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Abstract: Thermal treatments are the main route to achieve improvements in mechanical properties
of β-metastable titanium alloys developed for structural applications in automotive and aerospace
industries. Therefore, it is of vital importance to determine phase transformation kinetics and
mechanisms of nucleation and precipitation during heat treatment of these alloys. In this context,
the present paper focuses on the assessment of solid-state transformations in a β-water-quenched
Ti-5Al-5Mo-5V-3Cr-1Zr alloy during the early stages of ageing treatment at 500 ◦C. In situ tracking of
transformations was performed using high-energy synchrotron X-ray diffraction. The transformation
sequence β + ω → α + α”iso + β is proposed to take place during this stage. Results show that
isothermal α” phase precipitates fromω and from spinodal decomposition domains of the β phase,
whereas α nucleates from ω, β and also from α” with different morphologies. Isothermal α” is
considered to be the regulator of transformation kinetics. Hardness measurements confirm the
presence ofω, although this phase was not detected by X-ray diffraction during the in situ treatment.

Keywords: high-energy X-ray diffraction; near-beta titanium alloys; ageing; Rietveld refinement;
spinodal decomposition; metastable phases; Ti-55531

1. Introduction

The search for structural materials and products with advanced technology and quality has
increasingly taken into consideration characteristics such as strength-to-weight ratio, corrosion
resistance, machining cost, and absence of toxic elements. Several materials comply with these
requirements in service, including many titanium-based alloys. In medical (e.g., in orthopedic
implants) and in aerospace applications, beta (β) titanium alloys are intensively used due to their low
elastic modulus, good formability, high fatigue strength, and resistance to crack propagation [1].

The near-beta alloy Ti-10V-2Fe-3Al (Ti-10-2-3) is the leading structural material in terms of
mechanical strength. However, its application is limited by its complex processing requirements,
with a considerable number of variables, and by its sensitivity to slight composition and temperature
variations [1]. In this context, the metastable β alloy Ti-5Al-5Mo-5V-3Cr-1Zr (Ti-55531) was developed
based on the pioneering VT-22 (Ti-6Al-5V-5Mo-1Cr-1Fe) Russian alloy [2]. Its relevance relies on its
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wide thermomechanical processing window, through which considerable improvements in mechanical
properties can be achieved [3–5]. In comparison with Ti-10-2-3, the alloy is less sensitive to thermal
variations and to deformation rates [3].

Microstructural evolution of Ti-55531 alloy in the β-quenched condition during continuous
heating under different rates was studied by Barriobero-Vila et al. [3]. Their work evidenced the
influence of the heating rate on the phase transformation kinetics. During slow heating (5 ◦C/min),
martensitic orthorhombic α” phase precipitates from omega (ω) phase in the temperature range of
400–450 ◦C. When the heating rate increases, this precipitation is retarded. Subsequently, α” phase
transforms into α phase between 600 and 650 ◦C influenced by the diffusion of β-stabilizing elements
from α” to the βmatrix; this explains the metastability of α during its early stages in the alloy. In the
aforementioned work, the alloy exhibited direct precipitation of α from β phase above 650 ◦C when
a heating rate of 100 ◦C/min was employed, since the fast heating rate inhibits the formation of
metastable phases. Other studies of phase transformations in as-quenched β-metastable alloys during
heating have shown that increasingly higher rates make the distribution of α” and α phase more
homogeneous within the βmatrix [4,6–9], apart from minimizing precipitation. Ivasishin et al. have
outlined that microstructural morphology, distribution, and resulting precipitation sequences during
ageing treatments are intimately connected to the initial conditions of the alloy and to the heating rate
up to the treatment temperature [6]. They established that β alloys with fine-grained initial condition
have a faster aging response due to residual defects and/or stresses, since this leads to the acceleration
of the nucleation of precipitates and the diffusion of alloying elements. In addition, the role ofω in
the precipitation of α phase was clarified, leading to the conclusion that inducingω precipitation by
means of slow heating or intermediate ageing steps at lower temperatures is desirable to provide the
precipitation of fine α, thus enhancing mechanical properties.

Although important studies focused on the solid-state phase transformation sequences in β
titanium alloys have already been conducted, knowledge of the real basis of governing mechanisms
responsible for formation and decomposition of both stable and metastable phases is still considerably
limited. Most works on microstructural evolution make use of conventional techniques such as
dilatometry, differential scanning calorimetry, electrical resistivity, and X-ray diffraction to characterize
phase transformation kinetics [10–12]. Analyses using these techniques are not always complete
or easily carried out and interpreted. However, the development of high-energy X-ray diffraction
(HEXRD) using synchrotron radiation allows real-time (in situ) observation of microstructural evolution
and phase transformations [3,6,10,11,13,14]. HEXRD presents the advantage of short acquisition times
and high resolution, and for this reason has gained momentum in the metallurgy area for providing
the possibility of precisely elucidating phase transformation phenomena [11,12,15].

The present paper aims to investigate the kinetics and mechanisms of precipitation and
decomposition of stable and metastable phases in a Ti-5Al-5Mo-5V-3Cr-1Zr alloy with a starting
β-quenched microstructure during ageing using in situ high-energy X-ray diffraction as the main tool
to keep track of such transformations. A typical ageing temperature of 500 ◦C was chosen for the
investigation, which focuses on the early stages of transformations during heat treatment, when the
formation and decomposition of metastable phases mainly takes place.

2. Materials and Methods

The investigated material was a β-metastable alloy, Ti-5Al-5Mo-5V-3Cr-1Zr (Ti-55531), with
the following chemical composition in wt%: 5.51Al, 5.01Mo, 5.04V, 2.85Cr, 1.125Zr, 0.32Fe, 0.0665O,
0.0085N, 0.0045C and balance Ti. The [Mo]eq for this alloy is 8.36 [16] and the β-transus temperature
of the alloy is 803 ◦C, as reported in [3]. Solution treatment in the β field was carried out at 900 ◦C
for 20 min in dynamic argon atmosphere followed by quenching in water at room temperature.
This β-quenched condition represents the initial condition for heating and subsequent aging.

In situ high-energy X-ray diffraction was carried out at the ID15B beamline of the European
Synchrotron Radiation Facility (ESRF), in Grenoble, France. The experiments were performed in
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transmission mode with energy E = 87 keV (λ = 0.0142 nm) and a slit aperture size of 300 × 300 µm2.
The diffraction images were collected in a in a Pixium® Image Plate detector, with an acquisition
time set to 5 s and a readout time of 1 s. The sample-detector distance was set to 1252 mm and the
instrumental broadening was calibrated with a LaB6 capillary placed at the same distance. Samples
with dimensions of 4 × 4 × 20 mm3 were cut from the quenched alloy and heat treated in the beamline
by means of a radiant furnace with argon atmosphere. The isothermal heat treatment was carried out at
500 ◦C for 3600 s, after heating at 300 ◦C/min from room temperature (RT). The selected temperature of
analysis is based on the processing of components made from metastable β titanium alloys (e.g., Ti-17,
Ti-10V-2Fe-3Al, Ti-5553 family) [1] and on previous works with fast cooling from the beta region [4,17].
In general, the window of ageing treatment temperatures is between 500 and 600 ◦C to prevent the
presence of isothermal ω (hard and brittle phase) in the final condition. In this work, the lowest
commercial temperature was used to analyze the first 3600 s of ageing treatment after fast heating from
a β-metastable condition. The use of a fast heating rate aims to avoid the formation of the isothermal
ω phase during heating.

Sequences of complete Debye–Scherrer rings from the bulk of the sample were acquired in
transmission mode using a 2D image plate detector, and the temperature was controlled by a
spot-welded thermocouple located close to the probed spot in the sample. Instrumental calibration
was carried out using a LaB6 powder standard. Data were processed using FIT2D software [18]. Image
sequences of Debye–Scherrer rings were analyzed qualitatively using ImageJ software [19]. Resulting
diffraction patterns were refined via Rietveld’s method using Materials Analysis Using Diffraction
(MAUD) software [20] for extraction of quantitative information about phase transformations, such as
lattice parameters and phase fractions. Table 1 presents crystallographic data of the phases considered
in this paper for Rietveld refinement.

Table 1. Crystallographic data of phases considered for Rietveld refinement.

Phase A (Å) B (Å) C (Å) Structure Space
Group Atomic Positions (x, y, z) Reference

α 2.93 - 4.60 Hexagonal P63/mmc (1/3, 2/3, 1/4) (2/3, 1/3, 3/4) [21]
β 3.23 - - Cubic Im3m (0,0,0) (1/2, 1/2, 1/2) [21]

ω 4.55 - 2.78 Hexagonal P6/mmm (0,0,0) (1/3, 2/3, 1/3 + zω) (2/3,
1/3, 2/3-zω); zω = 1/6 [22]

α” 3.00 4.97 4.56 Orthorhombic Cmcm (0, y, 1/4) (0, 1-y, 3/4) (1/2, 1
2 + y,

1/4) (1/2, 1/2-y, 3/4); y0 = 0.18
[23]

Treated samples were metallographically prepared for optical and scanning electron microscopies
by grinding, polishing, and etching with Kroll’s reagent (2% HF + 4% HNO3 + 94% H2O). Optical
microscopy was carried out using a AxioScope microscope (Zeiss, Oberkochen, Germany) with an
ERC 5s camera, and SEM was performed on a Inspect F50 microscope (FEI, Hillsboro, OR, USA) at
10 kV. TEM-thin lamellae of the β-water-quenched sample and of the sample aged at 500 ◦C during
1500 s were prepared by Focused Ion Beam (FIB) using a lift-out technique in a dual beam SEM/FIB
Helios NanoLab 600 (FEI, Hillsboro, OR, USA). STEM and point quantitative chemical analyses by
energy dispersive spectroscopy (EDS) were carried out in the lamellae using the same equipment.
TEM analysis was performed in a TECNAI G2-F20 microscope (FEI, Hillsboro, OR, USA) with field
emission gun operated at 200 kV.

Aged samples were subjected to Vickers micro-hardness testing in a PB1000 Mechanical Tester
(Nanovea, Irvine, CA, USA). The load employed was 100 mN and the spacing between each indentation
was 200 µm. In total, each sample was indented nine times.
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3. Results

3.1. Initial Condition

Figure 1a reveals, by SEM, the microstructure of the β-water-quenched samples of the Ti-55531
alloy. One can notice equiaxed β-grains with a size in the range of 97 ± 55 µm. Figure 1b depicts a
High-Angle Annular Dark-Field (HAADF) STEM image of the initial microstructure, in which bright
and dark areas indicate the occurrence of spinodal decomposition (composition contrast). Table 2
presents the results of spot EDS analyses in each of these areas. It shows that the bright area is richer in
β-stabilizing elements than the dark area. The evident variation in Mo content was also observed by
Li et al. in a near-β alloy [24]. They have observed that ω formation kinetics is directly determined by
coherent spinodal decomposition within the β phase, and that Mo compositional modulation directly
influences the degree of plane collapse along <111> direction. During the displacive transformation,
ω inherits the composition of β lean regions. Hence, metastable β-grains with the presence of spinodal
decomposition and athermal ω (or ωath) phases compose the initial condition, as observed in the
electron diffraction pattern of the [113] β zone (Figure 1c). For a deeper analysis of the initial condition,
the reader is referred to the work of Barriobero-Vila et al. [3], since the material employed in both
studies came from the same batch and same heat treatment procedure.
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Figure 1. (a) Scanning electron microscopy image of the water-quenched microstructure and (b)
High-Angle Annular Dark-Field (HAADF) STEM image of the initial microstructure showing evidence
of spinodal decomposition, given by the contrast between bright and dark areas and (c) electron
diffraction pattern of the (113)β zone axis showing spots of athermalω.

Table 2. Results of EDS analyses in Figure 1 for the initial water-quenched condition of Ti-55531 alloy.

Area Composition (wt %)

Ti Al Mo V Cr Zr

Dark 82.6 5.2 4.3 4.5 2.4 1.0

Bright 79.9 5.5 5.6 5.0 2.9 1.1
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3.2. In Situ Measurements

3.2.1. Influence of Heating Up to 500 ◦C

Figure 2 depicts two portions of the Debye–Scherrer rings converted to Cartesian coordinates
corresponding to room temperature (RT) and 500 ◦C. One can notice the spots belonging to (110)β,
(200)β, and (211)β reflections in both portions, as well as no visible changes on these during the heating
step. In addition, no new reflections of phases such as α, α”, orωwere found. Thus, it can be stated
that during the heating stage phase transformation might be hindered. It is in agreement with the
findings of Barriobero-Villa, where a heating rate of 100 ◦C/min suppressed the transformation of the
present alloy in the same starting condition up to 650 ◦C [3].
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Figure 2. 2D plots of portions of Debye–Scherrer rings converted into Cartesian coordinates showing
the behavior of spots corresponding to Bragg reflections for RT and 500 ◦C.

3.2.2. Phase Evolution during Ageing at 500 ◦C

Figure 3 presents representative quarters of Debye–Scherrer rings acquired during ageing at
500 ◦C in four moments: t = 0, 600, 1800, and 3600 s, clearly showing the phase evolution during
treatment. At first glance one can notice the spotty aspect of rings at t = 0 s, indicating a coarse-grained
initial microstructure that persists until t = 600 s. Between t = 600 s and t = 1800 s, these isolated
spots align with each other as a consequence of microstructural evolution. At the same time, double
rings start to appear close to (110)β corresponding to the precipitation of isothermal α” (α”iso) and
α [4,6]. At t = 3600 s, the width of the rings increased as result of the rise in the amount of α”iso and α.
It is important to highlight that at t = 600 s one can observe weak reflections located close to {110}β
(indicated by blue arrows), evidencing the precipitate–matrix orientation relationship [25].

Figure 4 presents a more clear and detailed evolution of {110}β spots and of the diffuse streaks.
β spots experienced a decrease in intensity between t = 0 s and t = 140 s followed by an elongation
from t = 196 s onwards. One may visualize different diffuse streaks in the Debye–Scherrer rings, where
white arrows at t = 140 s point out the first signals of their appearance. At t = 265 and 377 s, the streaks
are delimited by the U-shaped curves in order to improve the visualization; white dashed lines at
t = 442 s indicate the direction of their growth. With regards to the reflections of α/α”, these become
visible at t = 265 s and are shown in the red box. As reflections evolve (contoured by the U-shaped
curves from t = 540 to 755 s), they assume aspects of double lines and they are indicated by the red
double-dashed lines at t = 1192 s.
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boxes corresponding to each period of time. The diffuse inner ring observed corresponds to the
scattering of a quartz capsule.
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Morphologically, the streaks from β→ α/α”iso directions present themselves as thin, angularly
similar, and continuous, expressing gradual and coherent evolution of lattice parameters of precipitating
phases during ageing [25]. The distinction between α and α”iso spots in Figures 3 and 4 is difficult,
since these phases precipitate within a considerably small 2θ interval (<0.5◦). Furthermore, the chosen
ageing temperature allows for precipitation of both phases, increasing the possibility of simultaneous
precipitation onset or, at least, with too short a time difference for any distinction [3–5,26,27]. Therefore,
it is plausible to propose that α and isothermal α” have their first signs of reflection at t = 140 s, and
that from this instant on diffusive β→ α + α”iso transformation becomes active [4,25–28]. For this
reason (and for refinement purposes), it is assumed that both phases begin to precipitate at the same
instant. Lastly, at t = 3600 s, the dashed α/α”-2 red line in Figure 4 indicates duplicity, showing that the
material may still contain α”iso.

Figure 5 depicts 2D color-coded time vs. 2θ plots in the 2θ intervals 3.1–3.9◦and 4.5–5.8◦ of the
azimuthally integrated Debye–Scherrer rings aiming to improve the distinction between α and α”iso.
In both intervals, it is possible to observe reflections corresponding to α”iso from t = ~300 s and on.
As mentioned before, these α”iso reflections (double peaks) also involve α reflections (single peak).
Nonetheless, as the ageing progresses, these double peaks converge to single ones indicating the
decomposition of α”iso to α [3,9,29,30]. In Figure 5a, at t = 2080 s (black arrow) the single {101}α peak
becomes distinguishable from the set of reflections composed by {111}α”/{101}α/{021}α”.
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Figure 5. Color-coded plots showing the evolution of diffraction patterns as function of time during
ageing for 2θ intervals between (a) 3.1 and 3.9◦ and (b) 4.5 and 5.8◦. The evident appearance of {101}α
reflection is indicated by the isolated black arrow.

One has to highlight that ω phase reflections were not directly observed in any of the images
analyzed in this work. It could be due to (i) the superposition of the most intenseω peaks with more
intense β peaks or (ii) to the weak and broad reflections resulting from its distorted crystal lattice [31,32]
and/or to its low volume fraction. Likewise,ω phase is also located along dislocations formed between
domains associated with β spinodal decomposition. The formation of such dislocations results in the
distortion of βmatrix lattice, hence its contribution is more significant to peak broadening, i.e., to the
FWHM [33]. The difficulties for detection of ω phase are also reported for HEXRD studies [33,34];
nevertheless, recent observations carried out by high-energy small angle X-ray scattering during ageing
in single crystals of metastable β titanium alloys could determine the presence and evolution of this
phase [35–37].

3.2.3. Microhardness

Figure 6 shows the hardness evolution during ageing. Three distinct behaviors can be observed:
(1) a slight increase up to t = 150 s, (2) a decrease up to t = 2300 s during α”iso precipitation, and (3)
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a noticeable increase related to α phase precipitation. The slight increase in hardness at t = 150 s is
most probably resulting from ωiso precipitation. This subtle change in hardness might be related to a
small volume fraction of the aforementioned phase, negligible if compared to the one observed by
Williams et al. [38], where the volume fraction of 25% ofωiso influences considerably the mechanical
properties of titanium alloys. For that reason and because no single visibleω peak was detected during
the analysis of the X-ray diffraction data, ω was not considered for refinement to avoid misleading
results. Nonetheless, the presence of ω phase is considered to explain the mechanisms involved in
precipitation and phase transformation observed henceforth.
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4. Discussion

4.1. Quantitative Analysis of Phase Transformation during Isothermal Treatment

The Rietveld refinement of diffraction patterns was carried out to quantify the present phases
during the isothermal treatment. Phase identification was as follows:

1. From t = 0 s βwas considered;
2. From t = 300 s α and α”iso volume fraction were considered together. The deconvolution of both

phases during refinement was not possible due to presented difficulties; thus, it is not possible to
assure that the fraction provided by the refinement for each one of these phases individually is
correct, so the summed values were used. The α”iso lattice parameter was taken into account
from t = 300 s;

3. From t = 2080 s, the α phase lattice parameter evolution started to be evaluated following the
increment of the intensity of {101}α reflections from {111}α” and {021}α”.

Figure 7 illustrates the refinement as a function of the time for the volume fraction of phases
(Figure 7a), the lattice parameter (Figure 7b), and the unit cell volume (Figure 7c). In all three plots, the
time (1) refers to the β decomposition onset and the onset of α + α”iso precipitation initiation, time (2)
corresponds to the start of α”iso decomposition, and time (3) to the end of the heat treatment. Between
t = 300 s and t = 2000 s, the fraction of α + α”iso reaches its maximum value, 59.9%, and then the
decomposition of α”iso into α and β begins, raising the volume fraction of β from 40.1% to 66.6% until
the end of treatment.
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4.2. Behavior of β during Ageing

The volume fraction ofβ phase decreases continuously during the first 1950 s, reaching a minimum
volume of 40.1%. Full width at half maximum (FWHM) values of {110}β and {200}β reflections were
calculated and depicted in Figure 8, together with the variation of β phase lattice parameter, δaβ.
The increase of the FWHMs for {200}β and {110}β during the heat treatment can be attributed to the
precipitation and growth of α and α”iso particles, since it leads to the introduction of microstrains and
distortion of the β lattice, and FWHM is rather sensitive to such features [6,10,38].
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The decrease of the β unit cell volume (Figure 7c) is more pronounced from t = 2100 s. It is evident
that the variation of the cell volume is a direct consequence of the progressive change in the solute
content of BCC β lattice, which leads to compositional differences between the matrix and the adjacent
areas where precipitates grow, as reported in [38–41]. In addition to this, the change of FWHM can
also indicate lattice distortion due to solid solution, i.e., precipitation and growth not only cause the
increase in lattice stress but also contribute to the chemical gradient, both of which reflect directly in
FWHM rising [10,38]. In this work, the increase in FWHM may result from α phase precipitation and
the beginning of isothermal α”iso decomposition, as seen in Figure 7a,c, respectively. Dissolution of
α”iso leads to the incorporation of β stabilizers into the matrix at a higher rate, since these elements
are barely aggregated by α [42–45]. Therefore, FWHM variations may be an indicator of how the
precipitation is evolving and the role of α and α”iso precipitation in the behavior of β during ageing
is discernible.

4.3. Precipitation and Decomposition of α”iso

The precipitation of α + α”iso reaches 59.9% of maximum volume at t = ~1950 s, then decreases and
reaches 33.4% at t = 3600 s. In Figure 7c it is noted that between the instants t = 400 s and t = 1470 s α”iso

unitary cell volume barely increases from 67.4 to 67.7 Å3. Nonetheless, between t = 1580 s and t = 2200 s,
this scenario changes given the substantial increase of such value, from 67.7 to 69.3 Å3. This increment
in volume (hence in bα” and cα” lattice parameters) is followed by the expansion of yα”, or the atomic
coordinate y of the crystal structure of α”iso phase parallel to b axis, from 0.180 to 0.185. This positive
variation is indicative of solute transfer from the matrix to α”iso, as discussed by Banumathy et al. [46]. It
is also important to highlight that the value of cα” lattice parameter at the onset of precipitation, ~4.56 Å
(Figure 7b), is close to the a parameter of theω phase, aω, ~4.55 Å (Table 1); this proximity is an indicator
that the formation of α”iso may be directly related to ω decomposition [3,9,37,38]. This, together with
the fact that the volume fraction of α + α”iso grows whilst β (with some presence of ω) decomposes
(Figure 7a) may indicate that precipitation of α + α”iso occurs due to the homogenization of domains
resulting from spinodal decomposition of β. This fact can be confirmed by STEM observation in Figure 9
for a sample aged for 1500 s, where the homogenization of spinodal domains can be observed along with
EDS results shown in Table 3. The differences in composition decreases especially for Mo, V, and Al if
compared to Table 2.
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Table 3. Results of EDS analyses for Ti-55531 alloy aged at 500 ◦C during 1500 s.

Area Composition (wt %)

Ti Al Mo V Cr Zr
Dark 81.4 5.5 4.8 4.8 2.6 0.9

Bright 80.2 5.7 4.8 5.1 3.1 1.2

Based on observations of Barriobero-Vila et al. [3] during heating, it can be proposed that the
preferential sites for nucleation and growth of α”iso phase are along dislocations, low angle grain
boundaries, and the interface of β/β’ spinodal decomposition, where isothermal ω precipitates are
located (β/ω interface). Furthermore, the crystal lattice provides favorable pathways to accelerated
atomic diffusion (such as distortions). The introduction of solute elements leads to the elimination
of stress caused in the lattice by distortions resulting from the dislocations found at β/β’ interfaces.
Therefore, precipitation of isothermalα” in this place leads to the stabilization ofβ due to the coarsening
of β/β’ domains by decreasing the compositional differences in β and β’. Consequently, a decrease in
the compositional modulation amplitude takes place.

It is plausible to propose that along with the combined precipitation of α and α”iso phases up
to the point at which the {101}α reflection stands out from {111}α” and {021}α” (Figure 5), the value
of α”iso volume fraction is higher than α. The precipitation rate of α”iso may be promoted by the
spinodal decomposition, favored by the earlier precipitation via ω→ α”iso transformation at the β/ω

interface [47]. On the other hand, the value of the y-coordinate yα” increases to approach the ideal
value to form the BCC structure (y = 0.25), as was also observed for Ti-10V-2Fe-3Al [9]. This means that
a possible α”iso→ β transformation also occurs and α”iso has a significant role in the homogenization of
spinodal decomposition domains, and thus in the precipitation of α. Therefore, α”iso can be attributed
as a “moderator” of transformation kinetics since it is fundamental to the homogenization of spinodal
decomposition domains and to the precipitation of α.

4.4. Precipitation and Morphology of α

Regarding the evolution of α lattice parameters, Figure 7b, it is possible to observe a tendency for
convergence of α”iso parameters to those of α. Until the end of treatment, bα” and aα

√
3 completely

coincide and the aα/aα” pair indicates the same tendency if a longer treatment time is employed.
This evolution indicates the gradual transformation of the metastable α”iso phase into the stable α
phase assisted by diffusive activity, as reported in literature for Ti-17 and Ti-5553 [5], Ti-10-2-3 [9], and
TC21 [48] alloys. With respect to the cell volume of α, Figure 7c, at t = 2100 s when α”iso begins to
decompose, both phases have great structural similarity, since bα” and aα

√
3 are already close to each

other. This leads one to believe that α is in or very close to chemical equilibrium. Hence, depletion
of solute from α”iso is aggregated mainly by β phase, since the decrease of β cell volume is more
accentuated than that of α.

SEM images shown in Figure 10 illustrate some characteristic morphologies of α at instants
t = 1500, 2300 and 3600 s in β grains. In Figure 10a, the β grains are barely occupied by the intragranular
α precipitates, and most of the α is located at the grain boundaries. β grain boundaries are preferred
and dominant sites for α nucleation, and despite already precipitating in the early stages of ageing,
its volume fraction is still relatively low if compared to the volume of β. When α grows within the
β matrix, the strain inherent to this misfit increases and accumulates in the volume of the material.
Thus, when stress reaches a critical value, α plates can nucleate and grow intragranularly, increasing
its volumetric fraction and evolving as seen in Figure 10d [27].
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Figure 10. SEM images in SE mode showing (a) a β grain at t = 1500 s, (b) α phase precipitated from
subgrain boundary (α-SGB) and with triangular morphology (α-T) and star-like morphology (α-S),
(c) a grain boundary with Widmanstätten α (α-WGB), grain boundary α (α-GB), and a mixture of both
(α-WGB + α-GB) or the side plates [1] at t = 2300 s, and (d) a β grain at t = 3600 s (adapted from [49]).

Figure 10b shows an example of precipitation of α along β subgrain boundaries (α-SGB), isolated
triangular (α-T) and star-shaped precipitates (α-S) within the grain. α-T was found by Dehghan-Manshadi
and Dippenaar [27] in Ti-5553 alloy aged at 400 ◦C. According to Balachandran et al. [50], they correspond
to the tendency of variant selection of αwith respect to β at the moment of precipitation, where α has
3 common <110 >α directions parallel to <111>β arranged in 60◦ from each other, leading, therefore,
to the triangular arrangement. The α stars correspond to the grouping of very thin individual lamellar
α-Widmanstätten plates which nucleated and grew from a single nucleus, probably aω precipitate [27].
On the other hand, Aaronson et al. [51] propose the formation of these plates by the “edge-face” model
of sympathetic nucleation, where larger plates form first, followed by the nucleation and growth of the
smaller plates from the faces of each other. TEM observations would be necessary to verify which of these
models is appropriate for the present case. Recent publications have reported similar microstructural
features for Ti-7333 [52] and Ti-5553 [53] under aging conditions.

Figure 10c shows the grain boundary consisting of α-GB, an α-WGB plate, and the set α-WGB
+ α-GB. The triple-grain boundary is a favorable site to the heterogeneous nucleation of α, since the
activation energy in this case is low if compared to other mechanisms found in the matrix. Thus, α
finds the ideal site to precipitate and form α-GB, whose morphology consists of a nearly continuous
film of this phase. The α-WGB + α-GB colonies are formed from the interface (α-GB/β), consisting of
α-WGB plates arranged side by side separated by the remaining β plates, enriched with β-stabilizing
elements. Each colony needs a grain containing αGB to form, so they never form directly from the β/β’
interface [54].

4.5. Hardness

In Figure 6, as stated before in Section 3.2.2, three main stages of the hardness during the isothermal
treatment can be observed. In (1), a slight increment in hardness due to the precipitation of ωiso.
In (2) the α”iso precipitation is related to the shearing elastic constant parallel to (110) planes in α”iso,
lower than in β phase; for this reason, α”iso is more prone to indentation than β [1]. Hence, as α”
precipitation advances, the softening of the material is observed. In (3), the hardness increases by ~35%
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from t = 2300 to 3600 s, which is directly related to the acceleration of α precipitation. It is the expected
behavior, since α phase plays a fundamental role as a reinforcing element in consequence of its HCP
crystal structure. The value obtained after 3600 s of ageing at 500 ◦C, 350 ± 30 HV, is comparable to the
one measured by Jones et al. [4] for Ti-5553 alloy (~380 HV) after 1800 s of ageing at 570 ◦C, and is
related mainly to the morphology and distribution of the fine alpha within the beta grains.

5. Conclusions

Microstructural evolution of Ti-55531 alloy during the early stages of ageing treatment at 500 ◦C
was analyzed by means of in situ high-energy X-ray diffraction. The following conclusions can be
drawn regarding this analysis:

• The use of fast heating suppresses any change in the microstructure, restricting the phase
transformations to the ageing period.

• During the ageing treatment, the phase transformation follows the sequence β +ω→ β +ωiso +

ω→ α + α”iso+ β. The presence of the diffuse streaks is indicative of a transient state.
• The presence ofω phase is confirmed by hardness measurements. Theω phase reflections are not

observed in this work and this might be related to the low volume fraction and the superposition
of broader and intense β peaks over theω peaks.

• The isothermal α” (α”iso) phase may precipitate from theω phase and mainly from the domains
of spinodal decomposition of the β phase, given its role in the homogenization of these domains.
This phase is considered to regulate the transformation throughout the studied ageing.

• Based on the evolution of the {111}α”/{021}α”reflection to {101}α, the α phase may nucleate
from α”iso,ω phase and β phases. SEM analysis allows the observation of some characteristic
morphologies of sympathetic nucleation (α-S) and groups with a tendency to choose preferred
directions (α-T), in addition to the preferential precipitation of α along grain boundaries (α-GB),
and the Widmanstätten α (α-WGB) formed near to α-GB.
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