € = 16'4 sec.

= (n = 2.70).

This value of m is in good agreement with Chen's value of n.

TABLE 1

PROPERTIES OF COMMERCIALLY PURE TITANIUM

Density

Atomic Number
Atomic Weight
Melting Point

Allotropic Change

Modulus of Elasticity

Room Temperature Ultimate Tensile Strength
Yield Strength (0.2 Z Offset)

Elongation in 2 inch Gage Length (%)

Coefficient Thermal Expansion (0 - 100°C)

4.5 gm/cm3

22

48.90 gm/gm Mole
1668°C

a(HCP)below 882°C
B(BCC)above 882°C

16 x 10°% psi
40000 psi
30000 psi

25

4.8 x 1076 in/in/F
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TABLE 2
STRUCTURES IN TITANIUM (REFERENCES 4, 9, 10)

STRUCTURE CHARACTERISTICS PRODUCED BY/PRODUCED IN

Serrated Alpha Jagged boundaries,
nonuniform grain

size.

Rapid cooling from above
beta transus, alpha alloy
and pure titanium.

Primary Alpha Equiaxed, untrans-

formed alpha.

Holding at temperature in
alpha + beta region, by
slow cooling.

Alpha Prime Nonequilibrium pro-
duct, supersaturated,
alpha produced by
diffusionless decom-

position from beta.

Rapid cooling, beta lean
alloys.

Cooling from beta field,
nucleation and growth
process, alpha or alpha-
beta alloys.

Fine needle-1ike
alpha.

Acicular Alpha

Widmanstatten Acicular or plate- Cooling from beta field,
1ike, fine or coarse, nucleation and growth
interchangeable with process, alpha or alpha-
acicular, term acicu- beta alloys, cooling rate
lar generally limited affects primarily the
to fine structure. plate width.

Intergranular Beta precipitate in

Beta boundaries of alpha
grains.

Omega Nonequilibrium phase, Occurs upon aging beta

submicroscopic, brit-
tle and hard.

alloys with relatively
lean beta stabilizers.
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TABLE 3

PROPERTIES AND CHARACTERISTICS OF Ti-10V-2Fe-3A1

Density (Reference 11)
Beta Transus

Modulus of Elasticity at
Room Temperature

Forgeability

Recommended Heat Treatment
(STA) (Reference 11)

Resulting Properties
(Reference 11) (c)

Fatigue Strength
(Reference 11

Fracture Toughness
(Reference 14)

Phases and Structures Reported
for the Alloy

Lattice Parameters (d)

(b) From present work
unless otherwise indicated.

(c) Properties obtained, depend

on section thickness.

(d) Determined by X-Ray dif-
fraction.

0.168 1bs/in>
799 + 6C (1470 + 10F)

12 to 15 x 10° psi (as forged, depending
on conditions)

The flow stress of Ti-6A1-4V is better
than 2.5 times that of Ti-10V-2Fe-3A1 up
to a strain of approximately 0.65 in/in
for a forging temperature of 1500°F and

a forging speed of 0.030 ipm (Reference
12). The flow of Ti-10V-2Fe-3A1 at 1089K
is comparable to that of Ti-6A1-4V at
1200K (as reported by Rosenberg (Refer-
ence 13) on work by Chen (Reference 8).

1400°F/1 Hr/pQ
950°F/8 Hrs/AC

155 - 180 ksi UTS
145 - 170 ksi YS
8 - 10% El
15 - 20% RA

Notched (KT = 3.5) 30 ksi, unnotched 70
ksi for 10/ cycles and YS = 150 ksi

78 ksiv/In with a yield strength of 132
ksi and ultimate strength of 142 ksi.
Thermomechanical treatment: forged at
1500°F/AC plus aged at 1200°F/8 hrs/AC.
24 ksi Jin with a yield strength of 147
ksi and ultimate strength of 180 ksi.
Thermomechanical treatment: forged at
1400°F plus heat treated at 1400°F/1 hr/
WQ and aged at 900°F/8 hrs/AC.

Alpha, beta, omega, alpha prime or titan-
fum martensite, twinning.

Alpha Phase

a = 2.93595 A

b = 2.93595 A

c = 4.67454 A

Beta Phase "
a=b=c=3.,23809 A
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SECTION I1
LITERATURE REVIEW

1.  FORGING

Thermomechanical processing is the shaping of a metal using mechani-
cal deformation and temperature. In a broad sense, thermomechanical pro-
cessing includes not only geometrical changes, but also the development
of the required mechanical and metallurgical properties. Forging is only
one of many deformation processes, other processes include: extrusion,
swaging, rolling, and drawing.

Forging i1s the deformation of a metal to obtain a desired geometry
by hammering or pressing. It can be used as a massive deformation pro-
cess or as a final operation. Forging by hammering produces deformation
primarily on the surface of the workpiece, whereas the pressing operation
results in a deeper and more uniform deformation. Forging can be accom-
plished with the workpiece and dies at different temperatures or at the
same temperatures. The former is conventional, the latter is termed
isothermal.

Conventional forging of titanium alloys 1s usually carried out with
the dies at about 425°C (Reference 15) regardless of workpiece tempera-
ture, which depends on the alloy. The forging speeds employed are usually
very fast in order to 1imit workpiece chilling to a minimum, and in order
to control the temperature between the narrow 1imits required to obtain
the desired microstructure and properties. Since the flow stress of
titanfum is very sensitive to strain rate, high forging speeds result in
high flow stresses. The complexity of the part and the degree of detail
in the final forging also contributes to higher forging loads. The high
loads and the chil1ing of the workpiece 1imit the deformation before re-
heating 1s necessary. It i1s not uncommon to use multiple forging steps
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TABLE 3

PROPERTIES AND CHARACTERISTICS OF T1-10V-2Fe-3A1

Density (Reference 11)
Beta Transus

Modulus of Elasticity at
Room Temperature

Forgeability

Recoomended Heat Treatment
(STA) (Reference 11)

Resulting Properties
(Reference 11) (c)

Fatigue Strength
(Reference 11

Fracture Toughness
(Reference 14)

Phases and Structures Reported
for the Alloy

Lattice Parameters (d)

(b) From present work

unless otherwise indicated.

(c) Properties obtained, depend

on section thickness.

(d) Determined by X-Ray dif-
fraction.

0.168 1bs/in>
799 + 6C (1470 + 10F)

12 to 15 x 106 psi (as forged, depending
on conditions)

The flow stress of Ti-6A1-4V is better
than 2.5 times that of Ti-10V-2Fe-3A1 up
to a strain of approximately 0.65 in/in
for a forging temperature of 1500°F and

a forging speed of 0.030 ipm (Reference
12). The flow of Ti-10V-2Fe-3A1 at 1089K
is comparable to that of Ti-6A1-4V at
1200K (as reported by Rosenberg (Refer-
ence 13) on work by Chen (Reference 8).

1400°F/1 Hr/WQ
950°F/8 Hrs/AC

155 ~ 180 ksi UTS
145 - 170 ksi YS
8 -10% El
15 - 20% RA

Notched (KT = 3.5) 30 ksi, unnotched 70
ksi for 107 cycles and YS = 150 ksi

78 ksi/Tn with a yield strength of 132
ksi and ultimate strength of 142 ksi.
Thermomechanical treatment: forged at
1500°F/AC plus aged at 1200°F/8 hrs/AC.
24 ks1 Jin with a yield strength of 147
ksi and ultimate strength of 180 ksi.
Thermomechanical treatment: forged at
1400°F plus heat treated at 14C0°F/1 hr/
WQ and aged at 900°F/8 hrs/AC.

Alpha, beta, omega, alpha prime or titan-
{fum martensite, twinning.

Alpha Phase

a = 2.93595 A

b = 2.93595 A

C = 4.67454 A

Beta Phase ¢
a=b=c=3.23809 A
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l . with reheating of the workpiece between steps. Since the cost of the
dies 1s high, it is common practice to reduce the number of forging dies
and produce parts with dimensions larger than the final desired part.
Costly machining of the part is necessary: the material removed can be
of the order of 80% of the volume of the forging (Reference 15).

Since the workpiece and the dies are at the same temperature, iso-
thermal forging has certain advantages (References 2, 15, 16) over conven-
tional forging. Chilling of the workpiece is eliminated, therefore slower
speeds can be used, and consequently this results in lower loads. Better
control of the speed and temperature results in more uniform properties.
The lower loads needed for isothermal forging compared to conventional
forging allow more complex and/or larger forging with the same equipment.
Other advantages include reduction of the number of dies needed to pro-
duce a forging and closer tolerances which translate into less material
used and l1ittle or no machining necessary.

2. EFFECT OF FORGING ON PROPERTIES

The effect of forging on the properties of titanium alloys has re-
ceived considerable attention in the past (References 1, 2, 13-26, 30-31).
The alloys studied cover a wide range including alpha, alpha-beta, and
beta type alloys. The properties investigated include tensile strength,
fracture toughness, time-stress rupture, and fatigue. A summary is shown
in Table 3 relating the properties considered, the alloys, references,
and other information considered pertinent.

The majority of the work on the effect of forging on properties
deals with conventional forging. During conventional beta forging the
workpiece is initially heated in the beta region, but since the process
is not isothermal, as the deformation proceeds, the temperature of the
workp1ece'changes. Even considering the heat developed due to the high

i
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strain rates used, some investigators believe that as much as 75% of the
deformation may occur in alpha + beta region (Reference 31). Many of the
investigations comparing the effects of alpha + beta and beta forging in-
cluded post forging heat treatments. These heat treatments used may

themselves emphasize or de-emphasize the effect of the forging operation.

a. Effects on Tensile Properties

Forging titanium alloys in the alpha + beta region results in
improved tensile properties compared to forging in the beta region (Refer-
ences 14, 17, 18, 20, 21, 22, 26, 31). Only Chen and Gure (Reference 22)
investigated the effects of isothermal forging on tensile properties of
Ti-10V-2Fe-3A1. Al11 others investigated c6ﬁvent10na1 forging.

The work of Bohanek (Reference 14) is an exception of the effects
of forging on tensile properties. Bohanek measured the tensile properties
of Ti-10V-2Fe-3A1 after forging at three different temperatures, one in
the alpha + beta region (1400°F) and two in the beta region (1550°F,
1700°F). The forgings were air-cooled and given two aging treatments.
After processing, tensile properties were determined for all six condi-
tions. The yield strength (0.2% offset) and ultimate strength of the
beta forged (1550°F, 1700°F) material was higher than that of the alpha
+ beta forged material for both aging treatments. The beta forging (1550°F)
resulted in an improvement in ductility (%E1) over alpha + beta (1400°F)
forging. The material forged at 1700°F showed no significant change in
ductility compared to the alpha + beta forged. The reduction in area
showed a similar trend. Changing the post forging heat treatment to a
water quenched, followed by various aging treatments, shows the same
trends on yield and ultimate strength as for the air-cooled heat treat-
ment. The ductility nevertheless did not change with forging tempera-
ture. The trend in reduction in area changed with forging temperature,
depending on the aging treatment used.

10
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l Gurney and Male (Reference 32) also reported improved yield and

L‘ ultimate strength for certain beta processed conditions over alpha + beta
processed in their work on the effects of extrusion variables on the pro-
perties of titanium alloys.

b. Effects on Fracture Toughness

Forging titanium alloys in the beta region results in an improve-
ment in fracture toughness over that resulting from forging in the alpha
+ beta region (References 14, 17, 18, 20, 21, 24-27, 30-31).

Besides investigating the effectsfofwbeta and alpha + beta forg-
ing on the fracture toughness of Ti-10V-2Fe-3A1, Bohanek (Reference 14)
also considered two rates of cooling after forging, air-cooled and water
quenched, followed by various aging treatments. The a1r-cooied plus ag-
ing treatments resulted in better fracture toughness than the water
quenched plus aging. For all the forging and cooling conditions the
fracture toughness increased as the yield strength decreased. These re-
sults are in agreement with other investigators (Reference 18). An excep-
tion is noted. An increase in aging temperature, over about 1100°F,
results in a decrease in yield strength and no significant increase or
decrease in fracture toughness. The best combination of yield strength
and toughness reported by Bohanek (Reference 14) for Ti-10V-2Fe-3Al1 is
156 ksi and 68 ks1/in, respectively. These properties resulted from
forging at 1700°F followed by AC plus 1000°F/8 hrs/AC. The values re-
ported by Chen and Gure (Reference 22) were somewhat lower in toughness,
161 ksi and 54 ksi/in, for as forged 1550°F followed by air-cool. Two
reasons can be cited for the differences: (1) different forging tempera-
tures and (2) different heat treatment.

c. Effects on Other Properties

The effect of forging on other properties beside tensile and
fracture toughness have not received as much attention in the past.
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Information on the effects of forging on creep properties, (References
20, 21, 31), fatigue (References 19, 20, 21, 18, 26) and post creep ten-
sile strength (Reference 21) is more 1imited. A review of the available
literature shows that forging in the beta region results in better notch
fatigue and no significant difference in smooth fatigue properties over
material forged in the alpha + beta region.

Petrak (Reference 20) reported an improvement in fatigue 1ife at
room temperature (an improvement at 350°F) which he considered not signi-
ficant, and no change at 600°F for beta over alpha + beta forged material.

In reference to creep properties, Petrak (Reference 20) reported
no significant difference for beta over aipha + beta forged material.
But Coyne (Reference 21) reported an improvement in creep properties for
beta forging. According to Coyne (Reference 21) better post creep ten-
sile properties are possible through alpha + beta forging than through
beta forging.

Data exists on the effect of a particular forging condition and
in aging treatment on the mechanical properties of titanium alloys, with
no comparable results from other forging conditions. The purpose of most
of these investigations was not to compare the resulting properties from
various forging conditions, but to show that a particular process results
in properties that meet certain working specifications or standards, to
study the process feasibility or to determine if it was an economical
process.

d. Microstructural Characteristics

The propagation of a crack in an equiaxed alpha + beta structure
is controlled by void formation ahead of the crack tip (Reference 27).
As the void forms, the crack tip radius increases and the crack is tem-
porarily arrested. In this type of microstructure, the yield strength

12




T T —g

AFML-TR-78-114

and fracture toughness increases with a decrease in mean free path between
primary alpha particles. Based on these results Rogers (Reference 27)
suggested that although the voids formed in very fine structures may be
less effective arresting the crack, further improvement in yield strength
and fracture toughness may be possible by refinement of the microstructure,
such as might be achieved by powder metallurgy.

The crack path through the acicular alpha structures, resulting
from beta working or heat treating shows frequent changes in direction
(Reference 27). Rogers (Reference 27) found that crack arrest in the
Widmanstatten structure, although less frequent, was more severe than in
the equiaxed alpha + beta structures. o

Increased fracture toughness with refinement of the structure
for equiaxed alpha in aged beta agrees with results from Greenfield and
Margolin (Reference 28). They found that fracture toughness of this struc-
ture increases with decreasing beta matrix grain size. For the structure
with Widmanstatten plus grain boundary alpha in aged beta, the fracture
toughness depends on beta grain boundary area per unit volume and on grain
boundary aipha thickness.

According to Hall et al., (Reference 24) the microstructure re-
sulting in the best combination of tensile strength and fracture tough-
ness contains about 10% primary alpha with relatively coarse acicular
alpha and aged beta. These results are in general agreement with results
from Ashton and Chambers (Reference 33). They recommend that at least
20% primary alpha should be present in microstructures for two British
alloys, (IMI 679, 2.25A1-11Sn-1Mo-5Zr-0.2551, and Hylite 50, 2.06Sn-4.32A1-
3.90Mo-0.46S1) (Reference 33), in order to obtain acceptable properties.

The work of Eylon et ally, (Reference 30) is of particular
interest. They found good correlafion between properties and microstruc-
ture for forged and heat treated titanium alloy Ti-11. The properties
were grouped according to four microstructural categories, I to IV.

13
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Category I is characterized by large colonies of similarly aligned alpha
needles, separated by continuous beta, resulting from alpha + beta or

beta forged and beta heat treatment. Category II consists of equiaxed
alpha grains with transformed beta at grain boundaries. This type struc-
ture results from alpha + beta forged plus alpha + beta heat treatment.
Category III, acicular alpha separated by discontinuous beta films, re-
sults form beta forged and alpha + beta heat treatment + AC. The last
type, IV is similar to IIlI, acicular alpha separated by discontinuous beta
films in a criss-cross arrangement, produced by beta forged and alpha +
beta heat treatment + WQ. As expected and in agreement with results pre-
viously outlined (Section 2b), category III and IV results in the best
fracture toughness. What is surprising is t@qt category IV microstructure
also results in the best yield strength and ultimate strength with accept-
able ductility (slightly less than for category II). These results are

in general agreement with Bohanek's (Reference 14) work on Ti-10V-2Fe-3A1l.
The alpha + beta forged plus alpha + beta heat treatments results in the
best overall tensile properties and the lowest fracture toughness, as
would generally be expected (Section 2a and 2b).

3.  STRESS-STRAIN RATE-TEMPERATURE RELATIONS

Numerous equations have been proposed in the past for the strain rate
of metals and alloys, in terms of appropriate variables such as tempera-
ture, stress, shear modulus, activation energy, and other parameters. Some
of these equations have been empirical and some theoretical. The validity
of these equations is 1imited by restrictions in the range of applicability
of the variables. In many instances these equations show disagreement be-
tween the strain rate they predict (Figure 1) as well as disagreement with
experimental results. These disagreements, as well as the 1imited appli-
cability of the equations, reflect the complex interaction of the factors
affecting the strain rate. The extreme theoretical complexity and/or
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experimental difficulties, make the consideration of all factors contri-
buting to the strain rate impractical, if not impossible. An equation of
universal applicability, one that applies for unlimited conditions of the
variables, would be of extreme complexity in theoretical formulation,
mathematical manipulation and applicability.

Most theoretical strain rate equations are based on motion of dislo-
cation and on the calculations of dislocation velocities. Some are based
on the balance between recovery and strain hardening. This type also de-
pends on dislocation motion in one way or another. Few strain rate equa-
tions, both of theoretical and experimental origin, claim to apply to

transient conditions. The great majority are'1jm1ted to. prediction of
steady state strain rates. All the equations, aimost without exception,
consider the deformation phenomenon to be a diffusion controlled and
thermally activated process.

a. Diffusion

A great deal of information exists indicating that steady state
creep is diffusion controlled. Some of the most convincing evidence is
(shown in Figure 2) the near equality between activation energy for self-
diffusion and the activation energy for creep. According to this data,
steady state creep 1s proportional to the self-diffusion coefficient,
D=0, exp(~-Q/RT). Data available on creep and self-diffusion shows that
the activation volumes of these two processes are approximately equal,
pointing again to creep being diffusion contrclled. Still further evi-
dence that creep is a diffusion controlled process, at least at high tem-
perature, comes from the observation that creep is more pronounced at

temperatures higher than about 0.4Tm. where diffusion is significant also.

b. Thermal Activation

Plastic deformation of crystalline solids is considered a ther-
mally activated process, because thermal fluctuations assist the applied

15
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stress in overcoming the obstacles to the deformation. The concept of
thermal activation was introduced in 1925 when Becker applied the Bolzt~
mann's principle to the nucleation of the slip region (Reference 34).
Later in 1938 Kauzmann (Reference 35) applied Eyring's rate reaction
theory (identical to Becker's) to crystalline solids and developed a
theory of thermally activated plastic deformation process.

This concept of thermal activation is intimately related to the
atomic structure and its defects, both point defects (vacancies and
interstitials) and line defects (dislocations). For example, an edge
dislocation moves on its slip plane by rearranging the atomic structure
at its core. Due to the periodicity of the.&tohic structure, as the
dislocation moves it passes from one equ111br}um position to another,
through a position of maximum energy. This energy represents the basic
resistance of the structure to dislocation motion. A minimum stress is
required to move the dislocation past this energy barrier. This energy
barrier is known as the Peierls-Nabarro energy and can be affected by
thermal fluctuations. For this reason, the Peierls-Nabarro energy is
considered a short-range or thermal obstacle. Other short-range obsta-
cles exist such as other dislocations in their slip plane, climb of edge
dislocation, and motion of jogs on screw dislocations.

Obstacles that cannot be affected by thermal fluctuations are known
as long-range or athermal obstacles. Examples of athermal obstacles are
precipitates and second phase particles, and other dislocation on parallel
s1ip planes.

The stress field seen by a dislocation is the algebraic sum of all
stress. Hence, the effective stress field is a superposition of all the
short-term stresses (those resulting from the thermal obstacles) on the
long-term stress field (athermal obstacles). The process that controls
the rate of deformation will be the thermally activated process that will
overcome the short-range obstacles at the top of the long-range field.
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The general equation for thermally activated strain rate can be
written as (Reference 36).

€ = éo exp(-AG/KT) (3)

where éo is a pre-exponential term and depends on the particular model.

The pre-exponential term, in general, includes the strain per successful
deformation, frequency of vibration, number of units involved in the de-
formation, and a stress dependent term. AG is the free energy of acti-

vation, K is the Bolztmann's constant and T is the absolute temperature.
The activation free energy, AG, in Equation 3 is equal to

AG = AH - TAS (4)
Equation 3 becomes

€ = &, exp(-AH/RT) (5)

where AS is the activation entropy
AH is the activation enthalpy

T is the absolute temperature

The activation enthalpy can be calculated by taking the natural
logarithm of both sides of Equation 5 and taking the derivative with
respect to T:

Ine = In e - AH/RT (6)

where éo = NAbv exp(AS/R) and 1né° = 1nNAbv + AS/R

YN - 3 (InNAby + S/R) - k3 (aW/T)
e =3 (imaby) + g 2S5 - Lo (1M B,
17
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Assuming that 1nNAbv does not depend on temperature and at constant struc-

ture

1né 1 aas 1 aaH
= 2 P2 - =~ e = B
& = B [ aT R oT T RT T ] (7)

using Equation 4 and since the crystal will adopt the condition of lowest
free energy (Reference 37), then at constant temperature and constant
structure, that is for NAbv = constant

AH = TAS ;-

Equation 7 becomes

1né 1 3AS T  3AS
- RT2 _ 1l aas .1 aAs
4. = [aT R a1 T RT T ]
L . gt ne
Q = &H = RT? 22

The activation anthalpy is generally identified in the literature as
the apparent activation energy, Qc'

Since AH = AU - oAV, for a constant stress test
2 .
Q. = oW =RTZ HME = py - oy (a) (8)

]

where AV is the activation volume (the volume such that 3AV is the total
work done by the effective stress G). When GAV<<AU the apparent activa-
tion energy Qc ~ AU, the energy of self-diffusion.

(a) From the second law of thermodynamics AE = AQ - AW (Reference 38)
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c. Experimental Strain Rate Equations

The secondary strain rate for a large number of metals and alloys
has been successfully correlated at constant temperatures and low stress

levels (Reference 39) by
£ = Ag"

S

and at high stress levels (Reference 39) by

Es = A' exp(go)

(9)

The values of A, n, A' and B are generally temperature dependent,

but independent of stress.

Under condifions of constant structure and constant strain, the
strain rate of some metals and alloys at low stresses is given by Equation
9 with A = S exp(-AH/RT) and at high stresses by Equation 10 with A' = S'

exp(-AH/RT), where S and S' are structure parameters.

The value of S, S',

n, B and AH are independent of temperature for some temperature range

around 0. 5Tm.
& = S exp(-8H/RT) "

€ = S' exp(-AH/RT)  exp(8o)

(11)

(12)

The strain rate for single crystals and polycrystalline annealed
metals and alloys, at both low and high stress, can be correlated by a

single equation
g = A" ' (Sinh ao)"
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Both A'' and o are constant at constant temperature. For a0<0.8 Equation
13 becomes Equation 9 and A''a" = A'. For ao<1.2 Equation 13 becomes Equa-
tion 10 and A''/2" = A' and na = B.

Table 2 shows a list of metals and alloys whose strain rate have
been correlated using Equation 9 to 13. The conditions for the equations
applicability are indicated.

d. Theoretical Strain Rate Equations

(1) Nabarro-Herring Creep (Reference 50)

Nabarro-Herring Creep involves the mass transport of
atoms from one boundary to another. This tybe he creep i< also known as
diffusional creep (Reference 50), and is significant in ecry fine grained
materials. The Nabarro-Herring strain rate equation

X C19NgD :
£ "‘Z‘““& (14)

NH L™ kT {

C] is a constant dependent on grain geometry.

2 1is the atomic volume = cb3.

b 1s the Burger vector.

¢. is a constant * 0.7 for fcc, hcp, and bcc structures.
N_ is the equilibrium vacancy concentration.
D, is the diffusion coefficient of vacancies.

o 1s the applied tensile stress.
is the Boltzmann's constant.

is the absolute temperature.

— - x

is the grain size.
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In the derivation (Reference 50) of Equation 14 the large
angle grain boundaries of the grain were assumed to be good sources and
sinks of vacancies, and self-diffusion was assumed to be the controlled
mechanism. The grain was loaded in compression in the horizontal and in
tension in the vertical direction. This loading configuration results in
higher equilibrium vacancy concentration at the horizontal boundaries. The
vacancies flow from the horizontal to the vertical boundary is driven by a
concentration gradient of 4oQN°/kTL. This gradient results in a vacancy
flow of 4oQNoDv/kTL.

The grain size at which Equation 14 will dominate over
Equation 9 can be determined by solving for L in-the inequality ENH>ES.

When Equation 14 is applied to materials with subgrains, L becomes the
subgrain size.

(2) Nabarro Creep (Reference 50)

Nabarro calculated the creep rate resulting when the
spacing between the dislocations becomes of the same order of magnftude
as the subgrain size. Nabarro’s strain rate is given by

€, = apbV (15)
p 1s the dislocation density
b is the Burger vector

V is the dislocation velocity
a is a conitant. approximately equal to 1/2

In the derivation of the Nabarro equation, it was
assumed that creep strain results only by dislocation climb.

The dislocation density 1s equal (Reference 50) to

N(r) = N {1- [ 1-exp(on/kT)] %358/%%} (17)
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The dislocation velocity (Reference 50) is given by

v = b2F (18)

where F is the vacancy flux and b the Burger vector. From an analogy
with the heat transfer through a cylinder of radius d/2, the vacancy
flux (Reference 51) is

F =-ADde/dr (19)

where A is the surface area of the cylinder and is equal to 2lrL.

1-exp(aQ/kT) r(d/2)-1)
F = =2[rLDyN =
i [1og(d/2b) ][(d/z)(r)m] e

The velocity becomes
v = b%F = [2m?D N /10g(d/2b)] [exp(on/kT)-1]  (21)
and since DvNo = 0/2 = D/b3 the dislocation climb velocity is

V = [21D/blog(d/2b)] [exp(of/kT)-1] (22)

Since log(d/2b) ~ 10 and assuming that of<<1, then the climb velocity
becomes b

- 3 () @
The creep strain rate is then given by Equation 15 with a ~ 1/2

e, = 182 (o2 (ow/kT) (24)
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(3) Weertman's Glide Produced Strain, Climb Controlled
Strain Rate Equation (References 50, 52)

Weertman (References 50, 52) derived a strain rate
equation based on the premise that the creep strain is produced by dis-
location glide and the strain rate is controlled by dislocation climb.
Weertman's model consisted of a density M of active dislocation sources
per unit volume of material, which would produce dislocations to glide
on their slip planes until they form dipoles with dislocations on adja-
cent slip planes produced by other sources. The dislocations would climb
and annilhilate decreasing the back stress on the sources. More disloca-
tions could now be produced to glide, climb, and annihilate.

The strain rate for Weertman's model is given by Equa-
tion 15 and the velocity is the average glide velocity

V= (L/d)V (25)

Where L is the mean diameter of the dislocation loop and d is the spacing
between two parallel slip planes. The factor L/d results because the
dislocation glides a distance L/2 before climbing a distance d/2.

The average climb velocity is

ve [ f o). (26)
AICD]
where t = f (1/V)dy (26a)
b

is the climb time and V the climb velocity given by Equation 23, for

o*= ub/4y
d

- (B
| m(E ) (26b)
b 4y kT
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- |1 214
t [ﬁzﬂua S ] y (26c)
10b 4 kT
b
t= (d? - p2 (26d)
ub) (kT
0b
but since b<<d
. (200
0 (ub) (%/KT) 26e
T0b ;
w..d (m) (uw) @ (26f)
V== “Tob U
since (Reference 50)
d = ub (27)
ks
v« &0 20 (28)

Since there can only be one active dislocation source in a volume and.
then

1 = Mnd L2 (29)
]
2= mg (30)
24
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The dislocation density, p is equal to the number of
dipoles per source (1/v*d) times the product of the density of disloca-
tion sources (M) and the average length of dislocation loop (an)

M (2m) _ L2Mn (31)
Y*d v*d

Substituting Equation 29 into 30

- MO . 3 (32)
P = TMdv*d Y*d¢

Substituting Equations 25, 28, 30, and 32 into Equation 15

b B (%)o.s(%z,) - (33)

Substituting Equation 27 into 33 the strain rate becomes

. _ ap*4.5p n /2 4.5( g)
b = VB35 Tog(a7b) (F{) u) (34)

Provided the dislocation source density is not a function of the stress
and that it i1s a constant, then Equation 34 can be written as

€gc = %gc D(O/u)4'5¢%) (35)

agc = const. = (N/M)0-5 qp*4.5/ [y*b3-5 10g(d/b)]
g

Nevertheless, if the source density is assumed to be a function of the
dislocation density, p, and the spacing between dislocation, d, then

M= p/d (36a)

25

T
i hmtn N TG W g s i




| AFML-TR-78-114

i from Equation 32

= ] (36b)

from Equation 27

we 2000 Y ? (36)
¥ ub
and the strain rate becomes’
3 Ju¥
p = ! 9:. ‘LQ_ j
€c ~ *'gc D<u> (kT)- (37)
i o Gl p*3
% gc v*0.5 b¢ Tog(d/b)

(4) The Jogged Screw Dislocation Model (Reference 53)

This theory of creep is based on a diffusion controlled
motion of jogs on screw dislocations. The strain rate equation developed
by Barrett and Nix (Reference 53) is applicable to steady state conditions:

™
w
|

[ . 3 2
= 2Mpsdy (g-;) sinh {gbA (38)

’ pg = mobile screw dislocation density
D

coefficient of self-diffusion

= number of atoms per unit cell

<

| b = Burger vector
:
F ap = lattice parameter

A = average spacing between jogs
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In their derivation of gquation 38 parrett and Nix con-
sidered the yacancy concentration about the jogged screw d\s\ocation con-
trolled by either yacancy pulk diffusion or dis\ocation core diffusion
and ca\cu\ated the strain rate resulting from each. In addition they 3150
cons1dered a screw dis\ocation containing poth yacancy producing and vacan-
cy absorbing jogs. The cases of screv d1s1ocat10ns contain\ng 1nterst1tia\
producing and/or absorb1ng jogs was dismissed, since the 1nterst1tia\ con-
centration in thennodynam1c equi\ibrium is neg\igible compared to the

The derivat1on by parrett and Nix proceeded essent1a11y
as follows: The chemical force (Reference 54) on 3 screw dis\ocat1on by

KT !
Fp n(C plco) (39)
and by 2 yacancy absorbing jog 1is
KT . e
PR In(C'p/C'a) (40)

C‘p/C‘a are the steady state vacancy concentration
about 3 yacancy produc1ng and yacancy ab-
sorbing jogs respective\y

Co is the equ111br1um vacancy concentration

be ca\cu\ated by making an analogy to heat gransfer (References 51, 53).
for bulk diffusion contro\\ed vacancy concentrat1on. the analogy is made
with the moving point source neat flow. The vacancy concentrations C'p

c‘a = Cg + Vp /(AHDva) (4‘)
evy * B0 * vo/ (410y02) (42)
21
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Dy is the lattice diffusion coefficient

Vps Va are the steady state velocities of the
vacancy producing jogs, and of the vacancy
absorbing respectively.

The steady state velocities, vp and va, can be calcu-
lated since under steady state the net force on the dislocation is zero

F aob) (43)

o 1is a constant ® 1/2 since 1 = 0/2
from Equations 41 and 43

ATD,b2Cb,  [exp(acb2)/kT) -1] (44)

<
©
[}

likewise

va = AmDyb2C, [1-exp(-aob2)/kT)] (45)
It would be an over-simplification to assume that a screw dislocation
contains jogs of only one type. Then the average velocity should be pro-
duced by a combination of both vacancy absorbing and vacancy producing
Jogs.

v = Bavy t Bpr (46)

By and Bp are constants and represents the fraction of vacancy absorbing
and vacancy producing jogs in the screw dislocation, respectively.

The strain rate equation when bulk diffusion controls
the vacancy concentration is obtained by substituting Equations 44, 45,
46 and the product.
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0yCo = DY/ag3 (47)

into Equation 15 and assuming that vacancy producing and vacancy absorb-
ing jogs are equally possible B, = B, = 0.5

s : D Sinh o“’bz)‘) 48
:, = aY(ao) oD sinh (*22 (48)

When the vacancy movement is controlled by dislocation
core diffusion, the steady state vacancy concentrations, C'p and C'a are
obtained from the heat transfer analogy to the moving-1ine heat source
flow (Reference 53). :

-v b v b
C'p=] Co * V p ko [P (49)
p 0 ex
g (’m—‘v ) (gn"v )
215, 5% 2, 20y

The modified Bessel function of the second kind and order zero in Equa-
tions 49 and 50 can be approximated by

ko(vb/2Dy) * 1n(4Dy/yvb) (51)

Since usually vb/2Dy<<1 then exp(vb/2Dy) ~ 1.

Assuming that the vacancy producing and vacancy absorbing jogs are equally
possible (By = Bp = 0.5) and that 1n(4Dy/yvpb) = Tn(4Dy/yVpb) ¥ constant
= W, the strain rate equation for dislocation core diffusion becomes

tp = 2 (%)3 (%ﬁi) [Sinh (———“:_32*)] (52)
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The strain rate equation for the jogged screw dislocation model can be
generalized as follows

i vo" Sinh(Co) (53)

where

o=
]

4Nlay(b/ay)3 ABDy for bulk diffusion controlled
vacancy movement

2llo Y( b/an ) 3ABD£
b W

y = for dislocation core diffusion

controlled vacancy movement

e ab2x
o0 o
Db and D. are the lattice and dislocation core diffusion

coefficients, respectively

A and B are constants (Reference 53) in the equation
below

ps = Ap = A(BoN)

(5) Subgrain Creep: Ivanov and Yanushkevich's Equation
(Reference 52)

The model used by Ivanov and Yanushkevich consisted of
dislocations of different signs meeting at the subgrain boundary where
they would cl1imb and annihilate. In their equation, the strain rate is
controlled by dislocation cl1imb velocity.

The average time required for a dislocation to be
annihilated at the boundary is given by k

o s 110

t =d/V (54)
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B is the Number of djslocations annihilateq per
Tength | of boundany = ' d' = ub/Y'o  the
Separation of the annihilating dislocations
Within the boundary

C is the Subgrain density = /.3 L

t 1s the time required tq annihilate 4 digjocation
of length L in a subgrain boundary = d/V, with
d = ub/ yo
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(6) Sub-Grain-Pile Up Creep Strain Rate Equation (Reference
52)

Weertman's glide-climb equations and Ivanov-Yanushkevich's
equation do not account for the possibility of a dislocation pile-up at
the sub-grain boundary. If the pile-up is introduced into these equations
it is equivalent to replacing o by No, the stress due to a pile-up of N
dislocations. The factor N is given by (Reference 54).

o ¥ "' Lo
— (58)
where L is the sub-grain size and is (Référence 52)
L= Lovfo (59)
N % ""Lp

b

Then the Ivanov-Yanushkevich strain rate equation with dislocation pile-
up at the sub-grain boundary becomes

3 3
. = B*D (ylo o Q (60)
Sly.p T o7 (lg_) (If) ( )
and Weertman's glide and climb equations become
M = constant

4.5 4.5
. = Y llLo D ‘0_ E_{_z_
egc.p age < b ) (u) (FT) (61)

M= f (o)

€9c,p = %c ('Y—bl")3 D (%) (E‘%) (62)
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SECTION III
EXPERIMENTAL PROCEDURE

1.  MATERIAL

The material used in this investigation, beta titanium alloy 10V-
2Fe-3A1, was obtained from Titanium Metals Corporation of America, Toron-
to, Ohio. A1l the material came from a single heat (number V5171) in the
form of 3 inches (7.62 cm) diameter bar. The chemical analysis for heat
number V5171 is shown in Table 6.

The alloy in the as-received condition (Figure 3) consists of de-
formed alpha + beta phase grains with an equivalent mean grain diameter,
MGD = 1.100 799, 2 74]mm*. The condition of the as-received material was

not desired for the ring specimens or for the physical property specimens.

Prior to machining the specimens for the forging operation, the
material was preconditioned, as indicated below, to develop the desired
structure.

2.  MATERIAL PREPARATION

It was desired to study the influence of the initial grain size,
forging temperature and forging speed on the flow stress, the as forged
microstructure and the resulting mechanical properties. The effect of
the grain size was considered by selecting two significantly different
sizes (ASTM 2 and ASTM 10, approx.) to investigate their influence on
the properties and structure. Both grain structures were developed from
the as-received material by extrusion and heat treatment. The prepara-
tion of the rings and the physical property specimens vary essentially
only in the geometry. Their preparation is discussed below.

* The grain sizes for both the equiaxed and deformed grains were calcu-
lated in accordance with Appendix A. The subscripts are shape factors.
They indicate how deformed the grains are.

40

S .




¢ AFML-TR-78-114

L a. Ring Specimens

L The alloy was extruded from billets 2.950 + 0.005 inch (7.43 +

0.0127 cm) inch diameter and 6 inch (15.24 cm) long at an extrusion ratio

) of 5.76:1 and a temperature of 1000°F(538°C). The extruded bars were

quenched in water to retain the worked structure. The extrusion ratio

of 5.76:1 was chosen to obtain the best balance between work stored in

the material and a diameter of the extruded product of approximately 1.250

inch (3.175 cm) desired for the ring specimens. The extrusion temperature

of 1000°F(538°C) was chosen in order to extrude the alloy below the beta

transus temperature and obtain an unrecrystallized wrought structure.

This type of grain structure was required to develop the small grain size

by heat treatment. A wrought structure, w1th'no”recrystal11zat10n and

F some previous beta.grain boundaries, was obtained by extrusion of 1000°F

; (538°C)/5.76:1/WQ. A photomicrograph of the as-extruded structure is
shown in Figure 4.

Various time-temperature combinations were considered in the se-
lection of the heat treating conditions most suitable to develop the two
desired grain structures. Some of the heat treating conditions tested,
particularly at 1450°F(788°C), resulted in specimens with a banded grain
structure (Figure 5), the grains in the bands being larger than the grains
in the remaining of the specimen. Segregation of alloying elements was
suspected because of the effects of the type and amounts of alloying ele-
ments on the beta transus temperatures and because of the changes in
grain growth rate above and below this temperature.

9 Some elements, 1ike aluminum, dissolves preferentially in the
alpha phase and stablizes this phase at higher temperatures, therefore
raising both the alpha and beta transus temperatures. Other elements,
1ike 1ron and vanadium, are beta stabilizers. These elements lower both
, the alpha and beta transus temperatures. The rate of grain growth is

i ' faster above the transus. Consequently, small changes in the concentra-
tion of a heavy beta stabilizer, 1ike iron, would cause changes in the
beta transus temperature and increase grain growth rate in the beta
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enriched regions. These changes in concentration would result in bands
of varying grain sizes when the material is heat treated at temperatures
above the transus of the beta enriched portions. Heat treating at a
relatively high temperature [over 150°F(66°C) to 200°F(93°C) above the
beta transus of the bulk material] will probably reduce the grain size
variation to an insignificant difference, perhaps explaining why the ef-
fect was most noticeable at about 1450°F(788°C).

Samples of the alloy showing the banding phenomenon were tested
for any evidence of segregation of alloying elements. The microprobe
traces showed (Figure 6) an increase in-iron in the large grain band re-
gions. Point count measurement in the babded region and in the bulk re-
vealed an estimated 15% higher concentration of iron in the bands than in
the rest of the specimen. This difference of 15% in the concentration of
iron is considered significant and responsible for the banding phenomenon.
No significant difference was detected in the concentration of vanadium
or aluminum.

A sample of the banded material was vacuum annealed at 2200°F
(1204°C) for ten hours to homogenize the alloying elements and to elimi-
nate the banding phenomenon. No evidence of segregation of aluminum,
vanadium or iron was detected by microprobe analysis (Figure 7) of the
homogenized material.

The machined billets required for the specimens were vacuum
annealed (homogenized) at 2200°F(1204°C)/10 hrs/VC prior to extrusion.
Billets before and after the homogenization are shown in Figure 9.

The extrusion of the homogenized billets was attempted unsuccess-
fully through a 900*%, 5.76:1 extrusion ratio die at 1000°F(538°C). The
maximum load delivered by the extrusion press was not sufficient to push
the billet through the die. The increase in extrusion load from approxi-
mately 650 tons before the homogenization to over 730 tons after the

* The walls of the die make 450 angles with the direction of extrusion.
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vacuum anneal treatment was attributed to the latter's large grain size,
MGD = 1.45 mm. It was necessary to raise the extrusion temperature to
reduce the forging load. The billets were extruded at 1150°F(621°C)/
5.76:1/WQ with a resulting peak extrusion load of 650 tons. The micro-
structure of the extruded material, shown in Figure 10, showed some signs
of recrystallization but was considered acceptable.

The selection of the heat treatment conditions suitable for
development of the two grain sizes was then completed. The larger grain
size was developed by heat treating the extrusions at 1750°F(954°C) for
one hour followed by a water quench to retain the structure. Prior to
the heat treatment the extrusion was coated with glass lubricant to mini-
mize contamination. The heat treating temperature, 1750°F(954°C), was
chosen to develop a grain size stable in the entire forging temperature
range, from 1190°F(643°C) (0.43Tp) to 1750°F(954°C) (0.58Ty). The grain
structure developed, MGD = 255um, is shown in Figure 11a.

The smaller grain size was produced by heat treating at 1450°F
(788°C) for six hours followed by water quenching. Two additional tem-
peratures were considered to develop the smaller grain structure, 1425°F
(774°C) and 1475°F(802°C). The lower temperature resulted in a somewhat
wrought grain structure, with nonuniform grain sizes. The higher temper-
ature produced grains larger in diameter than desired, MGD = 45.1 mm.
The structure developed at 1450°F(788°C)/6 hrs/WQ (Figure 11b) resulted
in equiaxed grains with MGD = 8.0um.

b. Mechanical Property Specimens

The material required for the Charpy blanks was extruded and
heat treated the same way as the ring specimens. The microstructure
for these specimens is identical as that of the ring specimens, and is
shown in Figure 11a for the larger grain size and in Figure 11b for the
smaller grains. The specifications for the Charpy forging blanks 1is
shown in Figure 12.
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The forging blanks for the tensile specimens were obtained from
material extruded at 1150°F(621°C) through a 60° angle die and a 10:1
extrusion ratio. The higher extrusion ratio was used to obtain a product
of smaller diameter more suitable for the tensile forging blanks. The
material was water quenched after extrusion and heat treated as before.
The microstructures are shown in Figures 13 and 14 for the small and large
grain size respectively. The specifications for the forging blanks are
shown in Figure 12.

3.  SPECIMEN IDENTIFICATION

A system was adopted (Figure 15) to identify each specimen in their
relative location in the bars of as-received material. Each of the two
bars was identified with a ietter, A or B. Each billet machined was
identified with the bar letter and an additional number starting with
one at one end of the bar and running sequentially towards the other end.
After the billets were extruded, the extrusion number was cross-referenced
with the billet number and the former utilized from then on as identifi-
cation. An arrow was used to identify the head of the extrusion. The
bars were then heat treated to develop the microstructure. An L or S was
added to the extrusion number to identify the material with large or small
grains. Each specimen was machined to specifications (Figure 16 for the
ring specimens and Figure 12 for the physical properties forging blanks)
and identified with the extrusion number, including the grain size iden-
tifier, and an additional number starting with one at the extrusion head
and running sequentially toward the tail. With this system it was possi-
ble to locate relative position of each specimen in the original bars
of as-received material. This identification system was utilized for
both the ring specimens and the physical property specimens.

4. THE FORGING OPERATION

a. The Equipment

A1l of the specimens were forged isothermally on a 500-ton
Lombard Hydraulic Forging Press at the Metals Processing Facility of the
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Air Force Materials Laboratory, Wright-Patterson Air Force Base, Ohio.

The press had been previously fitted with an electrical servovalve system
to ensure constant ram motion (+ 5% in the range 0.03 ipm (0.00127 cm/sec)
to 3.0 ipm (0.127 cm/sec) and modified with an auxiliary hydraulic sys-
tem for slow control of the ram movement. In addition, the die area had
been enclosed with sheet metal and insulated with Fiberfrax Lo-Con blan-
ket, creating a furnace (Figure 17) suitable for isothermal forging up

to approximately 1750°F(954°C).

The furnace is heated by 14 SCR controlled heating elements.
Two of these are rectangular (8.5" X 11") radiant Kanthol coil wound
heaters, one located on each side panel of the furnace. The remaining
12 elements are rod cartridge heaters, six embedded in each of the two
dies (Figure 18a). The temperature in the furnace is controlled by a
thermocouple embedded just below the working surface of each die, and
monitored at a control panel by a second set of thermocouples located
just below the working die surface diametrally opposed to the control
thermocouples. One of the two flat dies in the furnace is connected to
the press ram; the other die is floating on a tubular strain gage load
cell (Figure 18b). The load cell is connected to a high speed response
Honeywell 906B Visicorder. This system was used to record the load contin-
uously during forging.

Prior to the forging operation, the specimens were heat treated
at the forging temperature for 30 minutes in a Harrop Electric Furnace
model NMR BH18. After the forging operation the specimens were quenched
in water to preserve the as forged structure.

b. The Ring Specimens
The ring specimens were forged at conditions indicated in Table

7, quenched in water and measured. The thickness was measured using a
micrometer. The contact inside (281). the contact outside (280). the
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inside diameter at mid-height (2A]), and the outside maximum diameter
(2Ag) were measured using a Quantimet 720 Image Analyzing Computer. The
Quantimet senses the difference in 1ight intensities resulting from the
interference of a coherent 1ight beam by the sample. Calibration of the
Quantimet with samples of different areas permit conversion of the Quan-
timet readings to unit of area. The ring diameters (Figure 19) were then
computed from the area measurements.

The ring dimensions (2Bo, 2B1, 2Ag, 2Ay, and Tp) (Figure 19)
together with the forging load were used to calculate the flow stress of
the alloy using the mathematical analysis of the ring by Avitzur (Refer-
ence 57) (Appendix C). The flow stress calculated corresponds to the
true strain at which both the forging load and the dimensions were deter-
mined.

c. Forging of Mechanical Property Blanks and Measurement
of Properties

The blanks (Figure 12) used to machine the mechanical property
specimens (Figure 20) were forged in the same manner as the ring speci-
mens. The forging conditions (temperature and speed) were selected (Table
9) to emphasize the dependency of the resulting properties on the forging
conditions. In all cases the specimens were forged to a nominal strain
of 0.50 in/in. The properties (tensile, fracture toughness) were mea-
sured at room temperature using methods outlined in Figure 20.

d. Hardness Measurements
The hardness was determined for each of the large grain size
ring specimens forged to 0.50 in/in (nominal) at each temperature and

speed. The measurements were made to investigate a possible correlation
between the hardness and strength. The Rockwell C scale was chosen for
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the hardness determination. The measurements were made on a Wilson Hard-
ness Tester at random locations with at least *ten measurements per speci-
men. The surface was prepared by grinding and etching. Final polishing
was done with 400 grit silicon carbide paper.

5.  MICROSTRUCTURAL CHARACTERIZATION

The specimens identified in Table 8 were chosen for determination of
characteristic structure using both a 1ight microscope and a transmission
electron microscope. These particular specimens were selected to esta-
blish the general trend in microstructural changes due to a wide range of
processing conditions.

a. Light Metallography

A Leitz Metallograph was used for determination of the micro-
structures at low magnification (1ight microscopy). The samples were
prepared by cutting a pie section from the ring specimen with an Isomet
Low Speed Diamond Saw. The pie sections were then mounted in bakelite
and mechanically polished using successively finer grit of silicone car-
bide grinding paper starting with 180 grit. The samples were rotated 900
for each finer grit used. After grinding on 600 grit, the samples were
etched 1ightly with Krol1's Reagent (1%HF, 10%HNO3, and 89%H20) and po-
lished on 600 grit soft paper. The samples were again etched 1ightly and
polished on 6u diamond compound, re-etched and polished on a slow speed
0.05u alumina impregnated wheel. This procedure, etching and polishing
on 0.05u alumina, was repeated until the samples were scratch free. Final-
1y the samples were etched, inspected under the Leitz Metallograph, and
photographed as required.

b. Transmission Electron Metallography (TEM)

The TEM samples were prepared from the same rings used for in-
spection under the Leitz Metallograph. The procedure used was as follows:
Thin s1ices approximately 0.008 inch to 0.010 inch thick, were cut from
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the rings using an Isomet Low Speed Diamond Saw. The slices were thinned
to approximately 0.006 inch using silicone carbide grinding paper. A
disc, 1/8 inch in diameter, was punched out of the thin slice using a
Ladd, Inc. Specimen Grid Punch P/N 1178. The samples were then thinned
and polished to approximately 0.004 inch thick using 400 and 600 grit
silicone carbide grinding paper.

The samples were electro-thinned in a Fishione Twin Jet Electro-
Thinning Machine using an electrolytic solution of 250 m1 methanol, 150
ml butylcelosolve and 13 ml perchloric acid at -33°C to -35°C. The
methanol bath surrounding the electrolyte container was cooled with a
Cryocool cooling unit. The temperature of the electrolyte was monitored
with a Weston Dial Thermometer and the operation of the cooling unit ad-
justed, as necessary to maintain the desired temperature in the electro-
lyte. The samples were electro~thinned until a pinhole was detected, at
the center of the sample, by the 1ight-photocell system of the Fishione.
A current density of 2.61 amp/in2 (0.4 amp/cm2) or 25 volts at 10 to 12
ma was used in the electro-thinning of the samples. The samples were
inspected under the TEM at various magnifications and photographed as
required.
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TABLE 6
L, CHEMICAL ANALYSIS FOR HEAT NUMBER V5171 OF TI ALLOY 10V-2Fe-3A1*
vV - 10<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>