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Effects of nano-sized o (Ti3Al) particles on
quasi-static and dynamic deformation behavior
of Ti-6Al-4V alloy with bimodal microstructure
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A bimodal microstructure containing very fine a,(TizAl) particles was produced by
over-aging a Ti-6Al-4V alloy. The effects of a, precipitation on quasi-static and dynamic
deformation behavior were investigated in comparison with an unaged bimodal
microstructure. Quasi-static and dynamic torsional tests were conducted on them using a
torsional Kolsky bar. The quasi-static torsional test data indicated that the over-aged
bimodal microstructure showed higher fracture shear strain than the unaged bimodal
microstructure, while their maximum shear stresses were similar. Under dynamic torsional
loading, both maximum shear stress and maximum shear strain of the over-aged
microstructure were higher than those of the unaged microstructure. The possibility of the
adiabatic shear band formation under dynamic loading was quantitatively analyzed by
introducing concepts of critical shear strain, absorbed deformation energy, and void
initiation. In the over-aged microstructure, the energy required for forming adiabatic shear
bands was higher than that in the unaged microstructure, thereby lowering the possibility
of the adiabatic shear band formation. The «, precipitation in the over-aged microstructure
was effective in both the improvement of quasi-static and dynamic torsional properties and
the reduction in the adiabatic shear banding, which suggested a new approach to improve
ballistic performance of Ti alloy armor plates.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

Ti-6Al-4V alloy has high strength and stiffness as well
as light weight [1-6], thereby providing a great poten-
tial for structural armor plates. Ballistic performance is
known to correlate with dynamic deformation behav-
ior as well as the formation of adiabatic shear bands
[71, but only limited information is available on the dy-
namic deformation behavior of the Ti-6Al-4V alloy. An
adiabatic shear band is a narrow region of highly local-
ized plastic deformation [8, 9], and is often observed
when materials are deformed at high strain rates such
as ballistic impact, machining, and high-speed metal
forming. It is also believed to initiate due to the de-
velopment of a thermo-mechanical plastic instability.
The localization generally induces a failure of struc-
tures through a loss of load-carrying capacity within
the adiabatic shear band [8—10], and thus the adiabatic
shear banding is of great interest to the ballistic perfor-
mance of armor plates.

Recently, Lee et al. [11] investigated the possibil-
ity of the adiabatic shear band formation in three typ-
ical Ti-6Al-4V microstructures, i.e., Widmanstatten,
equiaxed, and bimodal microstructures, by analyzing
how deformation energy was distributed and consumed
by either void initiation or adiabatic shear banding.

0022-2461 © 2005 Springer Science + Business Media, Inc.

Their results indicated that the bimodal microstructure
could have excellent ballistic performance because the
possibility of the adiabatic shear band formation was
lowest of the three microstructures. However, studies
on microstructures and heat treatment conditions, un-
der which adiabatic shear banding is suppressed while
excellent mechanical properties are promoted, are re-
quired. For example, when the Ti-6Al-4V alloy is over-
aged at 500-600°C, nanometer-sized o (Ti3Al) phases
can be homogeneously precipitated inside « phases,
thereby leading to the additional improvement of me-
chanical properties [12—14]. Al in the Ti-6Al-4V alloy
plays a role in increasing the «/f transformation tem-
perature and in forming a region coexisting « and o
phases in the phase diagram because it works as an «
stabilizing element [13]. o, phases are homogeneously
precipitated in a form of very fine particles having a co-
herent relationship with @ during aging. From this pre-
cipitation, the improvement of ballistic performance as
well as general mechanical properties can be expected.

In this study, a bimodal microstructure containing
fine oy particles was obtained by over-aging a Ti-6Al-
4V alloy, and its quasi-static and dynamic deforma-
tion behavior was investigated in comparison to that
of an unaged microstructure. Quasi-static and dynamic
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Figure 1 Schematic representation of heat treatments for (a) bimodal microstructure and (b) precipitation of fine oy particles.

torsional tests were conducted on them using a tor-
sional Kolsky bar, and torsionally deformed areas be-
neath fracture surfaces were investigated to determine
the deformation behavior and effects of o, precipita-
tion.

2. Experimental

The material used in this study was a Ti-6Al-4V alloy
plate (thickness; 50 mm) obtained from Supra Alloys
Inc., U.S.A., and its chemical composition was 6.19Al-
4.05V-0.19Fe-0.120-0.02C-0.01N-0.004H-Ti (wt.%).
This alloy plate was subjected to heat treatments as
shown in Figs 1a and b to obtain a bimodal microstruc-
ture and to precipitate fine oy phases inside o phases
[12, 14, 15]. The bimodal microstructure was obtained
by holding at 950°C («¢ + B region) for 1 h, water
quenching, and aging at 600°C for 24 h (Fig. la). It
was then over-aged at 545°C for 200 h to precipitate o,
phases (Fig. 1b).

Specimens were etched using a Kroll solution (H,O
100 M£ , HF 3 M¢, HNO3 5 M?), and their microstruc-
tures were observed using an optical microscope and
a scanning electron microscope (SEM). The size and
volume fraction of each phase were measured using an
image analyzer. Tensile bars with a gage length of 30
mm and a gage diameter of 6 mm were machined, and
tensile tests were conducted at room temperature and at
a strain rate of 103 sec™!. Hardness of the microstruc-
tures aged at 545°C for 200-300 h were also measured
using a Vickers hardness tester under a 2 kg load.

Thin-walled tubular specimens used for quasi-static
and dynamic torsional tests had a gage length of 2.5 mm
and a gage thickness of 280 pm. The torsional Kolsky
bar consists of a pair of 2-meter long 2024-T6 alu-
minum bars with a diameter of 25.4 mm [16]. In the
quasi-static torsional test, the incident bar is fixed by a
clamp, and then the specimen is deformed slowly at a
strain rate of about 10~ sec™! by transmitting power
to the bar by a motor and two speed-reducing motors.
Output voltage from the static bridge attached on the
transmitter bar and those from two linear variable dif-
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ferential transformers are respectively recorded at an
XYt-recorder and an oscilloscope. Each recorded data
is transformed to shear stress and shear strain as a func-
tion of time, and the time term is eliminated to obtain
a quasi-static shear stress-shear strain curve.

In the dynamic torsional test, a certain amount of
torque is stored between a clamp and a dynamic load-
ing pulley. When the clamp is fractured, at which time
an elastic shear wave is momentarily transmitted to the
specimen, the specimen is deformed. Incident wave, re-
flected wave, and transmitted wave are detected respec-
tively at strain gages, and recorded at an oscilloscope.
Among the recorded wave signals, average shear strain
expressed as a function of time, y (¢), is measured from
the reflected wave, while shear stress, t(¢), from the
transmitted wave. A dynamic shear stress-shear strain
curve is obtained from these y(¢) and t(¢) by elimi-
nating the time term. Shear strain rate during the test
was about 1750 sec™!, and the test was done at room
temperature. Detailed descriptions of the dynamic and
quasi-static torsional testing are provided in references
[16—18]. Fracture surfaces were observed using an SEM
after the quasi-static and dynamic torsional tests.

3. Results

3.1. Microstructure

Figs 2a and b are optical and SEM micrographs of the
over-aged bimodal microstructure. The over-aged bi-
modal microstructure consists of tempered martensite
and equiaxed o, together with a small amount of resid-
ual B, as shown in Fig. 2a. o grain size was measured
to be 19 um, and volume fractions of tempered marten-
site, o, and B were measured to be 52, 39 and 9%,
respectively. This microstructure is similar to the un-
aged one. Table I shows the quantitative analysis data
of the microstructural factors of the unaged and over-
aged microstructures. Since these factors are within the
error range, the over-aging treatment hardly affects the
optical microstructures. However, there are some differ-
ences in the high-magnification SEM micrograph of the
over-aged bimodal microstructure as shown in Fig. 2b.



TABLE I Quantitative analysis results of the unaged and over-aged
bimodal microstructures of the Ti-6Al-4V alloy

TABLE II Room-temperature tensile results of the unaged and over-
aged bimodal microstructures of the Ti-6Al-4V alloy

Microstructure Parameter Unaged Over-aged

Bimodal Primary « grain size (um) 19 19
Primary o volume fraction (%) 38 39
Tempered Martensite 52 52
volume fraction (%)
B volume fraction (%) 10 9

o A
.. |

&~

Figure 2 (a) Optical and (b) SEM micrographs of the over-aged bimodal
microstructure. Very fine oy particles are homogeneously distributed in
« phases as shown in (b). Kroll etched.

Fine o, phases of 50-200 nm in size are homogeneously
distributed in the o phase. This matches well with the
results of Welsch et al. [12] and Margolin et al. [13,
14].

3.2. Hardness and tensile properties

Fig. 3 shows the variation of Vickers hardness as a
function of aging time at 545°C. The hardness tends
to slightly increase with increasing the aging time, but
the increase is not large.

The tensile test results of the bimodal microstruc-
ture before and after over-aging at 545°C for 200 h
are listed in Table II. The unaged microstructure shows
excellent yield strength, tensile strength, and elonga-
tion of 1070 MPa, 1134 MPa, and 10.7%, respectively.
Yield and tensile strengths of the over-aged microstruc-

Yield Ultimate
strength tensile Elongation
Microstructure (MPa) strength (MPa) (%)
Unaged bimodal 1070 1134 10.7
Over-aged bimodal 1033 1068 12.6
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Figure 3 Variation of Vickers hardness as a function of aging time.

ture are lower than those of the unaged microstructure,
while elongation is higher. This might be because the
softening effect of martensite due to over-aging over-
rides the hardening effect due to o, precipitation.

Figs 4a and b are SEM fractographs of the ten-
sile specimens, and show a typical ductile fracture
mode composed of dimples. In the unaged microstruc-
ture, large and small dimples are mixed, because in-
terfaces between « and tempered martensite generate
large voids whereas those between martensite platelets
generate small voids (Fig. 4a) [11]. Dimple size of the
over-aged microstructure is slightly smaller than that
of the unaged microstructure (Fig. 4b).

3.3. Quasi-static torsional properties

Fig. 5 presents shear stress-shear strain curves ob-
tained from the quasi-static torsional test. From these
curves, maximum shear stress, shear strain at maximum
shear stress point, and fracture shear strain were mea-
sured, and are summarized in Table III. Maximum shear
stresses measured before and after over-aging are sim-
ilar, and roughly satisfy the relationship of o = / 37,

TABLE III Quasi-static and dynamic torsional properties of the un-
aged and over-aged bimodal microstructures of the Ti-6Al-4V alloy

Maximum Shear strain  Fracture
shear at maximum shear

Loading stress shear stress  strain
condition Microstructure (MPa) point (%) (%)
Quasi-static Unaged bimodal 655 11.4 12.2
Over-aged 654 23.6 254
bimodal
Dynamic Unaged bimodal 742 8.4 15.8
Over-aged bimodal 824 21.0 31.7
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Figure 4 SEM fractographs of the tensile specimen for the (a) unaged
and (b) over-aged bimodal microstructures.

800

700 -

BOOF o
'/
500 /)
J/
400 Unaged Over-aged

300 -

Shear Stress (MPa)

200 -

100

0 L 1
0.00 005 010 045 020 025 030 035
Nominal Shear Strain (mm/mm)

Figure 5 Shear stress-shear strain curves obtained from the quasi-static
torsional test.

when compared with tensile strength. Fracture shear
strain of the over-aged microstructure is twice as high
as that of the unaged one, indicating that over-all quasi-
static torsional properties are better in the over-aged
microstructure.

Figs 6a and b are SEM micrographs of the deformed
area (central area of the gage center) beneath the frac-
ture surface of the quasi-statically fractured torsional
specimens. Many voids exist at interfaces between
o and tempered martensite, and the number of voids
gradually decreases with increasing the depth from the
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Fracture Surface

Figure 6 SEM micrographs of the deformed area (the central area of
gage center) of the quasi-statically fractured torsional specimens for the
(a) unaged and (b) over-aged bimodal microstructures. Kroll etched.

fracture surface. Some voids are observed even at con-
siderable distance from the surface. The number of
voids is larger in the over-aged microstructure than in
the unaged microstructure (Fig. 6b).

3.4. Dynamic torsional properties

Fig. 7 shows dynamic shear stress-shear strain curves.
The test data conducted under both dynamic and quasi-
static loading conditions are compared in Table III.
Both maximum shear stress and fracture shear strain
of the over-aged microstructure are considerably higher
than those of the unaged microstructure, indicating that
over-all dynamic shear properties of the over-aged mi-
crostructure are improved.

SEM fractographs of dynamically fractured torsional
specimens are shown in Figs 8a and b. Both the mi-
crostructures show a ductile fracture mode as in the
quasi-statically fractured tensile specimens, but dim-
ples are elongated in the shear direction. It is also
observed that the dimple size of the over-aged mi-
crostructure is somewhat smaller than that of the un-
aged microstructure.
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Figure 7 Shear stress-shear strain curves obtained from the dynamic
torsional test.

Figure 8 SEM fractographs of the dynamically fractured torsional spec-
imens for the (a) unaged and (b) over-aged bimodal microstructures.

Figs 9a and b are SEM micrographs of the deformed
area beneath the dynamically fractured surface. It is
observed that voids initiate at interfaces between o and
tempered martensite. The number of voids initiated near
the fracture surface decreases, when compared with the
quasi-static torsional test results. The number of voids
is larger in the over-aged microstructure than in the
unaged microstructure.

4. Discussion
Under dynamic loading, accumulated torsional waves
in an extremely short period of time (several tens to

Figure 9 SEM micrographs of the deformed area (the central area of
gage center) of the dynamically fractured torsional specimens for the (a)
unaged and (b) over-aged bimodal microstructures. Kroll etched.

hundreds us) are transferred to specimens to cause de-
formation. In Ti alloys having low heat conductivity,
some local areas are in an adiabatic state because the
interior heat generated from plastic deformation can-
not disperse out due to insufficient time. As a result,
the thermal instability increases, and plastic deforma-
tion is concentrated on the localized zone. In the areas
where adiabatic shear bands are formed by localized
plastic deformation, the ability to endure the load de-
creases abruptly, thereby leading to a rapid decrease of
shear stress followed by final fracture. It is thus nec-
essary to establish conditions to quantitatively evaluate
the possibility of the adiabatic shear band formation.
Shear stress can be represented as a function of shear
strain (y), shear strain rate (¥), and temperature (6) as
in,t = f(y,y,0) disregarding phenomena such as
elastic deformation, strain rate, thermal history effect,
and phase transformation [8, 9]. Since the maximum
shear stress point is where thermal softening begins to
override strain hardening and strain rate hardening, it
can serve as the base point of the adiabatic shear band
formation (d7 = 0). According to Culver et al. [19],
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the conditions for adiabatic shear band formation can
also be expressed in terms of the heat transfer fraction
of plastic deformation energy (), density (p), and heat
capacity (c) as follows:

pc(Br) /( 81)
r="0( = - (1)
:B 8]/ 0 80 y

Equation 1 implies that maximum shear stress for adia-
batic shear banding decreases, when thermal softening
rate (—dt/06) and heat transfer fraction (8) increase
while strain hardening rate (dt/dy), density (p), and
heat capacity (c) decrease. In the actual formation of
adiabatic shear bands, thermal softening sufficient to
induce plastic instability should precede, although con-
ditions satisfying equation 1 might allow the adiabatic
shear band formation. It is thus required to raise the
strain rate in order to provide the sufficient heat trans-
ferred from shear deformation and the adiabatic effect.
The shear strain satisfying this condition can be defined
as the critical shear strain (y,), i.e., the shear strain at the
maximum shear stress point which corresponds to the
point of dt = 0, on dynamic shear stress-shear strain
curves. This y. can also be predicted from the consti-
tutive equation which varies with plastic behavior of
materials. When materials show power-law hardening
behavior, the constitutive equation can be represented
simply as T = ky", where k and n are strength coeffi-
cient and strain-hardening exponent, respectively. The
critical shear strain required for the adiabatic shear band
formation is represented by substituting this constitu-
tive equation to Equation 1 as below:

o= J(-20) 8
¢ 3/,

It is learned from Equation 2 that the higher thermal
softening rate (—dt/d0) or the less strain hardening
exponent (n) could result in smaller critical shear strain
(v¢), which brings about higher possibility of the adi-
abatic shear band formation. From the dynamic tor-
sional test results of Fig. 7 and Table III, the critical
shear strains of the unaged and over-aged microstruc-
tures are 8.4 and 21.0%, respectively. This indicates that
the over-aged microstructure is less vulnerable to shear
localization and thus to adiabatic shear band formation
than the unaged microstructure.

In general, dynamic torsional deformation of ductile
metals develops in the following three stages [17, 20—
22]: (1) homogeneous deformation stage before reach-
ing maximum shear stress, (2) inhomogeneous defor-
mation stage starting from maximum shear stress point,
and (3) stage of initiation and development of adia-
batic shear bands due to shear localization. In the last
stage, a radical temperature rise accompanies the adi-
abatic shear band formation. Considering the adiabatic
shear band formation as a result of the plastic insta-
bility combined with the local temperature rise, the
maximum shear stress where the inhomogeneous stage
commences can be considered to be the starting point of
the adiabatic shear band initiation. The area below the
dynamic shear stress-shear strain curve of Fig. 7 from
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the origin to the maximum shear stress point indicates
the absorbed energy per unit volume as the material
deforms until the adiabatic shear band initiates. This
absorbed energy, E., can be formulated as below:

VYmax A Tmax
E — / dy 3)
0

Assuming a considerable amount of energy produced
during dynamic torsional deformation is absorbed by
plastic shear deformation, the larger is the value of E,
the more difficult is the adiabatic shear band formed.
The curve after the maximum shear stress point does
not have any implications in evaluating the adiabatic
shear band formation since the material loses the load-
carrying ability at the commencement of the adiabatic
shear band formation [9, 23]. The E. values calcu-
lated from the dynamic shear stress-shear strain curves
of Fig. 7 are 45.5 x 10° and 125 x 10% J/m?, re-
spectively, for the unaged and over-aged microstruc-
tures. This implies that the energy required for forming
adiabatic shear bands during dynamic deformation is
greater in the over-aged microstructure than in the un-
aged microstructure, thereby lowering the possibility
of the adiabatic shear band formation in the over-aged
microstructure.

This deformation energy also works as driving force
for ductile fracture through void initiation, growth, and
coalescence, and is partly used for the adiabatic shear
banding. When the deformation energy is introduced
into the specimen interior, it is transformed to thermal
energy and stored in some areas [24—27]. When part
of it is used for void initiation under dynamic load-
ing, the deformation energy required for the adiabatic
shear band formation is thus reduced as much. In order
to quantitatively interpret the possibility of the adia-
batic shear band formation, the number of voids per unit
area in the deformed region beneath the fracture surface
was measured, and the results are shown in Fig. 10. In
the over-aged microstructure, the number of voids is
2.5 times greater than that in unaged microstructure.
Figs 9a and b confirm that the void initiation is more
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Figure 10 Number of voids per unit area as a function of distance from
the fracture surface for the unaged and over-aged bimodal microstruc-
tures.



Figure 11 High-magnification SEM micrograph of the deformed area
of the dynamically fractured torsional specimen for the over-aged bi-
modal microstructure, showing many voids located inside o phases. Kroll
etched.

frequently observed in the deformed area of the over-
aged microstructure due to the precipitation effect of
oy phases. In a higher-magnification SEM micrograph
(Fig. 11) of the deformed area, many voids are observed
inside o phases as well as at interfaces between « and
tempered martensite. It is also noted that dimple sizes
in tensile and torsional specimens of the over-aged mi-
crostructure are smaller than those of the unaged mi-
crostructure (Figs 8a and b). This implies that o, par-
ticles can work as void initiation sites, although they
are very fine. Since the number of voids formed in the
over-aged microstructure drastically increases because
of the o precipitation, driving force for the adiabatic
shear band formation decreases as much as deforma-
tion energy used for the void formation, reducing the
possibility of the adiabatic shear band formation. These
results match well with the aforementioned results of
y. and E., and thus it is confirmed again that the possi-
bility of the adiabatic shear band formation is lower
in the over-aged microstructure than in the unaged
microstructure.

The precipitation of very fine o, particles through
over-aging of the bimodal microstructure increases dy-
namic torsional properties as well as quasi-static prop-
erties. It also reduces the possibility of the adiabatic
shear band formation, and thus suggests a new approach
to improve ballistic performance and to find optimal
process conditions in high-speed metal forming.

5. Conclusions

The quasi-static and dynamic torsional deformation be-
havior of the bimodal microstructure containing fine o,
particles was investigated, and the results were analyzed
in relation to critical shear strain, absorbed deformation
energy, void initiation, and adiabatic shear banding.

(1) In the over-aged bimodal microstructure, fine o,
particles of 50-200 nm in size were homogeneously
distributed in o phases. The quasi-static torsional test
dataindicated that the over-aged microstructure showed
higher fracture shear strain than the unaged microstruc-
ture, while their maximum shear stress was similar.

Voids were initiated mainly at interfaces between « and
tempered martensite.

(2) Under dynamic torsional loading, maximum
shear stress and maximum shear strain of the over-
aged microstructure were higher than those of the un-
aged microstructure. The number of voids was larger
in the over-aged microstructure than in the unaged mi-
crostructure because of the additional precipitation ef-
fect of «, phases.

(3) The possibility of the adiabatic shear band for-
mation under dynamic loading was quantitatively ana-
lyzed by introducing concepts of critical shear strain,
absorbed deformation energy, and void initiation. In the
over-aged microstructure, the energy required for form-
ing adiabatic shear bands was greater than in the unaged
microstructure, thereby lowering the possibility of the
adiabatic shear band formation.

(4) The precipitation of very fine «; phases through
over-aging of the bimodal microstructure improved dy-
namic torsional properties as well as quasi-static prop-
erties, and reduced the possibility of adiabatic shear
banding, thereby suggesting a new approach to improve
ballistic performance of Ti alloy armor plates.
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