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Abstract Two novel titanium alloys, Ti–10V–2Cr–3Al

and Ti–10V–1Fe–3Al (wt%), have been designed, fabri-

cated, and tested for their intended stress-induced mar-

tensitic (SIM) transformation behavior. The results show

that for Ti–10V–1Fe–3Al the triggering stress for SIM

transformation is independently affected by the b domain

size and b phase stability, when the value of the molyb-

denum equivalent is higher than *9. The triggering stress

was well predicted using the equations derived separately

for the commercial Ti–10V–2Fe–3Al alloy. For samples

containing b with a lower molybdenum equivalence value,

pre-existing thermal martensite is also present and this was

found to have an obstructive effect on SIM transformation.

In Ti–10V–2Cr–3Al, the low diffusion speed of Cr caused

local gradients in the Cr level for many heat treatments

leading even to martensite free zones near former b
regions.

Introduction

Titanium and its alloys start to gain a unique position

among other structural materials, like Fe, Al, Ni-based

alloy. Titanium alloys are attractive and sometimes indis-

pensable materials from a ‘‘materials selection’’ perspec-

tive, due to their very good combination of mechanical and

corrosion and erosion resistance [1]. As in other metallic

systems showing two stable or meta-stable crystal struc-

tures at room temperature, titanium alloys offer many

opportunities to tailor the microstructure and the resulting

deformation behavior and resulting application fields [2–4].

The importance of metastable b titanium alloy has con-

stantly increased, mainly because the wide range of complex

microstructures enable material designers to optimize for

both strength and toughness. Phase transformation resulting

from the deformation of metals, like steel, are intentionally

used to improve properties [5, 6]. It is generally accepted

that metastable grades of b titanium alloys may undergo

deformation via the formation of SIM [7–18]. Control of this

mechanism could provide a new route to the optimization of

the load bearing capabilities of titanium alloys. Earlier

transformation plasticity studies in titanium alloys like Ti–

10V–2Fe–3Al [15, 19], b-Cez [20], and Ti–8.0Mo–3.9Nb–

2.0V–3.1Al [21] have shown that the SIM formation starting

from a metastable b phase can indeed result in an improved

balance of strength and ductility. Studies [7, 22] on SIM

confirmed that the martensitic structure is orthorhombic.

Our previous work [23] in Ti–10V–2Fe–3Al alloy demon-

strated that the triggering stress for SIM is independently

affected by the b grain (or domain) size and b phase stability

(Moeq). These two factors compete with each other, and

eventually decide the triggering stress values. The equation

describing the SIM triggering stress as a function of the

chemical stability and the grain size of the transforming b
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phase was developed for the Ti–10V–2Fe–3Al alloy but the

equation could have a wider application range and be valid

for other alloy systems too.

In the present study, two novel alloys with anticipated

related tendencies toward SIM formation (Ti–10V–2Cr–

3Al and Ti–10V–1Fe–3Al) have been prepared on the basis

of the concepts and results of the Ti–10V–2Fe–3Al alloy.

The aim of the present study was to make use of those

parameters to guide the synthesis of new alloys and to

assess the conditions for the occurrence of the expected

SIM formation.

Materials and experiments

Defining new alloy base compositions for tailored SIM

behavior

Inspired by the Ti–10V–2Fe–3Al alloy displaying a tunable

SIM behavior, new alloy compositions having the potential

to optimally exhibit such effect have been designed as

follows. The main criteria considered for designing new

alloy compositions with a (quantified) stability of in the

100% b state are the martensite start temperature Ms and

the molybdenum equivalency. Both depend on the chemi-

cal composition according to Eqs. 1 and 2, respectively

[24, 25]

Ms Kð Þ ¼ 1156� 150Fewt% � 96Crwt% � 49Mowt%

� 37Vwt% � 17Nbwt% � 7Zrwt% þ 15Alwt% ð1Þ

Mo Eq ¼ 1:00 Mowt% þ 0:28Nbwt% þ 0:22Tawt%

þ 0:67Vwt% þ 1:6Crwt% þ 2:9Fewt%

� 1:00Alwt% ð2Þ

Figure 1 shows the phase stability map calculated for

titanium alloys. The reference alloy Ti–10V–2Fe–3Al is

situated in the lower right direction relative to the two new

alloys, with a relatively lower Ms temperature and a higher

Moeq value. This stability value is assumed to apply to both a

fully b microstructure and to the b fraction in a mixed a–b
microstructure. As the formation of the a fraction during

annealing in the intercritical region induces compositional

changes due to alloying element partitioning, the stability of

the b fraction increases with the a fraction formed. For the

reference of Ti–10V–2Fe–3Al alloy, SIM behavior was

observed for its b fraction under the conditions *9 \ Moeq

b fraction \* 16 or *550 K \Ms \* 200 K. The lower

boundary Moeq value of *9 (corresponding to the upper

boundary for the Ms temperature) is determined by the

chemical composition of the base alloy while the upper Moeq

boundary value of*16 was determined from the result of an

increased (chemical) stability of the b phase as well as an

additional stabilizing effect of a smaller b grain size for high

a fractions. The chemical stability aspect has also been

explored in [7] by performing deformation studies over a

wide temperature range.

In order to get a more accurate and generally defined

compositional or compositional/microstructural window for

controlled SIM formation, two novel titanium alloys have

been designed and prepared with a nominal composition

Ti–10V–2Cr–3Al and Ti–10V–1Fe–3Al. Their stability

values for the fully b state are also indicated in Fig. 1.

The new alloys Ti–10V–2Cr–3Al and Ti–10V–1Fe–3Al

have been fabricated on a laboratory scale by the Institute

of Metal Research, Chinese Academy of Science, Sheny-

ang, China. Each alloy weighing about 5 kg was obtained

in a forged condition. The b transus temperatures for the

materials in its as-received state have been measured using

dilatometer. The measured b transus values of Ti–10V–

2Cr–3Al alloy and Ti–10V–1Fe–3Al alloy are approxi-

mately 810 ± 5 �C and 830 ± 5 �C, respectively. The

actual compositions are listed in Table 1. The as-received

microstructure of the Ti–10V–2Cr–3Al alloy shows a high
Fig. 1 Validation of the designed new alloys composition in the Ms

versus Mo eq. map

Table 1 The achieved

compositions (in wt%) of the

fabricated new alloys

Ti–10V–2Cr–3Al V Cr Al O C N H

10.6 2.18 3.19 0.1 0.05 0.013 0.001

Ti–10V–1Fe–3Al V Fe Al O C N H

9.97 0.97 3.02 0.11 0.051 0.014 0.001
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volume fraction of very fine a phase (Fig. 2a). The

Ti–10V–1Fe–3Al alloy shows a lower volume fraction of

the a phase which has a mixed morphology (Fig. 2b).

Heat-treatment procedures

Different heat-treatment schedules have been imposed to

create different a volume fractions, and hence to create b
fractions with different chemical compositions and stabili-

ties. The b ? (a ? b) phase field heat treatments were

designed to remove the initial a particles completely and to

create acicular a instead. Table 2 summarizes the heat-

treatment schedules applied to the new alloy samples. In this

type of heat treatment, the samples were first solutionized in

the b phase field (900 �C for 15 min) and then cooled to the

a ? b region (700 �C or 750 �C) at the cooling rate of

10 �C/s, then soaked and subsequently gas quenched.

Experimental methods

From the as-received thick slab, cylindrical samples of

4 mm diameter and 7 mm length were machined using

electrical discharge machining (EDM). The very thin oxided

outer surface layer was removed by careful mechanical

polishing before further experimentation. For microstruc-

ture analysis additional electropolishing with a solution of

36 mL perchloric acid, 390 mL methanol, 350 mL ethylene

glycol, and 24 mL water was used to avoid any transfor-

mation of metastable b phase to martensite during

mechanical polishing. Standard Kroll’s reagent (3 mL

Fig. 2 Micrographs of different samples: a as-received condition of

Ti–10V–2Cr–3Al alloy, b as-received condition of Ti–10V–1Fe–3Al

alloy, c 900 �C/15 min ? 700 �C/20 min for Ti–10V–2Cr–3Al alloy,

d 900 �C/15 min ? 700 �C/25 min for Ti–10V–2Cr–3Al alloy,

e 900 �C/15 min ? 750 �C/20 min for Ti–10V–1Fe–3Al alloy,

f 900 �C/15 min ? 750 �C/30 min for Ti–10V–1Fe–3Al alloy
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HF ? 6 mL HNO3 ? 100 mL H2O) was used for revealing

the various phases in Ti–10V–1Fe–3Al alloy, but a modified

etchant solution for Ti–10V–2Cr–3Al alloy was employed

to reveal the microstructure properly (5 mL HF ? 10 mL

HNO3 ? 30 mL H2O). The cylindrical samples were solu-

tion treated at the temperatures and for the times listed using

a Bahr 805 horizontal dilatometer at a vacuum level of 10-5

mbar approximately, which was followed by helium gas

quenched to room temperature. A thermocouple was spot

welded to the sample in longitudinal surface to record and

control the heat-treatment temperature. The tendency to

stress-induced martensitic (SIM) formation for the various

heat treatments has been assessed by compression testing at

room temperature at a strain rate of 10-3 s-1 in a Gleeble

1500 thermo-mechanical machine. For each annealing

condition, 3 samples were deformed. In order to avoid

friction between the anvils and the sample surface, a lubri-

cant (Lubriplate�) was used. The morphology and distri-

bution of a phase along with other microstructure features

were determined using a scanning laser confocal microscope

Olympus LEXT. The a volume fractions were determined

using quantitative metallographic software. Electron probe

micro analysis (EPMA) was performed in a JEOL 8800 M

JXA microscope to measure the local concentration varia-

tions in the microstructures. The concentration data were

obtained using a 15 kV and 50 nA beam.

Results

Microstructures after heat-treatment

After the b ? (a ? b) phase field heat treatments, the

resulting acicular a phase was either present as isolated

laths inside the grains or as Widmanstätten laths near prior

b grain boundaries. Because the b stability of these two

new alloys is significantly lower than that of the reference

Ti–10V–2Fe–3Al material, in samples with a relatively low

a volume fraction, a noticeable amount of thermal mar-

tensite in the retained b phase was present, as shown in

Fig. 2c and e as the dense light gray clusters in the b
domain. Longer soaking in the a ? b phase field (Fig. 2d,

f) resulted in a higher volume fraction of acicular a phase

upon quenching as compared to a shorter soaking time

(Fig. 2c, e). At the same time, with the increase in the a
phase fraction, the retained b phase is gradually stabilized,

resulting in b domains free of thermal martensite as can be

seen in the micrographs.

Electron probe micro analysis (EPMA)

According to earlier results [26, 27], the a phase compo-

sition does not vary much with the present heat-treatment

conditions in the two phase region. Therefore two typical

samples, (one for Ti–10V–2Cr–3Al alloy, another for

Ti–10V–1Fe–3Al alloy) were chosen for a composi-

tion analysis with EPMA. EPMA measurements were per

formed on samples which were heat treated at 900 �C/

15 min ? 700 �C/30 min for Ti–10V–2Cr–3Al alloy and

Table 2 Heat treatments, a
volume fraction and b domain

size of two new alloys

Alloy Heat-treatment schemes a volume

fraction

b domain

size

Ti–10V–2Cr–3Al 900 �C/15 min *0% *200 lm

900 �C/15 min ? 700 �C/5 min *2% *195 lm

900 �C/15 min ? 700 �C/15 min *5% *190 lm

900 �C/15 min ? 700 �C/20 min *15% *125 lm

900 �C/15 min ? 700 �C/25 min *33% *75 lm

900 �C/15 min ? 700 �C/30 min *42% *65 lm

900 �C/15 min ? 700 �C/45 min *57% *50 lm

900 �C/15 min ? 700 �C/60 min *78% –

Ti–10V–1Fe–3Al 900 �C/15 min *0% *200 lm

900 �C/15 min ? 700 �C/5 min *9% *185 lm

900 �C/15 min ? 750 �C/20 min *19% *90 lm

900 �C/15 min ? 750 �C/30 min *42% *70 lm

900 �C/15 min ? 700 �C/15 min *60% *30 lm

900 �C/15 min ? 700 �C/30 min *68% *20 lm

900 �C/15 min ? 700 �C/45 min *74% –

Table 3 Average a composition measured with EPMA

Alloys Compositions of a phase

Ti–10V–2Cr–3Al V Cr Al

5.93 1.34 3.76

Ti–10V–1Fe–3Al V Fe Al

5.35 0.46 3.51
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900 �C/15 min ? 750 �C/30 min for Ti–10V–1Fe–3Al

alloy. Table 3 lists the concentration of the alloying ele-

ments. The results show the expected quantitative evidence

of element partitioning in the a phase, which is poor in

vanadium and iron (or chromium) and rich in aluminum.

Compression test

Figure 3 shows selected stress–strain curves for the as-

received condition and some heat-treated conditions. Most

heat-treated conditions result in a double yield phenome-

non which is related to the SIM formation [7, 15, 20]. This

is also confirmed by Fig. 4, where the micrograph of

Ti–10V–1Fe–3Al alloy (900 �C/15 min ? 750 �C/30 min,

thermal martensite free) after compression testing is

shown. The lower yield stress values of the stress–strain

curves, being the start of the SIM transformation, have

been determined by the method of tangent intersection, as

shown in Fig. 3. In Ti–10V–2Cr–3Al alloy, SIM formation

shows a reasonable increase in ductility, while in Ti–10V–

1Fe–3Al alloy, samples with SIM transformation have a

noticeable increase in strength, approximately 10%. The

SIM triggering stress as a function of a volume fraction is

shown in Fig. 5. With an increasing a phase fraction, the

stress levels for SIM formation are initially more or less

constant, and then increase, as has been observed in the

Fig. 3 Compression True stress-true strain curves of different alloys:

a curves for Ti–10V–2Cr–3Al alloy, b curves for Ti–10V–1Fe–3Al

alloy

Fig. 4 Typical cross section microstructures of compressed samples:

image for Ti–10V–1Fe–3Al alloy (900 �C/15 min ? 750 �C/30 min)

Fig. 5 SIM triggering stress as a function of the a volume fraction
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reference alloy Ti–10V–2Fe–3Al [23]. When the a phase

fraction becomes too high, the SIM formation effect is

noted to be absent due to high b stability. The critical a
fractions to block the SIM formation for both alloys are

indicated in Fig. 5a and b.

Discussion

According to our previous research on Ti–10V–2Fe–3Al

[23], the triggering stress of SIM formation in this alloy

depends on two factors: the chemical stability (Moeq) of the

b phase and the b grain (or domain) size. A linear super-

position of the two effects was found to describe the trig-

gering stress for SIM formation rather well, resulting in the

following equation:

rSIM Moeq; d
� �

¼ rsi dð ÞjMoeq0
þDrst Moeq �Moeq0

� �
: ð3Þ

where rSIM Moeq; d
� �

is the SIM triggering stress of a meta-

stable b Ti alloy with a specific Moeq b stability and the b
domain size d; rsi dð ÞjMOeq0

is the SIM triggering stress for a

homogeneous b grain (or domain) of size d with nominal alloy

composition; and Drst Moeq �Moeq0

� �
is the change of SIM

triggering stress due to the change of chemical composition in

the remainingbphase Moeq �Moeq0

� �
as a result of the solute

partitioning effect upon a phase formation, taking a simplified

mean field approach to describe the change in b composition.

For these two new alloys, the experimental SIM triggering

stresses will be analyzed in more detail based on Eq. 3.

It is worth noting that the above quantitative relation

between grain size and triggering stress was calculated for

Ti–10V–2Fe–3Al, having an initial Moeq0 value of around

9 (based on the actual composition). In order to calculate

the b phase Moeq values for the new alloys as a function of

the microstructure resulting from the various heat treat-

ments, the same method as reported in Li et al. [23] was

used. By typical a phase concentrations as measured by

EPMA for the new alloys, the resulting mean field b phase

concentrations using Eq. 4 can be calculated (taking the

density of the a phase and b phase to be the same).

100� Cx% ¼ fa%� Cxa%þ 1� fa%ð Þ � Cxb% ð4Þ

where, Cx is nominal concentration of X alloying element

(listed in Table 1), fa is a phase volume fraction (listed in

Table 2), Cxa is X alloying element concentration in a
phase (listed in Table 3), and Cxb is the resulting X

alloying element concentration in b phase. From this the

Mo equivalence values for the b fraction can be calculated.

The Moeq values as a function of the a volume fraction

is now plotted in Fig. 6. When the a volume fraction

increases, the retained b phase becomes more stable,

resulting in an increase of the Moeq value.

From the resulting DMoeq values, Drst can be calculated

using the curve plotted in Fig. 7a [23]. The size dependent

triggering stress component rsi dið ÞjMOeq0
can be directly

obtained from Fig. 7b [23] using the measured b domain

sizes in each alloy.

By linear superposition of rsi dið ÞjMOeq0
and Drst, theo-

retical SIM triggering stress values can be produced which

are marked as solid squares in Fig. 5 and are shown

together with the experimental values. For Ti–10V–1Fe–

3Al alloy, the predicted and the experimental SIM trig-

gering stress are in good agreement for Moeq [ 9. This

might be expected for Ti–10V–1Fe–3Al alloy which has

the same alloying elements as Ti–10V–2Fe–3Al. The

interactions among alloying elements are quite similar

between these two alloys, and both alloys should have a

similar response to the SIM formation, after taking into

account the shift in initial chemical stability due to low-

ering of the Fe level.

For Ti–10V–2Cr–3Al alloy, deviations are seen between

the predicted and experimental values. The predicted val-

ues are generally lower than the experimental ones, and

this difference becomes greater as Moeq decreases. The

misfit is allocated to the assumed mean field approximation

for the composition of the b phase fraction. Compared with

iron, chromium has a much lower diffusion coefficient in a

titanium matrix [25]. Because of the relatively short solu-

tion heat-treatment time in the a ? b phase field, most of

the Cr atoms cannot diffuse too far away from their original

position and they just concentrate near the a/b interphase

interface. Therefore, b domains near the interface become

very stable, and those areas further away from the interface

still have the original stability. Thus, after quenching from

a high temperature, such unstable area can still have ther-

mal martensite transformation rather easily.

Fig. 6 b phase Moeq value as a function of the a volume fraction
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In order to verify this assumption, a validation experi-

ment was designed and performed. Several cylindrical

samples were machined from Ti–10V–2Fe–3Al thick slab,

and then heat treated at 900 �C for 60 min followed by

700 �C for 15 min. These heat-treated samples were divi-

ded into two groups: samples from group 1 were com-

pressed directly at room temperature in a Gleeble machine

i.e., in a condition without thermal martensite. For group 2

samples, the samples were quenched in liquid nitrogen

followed by gentle reheating to room temperature before

executing the compression test. Mechanical test result

shows that samples with thermal martensite (group 2) have

significantly higher triggering stress values than samples

without thermal martensite being present in the b phase

fraction, as clearly shown in Fig. 8.

An additional microstructural feature in the Ti–10V–2Cr–

3Al alloy that may alter the generality of the proposed b
stability—SIM formation stress relationship is shown in

Fig. 9. The feature of martensite free zones near the grain

boundaries is quite similar to the ‘‘precipitate free zone’’

observed in precipitation hardenable Al alloys. In the Ti–

10V–2Cr–3Al alloy with a low a fraction, narrow white

areas surrounding the acicular a phase are clearly visible, as

indicated in Fig. 9 with arrows. In these white areas, no

martensite is formed upon quenching. The possible reason

for such a special microstructure, as mentioned before, is the

limited diffusion distance of the alloying elements which is

affected by the change in a fraction. For the Ti–10V–1Fe–

3Al alloy, the martensite free zone does not form as the

redistributed Fe atoms move more quickly and redistribute

more or less homogeneously in the residual b phase.

Chen et al. [28] have found the similar microstructures

in duplex Fe–Mn–Al–C alloy before. However, until now,

no report exists on this kind of ‘‘martensite free zone’’ in

titanium alloy. Their influence on mechanical properties

needs further investigation.

In order to get a systematic picture of the SIM formation

conditions in the three alloys investigated (Ti–10V–2Fe–

3Al, Ti–10V–2Cr–3Al, Ti–10V–1Fe–3Al), a schematic map

Fig. 7 a Influence of the b phase stability on triggering stress,

b triggering stress as a function of the grain size for a fixed b
composition of Ti–10V–2Fe–3Al alloy [23]

Fig. 8 Microstructures and compression curves of normal sample

and liquid nitrogen quenched sample in Ti–10V–2Fe–3Al

Fig. 9 ‘‘Martensite Free Zone’’ in Ti–10V–2Cr–3Al alloy, shown

with arrows
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of the calculated Ms temperature of the b phase as a function

of Moeq value is plotted in Fig. 10. Three characteristic

areas can be distinguished: the ‘‘thermal martensite ? SIM’’

area, the ‘‘pure SIM’’ area, and the ‘‘No SIM’’ area. Due to

their identical alloying element and similar content,

boundaries of Ti–10V–2Fe–3Al and Ti–10V–1Fe–3Al

almost overlap each other. For Ti–10V–2Cr–3Al, however,

because of the lower diffusion coefficient of chromium, the

first boundary between thermal martensite ? SIM area and

pure SIM area shifts significantly.

Conclusions

The proposed relation between the occurrence of SIM

formation upon room temperature compression of meta-

stable titanium alloys derived for Ti–10V–2Fe–3Al was

found to apply also to the Ti–10V–1Fe–3Al, albeit that the

actual triggering stress was affected by the presence of

thermal martensite already present before the compression

experiment.

The formation of a ‘‘martensite free’’ zone around the

a phase in the Ti–10V–2Cr–3Al due to a very limited

diffusion distance for Cr atoms upon a formation during

intercritical annealing, prevented the wider validation of

the proposed relation between the chemical and micro-

structural b stability.

However, based on the results obtained so far SIM

martensite formation is predicted to occur for b phase

fractions with Mo equivalence between *9 and *16. For

Mo equivalences lower than * 9, thermal martensite may

be present before deformation. For that higher than *16

the b stability is such that even upon deformation the b
phase fraction does not transform martensitically.
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