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Abstract 

In metastable β-Ti alloys, nanoscale isothermal ω-phase (ωiso) precipitates are regarded as the 

nucleation sites for the α strengthening phase. Here we investigate the precipitation kinetics of 

the ωiso precipitates as a function of cooling rate (air cooling and water quenching) after β-

solutionising. A combined in situ small-angle neutron scattering (SANS) and electrical 

resistivity measurement approach was used during ageing of Ti–5Al–5Mo–5V–3Cr wt% (Ti-

5553) alloy at 300 °C and 325 °C up to 8 h. The SANS modelling was consistent with ellipsoid 

shaped particles for the ωiso precipitates, for both air-cooled and water-quenched samples. The 

precipitates attained a maximum size (equatorial diameter) of ~21 nm and ~17 nm after 2 h and 

4 h of ageing the water-quenched and air-cooled samples respectively. Although the air-cooled 

samples showed delayed nucleation in comparison to water-quenched sample, the volume 

fraction became approximately the same (~11 %) after ageing for 8 h. The average value of the 

activation energy for ωiso nucleation from the β-phase matrix was determined as 122 kJ mol–1 

from electrical resistivity data using a modified Johnson-Mehl-Avrami-Kolmogorov (JMAK) 

model. The hardness increased with ageing time, with water quenching leading to a higher final 

value of hardness than air cooling. 
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1. Introduction 

The class of metastable β-Ti alloys (e.g. Ti-5553) is considered to be the most versatile in 

the Ti family [1]. Their ability to offer high specific strength and deeper hardenability has led 

to their usage in aerospace applications such as landing gear and load-bearing bulkheads [1–

3]. These desirable properties are highly dependent on the size, volume fraction, morphology, 

and the distribution of α-phase precipitates formed in the β-phase matrix [4–6]. The nucleation 

of the α-phase during thermomechanical processing can occur via two distinct routes: directly 

from the decomposition of the β-phase through a pseudo-spinodal mechanism [7]; or by 

nucleation from a precursor ω-phase [8]. The use of the ω-phase-assisted nucleation process 

may produce a highly refined α-phase distribution, with the potential to significantly improve 

the alloy strength [9–11]. Hence, it is important to understand the kinetics of ω-phase formation 

in order to precisely control and optimise the alloy properties. 

The metastable β-Ti alloys consist of a body-centred cubic (bcc) β-phase matrix at room 

temperature that is present after rapid cooling from above the β-transus temperature (Tβ). This 

retention of complete β-phase after solution treatment is due to the presence of a high 

concentration of slow-diffusing elements such as Mo [2]. An athermal ω-phase (ωath) is also 

observed after solution treatment [12]. The ωath is considered to be formed due to the partial 

collapse of {111} planes of parent β-phase during rapid cooling [13]. The ωath evolves to simple 

hexagonal isothermal ω-phase (ωiso) precipitates at low-temperature (~300 °C) ageing through 

the diffusion of solute elements allowing the complete collapse of the {111} planes of the β-

phase [13]. The hexagonal-close-packed (hcp) α-phase is formed during subsequent higher 

temperature ageing either homogenously via a pseudo-spinodal decomposition or 

heterogeneously via ωiso assisted nucleation [2]. An orthorhombic α -phase is also observed 

during subsequent ageing at low temperatures (~325°C to 425°C) after either direct quenching 

to these temperatures, or quenching to room temperature first and subsequently raising the 



temperature at a high heating rate [14–16], and a diffusionless process is responsible for the 

phase formation [17]. 

Recently, Chen et al. [18] reported that the formation of ωiso precipitates during low-

temperature (300 °C) ageing is influenced by the cooling rates from the solution treatment 

temperature of Ti–6Cr–5Mo–5V–4Al β-Ti alloy. Their transmission electron microscopy 

(TEM) studies qualitatively showed that the number density of ωiso precipitates increased with 

more rapid cooling. However, an in-depth quantitative understanding of the evolved 

microstructure is required to precisely control and optimise the mechanical properties. In 

addition, due to the small volume of the samples, TEM is unable to easily provide statistical 

information about the path leading to a final desired microstructure. Coakley et al. [19] studied 

the formation of ωiso precipitates in a water-quenched Ti-5553 β-Ti alloy and also quantified 

the evolved microstructure. However, the effect of different cooling rates such as air cooling 

on the precipitation kinetics of ωiso precipitates was not studied. Understanding the influence 

of controlled cooling is highly important for structural applications in the aerospace industry 

where the section thickness may determine the achievable cooling rate and therefore limit the 

mechanical properties. Furthermore, these data may help clarify the thermodynamic 

understanding of the ωiso precipitation from the parent β-phase matrix. 

The use of small-angle neutron scattering (SANS) to study precipitate evolution in 

engineering alloys has gathered considerable attention in the recent past due to its ability to 

probe the three-dimensional structural information of the material at the nanoscale [19,20]. The 

SANS technique provides information for a far larger volume of sample than TEM and is still 

able to probe precipitates of size in the range of 1–100 nm [21,22]. The technique measures the 

coherent elastic scattering of the incident neutron beam from precipitates at small angles (less 

than 10°) based on the contrast variation principle, i.e. the difference in the scattering length 

densities (SLD) between the parent phase and precipitate [23].  



The formation of ωiso precipitates from the β-phase matrix in Ti alloys has also been 

detected by means of electrical resistivity [16,24]. This is due to its high sensitivity to the minor 

constitutional changes in the material during quenching, heating and ageing [25]. This 

technique is especially interesting due to its capability to derive thermodynamic information 

such as the activation energy for precipitation [24].  

For the current work, samples of Ti-5553 β-Ti alloy produced using air cooling and water 

quenching after solution treatment were used to establish the influence of the cooling rate on 

the kinetics of nanoscale ωiso precipitates. In situ SANS measurements were used to quantify 

the evolved microstructure and understand the nucleation and growth kinetics of ωiso 

precipitates during low-temperature (300 °C) ageing. Complementary in situ electrical 

resistivity measurements conducted during ageing at 300 °C and 325 °C provided additional 

insight into the precipitation mechanism and activation energy. These in situ measurements 

were supported by conventional scanning electron microscopy (SEM) and X-ray diffraction 

(XRD) measurements to confirm the phases present. With this combined approach, the kinetics 

of ωiso precipitates transformation from the β-phase matrix under different cooling rates are 

clarified. Finally, Vickers microhardness measurements were used to confirm the likely effect 

of evolved microstructure on the mechanical properties.  

2. Experimental details 

The Ti-5553 β-Ti alloy used in this work was provided by TIMET in the form of discs of 

size ø160 mm × 15 mm sectioned from the end of a forged billet. For further usage, samples 

of size 40 mm × 15 mm × 15 mm were cut from this disc using electrical discharge machining 

(EDM). These samples were then ground on all sides using 320 grit size SiC abrasive paper to 

clean the surface, and a Bonderite L-GP Acheson coating was applied to these ground samples 

to minimise the formation of α-case during solution treatment. After drying the coating for a 

day, the samples were solution-treated at 900 °C (above Tβ ~845 °C [26]) for 0.5 h. Two cooling 



rates (air cooling and water quenching) were used to cool the samples from above Tβ to room 

temperature, to create the starting microstructure for assessing the effect of cooling rate. The 

sequence of heat treatment processes is depicted in Fig. 1. The solution heat treatments were 

performed in a pre-heated tube furnace under argon gas (industrial grade) with a flow rate of 

10 l/min. The temperature was maintained within ± 2 °C with the help of a 3 mm diameter N-

type thermocouple. The thermocouple was fixed with high-temperature adhesive to a hole 

drilled at the centre of a reference sample (40 mm × 15 mm × 15 mm). In all solution heat 

treatment and ageing experiments, a reference sample was placed in the furnace. The cooling 

rates for air cooling and water quenching were measured as ~0.5 °C/s and ~20 °C/s, 

respectively.  

The selection of the solution heat treatment time and the temperature was intended to 

provide sufficient homogeneity and was based on previous work where temperatures of 890 

°C [27,28], 865 °C [29], and 900 °C [11,31] were used to solution treat the Ti-5553 β-Ti alloy 

samples for 0.5 h. This is also in accordance with recommended practice [30]. In these studies, 

variable cooling rates imposed by water, air or gas cooling led to ωath formation. The formation 

of α-phase or α -phase was not reported after these cooling rates – where we have used air 

cooling and water quenching for our work. 

The solution-treated samples were ground on all the sides using 320 grit size SiC abrasive 

paper to remove any developed α-case, and then samples for SANS (20 mm × 15 mm × ~1 

mm), electrical resistivity measurement (matchstick samples: 40 mm × 2 mm × ~1 mm), and 

samples for subsequent ageing (10 mm × 15 mm × 15 mm) were cut from the solution-treated 

samples using EDM.  



 
Fig. 1. The schematics of heat treatment cycles used in this work to understand the nucleation 
and growth kinetics of nanoscale isothermal ω-phase precipitates in Ti-5553 β-Ti alloy as a 
function of water quenching (WQ) and air cooling (AC) during solution treatment. RT refers 
to room temperature. 

2.1. In situ SANS measurements and data reduction 

The solution-treated samples were polished up to 1 μm finish using diamond suspension 

for SANS measurements. The SANS measurements were performed on the LARMOR 

beamline of the ISIS Pulsed Neutron Source, UK. Polychromatic neutrons (λ = 0.9 to 13.3 Å) 

were used for measuring the scattering. The detector configuration provided a momentum 

transfer (q) range of 0.007 – 0.7 Å, where q = 4πsinθ/λ and the scattering angle is 2θ, and λ is 

the neutron wavelength. The sample scattering was measured by exposing the samples to a 

neutron beam of cross-section 12 mm × 12 mm. The scattering was measured at room 

temperature after solution treatment, during heating to the ageing temperature (300 °C), and 

during ageing at 300 °C up to 8 h, as shown in Fig. 1. Room temperature data were collected 

first for 60 mins, and then sample temperature was raised to the ageing temperature (300 °C) 

with a heating rate of ~100 °C/min, and was held for 8 h whilst the measurements were 

recorded. A K-type thermocouple of diameter 1 mm was attached to the surface of the sample 

through the sample holder to measure the ageing temperature and the heating rate. The ageing 

temperature was maintained within ± 2 °C. A radiant air furnace [32] was used for ageing the 

samples. All the measurements were performed under argon gas atmosphere (industrial grade).  



The measured raw SANS data were reduced to absolute SANS intensities (I) using 

standard procedures in the Mantid software [33]; i.e. by correcting the data for transmission 

and background measurements. The data was azimuthally averaged for plotting the one-

dimensional (1D) I vs q plots. For data analysis, the complete 60 min of room temperature data 

was averaged, but for ageing, the data were combined into 15-minute bins with the exception 

of 100 s of data averaged immediately after the sample reached the ageing temperature to 

capture the data at the end of the heating period. An ellipsoid model was used to fit the SANS 

patterns. This model was chosen based on the understanding of precipitate shape from the 

literature [34]. 

2.2. In situ electrical resistivity measurement 

A miniaturised multi-property test system [35,36] was used to measure the electrical 

resistivity in situ using a 4-point method under an argon atmosphere. The measurements were 

taken at room temperature, during the heating period, and also during the ageing period at 300 

°C or 325 °C for up to 8 h. The temperature profiles of the in situ electrical resistivity 

measurement are also indicated in Fig. 1. These two temperatures were selected based on the 

temperature of formation of ωiso in Ti-5553 β-Ti alloy [12,26]. In addition, the availability of 

ageing data at two isothermal conditions is required to derive the activation energy for 

precipitation based on the modified Johnson-Mehl-Avrami-Kolmogorov (JMAK) model [24]. 

The measurements were performed on the solution-treated matchstick samples after grinding 

with 1200 grit SiC abrasive paper. The samples were held between the water-cooled grips, 

whilst a direct current was used to heat them with a heating rate of ~100 °C/min. The electrical 

resistivity was measured across the central 2 mm of the sample using a Pt-Rh probe. A Pt/Pt-

13%Rh thermocouple with wires having a diameter of 0.1 mm was used to measure the 

temperature. The thermocouple was spot-welded to the centre of the test sample. The ageing 



temperature was maintained within ± 1 °C. The electrical resistivity (  of the samples was 

calculated using Equation 1  

                                                                                                                                     (1) 

where  is the voltage drop,  refers to the cross-sectional area of the sample,  is the current 

and  refers to the gauge length between potential probes. An increment of ~0.01% in electrical 

resistivity was estimated due to change in the gauge length during heating that was neglected 

for further data analysis. 

2.3. Ageing treatments 

The solution-treated samples after water quenching or air cooling were subsequently aged 

at 300 °C for a sequence of times (1 h, 2 h, 4 h and 8 h). The ageing was performed in a pre-

heated tube furnace under argon gas with a heating rate of ~100 °C/min. Samples were water-

quenched after ageing.  

2.4. Materials characterisation  

The solution-treated and aged samples were metallographically prepared by grinding up 

to 1200 grit size using SiC abrasive papers followed by sequential polishing using diamond 

suspension up to 1 μm. Subsequently, vibratory polishing using 0.02 μm particle size colloidal 

suspension was done to obtain a mirror-like finish. Finally, the samples were cleaned for 0.25 

h in an ultrasonic bath using distilled water. 

The microstructural features were observed using a Zeiss Gemini Sigma 500VP SEM in 

backscattered electrons (BSE) mode at an accelerating voltage of 20 kV. XRD phase analysis 

was performed using CuKα X-ray radiation for a 2θ range of 35° to 100° at a scan rate of 

1°/min. The phase identification was done based on the understanding from previously 

published crystallographic data on Ti alloys [19,20]. Vickers microindentation (0.5 kgf load) 



was used to obtain the microhardness of the solution-treated and aged samples. An average of 

40 measurements was taken for each sample. The line intercept method in ImageJ software 

[37] was used to quantify the β-phase grain size (average of 100 measurements reported) for 

solution-treated samples. 

3. Results 

3.1. Microstructural characterisation 

The BSE-SEM micrographs of samples after water quenching and air cooling exhibited a 

homogenised microstructure (Fig. 2 (a) and (b) respectively), where the XRD results in Fig. 3 

(a) indicating the presence of primarily β-phase in the microstructure. The average β grain size 

for the water-quenched and the air-cooled samples was measured as 245 ± 75 μm and 225 ± 

85 μm, respectively. Note that the presence of an inevitable ωath (without the size or volume 

fraction difference) has been reported consistently for the air-cooled and the water-quenched 

Ti-5553 β-Ti alloy after solution treatment when examined under TEM [11,26,31]. Since the 

present solution treatment conditions are same as the previous work on the same alloy, it is 

reasonable to assume the formation of ωath (undetected by SEM and XRD) in both samples 

after solution treatment. However, Gao et al. [38] reported that air cooling of Ti–7Mo–3Cr–

1Fe β-Ti alloy after solution treatment can lead to the increase in the size and volume fraction 

of the ω-phase when compared to water quenching. Such a difference between the two types 

of β-Ti alloys, i.e. Ti–5Al–5Mo–5V–3Cr  and Ti–7Mo–3Cr–1Fe could be due to the role of 

Fe, because 1 wt% Fe to Ti–7Mo–3Cr β-Ti alloy tailored the formation of ω-phase [38]. Also, 

the previous TEM studies [11,26,31] did not report any formation of α-phase or α -phase at 

room temperature after solution treatment. This is in line with the current XRD observations 

(Fig. 3 (a)).  



The average microhardness values were measured as 300 ± 5 Hv and 298 ± 4 Hv for water-

quenched and air-cooled samples, respectively. The BSE-SEM micrographs for the samples 

aged at 300 °C for 8 h after solution treatment (both water-quenched (Fig. 2 (c)) and air-cooled, 

Fig. 2 (d))) also showed a homogenised microstructure. However, the presence of a small 

volume fraction of ωiso precipitates and α -phase in the β-phase matrix can be inferred in the 

aged condition from the XRD patterns (Fig. 3 (b)). This is in agreement with the TEM and 

XRD observations in the literature [16,19] for Ti-5553 β-Ti alloy during ageing.  

 
Fig. 2. The BSE-SEM microstructure of Ti-5553 β-Ti alloy samples after solution treatment 
(ST) using (a) water quenching (WQ) and (b) air cooling (AC). (c) and (d) show the BSE-SEM 
microstructure of aged samples (300 °C for 8 h) after WQ and AC, respectively. 

 

 



 
Fig. 3. XRD diffraction patterns of Ti-5553 β-Ti alloy samples after (a) solution treatment (ST) 
using water quenching (WQ) and air cooling (AC). The XRD patterns show the presence of 
solely β-phase. The doublets seen in the XRD data are due to the diffraction from both Kα1 and 
Kα2 emissions. (b) shows the XRD diffraction patterns after subsequent ageing of the solution-
treated samples at 300 °C for 8 h, indicating the presence of β-phase and small volume fraction 
of isothermal ω-phase and α -phase. The insets, shown in Fig. (b), are the magnified versions 
of the XRD patterns. These have been provided to better delineate the data. 

3.2. Small-angle neutron scattering 

One-dimensional I vs q plots for all the SANS measurements after water quenching and 

air cooling are shown in Fig. 4 (a) and (b), respectively. The error bars (~±0.01 cm–1) for each 

point are not presented in the plots (Fig. 4) to assist in delineating the data. The scattering 

curves after water quenching and air cooling are significantly different in terms of shape and 

evolution rate. The scattering curve for the air-cooled sample evolves quite slowly when 

compared to the water-quenched sample.  

The scattering intensity decreased with respect to room temperature scattering when the 

sample temperature was increased to the ageing temperature (300 °C). This occurred for both 

cooling rates. During the ageing period, the first additional scattering or deviation from the 

room temperature scattering was observed after 0.25 h and 1.25 h for water-quenched (at ~0.05 

Å–1) and air-cooled (at ~0.08 Å–1) samples, respectively; for the water-quenched sample the 

deviation was in agreement with similar SANS measurements obtained by Coakley et al. [19]. 

This additional scattering can be associated with the nucleation of ωiso precipitates [19]. The 

α -phase does not affect the SANS signal as observed previously [17] because it is formed by 



a diffusionless process [14], creating no contrast difference between the precipitate and the 

matrix. 

  
Fig. 4. The one-dimensional intensity (I) vs momentum transfer (q) plots of SANS scattering 
for Ti-5553 β-Ti alloy samples measured at room temperature (RT), after initial heating for 
100 s, and in situ at 300 °C up to 8 h after (a) water quenching (WQ) and (b) air cooling (AC). 
The times in the legend represent the times at the end of the measurement. BKG refers to the 
background scattering. 

3.3. Electrical resistivity measurements 

The electrical resistivity measurements for water-quenched and air-cooled samples were 

recorded during the entire ageing process, heating from room temperature to 300 °C and 325 

°C for up to 8 h. Relative electrical resistivity results are plotted (Fig. 5) to understand the 

change in the kinetics of ωiso precipitates as a function of cooling rate from the solution 

treatment temperature (i.e. either by water quenching or by air cooling). The solution-treated 

condition is considered as the reference state in order to calculate the relative electrical 

resistivity change.  

Both air-cooled and water-quenched samples show a similar drop in the electrical 

resistivity as the temperature was raised to the ageing temperatures (300 °C and 325 °C), as 

shown in Fig. 5 (a) and (b). This decrease in the electrical resistivity can be associated with the 

partial dissolution of ωath [25,39–43].  

The evolution of the electrical resistivity during ageing at 300 °C correlates with the 

kinetics for ωiso formation determined by SANS analysis. The first increase in the electrical 



resistivity (discarding the initial drop during the heating period) can be associated with the time 

to nucleate ωiso precipitates [24]. This occurs for the water-quenched sample (Fig. 5 (c)) after 

~0.25 h of ageing, which is consistent with the changes in SANS data that showed a marked 

increase in scattering between 0.25 and 1 h. In comparison, for the air-cooled sample, the initial 

increase in electrical resistivity was delayed relative to the water-quenched sample to ~1.25 h. 

These delayed kinetics are also observed in the scattering intensity derived from the SANS 

data. After this increase in electrical resistivity during ageing at 300 °C, the electrical resistivity 

attained an approximate saturation condition after ~5 h and ~6 h of ageing the water-quenched 

and air-cooled samples, respectively. The formation of α -phase in Ti-5553 β-Ti alloy happens 

rapidly after ~2 h of ageing at 325 °C [16]. We did not observe any clear deviation in the 

electrical resistivity curves (Fig. 5) due to the formation of α -phase. This is in line with the 

previous observations [27,28,44], where electrical resistivity measurements were used to 

examine the precipitation sequences during continuous heating of β-Ti alloys to higher 

temperatures. The observations from previous research indicate no clear effect of α -phase 

early on in the precipitation process and the effect at higher temperatures and longer times is 

ambiguous and depends upon the alloy composition. We contend therefore that the formation 

of α -phase does not affect our early stage kinetics used for subsequent analysis.  

For the samples aged at 325 °C, a reduction in the precipitate nucleation time was 

observed. The first increase in electrical resistivity for the water-quenched sample was 

observed almost immediately upon reaching the ageing temperature; however, the nucleation 

time was considerably delayed (~1 h) for the air-cooled sample. As for the samples measured 

at 300 °C, the electrical resistivity increased further (Fig. 5 (d)) and attained an approximate 

saturation condition after ~3 h and ~5 h of ageing the water-quenched and air-cooled samples, 

respectively.  



 
Fig. 5. The evolution of electrical resistivity measurements for Ti-5553 β-Ti alloy recorded in 
situ at room temperature, heating period to reach (a) 300 °C and (b) 325 °C, and during ageing 
at (c) 300 °C and (d) 325 °C up to 8 h. 

3.4. Microhardness 

The evolution of Vickers microhardness for the solution-treated and the aged alloy is 

shown in Fig. 6. The figure also shows the comparison of the microhardness values for the 

current work with the literature [19,31] on water-quenched Ti-5553 β-Ti alloy. The water-

quenched samples showed higher hardness after ageing when compared to the air-cooled 

samples. The obtained microhardness values for the current work are on the higher side when 

compared to the literature, as shown in Fig. 6. This additional increment in the hardness with 

respect to the literature values could be due to the presence of α . The increment in the hardness 

by α  is also dependent on its volume fraction in the matrix [45]. 



 
Fig. 6. The characteristic evolution of Vickers microhardness for Ti-5553 β-Ti alloy as a 
function of ageing time up to 8 h at 300 °C. The plot also shows the comparison of 
microhardness values obtained for the current work with the available values in the literature 
for the same alloy after water quenching at same ageing conditions. 

4. Discussion 

4.1. Interpretation of SANS measurements  

Although the SEM images showed a homogenised microstructure at room temperature, 

the solution-treated samples presented a SANS signal, shown in Fig 7, that can be described 

by Guinier and Porod regions, labelled as region I and region II respectively. The SANS signals 

after the heating period (100 s of ageing data) can also be divided into similar regimes. The 

Porod regime exhibits q–4 behaviour (region II). The exponent –4 is related to the smooth 

interface of the precipitates and the matrix [23,46]. However, the Guinier regime (region I) 

shows an exponent value of zero. The Guinier regime is related to the real space regions of size 

> q–1 i.e. regions much greater than the precipitates size. As explained in section 3.1, the 

inevitable ωath must be present in the solution-treated condition for metastable β-Ti alloys after 

water quenching and air cooling [18,26]. Thus, the scattering observed from region II at room 

temperature can be associated with the interfaces of ωath and β-phase matrix [13,19,40]; 

although, there was no obvious scattering from the ωath precipitates themselves. This can be 

due to the fact that ωath and β-phases have the same composition [17].  



The interpretation of these data is similar to the observation of Coakley et al. [19] where 

they did not report any scattering from ωath in their SANS measurement work on water-

quenched Ti-5553 β-Ti alloy samples. However, they did observe the similar I vs q trend at 

room temperature. In addition, they did not observe any scattering from the Guinier regime 

(region I), though this may be due to the reduced q range used (~0.01– 0.3 Å). It is also 

important to note here that the intensity of scattering decreased as the temperature was raised 

from room temperature to the ageing temperature (300 °C). This was not observed by Coakley 

et al. [19]. The drop in the intensity was much pronounced in the water-quenched sample (Fig. 

7 (a)) than the air-cooled sample (Fig. 7 (b)). The scattering curves in region II at room 

temperature and after heating seem to have the same slope, but there are deviations in region I 

for water-quenched and air-cooled samples, respectively, with a more significant deviation for 

the water-quenched material. We attribute this reduction of the SANS intensity to a 

homogenisation process of the partially resolved large scattering features as scattering is 

coming from Guinier regime. Since the aim of this paper is to investigate the creation and 

evolution of the ωiso precipitates, we will assume that once the large scattering features have 

been dissolved into the matrix then this contribution will remain constant during the thermal 

treatment and that the variations on the SANS are originated by the ωiso precipitates.   

 

 



 
Fig. 7. One-dimensional plots of scattering intensity (I) vs scattering vector (q) for SANS 
measurements for Ti-5553 β-Ti alloy at room temperature (RT) and after the heating period 
(100 s of ageing data at 300 °C) after (a) water quenching (WQ) and (b) air cooling (AC)  
during solution treatment. 

The SANS data collected for the aged samples can also be divided into Guinier and Porod 

regions; however, as the sample ages, the I vs q decay at intermediate q values showed a 

deviation from the Guinier and Porod regime which indicated the scattering coming from the 

precipitates [46].  

4.2. Model fitting of SANS data 

For model fitting of a monodisperse system having Guinier and Porod regions, the SANS 

intensity (I) is given by Equation 2 

                                                   (2)                      

where  refers to the number density of the precipitates per unit volume,  defines the volume 

of a single particle, Δρ defines the contrast (SLD) difference between the precipitate and the 

matrix, is the particle shape function and BKG refers to an incoherent background 

scattering that is not desirable for data reduction [46].  can be further defined in terms of 

form factors depending on the shape of the precipitates, as given in Equation 3. The form factor 

for ellipsoid shape precipitates (the model used in this work) has been described in Equation 4. 

 refers to the structure factor that incorporates the interparticle interference. A hard sphere 

model was considered in the current work, as recommended in [20], where  can be further 



defined as Equation 6. The scattering from the Guinier and Porod regions can be described by 

 and  respectively [47], where a and b are the scale factors for model fitting.  

refers to the radius of gyration indicating the characteristic size factor for the Guinier region.  

                                                                                                             (3) 

                                                                                        (4) 

where  can be obtained from Equation (5) 

                                                                                                  (5) 

 and  refer to the equatorial and polar radii perpendicular and along the rotational axis of 

the ellipsoid respectively, whilst  represents the angle between the axis of the ellipsoid and q. 

                                                                                                                       (6) 

 can be defined in terms of volume fraction and diameter ( ) of the hard spheres, as 

described in Equation (7) 

                                                                                                                         (7) 

where β, γ and δ can be defined by Equation (8), (9) and (10) respectively. 

                                                                                                                            (8) 

                                                                                                                  (9) 

                                                                                                                 (10) 



The model fitting of the SANS data was undertaken in SASView software [47] to 

determine the real-space precipitate size. Based on the understanding from the literature 

[19,34], both disc and ellipsoid shape model fittings were considered for the SANS 

measurements. However, the ellipsoid shape model fitting provided better fit, which was 

determined based on the residuals and Chi-squared values. Curve fitting applied to the 

experimental data was performed by maintaining contrast values for ωiso precipitates (  = –

1.7 × 1010  cm–2) and the β-phase matrix (  = –1.3 × 1010 cm–2), as obtained by Coakley et al. 

[19]. The  values for the Guinier region were calculated first using the Kratky plots [46]. 

These values were held constant during the model refinement as shown in Equation 2. The 

predicted evolution of the ωiso precipitate size and volume fraction parameters during ageing is 

shown in Fig. 8 and 9, respectively. 

It can be seen from Fig. 8 that the ωiso precipitates attained an approximate maximum stable 

polar radius (Rp) after ~1 h and ~3 h of ageing at 300 °C in the water-quenched and air-cooled 

samples, respectively. However, the equatorial radius (Re) became approximately constant after 

2 h and 4 h of ageing the water-quenched and air-cooled samples, respectively, indicating that 

an approximately stable size was attained. The formation of a stable size of ωiso precipitates 

after 2 h of ageing was also observed by Coakley et al. [48] during ageing of water-quenched 

Ti-5553 β-Ti alloy. It could also be observed from Fig. 8 that the polar dimension attained a 

stable size earlier than the equatorial radius. This may be due to the higher strain field at the 

ωiso/β interface, which leads to the preferential growth in <111> β directions, as reported by 

Sun et al. [24]. The SANS model-fitted dimensions of ωiso precipitates along the equatorial 

dimensions (~ 21 nm diameter) after 8 h ageing the water-quenched sample lies in the range of 

TEM observations (~10–50 nm) reported in the literature [34]. 



 
Fig. 8. The evolution of isothermal ω-phase precipitate during the ageing time at 300 °C up to 
8 h after water quenching (WQ) and air cooling (AC). (a) shows the characteristic polar size of 
the precipitates, whilst (b) shows the evolution in the equatorial dimension of the precipitate.  

The characteristic evolution of the volume fraction of ωiso precipitates obtained from the 

ellipsoid model fitting is shown in Fig. 9. The volume fraction increased with ageing time. 

Both the samples (water-quenched and air-cooled) showed approximately similar volume 

fraction (~11 %) after 8 h of ageing at 300 °C. This is in agreement with the observations of 

Coakley et al. [19] with a reported volume fraction of ~10 % for the water-quenched Ti-5553 

β-Ti alloy in a similar ageing condition. The qualitative understanding of Chen et al. [18] based 

on their TEM observation, showed that the faster cooling rate increases the number density of 

ωiso precipitates. However, from the current observations, it is stated that the delayed nucleation 

does happen with the slow cooling rate, but approximately the same volume fraction is 

observed once the saturation stage is reached.  



 
Fig. 9. The characteristic evolution of volume fraction of isothermal ω-phase precipitates 
obtained from the ellipsoid model fitting. It could be seen from the plot that the volume fraction 
increased as a function of ageing time. 

4.3. Analysis of initial trends upon heating 

Upon heating, there is a drop in the electrical resistivity of both the air-cooled and water-

quenched samples. This initial drop in the electrical resistivity can be associated with the partial 

disappearance of ωath as seen previously [39–41]. This drop is of similar magnitude and rate 

(Fig. 5 (a)). Therefore, it is reasonable to assume that the volume fraction of ωath is 

approximately similar between both the samples at room temperature and are unaffected by the 

cooling rate difference for Ti-5553 β-Ti alloy. This could also be confirmed from similar 

microhardness values after solution treatment for both cooling rates. It is also important to note 

that the β grain size remained approximately the same.  

Upon heating, the SANS data also show a drop in total scattered intensity. The observed 

decay of the SANS signal in the initial stages of the thermal treatment is different in both 

samples. The reduction in the air-cooled sample is smaller than the one observed in the water-

quenched sample. Our interpretation of this effect is that the large scattering features formed 

during the initial cooling process is related to the cooling rate: A slower cooling rate will 

produce a much more stable volume fraction of these features (Fig. 7 (b)). This could be 



attributed to the fact that slower cooling has allowed diffusion to happen that has provided an 

ageing effect leading to the higher degree of solute partitioning for the air-cooled sample, as 

observed by Chen et al. [18]. 

4.4. Effect of cooling rate on isothermal ω-phase precipitation 

4.4.1. Transformed fraction 

The transformed fraction ( ) of ωiso precipitates obtained from electrical resistivity 

measurements during ageing at 300 °C and 325 °C are presented in Fig. 10. The transformed 

fraction represents the ratio between the volume fraction of ωiso precipitates at time t during 

ageing and the volume fraction formed at the metastable equilibrium state [49,50] and is given 

by Equation 11 

                                                                                                                          (11) 

where ρt refers to the electrical resistivity of the alloy at time t during the ageing period, ρ0 

refers to the electrical resistivity of the alloy at the beginning of ageing, and ρmeta refers to the 

electrical resistivity of the alloy at the end of the ageing time.  

The electrical resistivity results (Fig. 5) show that the water-quenched and air-cooled 

samples exhibited similar trends, but the air-cooled samples showed a delay in the nucleation 

of the ωiso precipitates (Fig. 10). Also, the nucleation behaviour showed transient nucleation 

kinetics for both the cases: i.e., an incubation time ( ) is required to reach the critical nucleation 

size. This early nucleation in the water-quenched sample could be attributed to the higher 

dislocation density in the sample [49]. In addition, Chen et al. [48] reported that an air-cooled 

sample has shown a higher degree of solute partitioning due to the ageing effect during air 

cooling. This would make the β-phase matrix of the air-cooled sample more stable at room 

temperature, and a higher amount of energy would be required during ageing for separation of 

other phases from the stable matrix. This could be another reason for the delay in the nucleation 



of the ωiso precipitates in the air-cooled sample, as observed in SANS (Fig. 9) and electrical 

resistivity data (Fig. 10). The obtained trend at the beginning of the transformed fraction (Fig. 

10) correlates to the evolution trend of ωiso volume fraction obtained from SANS data fitting 

(Fig. 9). However, the electrical resistivity data (Fig. 10) shows a transformed fraction of ωiso 

precipitates that almost saturates between 4–6 h of ageing, whilst the volume fraction obtained 

from SANS data (Fig. 9) showed an increasing trend even after reaching 6 h of ageing time. 

The intensity of the SANS signals is directly dependent on the volume fraction of the 

precipitates or the difference in the SLD values of the precipitate and the matrix phase (see 

Equation 2). As indicated by Equation 2, a slight variation in the SLD values or the volume 

fraction will cause the change in the scattering intensity of the SANS signals. In the present 

work,  the SLD is held constant during refinement. However, it is possible that the SLD values 

of the precipitates and the matrix phase will evolve during the ageing as the formation of 

isothermal ω-phase happens by a diffusional process, leading to a slight change in the 

calculated volume fraction of ωiso precipitates. It is important to note here that the initial trends 

for ωiso evolution obtained from SANS (Fig. 9) and electrical resistivity data (Fig. 10) matches 

qualitatively.  

 
Fig. 10. Kinetic curves showing the ωiso transformed fraction vs. ageing time: at (a) 300 °C 
and (b) 325 °C. The air-cooled samples showed a delayed nucleation of ωiso precipitates. 



4.4.2. Precipitation mechanism 

The universal Johnson-Mehl-Avrami-Kolmogorov (JMAK) model can be used to 

understand the isothermal transformation kinetics under specific assumptions [51]. However, 

the transient nucleation as observed from the transformed fraction (Fig. 10) violates the 

universal JMAK model [51,52]. Hence, a modified JMAK model was used to understand the 

isothermal transformation kinetics of ωiso precipitates. The modified JMAK model [24,45] is 

given by Equation 12 

                                                                                            (12)                    

                                                                                                                     (13) 

where  represents the Avrami exponent which is indicative of the precipitation mechanism, 

 is the thermally activated rate constant dependent on the nucleation and growth rate. This 

can be determined from the Arrhenius relation (Equation (13)), where  is the activation 

energy,  is the universal gas constant and  is the absolute temperature of isothermal ageing. 

 refers to the incubation time required to achieve a steady-state precipitate size. 

The Avrami exponent, , was determined over the full range of ωiso precipitation at 300 

°C and 325 °C using Equation (14) and the gradients are shown in Fig. 11.  

                                                                                 (14) 

The  values obtained for water-quenched and air-cooled samples are ~0.25 h and ~1.25 

h, respectively. An  value of approximately 1.35 (see Fig. 11) was obtained at the early stage 

of transformation. These Avrami exponent values can be used to interpret the precipitation 

mechanism in the material. The transformation initiated by homogenous transient nucleation 

is often characterised by an Avrami exponent  of greater than 4, whilst for heterogenous 

transient nucleation, the  tends to be less than 4 [51]. Hence,  value of approximately 1.35, 



as determined from Fig. 11, is indicative of a predominant growth mechanism from a pre-

existing nucleation site [24,51]. This is in line with the growth of ωiso precipitates from ωath 

[13]. However, the  values reduced at later stage of transformation (Fig. 11 and Table 1). 

This reduction in the  values has been attributed to the dimension loss for ωiso precipitates at 

later stages of precipitation due to high misfit strain at the ωiso/β interface [24]. This can also 

be confirmed with the SANS measurement results during the early stage of transformation (Fig. 

8). For water-quenched and air-cooled samples during ageing at 300 °C, the deviations in  

values were observed after ~40% and ~60% of transformation (Fig. 11), respectively. This is 

in reasonable agreement with the SANS observations (Fig. 8), where an approximate stable 

size of ωiso precipitates was achieved during ageing time between 1–2 h for the water-quenched 

sample (~40% of transformation) and 2–4 h for the air-cooled sample (~60% of transformation) 

after growth along the major axis. 

 
Fig. 11. The modified JMAK plots for Avrami exponents ( ) during isothermal ω-phase 
transformation for the water-quenched (WQ) and air-cooled (AC) samples at (a) 300 and (b) 
325 °C. 

The analysis of the electrical resistivity measurements using the modified JMAK model 

indicates that the activation energy ( ) for the formation of ωiso in the air-cooled sample is 

higher than in the water-quenched sample (Table 1). Hence, this can assist in rationalising the 

increased incubation time ( ) for ωiso nucleation in the air-cooled sample as compared to the 

water-quenched sample (Fig. 10). The average value of the activation energy for the formation 



of ωiso precipitates from the β-phase matrix was calculated as ~122 kJ mol–1. This value is in 

agreement with the activation energy for the diffusion of Mo atoms in the Ti substrate (~135 

kJ mol–1) [53]. Being the slowest diffusing element [54] in the current alloy indicates that the 

formation of ωiso precipitates is controlled by the diffusion rate of Mo, as reported earlier [55]. 

This is good evidence to state that the electrical resistivity is able to pick up the β to ωiso 

precipitates transformation. The observance of similar trends via electrical resistivity 

measurements and SANS measurements indicates the same transformation, i.e. β to ωiso 

precipitates transformation.  

Table. 1. The Avrami exponent ( ) and activation energy ( ) values for entire nanoscale ωiso 
precipitate transformation following water quenching (WQ) and air cooling (AC) during ageing 
at 300 °C and 325 °C up to 8 h. 

 Temperature / °C 
Early stage  

transformation 
Later stage 

transformation 
n (±0.05) KT (×10–3) Ea (±12 kJ mol-1) n (±0.05) 

WQ 300 1.28 16.84 114 0.58 
325 1.35 45.78 1.02 

AC 300 1.39 3.18 131 1.08 
325 1.35 10.05 1.02 

 

Conclusions 

A combination of in situ small-angle neutron scattering (SANS) and electrical resistivity 

measurement techniques was used to study the kinetics of isothermal ω-phase (ωiso) precipitates 

during isothermal ageing at 300 °C and 325 °C up to 8 h as a function of different cooling rates 

(water quenching and air cooling) from solution treatment temperature. The following 

conclusions can be drawn: 

1. A delayed nucleation of ωiso precipitates was observed for air-cooled sample during 

ageing at 300 °C as compared to water-quenched sample. 



2. Although the air-cooled samples showed a delayed nucleation in comparison to water-

quenched sample, the volume fraction became approximately the same (~11 %) after 

ageing for 8 h. 

3. From SANS observations, the ellipsoidal ωiso precipitates achieved a maximum size 

(equatorial diameter = ~21 nm and ~17 nm) after 2 h and 4 h of ageing the water-

quenched and air-cooled samples, respectively. 

4. The Avrami exponent decreased at higher transformed fraction indicating that the 

growth of the ωiso precipitates is restricted on one dimension only due to the high misfit 

strain at β/ω interface. This is in line with the SANS observations where only the 

equatorial dimension of ωiso precipitates grew at later stages of transformation before 

achieving the maximum size. 

5. The Vickers microhardness results showed an increasing trend with ageing time, where 

water-quenched samples showed higher hardness compared to air-cooled samples. 
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