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The authors investigated the effects of alloy content on mechanical properties to make clear a correlation
between plastic deformation behavior and -phase stability in Ti-Nb-Ta-Zr-O alloys. It was realized that
there was specific compositional area in which the alloy exhibited little work hardening and minimum
Young’s modulus value. The specific area was expressed by the bond order (Bo), based on the DV-X«
method, of 2.87 and the averaged electron/atom ratio (e/a) of 4.24, which corresponded to those of a
multifunctional 3 titanium alloy, “Gum Metal.” These electronic conditions also minimized ideal strength
required for plastic deformation without any dislocation activity. The deformation behavior of alloys in the
specific compositional area revealed that the unique behavior could be characterized by a “giant fault.” It
was also confirmed that such a compositional area corresponded to the phase boundary between the «”

martensite and 3 phases at room temperature.

Keywords (3-phase stability, plastic deformation behavior, work
hardening, Young’s modulus

1. Introduction

The newly developed titanium alloy, “Gum Metal”, is a
multifunctional alloy (Ref 1, 2), which when compared with
general metallic materials has an ultra-low elastic modulus
with high strength (Fig. 1), large-elastic deformation (2.5%)
(Fig. 2a), superplastic nature permitting cold plastic working to
99.9% or more with no work hardening at room temperature,
an ultra-high strength of more than 2000 MPa by applying a
heat treatment (Fig. 2b), a near-zero linear expansion coeffi-
cient (Invar property, Fig. 2¢), and a constant elastic modulus
(Elinvar property) over a wide temperature range from —200 to
+250 °C (Fig. 2d). Gum Metal is presently used for eyeglass
frames and precision screws because these characteristics are
suitable for such applications. All of these unique characteris-
tics are achieved by cold working. We have already reported
that the unique characteristics of Gum Metal are attributable to
a peculiar feature in its plastic deformation behavior, which is
accompanied by numerous “giant faults” formed without the
aid of dislocation glide (Ref 3). In a cold-worked alloy, this
plastic deformation mechanism forms elastic strain fields of
hierarchical structures ranging in size from nanometers to sev-
eral tens of micrometers.

Gum Metal is a B titanium alloy having a body-centered
cubic (bece) structure. This alloy is fundamentally expressed as
Tiz(Ta + Nb + V) + (Zr, Hf) + O and has three electronic magic
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numbers: (a) an average valence electron number of approxi-
mately 4.24; (b) a “bond order” (Bo) of about 2.87 based on the
DV-Xa cluster method (Ref 4), which represents its bonding
strength; and (c) a d electron-orbital energy level (Md) of about
2.45 eV, representing electronegativity. The parameters of e/a,
Md, and Bo values are indices that relate to (3-phase stability
and depend on alloy composition. Therefore, these three
“magic numbers” mean that the characteristics of Gum Metal
correlate strongly with 3-phase stability. Hence, it is important
to know how the properties and plastic deformation behavior
are affected by alloy composition. In this paper, the authors
investigate the mechanical properties and plastic deformation
behavior of Ti-Nb-Ta-Zr-O alloys to clarify the effect of
[3-phase stability on the peculiar characteristics of Gum Metal.

2. Experimental Procedure

The B-phase stability was controlled by changing the nio-
bium content in alloys having the typical Gum Metal compo-
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Fig. 1 Relationship between strength and shear modulus

Volume 14(6) December 2005—747



1400
90% Cold Worked

o 12001  Elastic limit
o
= 1000 [Elastic limit /:.\/ Annealed
g
n
<@
‘@
c
© 200

Huge elasticity/

0 1. | | |

0 1 2 3 4 5 6
(a) Strain / %
° 80 |
T | Gum Metal
5 60 |
g ‘ Co,
5] by,
§ 40 8 3y 0ngy
B e/%
2 20 5
g 0 "
8 500 1000 1500 2000

Tensile strength, MPa

—
o
—

0.8 40
i o
2 | Py / S
= 0.6 Expansion HE 30 =
o : [
@ Coefficient - E : [ Qo
g 04 ] . 20 £
Q . . : H 7}
P Linear Expanmon\ii/', 3

5 | t
g 02 F s 10 S
c ; 1 7]
O a— ......_._._..&"—':/ 0 %
-200 0 200 400 600 800 M

(c) Temperature / °C
2000 200 ©
N o
= 1500 \ ‘ | ‘ 150 &
= N Tensile strength E
2 L | 3
& 1000 : 100 ©
= =
b o
% 500 [— O 50 ‘%’
S Elastic modulus w

= | 0
-200 -100 0 100 200 300

(d)

Temperature, °C

Fig. 2 Typical properties of Gum Metal: (a) stress-strain curve, (b) relationship between strength and ductility, (c) Invar property, and (d) Elinvar

property

Table 1 Compositions of experimental alloys

Comp. Nb Ta Zr e/a Bo Md Comp. Nb Ta Zr e/a Bo Md
Binary alloys 20-0-0 2 0 0 420 285 244  Ternary alloys  20-0-2 20 0 2 420 286 245
21-0-0 2 0 0 421 285 244 21-0-2 21 0 2 421 286 245
22-0-0 2 0 0 423 286 244 23-0-2 23 0 2 423 287 245
23-0-0 2 0 0 423 286 244 24-0-2 24 0 2 424 287 245
24-0-0 2 0 0 424 286 244 25-0-2 25 0 2 425 287 245
26-0-0 2 0 0 426 287 244 26-0-2 26 0 2 426 288 245
27-0-0 2 0 0 427 287 244 20-0.7-0 20 07 0 421 285 244
34-0-0 3 0 0 434 290 244 21-0.7-0 21 0.7 0 422 286 244
Quarternary alloys  16-0.7-2 1 0 2 417 285 245 23-0.7-0 23 0.7 0 424 286 244
20-0.7-2 2 0 2 421 286 245 24-0.7-0 24 07 0 425 287 244
22-0.7-2 2 0 2 423 287 245 25-0.7-0 25 0.7 0 426 287 244
23-0.7-2 2 0 2 424 287 245 26-0.7-0 26 0.7 0 427 287 244
25-0.7-2 2 0 2 426 288 245
27-0.7-2 2 0 2 427 288 245

mol%, Ti; balance, O: 1.2 mol%

sition of Ti-23%Nb-0.7%Ta-2%Zr-1.2%0 (“%” here stands
for “mol%”). Experimental samples and their calculated values
of e/a, Bo, and Md are shown in Table 1. Niobium contents are
changed between 16 and 34% in binary alloys of Ti-X%Nb,
ternary alloys of Ti-X%Nb-2%Zr and Ti-X%Nb-0.7%Ta, and
quaternary alloys of Ti-X%Nb-0.7%Ta-2%Zr. The mechanical
properties and plastic deformation behavior were studied in
these alloys to clarify the effect of B-phase stability. The oxy-
gen content of all experimental samples was 1.2%. Although
oxygen content is considered to affect B-phase stability, its
contribution is not considered for e/a, Bo, and Md in Table 1.
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Samples were made by the powder metallurgy method. Pure
titanium and other powders of the alloying elements were
blended, compacted by cold isostatic pressing, and sintered in
a vacuum. The sintered compacts were hot-forged, solution-
treated, and water-quenched before cold working, which was
performed with rotary swaging at room temperature by a re-
duction in area of 90%. The oxygen content of each sample
was determined as 1.14-1.30% with a Horiba EMGA650 oxy-
gen/nitrogen analyzer (Horiba Co., Kyoto, Japan).

Tensile tests were carried out on smooth cylindrical speci-
mens of 2 mm diameter of 10 mm gauge length at a strain rate
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of 5 x 107* s™!. Tensile strain was measured by a strain gauge
to precisely determine Young’s modulus. Hardness was exam-
ined by the Vickers hardness test at a load of 10 kgf, and the
value of the work hardening ratio (WHR) was calculated as a
ratio of hardness after cold working to that after solution treat-
ment.

Characterization of the microstructure after deformation
was conducted by optical microscopy and electron back-
scattering pattern (EBSP) measurement. Samples for EBSP
measurement were prepared by electrolytic polishing of the
cross-sectional surface of the cold worked bars in 10% metha-
nol solution of perchloric acid. EBSP was performed on an FEI

Indenter of
hardness tester

Surface-relief generated

by indentation

Fig. 3 Schematic illustration for characterization of plastic defor-
mation
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XL-30S-FEG (FEI Co., OR) with an orientation imaging mi-
croscopy (OIM) 3.0 (TexSEM Lab., UT). Moreover, we ob-
served the surface relief generated by indentations of the Vick-
ers hardness tester to characterize plastic deformation behavior.
Schematic illustration for this method is shown in Fig. 3.

3. Results

3.1 Correlation of Tensile Properties and (3-Phase Stability

Figure 4 shows the tensile properties of quenched alloys
plotted as a relation with Bo, a parameter that shows 3-phase
stability. Figure 4(b) shows Bo dependence of Young’s modu-
lus for all quenched alloys. It is obvious that these Young’s
modulus correlated well with Bo, and shows their minimum at
Bo value around 2.87. Furthermore, Fig. 4(c) shows that elon-
gation could be also arranged by Boj; elongation in each alloy
system decreases suddenly at Bo values of 2.86-2.87. Hanada
et al. (Ref 5) reported that the plastic deformation mode
changed from twin deformations + dislocation glide to dislo-
cation glide at a composition where elongation suddenly de-
creases in Ti-Nb and Ti-Mo 3 binary alloys. Therefore, the
results in the current study suggest there is a possibility of an
abrupt change in plastic deformation mode at Bo values of
2.86-2.87.
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Fig. 4 Relationship between tensile properties and Bo in quenched alloys: (a) tensile strength, (b) Young’s modulus, and (c) elongation
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Fig. 5 Relationship between tensile properties and Bo after cold working: (a) tensile strength, (b) Young’s modulus, and (c) elongation

This unique characteristic of Gum Metal is obtained by cold
working as noted above. Figure 5 shows the tensile properties
of cold-worked alloys; tensile strength of all alloys increased
by cold working with the increase being larger when Bo was
smaller than 2.87. This tendency correlated with the change in
the plastic deformation mode noted above. On the other hand,
Young’s modulus decreases by cold working; the amount is
remarkable in alloys that have a lower Bo. Young’s modulus of
cold-worked alloys is minimized at Bo of 2.86-2.87, although
they do not correlate as well with Bo values as do those of
quenched materials.

3.2 Correlation of Plastic Deformation Behavior and
B-Phase Stability

As noted above, tensile properties of quenched and cold
worked materials were revealed to have certain correlations
with B-phase stability. Next, the authors describe the relation-
ship between plastic deformation behavior and (3-phase stabil-
ity. First, the authors examined work hardening behavior by
calculating the work hardening ratio (WHR), which is the rate
of change of hardness between quenched and cold-worked ma-
terials for each alloy. Figure 6 shows the change tendency of
the WHR by Bo. In all binary, ternary, and quaternary alloys,
WHR is well correlated with Bo. WHR is >30% at the lowest
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Fig. 6 Relationship between work hardening ratio and Bo

Bo and decreases with increasing Bo. At Bo of 2.87, WHR
starts to increase with increasing Bo, that is, the minimum
value of WHR is attained in alloys that have Bo of 2.87. The
minimum value of WHR in quaternary alloy is as low as 4%,
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Fig. 7 Typical patterns of surface-relief generated by indentation of hardness tester:

which means that this alloy is hard to work-harden even after
severe cold working with reduction in area of 90%.

It is interesting that the WHR is strongly dependent on
B-phase stability. The authors next sought to examine the re-
lationship between plastic deformation behavior and (3-phase
stability, because work hardening is considered to have a close
relation to plastic deformation. To characterize plastic defor-
mation behavior, observations were performed of surface relief
generated by indentation of the hardness tester. Surface-relief
patterns can be roughly divided into three types: Fig. 7(a)
shows typical plastic deformation behavior in which the pattern
is characterized with straight lines as a result of stress-induced
martensite transformation; Fig. 7(c) shows typical plastic de-
formation behavior characterized with numbers of curved lines
brought about by a “pencil glide” dislocation motion frequently
observed in bec metals; Fig. 7(b) shows a type corresponding
to the plastic deformation behavior of Gum Metal: the straight
lines caused by the compressive load have directionality but are
more discontinuous than the other two illustrated deformation
behaviors. In addition, some of the steps along the straight lines
are deeper than those in the stress-induced martensitic trans-
formation (Fig. 7a). These straight lines are believed to be
caused by a unique plastic deformation mechanism (Ref 3).

Figure 8 shows the relationship between plastic deformation
behavior and Bo and e/a in all experimental alloys. Stress-
induced martensitic transformation is generated in alloys with
low Bo and e/a, while dislocation glide is preferable in alloys
with high Bo and e/a. On the other hand, alloys around Bo of
2.87 and e/a of 4.24 demonstrate peculiar plastic deformation
behavior (Fig. 7b). To examine plastic deformation behavior at
a further stage of deformation, microstructures after rotary
swaging were observed in three kinds of quaternary alloys:
20-0.7-2, 23-0.7-2, and 27-0.7-2. The microstructures in bar
specimens cold worked with a reduction in area of 40% are
shown in Fig. 9. Values of Bo and e/a in each alloy are indi-
cated in the figure caption. Lines or bands in grains caused by
plastic deformation were observed in Fig. 9(a) and (b), while
etch pits are seen as black spots. These lines and bands are
considered to correspond to the surface reliefs seen in Fig. 7.
Because slip lines were not etched by the etching condition
used in the current study, no trace of dislocation glide can be
seen in Fig. 9(c). Phase analyses were performed by x-ray
diffraction (XRD) to confirm 3-phase stability in quenched and
cold-worked materials. Some XRD profiles are shown else-
where (Ref 2). In alloys with Bo lower than 2.87, athermal
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Fig. 8 Relationship between plastic deformation behavior, Bo, and
e/a: stress-induced martensitic transformation (gray circles), peculiar
plastic deformation (closed circles), and dislocation glide (open
circles)

martensite «” by quenching and stress-induced martensite o”
by cold working were generated. However, alloys that have Bo
of 2.87 or higher show (3 single phase, even after cold working
(Ref 2); the composition area around Bo of 2.87 is the phase
boundary between o+ phases and 3 single phase. XRD stud-
ies also confirmed there was no w phase in the specimens.

4. Discussion

Alloys with Bo of 2.87 and e/a of 4.24 have {3 single phase
and show peculiar plastic deformation behavior. EBSP analy-
ses were carried out to obtain crystallographic information in
cold-worked alloys; Fig. 10 shows an example of an EBSP
analysis in a bar specimen cold worked by 40% reduction in
area for 23-0.7-2 as seen in Fig. 9(b). Crystallographic bound-
aries over 15° are drawn as solid lines. The initial grain size
before cold working is about 100 wm, so many grains can be
seen to be divided into several parts by these boundaries. Fig-
ure 11 shows point-to-point misorientation along the arrow in
Fig. 10. Crossing the boundaries makes crystallographic
misorientation at <30°. Twin deformations have been reported
to form during plastic deformation in some 3 titanium alloys.
Hanada et al. (Ref 6) reported {112}<111> and {332}<113>
twin deformations, in which the rotation angles between the
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Fig. 9 Microstructures after 40% rotary swaging at room temperature: (a) 20-0.7-2 (Bo, 2.86; e/a, 4.21); (b) 23-0.7-2 (Bo, 2.87; e/a, 4.24); and
(c) 27-0.7-2 (Bo, 2.88; e/a, 4.27)

| Boundary levels: 15°
75.00 um = 50 steps  Unique Grain Color

Fig. 10 Boundary map in a bar specimen after 40% rotary swaging
at room temperature

matrix and the twin are 70.3° or 50.3° around the <110> axis
in B Ti-Nb and Ti-V binary alloys, respectively. In addition,
the authors observed an area of localized distortion along “gi-
ant faults” in the quaternary alloy with Bo of 2.87 and e/a of
4.24, in which the crystal rotation is misoriented by 20-30° to
the neighboring area (Ref 3). Therefore, the origin of the
boundaries shown in Figs. 7 and 9 is different from the con-
ventional twin boundaries. Results of EBSP analyses in the bar
specimens cold worked by 80-90% were almost the same as
those in specimen cold worked by 40%, excluding deformation
texture developed with an increasing amount of cold working.

Figure 12 summarizes Young’s modulus and the WHR ver-
sus Bo and e/a in the current study. It is obvious that Young’s
modulus and the WHR depend on Bo and e/a and their values
are a minimum in compositions with Bo and e/a in the vicinity
of 2.87 and 4.24, respectively. That these alloys with Bo of
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Fig. 11 Point-to-point misorientation plots in Fig. 10

2.87 and e/a of 4.24 show peculiar deformation behavior with-
out the aid of dislocation glide, and have the lowest Young’s
modulus and WHR values at the same time, is most interesting.
A discussion followed of the meaning of “Bo of 2.87 and e/a of
4.24” in relation to elastic properties.

First, the authors consider why Young’s modulus has a
minimum value at Bo of 2.87 and e/a of 4.24. When the elastic
constants of the binary {3 titanium alloys, c,,, ¢;», and ¢4, are
calculated by first-principles calculations (Ref 7), (¢;; — ¢12)
has a strong correlation to e/a and approaches zero at e/a =
4.24. This means that Young’s modulus has its smallest value
when e/a equals about 4.24. However, from the present results,
Young’s modulus increases when Bo moves from 2.87 even at
e/a of 4.24. Therefore, it is concluded that Young’s modulus
reaches a minimum value only when two conditions (e/a =
4.24 and Bo = 2.87) are satisfied at the same time in ternary
or quaternary alloys.

Next, consider why peculiar plastic deformation behavior,
like that in Gum Metal, occurs at Bo of 2.87 and e/a of 4.24. It
has been reported that the ideal shear strength of bcc metal is
shown by Eq 1 (Ref 3, 8). As stated above, (c;; — ¢;») ap-
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proaches zero when e/a = 4.24, so the ideal shear strength is
expected to reach a very small value.

3cylen —cp)

7=0.11G,;;=0.11 Xc“ T

(Eq D)

The calculated ideal shear strength of Gum Metal was about
1 GPa (Ref 3), a calculated value that is almost equal to the
actual tensile strength of Gum Metal of 0.9-1 GPa, as seen in
Fig. 1 and 2(a). The ideal strength for pure metals is several
dozen times the actual one. The strength can be increased to
some extent, such as by alloying, cold working, or heat treat-
ment, but conventional metallic materials are known to have
lower strengths than their ideal ones. This gap between ideal
and actual strength has been successfully explained by the
dislocation theory; however, the ideal strength for Gum Metal
is estimated to be so small as to be comparable to its actual
strength. The low ideal strength of Gum Metal implies that
plastic deformation can occur by ideal shear without any dis-
location activity. Indeed, the peculiar plastic deformation be-
haviors shown in Fig. 7, 9, and 10 are observed only in alloy
compositions with the condition of e/a = 4.24 and Bo = 2.87.
Further, work hardening hardly occurs at this alloy composi-
tion, which strongly suggests the possibility of a peculiar plas-
tic deformation mechanism without the aid of any dislocation
motion.

These considerations about the elastic constants and ideal
shear strength explain well why both Young’s modulus and
WHR are minimized at the same specific condition. From these
results, it is recognized that mechanical properties and plastic
deformation behavior have strong correlations to 3-phase sta-
bility in Ti-Nb-Ta-Zr-O alloys.

5. Conclusions

The authors investigated the effects of alloy content on me-
chanical properties and plastic deformation mechanisms to
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clarify the effect of B-phase stability on tensile properties and

plastic deformation behavior in the Ti-Nb-Ta-Zr-O alloy sys-
tem.

The specific composition of e/a = 4.24 and Bo = 2.87 is
the phase boundary between o+ phases and 8 phase.
Young’s modulus and WHR are strongly correlated to 3
phase stability and indicate a minimum value at the alloy
composition with e/a = 4.24 and Bo = 2.87.

Plastic deformation behavior also correlates well with
B-phase stability. Peculiar plastic deformation with giant
faults in “Gum Metal” is observed at e/a = 4.24 and Bo =
2.87, but stress-induced martensitic transformation occurs
in composition of e/a < 4.24 and Bo < 2.87 and dislocation
glide occurs in composition of e/a > 4.24 and Bo > 2.87.
The anisotropic elastic softening estimated by calculation
signifies that ideal strength of the “Gum Metal” is a very
small value that is close to the practical strength required
for plastic deformation. This supports the possibility that
the peculiar plastic deformation of “Gum Metal” was gen-
erated without the aid of dislocation glide.
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