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a b s t r a c t

Among the commercially available titanium alloys, the metastable b Ti-5553 alloy (Tie5Ale5Ve5Mo
e3Cre0.5Fe wt.%) is an object of great interest because it is employed in aerospace structural applica-
tions, primarily in the replacement of steel components. One of the primary advantages of this alloy is its
high hardenability, which allows it to retain the b phase at room temperature, even at low cooling rates,
thereby allowing the thermoprocessing of thick parts. The aim of this investigation was to evaluate the
effect of the replacement of V with Nb on the hardenability of Ti-5553. Based on the molybdenum
equivalent criterion, the Nb-modified Ti-5553 alloy was designed to present 12 wt.% of Nb instead of
5 wt.% of V. Samples of both alloys were prepared by melting them in an arc furnace under an inert
atmosphere, heat-treated at high temperatures for 12 h and plastic deformed using swage forging.
Finally, these samples were solution heat-treated at temperatures above the b-transus followed by
cooling at different rates using water quenching, furnace cooling and a modified Jominy end quench test.
Characterization was performed by measuring Vickers hardness, X-ray diffraction, and light optical,
scanning electron and transmission electron microscopy. The results obtained indicate that metastable b
phase can be retained when the cooling rate is higher than 21 �C/s for both alloys. At lower cooling rates,
a phase precipitation was observed, but it appeared to be less evident in the Nb-modified Ti-5553,
suggesting that the replacement of V with Nb increased the hardenability of the alloy.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Metastable b titanium (Ti) alloys have been attracting the
attention of various industrial sectors due to their outstanding and
versatile properties. Such alloys contain enough b-stabilizing ele-
ments to inhibit the martensitic transformation upon quenching,
and consequently, the metastable b phase (bcc) can be retained at
room temperature. Therefore, their microstructures and mechani-
cal properties can be tailored by controlling the a phase (hcp)
precipitation in the metastable b matrix [1,2].

The heat treatment route usually applied to metastable b-Ti al-
loys to improve their mechanical properties involves the following
steps: (i) solution heat treatment in the b-phase field; (ii) cooling to
room temperature and (iii) aging at temperatures below the b-
transus. From an industrial viewpoint, the major drawback that can
arise during this procedure heavily relies on the cooling step,
particularly when thick components are involved. This is mainly
because of the cooling rate, whichmust be sufficiently high to avoid
pinas 13083-860, SP, Brazil.
).
extensive a phase precipitation. The capacity of retaining the b
phase after cooling at room temperature varies in each alloy, and
this feature is close related to the hardenability of the alloy. Ac-
cording to Luzhnikov, Novikova and Mareev [3], hardenability can
be understood as the relationship between the cooling and phase
transformation rates. For steels, hardenability involves how deep a
section can be strengthened by the martensitic transformation
during cooling from the g-phase field. In the case of metastable b-Ti
alloys, the strengthening occurs only later during the aging heat
treatment, but it is strongly dependent on the initial microstruc-
ture. Therefore, Cotton et al. [4] defined the hardenability of b-Ti
alloys in terms of the ability to produce a significant age-hardening
response from supersaturated b phase. Accordingly, the thicker the
section that can retain the metastable b phase, the higher the
hardenability or “quenchability” of the alloy.

The Ti-5553 alloy, with chemical composition
Tie5Ale5Ve5Moe3Cre0.5Fe (wt.%), is a recently developed
metastable b alloy that is considered to feature improved harden-
ability. In this regard, Boyer and Briggs [5] stated that Ti-5553
section sizes up to 152 mm could retain b metastable phase after
solution treatment and air-cooling. In addition to its high harden-
ability, Ti-5553 also presents enhanced mechanical behavior, and
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depending on the thermal processing route, the tensile strengths
can exceed 1400 MPa [6]. As a result, the Ti-5553 alloy has been an
interesting alternative to replace ultrahigh-strength steels and
other Ti alloys, such as the Tie10Ve2Fee3Al, in aircraft applica-
tions, leading to substantial weight savings [7].

A previous investigation has shown that the replacement of
vanadium (V) with niobium (Nb) in Ti-5553 can lead to improved
mechanical strength [8]. However, this replacement possibly
changes the kinetics of b phase decomposition (a phase nucleation)
and hence the alloy hardenability because it depends directly on
the slow diffusers (e.g., Mo, V and Nb) content in the alloy [4].
Therefore, the aim of this investigation is to evaluate the harden-
ability of Nb-modified Ti-5553 compared to the original Ti-5553
alloy. For this purpose, both alloys were subjected to continuous
cooling experiments using a modified Jominy end quench setup,
which allows different microstructures to be connected at different
cooling rates [3,9e11]. According to Cotton et al. [4], hardenability
assessments of commercial b alloys are usually not found in the
literature. Thus, the present study also endeavors to provide valu-
able information to fill this important need.
Fig. 1. Schematic illustrations of the modified Jominy end quench test (JQT): (a)
specimen and thermocouple positions and (b) experimental setup.
2. Experimental procedure

Nb-modified Ti-5553 was designed with the goal of total
replacement of V with Nb. For this, the molybdenum (Mo) equiv-
alent criterion (wt.%), which is given by the following equation [12],
was employed:

½Mo�eq¼ Moþ 0:6Vþ 0:44Wþ 0:28Nbþ 0:22Taþ 1:25Cr

þ 1:25Niþ 1:7Coþ 2:5Fe (1)

To maintain the same Mo equivalent as the Ti-5553 alloy, 5 wt.%
of V was replaced with 12 wt.% of Nb, resulting in the
Tie12Nbe5Ale5Moe3Cre0.5Fe alloy, which will be denoted by
Tie12Nbwithin this text. As shown in Table 1, the replacement of V
with Nb has changed neither the values of the Bo (bond order) and
Md (metal d-orbital energy level) parameters nor the electron per
atom (e/a) ratio. These parameters are usually applied in the eval-
uation of phase stability according to the electron approach [13].

Samples of Ti-5553 and Tie12Nb were prepared by voltaic arc
melting in a furnace using a non-consumable tungsten electrode
and water-cooled copper crucible under high-purity argon (Ar)
atmosphere. Ingots of 70 g were prepared using high-purity ele-
ments. To obtain chemical homogeneity, the ingots were remelted
and flipped several times. The as-cast ingots were then encapsu-
lated in quartz ampoule with Ar and heat-treated at 1000 �C for
12 h and furnace cooled. These ingots were hot swaged into cy-
lindrical bars with 11.5 mm diameter. These bars were then
machined to a 10 mm diameter, and thermocouples were inserted
into six drilled holes to acquire the temperature during the modi-
fied Jominy end quench test (JQT). Fig. 1a depicts a schematic dia-
gram of the JQT specimen and the respective thermocouple
positions (P1 to P6).

The modified JQT [14e18] allows a sample to be cooled at
different rates using just one experiment. According to Fig. 1b, cy-
lindrical samples were heated using electromagnetic induction to a
Table 1
Calculated e/a ratio, the Bo and Md parameters and Mo equivalent of the studied
alloys.

Alloy e/a Bo Md [Mo]eq

Ti-5553 4.080 2.765 2.354 13.35
Tie12Nb 4.100 2.782 2.375 13.36
temperature above b-transus (~1000 �C). After 15 min in the b-
phase field, the samples were quenched from the bottom by a
cooling water jet while the temperature was monitored by the type
K thermocouples in the six different regions. The cylinder from JQT
was sectioned at each of the six thermocouple holes, and the
relative cross sections, denoted here as samples P1 to P6, were
investigated. To evaluate extreme cooling conditions, disk samples
2 mm in thickness were cut from the swaged bars and solution
heat-treated also for 15 min, followed by water quenching (WQ) or
furnace cooling (FC).

The chemical composition of the experimental alloys was
determined by energy dispersive X-ray fluorescence spectroscopy
(Shimadzu EDX7000), whereas the interstitial contents of oxygen
(O) and nitrogen (N) were measured in a Leco TC400 analyzer. The
resulting samples were subjected to conventional metallographic
preparation followed by etching with Kroll's reagent (6mL of HNO3,
3 mL of HF and 91 mL of H2O). Light optical microscopy was con-
ducted with an Olympus BX60M microscope. Scanning electron



Table 2
Measured chemical composition of the experimental alloys.

Alloy Composition (wt.%)

Ti Al V Mo Cr Fe Nb O N

Ti-5553 Balance 4.5 ± 0.3 5.3 ± 0.3 4.5 ± 0.4 2.7 ± 0.2 0.6 ± 0.1 0 0.197 ± 0.001 0.023 ± 0.001
Tie12Nb 5.0 ± 0.1 0 5.0 ± 0.2 3.1 ± 0.1 0.6 ± 0.1 11.8 ± 0.6 0.236 ± 0.001 0.016 ± 0.001

Fig. 2. (a) Cooling curves obtained in the modified JQT for the Tie12Nb sample. (b)
Example of cooling rate estimation by linearly fitting of the cooling curves for the P1
and P6 samples of the Ti-5553 and Tie12Nb alloys.

Table 3
Estimated cooling rates for each thermocouple position in
the JQT specimen and the water-quenched (WQ) and
furnace-cooled (FC) samples.

Sample Cooling rate (�C/s)

WQ 261
P1 63
P2 21
P3 10
P4 7
P5 5
P6 4
FC 0.02

Table 4
Mean and standard deviation values of the Vickers hardness of the WQ, JQT and FC
samples.

Sample Vickers hardness (HV)

Ti-5553 Tie12Nb

WQ 327 ± 2 303 ± 5
P1 272 ± 2 274 ± 3
P2 264 ± 7 258 ± 3
P3 275 ± 3 272 ± 5
P4 279 ± 4 276 ± 5
P5 283 ± 8 278 ± 4
P6 292 ± 5 280 ± 4
FC 407 ± 6 412 ± 6

Fig. 3. Vickers hardness as a function of cooling rate for the Ti-5553 and Tie12Nb
alloys.
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microscopy (SEM) was conducted using a Zeiss EVO 15. Trans-
mission electron microscopy (TEM) images were obtained from an
FEI/Philips CM-200T (200 kV LaB6) using thin foils prepared in the
FEI Helios NanoLab™ 600 DualBeam (FIB/SEM). X-ray diffraction
(XRD) (Panalytical X'Pert diffractometer, CuKa radiation,
l ¼ 0.15406 nm) was employed to index phases. Vickers hardness
was measured using a Buehler hardness tester with a load of 1 kgf
applied for 15 s. The values of average hardness and standard de-
viation for each sample were obtained from five measurements.
3. Results and discussion

Table 2 presents the measured chemical compositions of the
experimental alloys. The composition measurements reveal that
the alloying element contents are in good accordance with the
nominal compositions. Moreover, the interstitial levels of O and N
are lower than themaximum content normally allowed for Ti alloys
established by the ASTM B977 e 13 standard, which are 0.250 and
0.030 for O and N, respectively. This suggests that no contamination
occurred during the sample preparation processes and that the



Fig. 4. Light optical micrograph, TEM dark field image and SAD pattern of the microstructures of the water-quenched Ti-5553 (“a”, “c”, “e”) and Tie12Nb (“b”, “d”, “f”) alloys.
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interstitials did not affect the b phase decomposition during the
cooling experiments.

Fig. 2a presents the cooling curves registered for each thermo-
couple positioned along the cylindrical Tie12Nb sample that was
subjected to the modified JQT. It should be noted that no significant
difference was observed between the thermal profiles obtained for
both alloys that were studied; thus, Fig. 2a is also representative of
the Ti-5553 sample. The achieved cooling rates (Table 3) were
estimated by linearly fitting the cooling curves in temperatures
ranging from 900 to 400 �C as exemplified in Fig. 2b for the P1 and
P6 samples of both alloys. This temperature range was selected
because 900 �C is slightly above the b-transus temperature (Ti-
5553 alloy [19]), and a phase precipitation is considered improb-
able at temperatures below 400 �C. From Table 3, it is possible to
see that the cooling rate values did not show any expressive dif-
ference between the P6 and P4 samples; they ranged from 4 to 7 �C/
s, respectively. On the other hand, a significant variation was ob-
tained between the P4 and P1 samples: the cooling rate changed
from 7 to 63 �C/s, respectively. Using the same fitting approach, a
much higher cooling rate was measured in the WQ sample, 261 �C/
s. This value is higher than that reported by Souza et al. [20], which
was 200 �C/s. However, these authors workedwith thicker samples.



Fig. 5. X-ray diffraction patterns of the Ti-5553 and Tie12Nb alloys after solution at
1000 �C followed by (a) water quenching and (b) furnace cooling.
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Owing to its high cooling rate, the WQ sample could be associated
with the surface of the JQT specimen that was directly in contact
with the water jet and could not be used because of excessive
oxidization. Finally, the cooling rate obtained in the furnace was
measured to be approximately 0.02 �C/s. This low rate allows the
assumption that equilibrium was reached and hence the age-
hardening response of the FC sample is null.

After establishing the cooling rates imposed on the samples, the
hardenability of Ti-5553 and Tie12Nb could be evaluated. Table 4
and Fig. 3 depict the Vickers hardness values as a function of the
estimated cooling rates. The hardness profiles are similar for both
alloys; they decrease with the cooling rate until reaching a mini-
mum value at a cooling rate of 21 �C/s (P2 samples). From P3 to FC,
there is a hardness increase with the decreasing cooling rate. This
profile can be explained by the phases resulting from the b
decomposition during cooling.

The Ti-5553 and Tie12Nb microstructures resulting from the
water quenching procedure are comparatively depicted in Fig. 4.
Under light optical microscopy (Fig. 4a and b), both results show
only b phase at room temperature, which is confirmed by the XRD
patterns shown in Fig. 5a. However, TEM dark field images (Fig. 4c
and d) also allow a highly fine-scale dispersion of u phase to be
identified in both microstructures, which is a result of the athermal
transformation from b phase. This observation is based on electron
diffraction evidence, in which the selected area diffraction patterns
(SADP) of the [113]b zone axis (Fig. 4e and f) show diffuse diffrac-
tion spots located at 1/3 and 2/3 of the way between the trans-
mitted beam and the (21e1)b phase reflection. The amount of
athermal u phase particles is considerable, and Vickers hardness
values of 327 ± 2 HV and 303 ± 5 HVwere obtained for Ti-5553 and
Tie12Nb, respectively. Considering these values, the difference
between them can be explained by the solid solution effect of the
alloying elements in the b phase of these alloys. However, these
dissimilar hardness values can also be attributed to a possible dif-
ference in the amount of u phase. It is well known that adding b-
stabilizers suppresses the athermal b / u transformation [21].
Although both alloys studied here present the same Mo equivalent,
the replacement of V with Nbmay have hindered athermal u phase
precipitation and, therefore, its amount is probably lower in the
Tie12Nb alloy, which explains its lower hardness. Nonetheless,
quantitative determination of athermal u phase is not a simple
task, and to the best of the authors' knowledge, no related work has
been published.

As already mentioned, a decrease in hardness with decreasing
cooling rate was observed for the P1 and P2 samples (Fig. 3).
Microstructure evaluation of these samples using light optical mi-
croscopy and X-ray diffraction yielded analogous results in the WQ
samples (Figs. 4a, b and 5a). In this case, despite the lower cooling
rates, no evidence of a precipitation was found. Fig. 6 presents the
TEM analyses of the P2 sample for the Ti-5553 and Tie12Nb alloys.
Again, the presence of athermal u phase in the b phase matrix can
be identified. From these results, it is possible to conclude that the
microstructures of both alloys are formed only by b þ u in cooling
rates ranging from 261 to 21 �C/s. Although they present the same
phases, the hardness values are dissimilar, suggesting that the
amount of athermal u phase is reduced with the decreased cooling
rates. It is interesting to note that, in contrast to the WQ condition,
the P1 and P2 samples of the Ti-5553 and Tie12Nb alloys exhibit
similar hardness values. This was interpreted as evidence that the
amount of u phase affected the hardness values in the WQ samples
more significantly than the solid solution.

The hardness values begin to increase from P3 samples, indi-
cating the onset of a phase precipitation. According to the XRD
analyses (Fig. 7), it was possible to identify a phase in the P3 sample
of Ti-5553, as demonstrated by the diffraction peak near 35�, which
is related to the (100) plan. Nevertheless, a phase identificationwas
possible only in the P5 sample of Tie12Nb. This implies that either
a phase precipitation occurred only in P5, or the volume fraction of
a phase in P3 and P4 was too small to be detectable by the XRD
technique. To obtain a more detailed characterization, the P3
sample of the Tie12Nb alloy was examined by TEM (Fig. 8). The
TEM dark field image (Fig. 8a) clearly shows discrete needles of a
phase with lengths of ~100 nm. However, owing to its low volume
fraction, the SADP (Fig. 8b) presents weak diffuse spots of the
{10e10} family of plans.

Fig. 9 depicts backscattered SEM images of samples P3eP6 of
the Ti-5553 and Tie12Nb alloys. In this case, etched areas in the b
grains are cavities corresponding to the a phase, which was selec-
tively corroded. It should be noted that a phase precipitates could
be observed only in etched samples; its low volume probably did
not allow a sufficient backscattered contrast to be obtained in non-
etched samples. By comparing the microstructures, it is clear that
the Ti-5553 samples show a more intense a phase precipitation
than those of Tie12Nb. Sample P3 of Tie12Nb seems to present a
fully b microstructure. However, the previous TEM analyses (Fig. 8)
confirmed a phase precipitation. With the decreased cooling rate
(P4 and P5), scarce a phase precipitation evidence in the b phase
matrix appears in some regions. A strong indication of a phase is
observed only in sample P6, but it seems to be a nonhomogeneous



Fig. 6. TEM dark field image and SAD pattern of the microstructures of the P2 position of the Ti-5553 (“a”, “c”) and Tie12Nb (“b”, “d”) alloys.

Fig. 7. X-ray diffraction patterns of the Ti-5553 and Tie12Nb alloys showing the onset
of a phase precipitation.
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precipitation. Nonetheless, it is believed that this must be an
etching artifact. Despite the difference in a phase content in the
microstructures of the alloys, no significant contrast is observed in
the hardness values for samples P3 to P5. This probably is related to
some solid solution effect caused by the relatively large Nb content
in Tie12Nb.
Whereas the solution heat treatment followed by water

quenching produced a microstructure formed by bþ u, the furnace
cooling led to total decomposition of the b phase and nucleation of
a precipitates with high crystallographic ordering in the b grains
(Figs. 5b and 10). The microstructures shown in Fig. 10 reveal that
the replacement of V with Nb led to a more refined structure,
although some coarse a phase needles coexist, mainly in the grain
boundaries. Nonetheless, this microstructural refinement did not
affect the Vickers hardness because both alloys in the FC condition
presented average hardness of approximately 410 HV (Table 4). This
value is already high, and it is obvious that no strengthening is
expected in a subsequent aging treatment because there is no
driving force for an expressive microstructural change.

In this study, the achieved critical quench rate was 21 �C/s for
both alloys. Based on the obtained results, diffusional a phase for-
mation is avoided whether the applied cooling rate is higher than
21 �C/s. On the other hand, cooling rates lower than 10 �C/s allowed
a phase precipitation, which appears to be more intense in the Ti-
5553 alloy. This suggests that the replacement of V with Nb reduces
the b phase decomposition kinetics. One possible reason for this
behavior is the larger Nb content, which increases the complexity
of the solute redistribution during the a phase formation because
more atoms are involved. In addition, the slightly lower diffusion
rate of Nb in Ti compared to V [22e24]may have also contributed to
lowering a phase precipitation. The combination of these effects is
believed to explain the improved hardenability or “quenchability”



Fig. 8. (a) TEM dark field image from a phase reflection spots (circle). (b) SAD pattern of the microstructure of the P3 position of the Tie12Nb alloy.

Fig. 9. Backscattered SEM images of samples P3 to P6 for the (a) Ti-5553 and (b) Tie12Nb alloys.

Fig. 10. Backscattered SEM images of the FC samples for the (a) Ti-5553 and (b) Tie12Nb alloys.
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of the Tie12Nb alloy.
A final remark regards the effect of the V replacement with Nb

on the b-transus temperature of the Tie12Nb alloy compared to the
Ti-5553 alloy. Cotton et al. [4] stated that the b-stabilizer content
could reduce the b-transus temperature to a point at which the
ability to subsequently age hardening is diminished by the slow
diffusion rates at lower temperatures. Therefore, the b-transus
temperatures of the studied alloys were determined. For this, an
iterative process was carried out. A sample was maintained at a
certain temperature for 15 min followed by rapid quenching; if the
presence of a phase was identified, the process was performed
again at a higher temperature. This process was repeated until the
b-transus was found three times for each alloy to consider exper-
imental errors. Following this approach, the b-transus temperature
for the Ti-5553 alloy was found to be 859 ± 2 �C, which is near that
reported by Fanning [19], 856 �C. The b-transus temperature ob-
tained for the Tie12Nb alloy was 851 ± 1 �C. Based on these values,
this slight reduction cannot be considered to be detrimental to the
subsequent aging treatment.

4. Conclusions

The following conclusions can be drawn from this investigation:

a. Ti-5553 and Tie12Nb presented similar Vickers hardness pro-
files as a function of cooling rate. The hardness values decreased
with the cooling rate until a minimum value at a cooling rate of
21 �C/s. The variation of the cooling rate from 261 to 21 �C/s
resulted in microstructures with b and u phases. The decreased
hardness in this range was interpreted to be a reduction of
athermalu phase. Cooling rates lower than 10 �C/s allowed the a
phase precipitation for both alloys. Consequently, there was an
increase in hardness with decreasing cooling rate from this
point.

b. Although both alloys presented the a phase precipitation at
cooling rates lower than 10 �C/s, it appeared to be less intense in
the Tie12Nb alloy. This suggests that the replacement of V with
Nb reduced the b phase decomposition kinetics and hence
enhanced the hardenability of the alloy. It seems reasonable to
attribute this behavior to the higher alloying element content in
the Tie12Nb and the more sluggish diffusion of Nb.

c. The replacement of V with Nb caused the b-transus temperature
to drop. The experimental results showed that this temperature
is 859 �C for Ti-5553, whereas it is 851 �C for Tie12Nb.
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