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Metastable b titanium alloys offer a wide range of attractive property combinations.
Conventional processing options have practical limitations in achieving maximum attainable
properties and utilizing them to their fullest potential. In the current study, friction stir
processing (FSP) of b alloys is explored as a unique path for microstructural engineering. Two
metastable b titanium alloys, Ti-1Al-8V-5Fe (Ti-185) and Ti-3Al-8V-6Cr-4Mo-4Zr (Beta C),
subjected to FSP with two different tool rotation rates at a constant traverse speed were
analyzed in different microstructural conditions. Fully retained b grain structures with grain
sizes in the range 4 to 7 lm in Ti-185 and 10 to 15 lm in Beta C were obtained in the as-FSP
condition. Post-FSP duplex aging treatment of the low heat input condition resulted in better
tensile properties compared to those of high heat input condition, attributable to high number
density of nucleation sites generated during FSP. Transmission electron microscopy observa-
tions of high-strength Ti-185 sample revealed fine a platelets of length in the range 50 to 130 nm
and an aspect ratio in the range 3 to 10, providing significant strengthening contribution.
Approximate nose temperatures and nose time calculations of the continuous cooling
transformation of b to a were made for various commercial Ti alloys to assess the potential
of achieving ultra-high strength levels via FSP.
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I. INTRODUCTION

SINCE the early 2000s, the use of titanium alloys in
the aerospace, automotive, chemical, petrochemical,
biomedical, and defense industries increased markedly
due to their attractive properties such as lightweight
(about 60 pct lighter than steels), excellent corrosion
resistance, bio-compatibility, and good ballistic resis-
tance.[1,2] In recent times, b titanium alloys have become
widely explored candidates of choice because of their
wide range of property combinations. Figure 1 illus-
trates the uses of b Ti alloys in various industries.
Applications of b alloys are driven by significant weight
savings due to superior specific strength (strength-to-

weight ratio) leading to significant life-cycle cost savings.
The primary challenge in the research and development
of b alloys is to enhance strength while retaining
acceptable fracture properties. Rapid grain growth in
b alloys during conventional thermo-mechanical pro-
cessing (TMP) due to high diffusion rates in the b phase
and associated anisotropy constrains the maximum
achievable mechanical properties and applications of b
alloys. The current study explores the application of a
novel deformation technique, friction stir processing
(FSP), to b Ti alloys to overcome these issues.
FSP is currently used for many Al,[3–8] Mg,[9,10] and

Cu[11] alloys. Progress in the application of FSP to Ti
alloys has been slow due to limited availability of tool
materials that can withstand high temperatures and
loads generated during the process. Numerous authors
have investigated the FSP of the workhorse a + b
titanium alloy, Ti-6Al-4V (Ti-64), using tools such as
W,[12,13] W-Re,[14–20] Mo-based,[21] polycrystalline boron
nitride,[22] WC-Co,[23] and lanthanated W.[24] Recent
works on FSP of titanium alloys show the enhanced
mechanical properties due to microstructural evolu-
tion.[25–29] Studies on the FSP of b titanium alloys are
scanty. Leinart et al.[30] studied the effect of FSP on the
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microstructure and mechanical properties of Ti-15V-3-
Cr-3Al-3Sn (Ti-15-3), a metastable b alloy used in
environmental control systems (e.g., ducting on Boeing
777 and Airbus A380). A fully recrystallized b grain
microstructure was obtained after FSP, with a grain size
in the range 10 to 20 lm, developed as a result of
dynamic recovery followed by meta-dynamic recrystal-
lization.[30] Another study on Ti-15-3 reported the grain
structure evolved through discontinuous recrystalliza-
tion; the deduction was that the textural pattern in the
stir zone was the superposition of (111) and (110) partial
fiber textures.[31] Reynolds et al.[14] studied the texture in
friction stir welds of Ti-15Mo-2.6Nb-3Al-0.2Si (Beta
21S). Fairly uniform texture through the thickness of the
weld was reported. All the textures obtained could be
rotated to obtain a BCC torsion texture published
earlier. Increase in texture intensity with the decrease in
tool traverse speed was observed.[14]

Current study focuses on developing a comprehensive
processing–structure–property relationship in b Ti
alloys using data generated on two commercial alloys,
Ti-1Al-8V-5Fe (Ti-185) and Ti-3Al-8V-6Cr-4Mo-4Zr
(Beta C), subjected to FSP. Ti-185 is a low-cost
alternative to Ti-10V-2Fe-3Al (Ti-10-2-3), for potential

aerospace fastener and structural applications.[32]

Recent work on Ti-185 processed via powder metallurgy
route demonstrated the feasibility of achieving excep-
tional strength levels, potential for many lightweighting
applications, and improving fuel efficiency.[33] Beta C is
a highly alloyed metastable b alloy primarily used for
aerospace springs and fasteners, and tubulars in oil and
gas industries.[32] The mechanical properties reported
for these alloys are obtained via complex and expensive
TMP sequences. The current study investigates FSP as a
unique processing pathway with a goal of achieving
tensile strength of 1500 MPa while maintaining mini-
mum tensile elongation of 5 pct. Application of FSP to
many other metastable b Ti alloys to achieve high
strength–high ductility combinations is also investigated
using continuous cooling transformation diagram
calculations.

II. MATERIALS AND METHODS

Two commercial b Ti alloys, Ti-185 in the as-cast
condition and Beta C in the as-forged condition, were
used in this study. Alloy compositions (nominal and

Fig. 1—Overview of the usage of b titanium alloys in various industries.
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program materials) are given in Table I. FSP was
performed on both alloys using W-La2O3 tool with
two varying heat input (Q) conditions given in Table II.
The tool had a cylindrical pin with shoulder diameter of
10.1 mm, pin diameter of 6.3 mm, and pin length of
1.7 mm. FSP was performed with the tool at a tilt angle
of 2.5 deg opposite to the processing direction. Argon
gas shielding was used during FSP to prevent oxidation.
The 600 rpm/2 ipm combination is hereafter referred to
as low Q FSP and 800 rpm/2 ipm combination is
referred to as high Q FSP.[34] Molybdenum equivalent
[Mo]eq calculated using Eq. [1] (all elements in wt pct)
and b transus temperature measured using differential
thermal analysis with an accuracy of ± 5 �C are also
given in Table II.

½Mo�eq ¼ ½Mo� þ 2½V�
3

þ ½Nb�
3

þ 3 ½Fe� þ ½Cr�ð Þ ½1�

Post-FSP heat treatment on processed regions of both
alloys included two-step aging, with the pre-age cycle of
350 �C for 2 hours plus the final aging cycle of 540 �C
for 8 hours followed by air cool to room temperature.

Macro- and microstructural characterization on the
transverse cross sections of the processed regions was
performed using optical microscopy and scanning elec-
tron microscopy (SEM). Metallographic specimens were
prepared by grinding through 1200-grit SiC papers and
final polishing using 0.05 lm colloidal silica. Specimens
were etched with Kroll’s reagent for optical and
secondary electron SEM observations. Backscattered
electron imaging was performed on as-polished speci-
mens. Transmission electron microscopy (TEM) on
selected samples was performed using a FEI Tecnai
F20-FEG� microscope operating at 200 kV.

Mini-tensile specimens of 3 mm gage length, 1 mm
width, and 0.45 mm thickness were machined from the
center of the stir zone along the FSP direction. All
tensile tests were carried out at room temperature using
a computer-controlled, custom-built mini-tensile testing
machine at an initial strain rate of 1 9 10�3 s�1.

III. RESULTS AND DISCUSSION

Macrographs of starting condition and nugget
cross-section of Ti-185 and Beta C are shown in
Figure 2. The starting structure in both alloys comprised
of very large grains (of the order of several millimeters).
FSP resulted in a refined structure in both alloys.
Micrographs obtained in the stir zone (SZ) at a depth of
0.5 mm (top), 1 mm (middle), and 1.5 mm (bottom)
from the FSP surface are presented in the following
subsection.

A. Microstructure Evolution in the Stir Zone

A fully recrystallized b grain structure in the SZ after
FSP for both conditions of Ti-185 as seen in Figure 3
indicates that the SZ experienced a peak temperature
above the b transus during processing and the cooling
rate after FSP is sufficient to quench in the b grain
structure. Average b grain sizes measured through the
thickness using linear intercept method for low Q
condition of Ti-185 are 4 ± 0.4, 10 ± 1, and
7 ± 0.8 lm (Figure 3) at the top, middle, and bottom
regions. Similarly, for high Q condition, they are
11 ± 1.3, 15 ± 1.4, and 10 ± 1.6 lm, respectively. Vari-
ation in the b grain sizes through the thickness is
expected due to local variations in strain and temper-
atures caused by the tool shoulder during FSP.[35] The
increase in recrystallized b grain size in high Q compared
to the low Q is due to higher processing temperature and
grain growth due to longer dwell time above the b
transus temperature.[36]

Microstructural observations on Beta C are presented
in Figure 4. Average b grain sizes measured for low Q
FSP in this alloy are 3 ± 0.9, 5 ± 0.8, and 4 ± 0.7 lm
at the top, middle, and bottom locations, respectively.
For high Q FSP, they are 7 ± 0.9, 10 ± 1, and
11 ± 1.2 lm, respectively. Finer b grain sizes in Beta
C compared to those of Ti-185 in both FSP conditions
are expected from rich solute contents which decrease
grain boundary mobility (solute drag effect).[37]

Table I. Chemical Compositions in Weight Percent of Materials Used for this Study

Alloy Material V Al Fe O N C Cr Mo Ti

Ti-185 nominal 7.5 to 8.5 0.8 to 1.5 4 to 6 0.25 to 0.5 0.07 0.05 — — bal.
actual 7.9 1.5 5.02 0.343 0.004 0.008 bal.

Beta C nominal 7.5 to 8.5 3 to 4 0.3 0.14 0.03 0.05 5.5 to 6.5 3.5 to 4.5 bal.
actual 7.96 3.43 0.1 0.1 0.007 0.012 6.02 4.06 bal.

Nominal chemistries of both alloys are also included for reference.

Table II. FSP Parameters, b Transus Temperature, and [Mo]eq of Program Materials

Alloy Tool Rotation Speed (rpm) Tool Traverse Speed (in./min) FSP Condition b Transus (�C) [Mo]eq

Ti-185 600 2 low Q 825 20.33
800 2 high Q

Beta C 600 2 low Q 795 27.33
800 2 high Q
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B. Tensile Properties in the As-FSP Condition

Table III presents a summary of room-temperature
tensile properties of both Ti-185 and Beta C in the
as-FSP conditions along with those of as-received (base
metal) conditions. Significant increase in strength was

obtained after FSP, which is attributable to the refined
microstructure. In Ti-185, as heat input increases, the
concomitant decrease in strength and ductility correlates
with grain size. However, such a trend was not observed
in Beta C.

Fig. 2—(a) Typical photograph of FSP region along the length and cross-sectional macrographs of (b) Ti-185 (left) and (c) Beta C (right).
Microstructure samples were excised from the red and green box locations and are referred to as top, middle, and bottom regions of the stir
zone (Color figure online).

Fig. 3—Secondary electron images of Ti-185 samples in the as-FSP condition: (a through c) low Q and (d through f) high Q condition.
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C. Effect of Aging on Microstructures

To establish the influence of aging, a commonly used
two-step aging cycle was applied on samples excised
from FSP regions of both alloys. At first stage of aging,
sample is aged at a low temperature to form the Omega

phase, which acts as the nucleation site of alpha phase
during the second stage of aging. Micrographs of Ti-185
and Beta C in both FSP conditions subjected to aging
are presented in Figures 5 and 6. Homogeneous precip-
itation of a is evidenced in the low Q FSP condition of
both alloys. For high Q FSP condition, coarse b grains,
non-uniform precipitation, and precipitate-free zones
are evident. The decrease in a volume fraction with an
increase in Q can be explained as an effect of strain rate
and temperature on the nucleation and growth kinetics.
The homogeneous precipitation of a leads to a

reasonable inference that number density of nuclei at
low Q FSP is comparatively higher than those of high Q
condition in both alloys. This can be comprehended as
follows. The deformation mechanisms in b titanium
alloys have been reported to be dynamic recovery and/
or dynamic recrystallization.[38] Due to extremely high
strain rates and temperatures during FSP, some regions
of the microstructure are recrystallized; and the rest are
still in dynamic recovery. This partially recovered
microstructure is believed to be more in the low Q
FSP compared to that of the high Q FSP sample
consequently resulting in a more homogeneous
microstructure for this heat input condition.

Fig. 4—Secondary electron images of Beta C samples in the as-FSP condition: (a through c) low Q and (d through f) high Q condition.

Table III. Room-Temperature Tensile Properties of Ti-185
and Beta C in Various Microstructure Conditions

Alloy Condition
TYS
(MPa)

UTS
(MPa) e (pct)

Ti-185 as received 993 999 11
low Q FSP 1107 1125 19
high Q FSP 1070 1088 14
low Q FSP + age 1460 1523 5.7
high Q FSP + age 1352 1450 6.7

Beta C as received 812 816 15
low Q FSP 900 925 19
high Q FSP 1002 1043 19
low Q FSP + age 1277 1315 9
High Q FSP + age 1172 1200 9.5

TYS: 0.2 pct tensile yield strength, UTS: ultimate tensile strength,
e: total tensile elongation.
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To further investigate the nature of precipitates
responsible for high strength, TEM was conducted on
the high-strength sample of Ti-185. A reasonable
inference from HAADF-STEM image of Figure 7(a) is
that several nanometer-sized platelets (appearing in
darker contrast) in the range of 50 to 120 nm were
uniformly distributed inside the b matrix. These precip-
itates were confirmed as hcp-a phase using [111] b
selected area diffraction pattern (inset of Figure 7(b))
and exhibited the characteristic Burgers orientation
relationship between a and b phases (shown with
[11�20] a and [111] b motifs in the SADP).[39] Figure 7
(b) shows size scale and morphology (viewed along [111]
b) via dark-field TEM image, which was recorded with
an a reflection. Our TEM examination did not reveal the
presence of x precipitates in this condition. Therefore,
the precursory x phases, which we anticipated would be
formed in the pre-aging and would act as nucleating
agents, were almost completely replaced by very fine
alpha platelets in the final aging step. Hence the
deduction that aging time and temperature were appro-
priate for Ti-185 to obtain a strength> 1500 MPa after

FSP, and these nano-scales a platelets were responsible
for such a high strength in this alloy.

D. Characteristics of Stress–Strain Curves

Tensile properties of Ti-185 and Beta C after aging
are compared with other conditions in Table III. Engi-
neering stress–strain curves for the two alloys are shown
in Figure 8. The peak stresses attained initially are
higher for Beta C as compared to Ti-185. Stress–strain
graphs further provide information about the non-uni-
form linear region, which is essentially termed as a
strain-softened region, and is believed to occur in b
titanium alloys in which rate of hardening by the
generation of dislocations is balanced by the rate of
softening due to dislocation annihilation.[30]

E. Strength Modeling

Strengthening mechanisms that contribute to the
increase in tensile yield strength of metallic materials
can be categorized as: solid solution strengthening (rss),

Fig. 5—Backscattered electron images of Ti-185 samples in the FSP+age condition: (a through c) low Q FSP + age and (d through f) high Q
FSP + age.
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grain size strengthening (rgs), precipitation strengthen-
ing (rps), and dislocation strengthening (rds). Assuming
linear summation of these four mechanisms, total
strengthening can be written as

DrT ¼ rss þ rgs þ rps þ rds: ½2�

Equations for the above contributions can be written
as follows.

Hall–Petch relationship grain size strengthening is
given by[40,41]

rgs ¼ kd�1=2; ½3�

where k is a constant taken as 0.41 from the reported
result for Hall–Petch plot for b titanium alloys and d is
the average grain size.

The dislocation strengthening contribution is
expressed as[42]

rds ¼ Ms0 þMaGb
ffiffiffi

q
p

; ½4�

whereM is the Taylor factor (=3), a is a constant (0.5 to
0.58) determined from the plot r vs q1/2 for a b titanium

alloy,[42] q is dislocation density approximated as
1013 m�2 for the low Q condition and 1012 m�2 for the
high Q condition.
The Peierls stress s0 can be calculated as follows:

s0 ¼
2G

1� m
exp

�2pd
1� mð Þb

� �

; ½5�

where G and b are considered for a b titanium alloy as
3.1 9 1010 Pa and 5.61 9 1010 m,[43] respectively, and d
is the interplanar distance.
The solid solution strengthening contribution for each

alloy was calculated based on the classic solid solution
strengthening Eq. [6].[44] The solid solution strengthen-
ing contributions from each individual alloying element
as per the alloy’s nominal compositions were summed
up to obtain the overall solid solution strength for each
alloy.[45–47]

rss ¼ Gbe
3
2cn; ½6�

where G is the shear modulus, c is the concentration of
the solute atoms in wt pct, b is the Burger’s vector, e is
the atomic misfit strain and n is considered as 0.5 for

Fig. 6—Backscattered electron images of Beta C samples in the FSP+age condition: (a through c) low Q FSP + age and (d through f) high Q
FSP + age.
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interstitial solute atom and 1 for substitutional solute
atom.[45,47]

Table IV summarizes the model strength predictions
compared with experimental observations in as-FSP
conditions. From this table, it can be inferred that for
Beta C, the experimental and model strength difference
is more in high Q condition as compared to that in the
low Q condition. It has been reported that for Beta C,
metastable phases such as b¢ and x are expected to form

during cooling from above b transus temperature due to
its complex alloying chemistry.[48,49] However, no sig-
nature of such phases is evident in SEM microstructures
(if present they are too fine for SEM). A reasonable
assumption is that these phases might have formed from
auto aging that occurs during cooling after FSP. Also,
highly probable is that because of its higher processing
temperature, the high Q condition could retain more
heat for longer time, compared to low Q, thus providing

Fig. 7—(a) HAADF-STEM image of Ti-185 low Q FSP+age sample shows nano-scale a plates, and (b) dark-field image from [111] zone axis
taken from SADP of the inset confirms the presence of alpha platelets of very fine size.

Fig. 8—Engineering stress–strain curves of (a) Ti185 and (b) Beta C relative to indicated processing conditions.

Table IV. Model and Experimental Tensile Yield Strengths for Beta C and Ti-185 in as-FSP Condition

Alloy
FSP

Parameters
Avg. Grain Size, d

(lm)
rgs

(MPa)
rss

(MPa)
rds

(MPa)
rYS Model
(MPa)

rYS Expt
(MPa)

DrYS Expt-Model
(MPa)

Ti185 low Q 7 155 453 204 812 1107 295
high Q 12 119 453 184 756 1070 314

Beta C low Q 4 205 518 184 907 927 20
high Q 9.33 134 518 178 927 1002 172
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higher driving force for metastable phase formation
leading to an increased strength with slightly reduced
ductility.[50] In other words, the increase in strength in
Beta C in the higher heat input condition is due to major
contribution from the precipitation strengthening com-
ponent of the metastable phases. In the case of Ti-185,
although the precipitation strengthening contribution is
more pronounced than Beta C (Table IV), there is no
significant difference in these values between the two
heat input conditions.

F. Nose time and nose temperature characteristics of b
titanium alloys after FSP

The mechanical properties after FSP are better
understood by studying continuous cooling transforma-
tion (CCT) diagrams. Empirical correlation from
Yolton et al.[51] shows nose temperature vs nose time
plot of alpha precipitation for all commercially available
b titanium alloys (Figure 9). This diagram gives the
feasibility to quench in the b phase microstructure for all
the b titanium alloys, which upon subsequent two-step
aging gives rise to very high strength. The current alloys
from this study are labeled in red. Nose time and nose
temperature for Ti-185 are 3.1 seconds and 595 �C,
respectively. Assuming the peak temperature in the
friction stirred regions reached 1200 K (927 �C) and
1400 K (1127 �C), based on the assumption from
Pilchak et al.,[52] the approximate cooling rate that is
required to miss the nose temperature for the lower heat
input condition should be> 107 �C s�1; whereas for the
higher heat input condition, it should be> 172 �C s�1.
Similarly, for Beta C, nose time and nose temperature
are 4.25 seconds and 440 �C, respectively. Cooling rate
calculations confirm that the approximate value should
be> 114 �C s�1 for the higher heat input condition and
that it should be> 162 �C s�1 for the lower heat input
condition. The cooling rate involved for water

quenching of Ti64 alloy is reported as 133 �C s�1.[53]

Therefore, our current analysis is consistent with this
observation; i.e., that indeed, water quenching in b
titanium alloys would give rise to fully retained b grain
structure. However, the cooling rates involved in FSP
are around 30 �C s�1 to 40 �C s�1 and depend on the
location from top to bottom of the processed zone. This
implies that the current samples may not have fully
retained b grain structure in Beta C and Ti-185 after
FSP. The CCT diagram also shows that nose time for
the start of a precipitation in Beta C is more compared
to that of Ti-185. In other words, the faster kinetics of
precipitation in Ti185 compared to Beta C is attributed
to the presence of heavier alloying elements in Beta C,
thus making the overall diffusion rate slower. This
condition is further corroborated by the presence of
heterogeneous nucleation in Beta C and homogenous
nucleation in Ti-185 for the same aging time and
temperatures. This approach can be used to develop
better FSP strategy with proper selection of titanium
alloys based on CCT diagram and potential of post-pro-
cessing aging response.

IV. CONCLUSIONS

The wider processing window of b-titanium alloys
offers potential for obtaining unique strength ductility
combinations. Following conclusions can be made from
the present work:

1. The tensile properties in Beta C are greater in the
higher heat input condition compared to those of
the lower heat input condition and were measured
theoretically and experimentally. This increase in
strength is attributed to the presence of a greater
density of metastable phases in the higher heat input
condition.

2. Two-step aging technique further improved the
mechanical properties of both alloys because of
significant a precipitation inside the b matrix. The
higher density of a in the lower heat input condition
compared to the higher heat input condition for
both alloys is understood to be because of the
enhanced nucleation site density created during FSP
at lower heat input condition.

3. More homogenous precipitation is observed in
Ti-185 compared to Beta C because of the faster
diffusion kinetics in Ti-185 than Beta C. Very
fine size (50 to 120 nm) alpha platelets were
responsible for a very high strength in Ti-185
after aging.

4. The current results and CCT diagram-based anal-
ysis provide a road map to achieve excellent
properties in b titanium alloys. The fundamental
idea is to create high dislocation density via FSP,
quench in the metastable b phase, and to age at
appropriate nose temperature to tailor the
strength–ductility combination.

Fig. 9—Nose time vs nose temperature for all commercially available
b-titanium alloys.
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