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Abstract Metastable beta titanium alloys have emerged as
a subject of intense research in the last three to four decades.
They are epitomized by heat treatability to high strength,
high hardenability, and excellent workability. Heat treat-
ment comprises solution treating and aging. In the recent
years, there has been much interest in carrying out aging
in two steps, rather than in a single step. Duplex aging on
different grades of beta alloys resulted in improved micro-
structure and better combination of mechanical properties.
Duplex aging suppresses formation of grain boundary alpha
and eliminates precipitate-free zones, leading to improved
ductility and fatigue life. There is thus a strong case to adopt
duplex aging. A low heating rate to aging temperature may
be tantamount to duplex aging. There are a few grades,
where duplex aging impairs ductility, becoming counter-
productive. The paper reviews the subject of duplex aging
of metastable titanium alloys.

Keywords Beta titanium alloys - Heat treatment - Duplex
aging - Microstructure - Tensile properties - Fatigue life

1 Introduction

Among different classes of titanium alloys, the class of

titanium alloys hold the distinction of highest strength levels
to which they can be processed. The designers have interest
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to work with this class of alloys for airframe applications,
as it possesses a better strength-toughness combination than
alpha alloys and alpha + beta alloys [1-3].Some grades of
beta titanium alloys are produced in the form of relatively
large-sized forged products, due to their high hardenability
and ability to develop uniform and high-strength levels over
large metal distances [4]. These are referred to as forging
grades, and they have important presence in aeronautical/
aerospace sector. Latest versions of Boeing aircraft use the
forging grade beta alloy TiSAIMo5V3Cr for production
of landing gears. Because of this, the use of beta titanium
alloys in Boeing aircrafts has exceeded that of alpha + beta
alloys. For example, in Boeing 787, titanium alloys account
for 15-16 wt.% and the beta alloys take a major share of it
[2]. Some grades of beta titanium alloys are produced in the
form of strips, thanks to their excellent cold and hot work-
ability. These are referred as strip grades. It is in general
very difficult to produce alpha+ beta titanium alloys in the
form of strip/sheet and in this context the strip grade beta
alloys offer a major advantage [4]. Til5Mo2.6Nb3al0.2Si
and Ti15V3Cr3Al3Sn (abbreviated as Til5-3) are important
among the commercially available sheet alloys in the context
of applications in aeronautics [4].

In light of the various attractive attributes the beta tita-
nium alloys possess, they have received focussed attention
of researchers all over the world over the last thirty to forty
years. There have been a number of publications dealing
with this material group in this period. Conference volumes
‘“‘Beta Titanium Alloys in 80’s’” [5] and ‘‘Beta Titanium
Alloys in 90°s’’ [6] cover a number of studies carried out on
this alloy group. Vol. 14 of Journal of Materials engineering
and Performance published in the year 2005 carries a compi-
lation of articles addressing different aspects of beta titanium
alloys [1]. The article published by Cotton et al. [3] “State of
the Art in Beta Titanium Alloys for Airframe Applications”’,
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is another important piece of published literature focussing
on these alloys. Kolli and Devaraj [7] reviewed the subject of
metastable beta titanium alloys. The beta titanium alloys are
heat treatable and heat treatment after mechanical working
plays a vital role in their manufacture. A number of publica-
tions have appeared, which deal with aspects related to heat
treatment of these alloys. Santhosh et al.[8]. reviewed recent
developments in heat treatment of beta titanium alloys for
aerospace applications. Yumak and Aslantag [9] reviewed
the heat treatment efficiency in metastable beta titanium
alloys. Sudhagara et al. [10]. recently reviewed the subject
of heat treatment of metastable beta titanium alloys.

Solution treatment and aging are the important steps in
the heat treatment. While aging was often carried out in
single step in the past, aging in two steps has been found to
offer many advantages in terms of the quality of the heat-
treated product and a number of researchers carried out com-
parative studies on material quality after single and duplex
aging. However, there has been no systematic analysis and
critical review of changes brought into the quality of beta
titanium alloys compared to single aging. The purpose of the
present review is to bridge this gap.

2 Heat Treatment of Beta Titanium Alloys

There are essentially two steps making up the heat treat-
ment of beta titanium alloys—(i) Solution treatment and (ii)
Aging.

2.1 Solution Treatment

The purpose of solution treatment is threefold—(i) To take
the alloying elements into solution into the beta phase, (ii)
To realize a homogeneous beta phase solid solution and (iii)
To obtain a supersaturated beta solid solution at room tem-
perature. The objectives (i) and (ii) are achieved by heating
the material into the beta phase field and soaking for suffi-
cient time at that temperature. The objective (iii) Is achieved
by following up soaking with fast cooling the material to
room temperature.

2.2 Aging

The material is relatively soft and highly ductile in the
solution-treated condition. Aging of the solution-treated
material is carried out to increase the strength; in the
process, however, there is some loss of ductility. Decom-
position of beta phase takes place during aging, with
accompanying precipitation of alpha phase. Through opti-
mal choice of aging temperature and time, alpha phase
can be made to precipitate in a finely distributed form,
thereby exploiting a high precipitation hardening effect.
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Intermediate phases—omega or beta prime—may occur,
when relatively low aging temperatures are adopted.
In solute-lean beta alloys, i.e., alloys with low value of
molybdenum equivalent (Mo,,) (e.g. Til1.5M06Zr4.5Zn,
TilOV2Fe3Al, Til5-3), omega phase is observed. In
solute-rich alloys, i.e., alloys with high Mo, (e.g.,
Ti3AI8V6CrdMo4Zr), beta prime phase is observed [8].
Overaging occurs, if too high aging temperatures are
employed or if aging is carried out beyond the time at
which peak hardness is reached. There are essentially two
types of aging—(1) Single aging and (2) Duplex aging.

2.2.1 Single Aging (SA)

Figure 1a shows schematically the single aging treatment.
Previous researchers who worked with beta titanium alloys
and their heat treatment have used temperatures in the range
of 300 to 660 °C for single aging, the aging temperature also
depends upon the alloy composition.

2.2.2 Duplex Aging (DA)

The most commonly studied type of duplex aging treatment
consists of two steps of aging, with the first step being car-
ried out at a relatively low aging temperature for a long time
and the second step at a relatively high temperature for a
short time. Figure 1b shows schematically the duplex aging
treatment. The first step of aging was carried out by previous
researchers in the range 250-600 °C; the second step was in
the range 300-600 °C. The actual temperatures and times
chosen by the researchers depended on the alloy grade. It
turns out and as will be seen in the subsequent section, the
parameters used for duplex aging have an important influ-
ence on the mechanical properties obtained.

There is another type of duplex aging treatment, which
have received the attention of a few research workers.
This comprises aging at a relatively high temperature in
the first step, with a second step of aging at a relatively
low temperature. Figure 1c is a schematic representation
of this type of aging. This has been referred to in the
published literature as high-low duplex aging, as opposed
to the low-high duplex aging discussed in the previous
paragraph. Jiang et al. [11] studied the effect of high-low
duplex aging on the mechanical behavior of Ti-15Mo-
3A1-2.7Nb-0.2 Si. Du et al. [12] carried out studies on
Ti-3.5A1-5Mo-6 V-3Cr-2Sn-0.5Fe with high-low aging
sequence. Niwa et al. [13] reported their findings on
the effect of high-low duplex aging on the mechanical
behavior of Ti-15 V-3Cr-3Sn-Al. All these publications
brought out that high-low duplex aging yields a better
strength—ductility combination. Boyer et al. [14] reported
an improvement in LCF life of Ti-15-3 by high-low
duplex aging. Kazanjian and Starke [15] did not find any



Trans Indian Inst Met (2022) 75(12):2985-2996 2987

Fig. 1 Schematic illustration \
of (a) solution treatment and W (a)
single aging, (b) solution treat-
ment and low-high-type double ; .
aging, (c) solution treatment and 790°C to 1000°C
high-low-type double aging o)
= 0.08 hrto 1 hr 300°C to 660°C
k
2
o
4 lhrto72hr
£
(V]
=t
AC
SOLUTION TREATMENT SINGLE AGING
4
850°C to 1000°C (b)
450°C to 660°C
g 0.5hrto 1.5 hr
2 1hrto20hr
2
[ 250°C to 440°C
]
o
g 12hrto24h
- rto r
SOLUTION TREATMENT PRE AGING SilGALAGIHG
f
790°C to 830°C (©)
SL_). 0.08hrto 1 hr 500°C to 650°C
2
S
® 0.1hrto24 hr g B
5 300°C to 550°C
a
5
2 0.08 hr to 100 hr
SOLUTION TREATMENT PRE AGING FINAL AGING

v

Time (hr)

significant effect of high-low duplex aging on fatigue = of number of publications and the present review is con-
crack propagation in Ti-15-3. However, studies based on  fined to this type of duplex aging.
low-high duplex aging have dominated the scene in terms
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Table ,1 Titanium glloy gr fades S.No  Commercial name/ Mean Chemical Composition ~ f Transus (°C)  Density (z/cm®) Mo o
on which comparative studies Grade Name q
were carried out by different
Authors 1 Ti-15-3 Ti-15 V-3Cr-3A1-3Sn 760 478 12
2 Ti-5553 Ti-5Al-5Mo-5 V-3Cr-0.5 Fe 860 4.67 8
3 p21-S Ti-15Mo-2.7Nb-3A1-0.2 Si 807 4.94 12.8
4 Ti-38-644 Ti-3Al1-8 V-6Cr-4Mo-4Zr 780 4.82 16
5 Ti-55531 Ti-5A1-5Mo-5 V-3Cr-1Zr 856 4.65 8.15
6 Ti-3.5Al1-5Mo-4 V  Ti-3.5A1-5Mo-4 V 820 10.06

3 Results Obtained From Studies on Metastable
Beta Titanium Alloys, Comparing the Single
Aging and Duplex Aging

Table 1 is a compilation of the beta alloy grades on which
comparative studies on single and double aging have been
carried out by different authors. Also included in the table
are the corresponding f-transus, density and Mo eq.

3.1 Tensile Testing and Hardness Testing

Furuhara et al. [16] carried out studies on Til5-3 alloy and
reported that duplex aging, in comparison with single aging,
resulted in a higher hardness, except when the single aging/
second step of duplex aging was carried out at a high tem-
perature of 600 °C. Ivasishin et al. [17] carried out duplex
aging treatments on Til5-3 alloy, consisting of 8 h at 300 °C
as the first step and a second step aging at 450 and 538 °C.
They reported an increase in 0.2% proof strength, ultimate
tensile strength, % elongation and % reduction in area, com-
pared to single aging. Their studies also covered another
beta titanium alloy, $-21S. Even with this alloy, duplex
aging led to improvements in both strength and ductility.
Schmidt et al. [18] and Chaikh et al. [19] carried out stud-
ies on Ti3A18V6Cr4Mo4Zr alloy. They reported that duplex
aging led to gain in ductility at comparable strength levels.
An intergranular fracture after single aging was replaced
by a predominantly transgranular fracture after duplex
aging. Santhosh et al. [20, 21] carried out detailed studies
on Til5-3 alloy, with focus on comparing single aging and
double aging in terms of mechanical properties obtained.
Duplex aging resulted in increased hardness and monotonic
strength. They also reported that optimally chosen set of
duplex aging parameters gave rise to a better combination
of strength and ductility in this alloy. Campanelli et al. [22]
studied the beta alloy Ti5SAISMo5V3Cr; they compared
the performance of the alloy after BASCA treatment and
a double aging treatment. Compared to BASCA treatment,
double aging treatment yielded major improvement in hard-
ness. Yumak et al. [23] carried out studies on the effect of
heat treatment on mechanical properties of Ti-15-3. When a
cryogenic treatment was carried out after solution treatment,

@ Springer

there was an improvement in tensile strength and % elonga-
tion after duplex aging, compared to single aging. There
was a drop in strength when no such cryogenic treatment
preceded the aging. Ji et al. [24] looked into the effects of
double aging heat treatments on the mechanical behavior
of Ti3.5A15Mo4V alloy. They reported that duplex aging
gave rise to increased hardness compared to single aging.
There have been a few reports, particularly in the recent
years, bringing out that duplex aging does not always lead
to improved strength—ductility combination. Ren et al. [25]
studied the influence of duplex aging heat treatments on
mechanical properties of the near beta alloy Ti55531. The
strength was higher after duplex aging than that obtained
after single aging. But the material was found to fail without
any plastic deformation. The fracture mode changed from
predominantly dimple fracture in the single-aged condition
to predominantly facetted and cleavage type in the duplex-
aged condition. Salvador et al. [26] studied the effects of
double aging heat treatments on the mechanical behavior
of niobium-modified Ti5553 alloy and reported similar
findings. Higher hardness and notably higher strength were
achieved after duplex aging. However, the % elongation
obtained after duplex aging was abysmally low (1.2). Man-
tri et al. [27] studied the transformations in Ti-15Mo-3Nb-
2.7A1-0.2Si. Duplex aging led to higher strength compared
to the strength obtained after single aging. Increase in the
preaging time resulted in increase in strength. Table 2 is a
compilation of the results obtained by different authors on
comparative study of tensile test results and hardness values
obtained after single aging and double aging.

3.2 Microstructure

Studies by Krugmann and Gregory [28] and Wagner and
Gregory [29] on the Ti3Al8V6CrdMo4Zr alloy brought
out that duplex aging leads to a more homogenous pre-
cipitation of alpha phase. Furuhara et al. [16] carried out
studies on Til5-3 alloy and reported that duplex aging, in
comparison with single aging, resulted in a finer and more
uniform distribution of alpha precipitates. Schmidt et al. [18]
and Chaikh et al. [19] carried out studies on Ti3AI8V6Cr-
4Mo4Zr alloy. They reported that after duplex aging, alpha
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Table 2 Results of tensile testing and hardness testing in Single aged and duplex aged conditions

S.no Authors & Ref. no Alloy grade Heat treatment details UTS YS % El RA Hardness
[MPa] [MPa] [HV]

1 Furuhara et al. [16] Ti-15-3 300°C/8h - - - - 360
250 °C /24 h+300 °C /8 h - - - - 402
500°C/8h - - - - 300
250 °C /24 h+500 °C /8 h - - - - 390
660 °C /8 h - - - - 260
250 °C /24 h+660 °C /8 h - - - - 260

2 Ivasishin et al. [17] Ti-15-3 450 °C/16 h (SA) 1370 1270 8.3 37 -
300 °C/8 h+450 °C/16 h (DA) 1430 1330 10.4 46 -
538 °C/16 h (SA) 1085 975 14.5 69 -
300 °C/8 h+538 °C/16 h (DA) 1120 1030 17.6 1 -

p-21S 520 °C/8 h (recrystallized)(SA) 1489 1435 8.5 39 -
300 °C/8 h+520 °C/8 h(recrystallized) 1620 1570 9.8 38 -
(DA)

520 °C/8 h (recovered)(SA) 1550 1506 6.2 18 -
300 °C/8 h+520 °C/8 h (recovered)(DA) 1615 1564 8.6 42 -

3 Schmidt et al. [18] Ti 38-644 500 °C/28 h (SA) 1255 1195 8 14 -
480 °C/28 h (SA) 1320 1250 6 10 -
440 °C/12 h+ 500 °C/24 h(DA) 1248 1188 11 18 -

4 Chaikh et al. [19] Ti 38-644 500 °C/28 h (SA) 1255 1195 8 14 -
440 °C/12 h+500 °C/28 h (DA) 1251 1164 5 9 -

5 Santhosh et al. [20, 21] Ti-15-3 500 °C/8 h (SA) 1155 1081 10.5 42 358
250 °C/24 h+500 °C/8 h (DA) 1246 1180 8.0 32 376
500 °C/10 h (SA) 1193 1131 7.5 31 373
300 °C/10 h+500 °C/10 h (DA) 1226 1168 8.6 34.5 405

6 Campanelli et al. [22]  Ti -5553 607 °C/8 h (SA) - - - - 393+3
300 °C/2 h+607 °C/8 h (DA) - - - - 467+10

7 Yumak et al. [23] Ti-15-3 450 °C/20 h (SA) 1210 1200 8 - -
250 °C/24 h+450 °C/20 h (DA) 1200 1050 8.5 - -
550 °C/10 h (SA) 1180 1000 7 - -
250 °C/24 h+550 °C/10 h (DA) 990 900 7 - -
450 °C/20 h (SA) (CRYO) 1010 1000 6 - -
250 °C/24 h+450 °C/20 h (DA)CRYO 1300 1190 8.8 - -
550 °C/10 h (SA) CRYO 1020 980 7 - -
300 °C/10 h+550 °C/10 h (DA) CRYO 1100 1020 8.5 - -

9 Jietal. [24] Ti-3.5A1-5Mo-4 V500 °C/8 h (SA) - - - - 450
300 °C/0.08 h+500 °C/8 h (DA) - - - - 450
300 °C/0.5 h+500 °C/8 h (DA) - - - - 465
300 °C/2 h+500 °C/8 h (DA) - - - - 470
300 °C/4 h+500 °C/8 h (DA) - - - - 490
300 °C/8 h+500 °C/8 h (DA) - - - - 520
300 °C/12 h+500 °C/8 h (DA) - - - - 524
350 °C/0.08 h+500 °C/8 h (DA) - - - - 450
350 °C/0.5 h+500 °C/8 h (DA) - - - - 465
350 °C/2 h+500 °C/8 h (DA) - - - - 485
350 °C/4 h+500 °C/8 h (DA) - - - - 500
350 °C/8 h+500 °C/8 h (DA) - - - - 520
350 °C/12 h4500 °C/8 h (DA) - - - - 515
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Table 2 (continued)

S.no Authors & Ref. no Alloy grade Heat treatment details UTS YS % El RA Hardness
[MPa] [MPa] [HV]
10 Renetal. [25] Ti-55531 600 °C/0.5 h (SA) 1265+5 1173+4 9+0.7 - -
300 °C/2 h4600 °C/0.5 h (DA) 1368 +11 — 2+04 - -
600 °C/10 h (SA) 1261£3 11865 6+£09 - -
300 °C/2 h+600 °C/10 h (DA) 1212+7 - 1+£06 - -
11 Salvador et al. [26] Ti-5553 600 °C/2 h (SA) - - - - 425
250 °C/1 h+600 °C/2 h (DA) - - - - 430
250 °C/3 h+600 °C/2 h (DA) - - - - 440
250 °C/8 h+600 °C/2 h (DA) - - - - 454
300 °C/1 h+600 °C/2 h (DA) - - - - 460
300 °C/3 h+600 °C/2 h (DA) - 1233+7 1.2+0.6 - 470
300 °C/8 h+600 °C/2 h (DA) - - - - 472
350 °C/1 h+600 °C/2 h (DA) - - - - 478
350 °C/3 h+600 °C/2 h (DA) - - - - 482
350 °C/8 h+600 °C/2 h (DA) - - - - 465
12 Mantri et al. [27] p-21S 600 °C/1 h (SA) 1200 - - - -
350 °C/5 h+600 °C/1 h (DA) 1320 - - - -
350 °C/20 h+600 °C/1 h (DA) 1500 - - - -
350 °C/100 h+ 600 °C/1 h (DA) 1610 - - - -
350 °C/150 h+600 °C/1 h (DA) 1795 - - - -

phase precipitated in a finer manner with a higher degree
of homogeneity, compared to single aging. Duplex aging
also eliminated precipitate-free zones (PFZs) present in the
microstructure after single aging. The authors also reported
that duplex aging resulted in a reduction in grain bound-
ary alpha. Precipitation of alpha phase at grain bounda-
ries in the beta alloy Ti5A15-Mo5V3Cr alloy received the
attention of Wain et al. [30]. They found that duplex aging
helped in suppressing such precipitation. Figure 2a and b
shows the SEM backscattered electron images after single
aging and duplex aging, respectively. It is clearly seen that
double aging suppressed the precipitation of alpha at grain
boundaries. Santhosh et al. [20, 21] carried out detailed stud-
ies on Til5-3 alloy, with focus on comparing single aging
and double aging. They reported that duplex aging led to
finer alpha particle size on the one hand and higher volume
fraction of alpha phase on the other hand. Figure 3a and b
shows the TEM images of the alloy after single aging and
duplex aging, respectively. In addition, they reported that (i)
there was a reduction in grain boundary alpha after duplex
aging and (ii) micro-PFZs present after single aging were
not to be seen after duplex aging. Mantri et al. [27] studied
the scale of alpha precipitates in beta titanium alloys. They
reported that after duplex aging of p21S alloy, the precipita-
tion of alpha phase was characterized by high density and
extremely fine scale. Yumak et al. [23] carried out stud-
ies on microstructure, and duplex aging was found to result
in fine, high-volume fraction of alpha phase, with alpha
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Fig. 2 SEM backscattered electron images (a) 500 °C/2 h and (b)
250 °C/16 h followed by 500 °C/2 h, reproduced from Wain et al.
[30], with permission from Elsevier, 2010
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Fig. 3 TEM micrographs of
Til5-3 alloy in heat-treated con-
dition; (a) After single aging (b)
After duplex aging, reproduced
from Santhosh et al. [21], with
permission from Elsevier, 2014

phase dispersed in beta matrix more uniformly. Ji et al. [24]
reported that double aging of Ti3.5A15Mo4V alloy resulted
in refined alpha precipitation. Figure 4 shows a reproduc-
tion of their findings. Figure 4a gives the microstructure
after single aging; Fig. 4b and c gives the microstructure
after double aging with preaging for 4 h and 12 h at 300 °C,
respectively. The refinement of alpha precipitation after dou-
ble aging could be clearly seen, and the degree of refinement
was higher with a longer preaging time. Salvador et al. [26]
studied the effects of double aging on the microstructure of
niobium-modified Ti5553 alloy. Compared to single aging,
duplex aging resulted in finer and disperse alpha distribu-
tion. Large alpha precipitates present after single aging
were absent after double aging. Ivasishin et al. [17] studied
the precipitation phenomena in Ti-15-3 and B-21S alloys.
Single aging led to coarse alpha precipitation; in contrast,
duplex aging resulted in fine and uniform distribution of
alpha phase. Table 3 is a compilation of the comparative
microstructure studies carried out by different authors in
single-aged and duplex-aged conditions.

3.3 Fatigue Testing

Schmidt et al. [18] and Chaikh et al. [19] carried out studies
on Ti3A18V6Crd4Mo4Zr alloy. There was some improvement
in fatigue life after duplex aging; threshold stress intensity
factor after duplex aging was higher than that after single
aging. Santhosh et al. [20, 21] carried out detailed studies
on Til5-3 alloy, with focus on comparing single aging and
double aging. There was an impressive increase in high-
cycle fatigue life after duplex aging. What is important to
note, this improvement in fatigue life was seen not only at
an R value of -1, but also at a higher value (0.3). Campanelli

et al. [22] studied the beta alloy TiSAISMo5V3Cr from the
point of view of high-cycle fatigue. They compared the per-
formance of the alloy after BASCA treatment and a double
aging treatment. Compared to BASCA treatment, double
aging treatment yielded major improvement in fatigue limit.
Table 4 is a compilation of the comparative fatigue studies
carried out by different authors in single-aged and duplex-
aged conditions.

4 Discussion
4.1 Microstructure

There is a consensus among various workers that duplex
aging, in comparison with single aging, leads to more
homogenous alpha precipitation, finer size of alpha particles
and higher volume fraction of alpha phase. Aging at rela-
tively low aging temperatures results in formation of either
omega or beta prime phase, and there is agreement among
different workers [16—18, 31-34] to this effect. It is hence
believed that the first step of aging in duplex aging leads
to the formation of one of these intermediate phases, with
their dispersion in the beta matrix being extremely fine and
uniform all over the volume of the material. The published
literature [16, 31, 33, 35, 36] also provides strong evidence
that this intermediate phase serves as nucleating site for
equilibrium alpha, given enough thermal activation. It is
thus believed that the second step aging leads to the finely
and uniformly dispersed intermediate phase transforming
into equilibrium phase, also distributed in the beta matrix
in a fine and uniform manner. Duplex aging thus harnesses
the formation of intermediate phases at relatively low aging
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Fig. 4 SEM images of microstructure (a) single aging and (b and c¢)
duplex aging with preaging time of 4 h and 12 h, respectively [24]
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temperatures to advantage and leads to finer and more uni-
form alpha phase precipitation in beta matrix, compared to
single aging.

In this context, it is easy to understand the effect of rate
of heating to aging temperature on microstructure evolu-
tion in beta titanium alloys. Ivasishin et al. [34] carried out
studies on Ti4.5Fe6.8Mo1.5Al, Ti5SV5Mol1Crl1Fe5Al and
Til5-3 alloys. They reported that low heating rates lead to
fine and uniform precipitation of alpha phase, whereas a
high heating rate give rise to a relatively coarse and non-
uniform precipitation. Wu et al. [37] and Pande et al. [38]
reported similar effect of heating rate on alpha precipitation
in Ti15-3 alloy. Similar are the findings of Wain et al. [30]
on Ti5A15Mo5V3Cr alloy. Figure 5a and b shows the micro-
structure after a high heating rate (~ 100 °C/min) and a low
heating rate (10 °C/min) to aging temperature, respectively.
At relatively low heating rates, material spends enough time
at relatively low temperatures and intermediate phase pre-
cipitates. The effect is equivalent to carrying out first step
of the duplex aging treatment. At higher heating rates, the
material does not spend enough time at the low tempera-
tures, where the intermediate phases form. The low cooling
rate is thus in effect a duplex aging treatment, giving rise to
a fine and uniform dispersion of alpha phase.

4.2 Mechanical Properties (Tensile Test Results
and Hardness Results)

4.2.1 Tensile Strength and Hardness

There is largely consensus among different researchers that
the hardness and strength of the material are higher in the
duplex-aged condition, compared to the single-aged condi-
tion. It is well established that a higher volume fraction of
the precipitating phase and a smaller interparticle spacing
increase the strength of the material. Duplex aging has been
found to increase the volume fraction of the precipitated
alpha phase. Duplex aging has also been found to result in
finer size of alpha precipitates. This results in a reduced
interparticle spacing of alpha phase. On both these counts,
duplex aging leads to a higher strength of the material. Du
et al. [39] brought out that the following equation (Eq. 1)
holds good for beta titanium alloys

o pfos/das (1)

where o is the proof strength of the material and fas is the
area fraction of secondary alpha precipitates with a dimen-
sion of das. The equation conveys that strength increases on
one side with increasing area or volume fraction of second-
ary alpha particles and on the other side with decreasing
secondary alpha particle size. As brought out in the forego-
ing section, duplex aging increases the volume fraction of
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Table 3 Comparative S.No
microstructure studies carried
out by different authors in
single aged and duplex aged
conditions

Authors & publications Alloy Grade Heat treatment details

Furuhara et al. [16] Ti-15-3 As at S.No 1 of Table-2
Schmidt et al. [18] Ti 38-644 As at S.No 3 of Table-2
Chaikh et al. [19] Ti 38-644 As at S.No 4 of Table-2
Wain et al. [30] Ti-5553 600 °C/ (0.25 h to 8 h) (SA)
500 °C/2 h (SA)
250 °C/16 h+500 °C/2 h (DA)
5 Santhosh et al. [20, 21] Ti-15-3 As at S.No 5 of Table-2
6 Mantri et al. [27] B-21S 600 °C/1 h (SA)
350 °C/0 h+600 °C/1 h (DA)
350 °C/5 h+600 °C/1 h (DA)
350 °C/20 h+600 °C/1 h (DA)
350 °C/100 h+600 °C/1 h (DA)
350 °C/150 h+600 °C/1 h (DA)
8 Yumak et al. [23] Ti-15-3 As at S.No 6 of Table-2
Jietal. [24] Ti-3.5A1-5Mo-4V 500 °C/8 h (SA)
300 °C/0.08 h+500 °C/8 h (DA)
300 °C/0.5 h+500 °C/8 h (DA)
300 °C/2 h+500 °C/8 h (DA)
300 °C/4 h+500 °C/8 h (DA)
300 °C/8 h+500 °C/8 h (DA)
300 °C/12 h+500 °C/8 h (DA)
350 °C/0.08 h+500 °C/8 h (DA)
350 °C/0.5 h+500 °C/8 h (DA)
350 °C/2 h+500 °C/8 h (DA)
350 °C/4 h+500 °C/8 h (DA)
350 °C/8 h+500 °C/8 h (DA)
350 °C/12 h+500 °C/8 h (DA)
11 Ivasishin et al. [17] Ti-15-3 538 °C/16 h (SA)
300 °C/8 h+538 °C/16 h (DA)
B-21S 520 °C/8 h (SA)
300 °C/8 h+520 °C/8 h (DA)

AW =

Table 4 Comparative fatigue S.No
studies carried out by different :

authors in single aged and 1 Schmidt et al. [18] Ti 38-644 500 °C/28 h (SA)
duplex aged conditions 440 °C/12 h+500 °C/24 h (DA)
2 Chaikh et al. [19] Ti 38-644 500 °C/28 h (SA)
440 °C/12 h+500 °C/28 h (DA)
3 Santhosh et al. [20, 21] Ti-15-3 500 °C/10 h (SA)
250 °C/24 h+500 °C/8 h (DA)
4 Campanelli et al. [22] Ti -5553 607 °C/8 h (BASCA)
300 °C/2 h+607 °C/8 h (DA)
5 Yumak et al. [23] Ti-15-3 550 °C/20 h (SA)
250 °C/24 h+550 °C/20 h (DA)

Authors & Publication Alloy Grade Heat Treatment Details

secondary alpha and at the same time has a refining effect There are a few instances where duplex aging has not
on the secondary alpha particle size. On both these counts,a ~ improved the hardness/strength or even caused a drop in the
higher strength value should be attained in the duplex-aged  strength. In several of these instances, the temperature for
condition, as per the equation. second step of duplex aging is relatively high. For example,
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Fig. 5 SEM backscattered electron images: (a) heated at 100 °C /min
to 600 °C; (b) heated at 10 °C /min to 600 °C. 2 h holding time at
600 °C in both cases, reproduced from Wain et al. [30], with permis-
sion from Elsevier, 2010

Furuhara et al. [16] found no improvement in hardness
after 250 °C/24 h+ 660 °C/8 h duplex aging, compared to
660 °C/8 h single aging. Ren et al. [25] found a drop in UTS
value after 300 °C/2 h+600 °C/10 h duplex aging, com-
pared to 600 °C/10 h single aging. Yumak et al. [23] found
a drop in both UTS and YS after 250 °C/24 h+550 °C/10 h
duplex aging, compared to 550 °C/10 h single aging. It has
been well documented that preaging accelerates the precipi-
tation process [21]. If the temperature for second step aging
is relatively high, overaging may set in, coming in the way of
an increase in the strength or even causing a drop in strength.

4.2.2 Ductility

As regards ductility, as manifested by % elongation and
% reduction in area, several studies have brought out that
acceptable ductility levels are obtained after double aging.
Ivasishin et al. [17] reported both improved strength and
improved ductility after double aging for the grades Til5-3
and beta 218, compared to single aging. Studies by San-
thosh et al. [20, 21] on Til5-3 and Yumak and Aslantag
[9], Yumak et al. [23] again on Til5-3, show that ductil-
ity obtained after single aging is essentially retained after
double aging. However, ductility value is found to severely
suffer after double aging in case of grades Ti55531 [24]

@ Springer

and niobium-modified Ti5553 and Ti12Nb alloys [26].
For Ti55531, failure in the duplex-aged condition is
found to occur without any plastic deformation. Fracture
mode changes from predominantly dimple fracture in
the single-aged condition to predominantly facetted and
cleavage fracture after the duplex-aged condition. Even
for Nb-modified Ti5553, predominantly brittle fracture is
observed, with a predominance of cleavage facets over
dimples, in line with the low % elongation observed after
double aging.

One of the factors contributing low ductility is the pres-
ence of grain boundary alpha. A number of publications
are available in the literature [39-48], which bring out
that grain boundary alpha promotes intergranular fracture,
resulting in a lower tensile ductility. For near p-Ti alloys,
the grain boundary alpha phase generally appears with a
continuous layer morphology due to the phase nucleating
and developing preferentially at initial 8 grain boundaries
[25]. Ti55531 is a near beta alloy, with a low molybdenum
equivalent of 8.15, and the authors have found occurrence
of well-developed grain boundary alpha in the alloy. This
is believed to be importantly contributing to the near zero
ductility observed in the duplex-aged condition. There is
evidence that duplex aging can be exploited to suppress
the grain boundary alpha. For example, Santhosh et al.
[20, 21] observed that duplex aging can reduce the extent
of grain boundary alpha. This can be stated to be a reason
for the good ductility values obtained after double aging
of Til5-3 alloy. Schmidt et al. [18] studied the Ti38-644
alloy and concluded that duplex aging suppresses grain
boundary alpha and improves the tensile ductility. Wain
et al. [30] studied the Ti5553 alloy and demonstrated that
duplex aging prevents the formation of grain boundary
alpha.

Another factor contributing to the poor ductility is the
ultra-fine alpha particle size. The ultra-fine secondary alpha
precipitates appearing in the duplex-aged condition, while
they give rise to very high strength, can lead to near zero
ductility condition, as has been brought out by Ren et al. [25]
for Ti55531 and Salvador et al. [26] for Nb-modified Ti5553.
For duplex aging to be exploited meaningfully, it is hence
important to control the duplex aging parameters in order
to exercise control on the resulting secondary alpha particle
size. Yet another factor contributing to the poor ductility of
beta titanium alloys is the presence of precipitate-free zones
(PFZs) in the microstructure. After certain conditions of
aging, these zones may be present in the microstructure. The
material inside these zones is softer compared to the matrix
surrounding them. A number of researchers [20, 29, 33, 45]
concluded that the zones act as sites for strain localization
during loading. Different workers like Styczynski and Wag-
ner [49]; Chaikh et al., [19]; and Schmidt et al. [18] have
reported that duplex aging can be successfully employed to
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eliminate the PFZs from the microstructure. Santhosh et al.
[20, 21] observed micro-PFZs after single aging; duplex-
aged structures did not have any such zones. The retention
of ductility, in spite of increase in strength seen after duplex
aging, is believed to be facilitated by disappearance of these
zones in the duplex-aged condition.

4.2.3 Effect of starting metallurgical condition

Another observation one can make is that the improvement
in the mechanical properties after duplex aging may be sen-
sitive to the starting condition of the material. Thus, in the
studies by Yumak et al. [23] on Ti-15-3, duplex aging lead
to improvement in both strength and ductility, with a pre-
ceding cryogenic treatment. Without such treatment, duplex
aging in fact lead to drop in the strength. There are also
studies which indicate that improvement in the mechanical
properties after duplex aging is achieved even when there is
a change in the starting condition of the material. For exam-
ple, the studies by Ivasishin et al. [17] on Ti 21S brought out
that duplex aging is beneficial to both strength and ductility,
in both recovered and recrystallized conditions of the start-
ing material.

4.3 Fatigue Behavior

The effect of duplex aging on behavior of the alloys under
fatigue loading conditions would now be discussed. In addi-
tion to adversely affecting ductility under monotonic loading
conditions, the grain boundary alpha also plays a deleterious
role during fatigue type of loading. It has been brought out
that grain boundaries inclined at 45° to the axis of load-
ing and with the presence of alpha phase at the boundaries
serve as preferred nucleation sites for fatigue crack nuclea-
tion [38], due to localization of slip. In B-C titanium alloy,
fatigue crack nucleation is often observed to be subsurface in
nature, and this has been attributed to well-developed grain
boundary alpha [18]. As already discussed, duplex aging
suppresses grain boundary alpha. As a result, premature
initiation of cracks at such boundaries is largely prevented,
leading to increase in fatigue life. The improvement reported
by Schmidt et al. [18] and Santhosh et al. [21] provides
ample evidence that observed improvement in fatigue life
of Ti38-644 and Til5-3 alloys, respectively, in their stud-
ies after duplex aging is having contribution from higher
freedom of the duplex-aged condition from grain boundary
alpha.

Benjamin and Rao [50] reviewed the subject of crack
nucleation in beta titanium alloys under high-cycle fatigue
conditions and concluded that the duplex aging delays
fatigue crack nucleation by way of suppressing/eliminating
the potential crack nucleation sites—grain boundary alpha

and precipitate-free zones. Duplex aging is also believed to
be retarding the crack growth. Duplex aging has been found
to result in a higher threshold stress intensity (AKth) in the
studies by Yumak et al. [23] and Chaikh et al. [19]. Schmidt
et al. [18] also observed a slight improvement in fatigue
crack growth behavior after duplex aging in the long crack
propagation regime.

5 Conclusions

(1) Duplex aging of metastable titanium alloys leads to
finer and more uniform dispersion of alpha precipitates
in the beta matrix. In addition, the volume fraction of
alpha phase after duplex aging is higher.

(2) Duplex aging generally results in a higher strength and
hardness of the alloy, compared to single step aging.

(3) The effect of duplex aging has been found to be depend-
ent on alloy grade and specific duplex aging treatment
adopted.

(4) The available reports suggest that duplex aging can
also be used to derive improvements in terms of fatigue
behavior.

(5) Duplex aging suppresses grain boundary alpha in the
heat-treated condition.

(6) Duplex aging eliminates precipitate-free zones, consid-
ered an undesirable feature in the microstructure.

(7) There are a few instances, where duplex aging can lead
to very low ductility values. Unavoidable grain bound-
ary alpha and ultra-fine alpha particle size may be con-
tributing to this situation.

(8) A slow cooling rate to aging temperature in the case of
single step aging may be tantamount to duplex aging,
in terms of accrued benefits—finer dispersion of alpha
particles in the microstructure and higher strength/
hardness.
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