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Abstract

Alloy composition is important for developing desired microstructures in beta-titanium (β-Ti) alloys during 
thermomechanical processing. In this work, the relatively low-cost alloying elements iron (Fe) and 
aluminum (Al) were added to a base Ti-11at%chromium (Cr) alloy and in-situ and ex-situ examination of 
the microstructural evolution and mechanical properties during tension, hardness, elevated temperature X-
ray diffraction (XRD) and resonance ultrasound spectroscopy (RUS) were performed. The 400 °C XRD 
revealed that Ti-11at%Cr underwent β-to-ω and β-to-α transformations. Adding 0.85at% Fe reduced the 
volume fraction of the ω- and α-phases, and adding 5.3at% Al inhibited the β-to-ω transformation. The 400 
°C RUS showed that the alloys containing the ω phase exhibited an increase in shear modulus (G) of 
~140%, while the ω-free alloys exhibited an increase of only ~102%.  The hardness and strength values of 
the ω-containing Ti-11Cr and Ti-11Cr-0.85Fe increased with increased ω-phase volume fraction when the 
ω/α ratio was greater than 0.25. The relationship between ω/α volume ratios and mechanical properties is 
discussed.
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Introduction

β-titanium (β-Ti) alloys exhibit relatively high strength-to-weight ratios compared to other structural 
metals, and their mechanical properties can be tuned by transforming the metastable body-centered-cubic 
(BCC) β phase into other metastable and stable phases [1].  However, their relatively high cost limits their 
widespread use in industries where steels or aluminum alloys can meet the property requirements at a 
fraction of the cost.  The type and content of alloying elements influences the cost of β-Ti alloys, which are 
commonly alloyed with relatively expensive elements such as vanadium and molybdenum.  Before 
implementing less costly alloying elements, such as chromium, aluminum, and iron, into industrially used 
β-Ti alloys, a systematic understanding of how alloy composition and processing affects the microstructure 
and mechanical properties is necessary.

Alloy composition can significantly impact the phase transformations in β-Ti alloys. The relative stability 
of the β phase affects which phase transformations occur during processing, and a threshold content of 
elements that increase the β-phase stability (known as β stabilizers) is needed to retain the metastable β 
phase at room temperature (RT) [1]. In contrast, alloying elements that stabilize the α phase (known as α-
stabilizers, promote α-phase formation during processing. Al is a common α-stabilizer that promotes 
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increased strength and hardness of β-Ti alloys. Certain alloying elements can promote the formation of the 
metastable ω phase, and aging between 300 °C and 400 °C is commonly used to induce the β-to-ω 
transformation [2].

The ω phase is known to increase hardness and strength, but it is also tends to decrease the elongation-to-
failure [2]. Brittle failure is common when the ω phase is present. The ω-assisted α phase forms at the 
nanoscale [3], and fine-grained α-phase microstructures have exhibited high hardness and strength without 
experiencing brittle failure [4–7].

In this work, the evolution of the β-, α-, and ω-phase during 400 °C aging was explored in the titanium-
chromium (Ti-Cr) alloy system, where both β-to-ω and β-to-α phase transformations occur [8–10]. Ti-
11Cr(at.%) was considered the baseline alloy, which was modified using 0.85at.% of the β-phase stabilizer 
iron (Fe) and/or 5.3at.% aluminum (Al), and the effect of aging on the microstructure and mechanical 
properties (hardness, Young’s modulus, tensile strength and elongation-to-failure were evaluated.  In-situ 
X-ray diffraction (HTXRD) and resonance ultrasound spectroscopy (RUS) were performed to investigate 
the phase transformations and shear modulus, respectively, during 400 °C aging. Fe and Al significantly 
affected the phase transformations and mechanical properties of the Ti-Cr alloy system.

Materials and Methods

Ti-11Cr(at.%) (TC), Ti-11Cr-0.85Fe(at.%) (TCF), Ti-11Cr-5.3Al(at.%) (TCA), and Ti-11Cr-0.85Fe-
5.3Al(at.%) (TCFA) were levitation melted in a 2 kg, 90Dx80L LEV levitation induction furnace and hot 
forged at approximately 1047  °C into 25 x 60 x 250 mm3 blocks. The alloys were homogenized during a 
900 °C anneal for 1 h in vacuum, followed by ice-water quenching at an estimated cooling rate of 34.7 
°Cs-1. These processing steps were performed at Daido Steel Company, Ltd. (Nagoya, Japan), and the 
measured compositions of the alloys were reported previously [11].

Samples for tensile testing were electrodischarge machine (EDM) cut from the forged blocks into a 
“dogbone-shaped” geometry with a gage length of 30 mm, gage width of 3.5 mm, and overall sample 
thickness of 1.1 mm. To induce the β-to-ω and/or β-to-α transformations, these samples were heated at a 
rate of 15 °Cmin-1 to 400 °C in a quartz vacuum tube furnace for either 0.75, 1.5, 3, 6, or 12 hours, followed 
by air-quenching to RT. A thermocouple was used to monitor the sample temperature throughout the heat 
treatment. Before tensile testing the sample surfaces were polished using 320 grit silicon carbide (SiC) 
paper and water to remove any oxides and surface defects.

Samples for Vickers microhardness and scanning electron microscopy (SEM) imaging were cut from the 
grip sections of the aged samples. Hardness testing samples were polished to a mirror finish, and 10 tests 
were performed per sample according to ASTM Standard E92-17 using a 500 gf load and a dwell time of 
15 s.  After polishing, the SEM samples were ion milled using a Hitachi IM4000Plus at 6 kV to reveal the 
microstructure. SEM photomicrographs of 70x, 10kx, and 80kx magnifications were taken using a Hitachi 
Regulus 8230 SEM, which contained a photodiode backscattered electron (BSE) detector, operated at a 5 
kV accelerating voltage. ImageJ software was used with the BSE SEM photomicrographs to estimate the 
volume fractions of the precipitates. Subsets of each image were isolated and a threshold saturation value 
was set. Pixels that were darker than a set threshold value were counted to determine the volume fraction 
of the precipitates.

XRD samples were polished using 320 grit SiC paper and water to remove any macroscopic surface defects 
or oxidation-affected surface layers. The final sample dimensions were 17 x 17 x 1.1 mm. RT XRD was 
performed on a Bruker D8 Advance with an automatic sample changer. Cu-Kα X-ray radiation was used 
and data was collected over a 2θ range of 25° to 75°. 400 °C XRD was performed using a Bruker-AXS 
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(Madison, WI) D8 diffractometer with an automatic sample changer, a Vantec linear position-sensitive 
detector, Cu-Kα radiation, and an Anton-Paar HTK1200 furnace with ultra-high-purity nitrogen gas to 
prevent oxidation during heating. The heating rate was 30 °Cmin-1 except for the beginning and ending of 
the heating process, which had an exponential and logarithmic character, respectively. Data was collected 
in situ over a 2θ range of 25° to 75° every 0.5 h during the 12 h 400 °C exposure. Along with analyzing the 
XRD scans for peaks associated with Ti oxides, samples were visually inspected after the HTXRD tests to 
determine if oxidation occurred during testing. No evidence of oxidation was found in the data or during 
the visual inspection.

For each alloy, Rietveld analysis was performed on the 400 °C XRD data to determine the volume fractions 
and lattice parameters of the β, α, and ω phases at each 0.5 h time step. The Rietveld refinement and lattice 
parameter calculations were performed using the Topas software package (Bruker-AXS). The Rietveld 
lattice parameter refinement for TC was accomplished using software suite PDXL version 2 [12], and the 
weighted-profile residual for each Rietveld analysis was between 4.9% and 7.9%. Table 1 contains the 
crystallographic information of the phases considered for the Rietveld refinement as cited in the ICSD 
database.

Table 1.  The crystallographic data of the β, α, and ω phases used for the Rietveld refinement.

Phase a (Å) b (Å) c (Å) Structure Space Group Atomic Positions 
(x,y,z)

Reference

β 3.21 - - Cubic Im3m(229) (0,0,0) (1/2,1/2,1/2) [13]
α 2.95 - 4.69 Hexagonal P63/mmc(194) (0,0,0) (1/3,2/3,1/2) [14]
ω 4.60 - 2.82 Hexagonal P6/mmm(191) (0,0,0) (1/3,2/3,1/2) 

(2/3,1/3,1/2)
[15]

Samples for the RUS measurements were EDM cut from the forged blocks into cubes with dimensions of 
4.5 x 5 x 5.5 mm and subsequently polished using 320 grit SiC paper and water to remove any surface 
defects or oxidation. RUS is a nondestructive vibration-based technique used to measure the elastic 
properties of solid samples [16]. A commercial system (RUS008) was used to determine G before and after 
heat treatment [16]. In situ RUS measurements were taken using a high-temperature stage employing 
alumina buffer rods attached to piezoelectric transducers in a sealed chamber. Samples were mounted with 
the diagonally opposite corners in contact with the piezoelectric transducers to approximate the free 
boundary conditions. Samples were heated at a rate of 45 °Cmin-1 to 400 °C, followed by a 24 h heat 
treatment at 400 °C in flowing argon gas.  Resonance spectra were collected every 15 seconds for the first 
2 h of the 24 h test, then every 5 minutes thereafter. The excitation frequencies were between 170 to 194 
kHz. A complete fit using an isotropic model was hindered by texturing in the samples. Since the first peak 
was almost entirely c44 dependent, the shear modulus could be determined by converting the frequency of 
the peak positions into c44 using Equation 1, where F was the frequency of the first peak and A was a 
multiplication factor determined from the fit of the RT RUS scan after the 24 h aging and cooling. 𝑐44= 𝐴 ∗ (𝐹2) (1)
Conventional uniaxial tensile tests were performed using an MTS® servo-hydraulic testing machine 
equipped with an MTS® Flex Test SE controller in a RT air environment. The displacement rate was 0.025 
mmsec-1, which corresponded to a strain rate of approximately 0.001 s-1. An alumina-arm extensometer 
with a 12 mm gauge length was spring-loaded to the side of the gage section to measure strain during tensile 
testing. 0.2% yield strength, ultimate tensile stress, and elongation-to-failure were calculated according to 
ASTM standard E8-E8M-13a, sections 7.7.1, 7.10, and 7.11.5, respectively, and 0.2% yield strength and 
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ultimate tensile strength values were reported according to section 7.13.1. Two samples were tested per 
alloy and condition to evaluate the data reproducibility.

Results

Microstructure

The XRD profiles revealed that the ω and α phases precipitated within the TC and TCF microstructures, 
while only the α phase precipitated within the TCA and TCFA microstructures during the exposures, see 
Figure 1 for the experimental profiles. These phases precipitated during the first 0.5 h.

Figure 1. The HTXRD experimental data for (a) TC, (b) TCF, (c) TCA, and (d) TCFA, where a darker 
value indicates a higher intensity

The α precipitates in TCA and TCFA, see Figures 2(a,b), respectively, exhibited a darker contrast in the 
lighter β matrix, and they appeared to be randomly distributed throughout the β grains and along the β grain 
boundaries. During the phase transformations, Cr diffused from the α-phase precipitates into the β matrix, 
thus the β phase appears brighter in the BSE SEM images [17].
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Figure 2. BSE photomicrographs of (a) TCA and (b) TCFA aged for 0.75 h, showing darker precipitates 
in a lighter β-phase matrix. (c) STEM TCFA image along with the associated selected area diffraction 

pattern. confirming the lenticular precipitates were α phase.

The grain boundary α phase exhibited an equiaxed morphology instead of a lamellar morphology consistent 
with that reported in the literature  [1,18–20].  The small lenticular precipitates visible within the β grains 
were consistent with the intergranular α phase [3,4,19–21] and these formed either in small clusters or 
stacked in lines. The lenticular precipitates in TCFA after 12 h of aging were confirmed to be α-phase 
through HAADF STEM and SAD imaging, see Figure 2(c).
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In TC and TCF, less than 50 nm long cuboidal or ellipsoidal precipitates were observed as darker 
precipitates in the lighter β-phase matrix, see Figure 3(c,d). These precipitates were consistent with the ω-
phase precipitates reported  by Bartha et al., [22], see Figure 3(a) and (b). The TC ω-phase precipitates were 
smaller and greater in number than those in TCF. The lack of these cuboidal or ellipsoidal precipitates in 
TCA and TCFA (both of which exhibited the two-phase β+α microstructure) also supports that they were 
the ω phase. If they were α-phase precipitates, similar features would be visible in the TCA and TCFA BSE 
SEM photomicrographs.

Figure 3. (a) BSE-SEM photomicrograph of a β+ω+α microstructure in Ti-15Mo and (b) corresponding 
dark-field TEM image using a diffraction spot from one variant of the ω phase from the same 

microstructure. (a) and (b) are reproduced from Bartha et al. [22]. BSE-SEM photomicrographs of (c) TC 
and (d) TCF exhibiting several precipitates consistent with the ω phase circled in white.

The Rietveld deconvolutions of the TC and TCF are shown in Figure 4(a,b). To increase the accuracy of 
the TCF refinement, the ω-phase profiles were removed from the TCF profile analysis for the scans from 
8-12 h. For these profiles, the ω-phase peaks were not clearly present, and the analysis used the ω-phase 
profile as a smoothing function to reduce the error between the calculated and experimental profiles, which 
produced unrealistic phase profiles and volume fractions for the β, α, and ω phases. Thereafter, the ω-phase 
was removed from the analysis of TCF for those profiles. Both the broad phase peaks and the overlapping 
peaks led to some variation in the volume fraction measurements, particularly in TCA, where the broad 
experimental phase peaks were difficult to refine.
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Figure 4. Rietveld deconvolutions of the 400 °C XRD results for (a) TC and (b) TCF.

The Rietveld-calculated β-, α-, and ω-phase volume fractions in each alloy were plotted as a function of 
aging time, see in Figure 5. Throughout the 12 h aging, the β-phase volume fraction decreased and the α-
phase volume fraction increased for each alloy. TC and TCF exhibited the highest ω-phase volume fraction 
after 0.5 h; the ω-phase volume fractions then decreased with increased aging time. The 0% ω-phase volume 
fraction in TCF indicates when the ω phase was removed from the deconvolutions.
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Figure 5. The Rietveld-calculated volume fractions of the (top) β phase, (middle) α phase, and (bottom) ω 
phase for TC, TCF, TCA, and TCFA as a function of aging time at 400 °C.

The Fe addition in TCF appeared to reduce the ω-phase volume fraction compared to TC. The Fe addition 
in TCFA appeared to reduce the α-phase volume fraction compared to TCA. The Fe addition did not appear 
to affect the α-phase volume fraction in TCF compared to TC, as both TC and TCF exhibited similar α-
phase volume fractions. The Al addition appeared to promote the β-to-α transformation in TCA, which 
exhibited the highest α-phase volume fractions of all the alloys.

To verify the Rietveld analysis trends, a second volume fraction analysis, using the BSE-SEM images, was 
performed. Contrast differences between the β phase and the precipitated phases in the BSE SEM images 
taken after 0.75, 1.5, 3, and 6 h of aging were exploited, where pixels darker than a set threshold were used 
to calculate the precipitate volume fractions. This volume fraction analysis could not isolate the ω from the 
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α phase, due to their similarly dark contrast. Therefore, they were combined in the precipitate volume 
fraction measurements for TC and TCF. Figure 6 compares the threshold analysis volume fractions to the 
Rietveld analysis precipitate volume fractions. Although the threshold analysis tended to result in a lower 
precipitate volume fraction than the Rietveld analysis, they both confirmed that the precipitate volume 
fraction increased with increased aging time.

Figure 6. The SEM-based threshold analysis precipitate volume fraction results compared to the XRD-
based Rietveld analysis precipitate volume fraction results for (a) TC, (b) TCF, (c) TCA, and (d) TCFA. 

The Rietveld analysis for TC and TCF included summing the α- and ω-phase volume fractions. 

Mechanical properties

The alloys were tested before heat treatment to determine their shear modulus (G), 0.2% yield strength (σy), 
ultimate tensile strength  (UTS), and hardness properties in the β-homogenized condition. These values, 
which are included as the “β” aging time in Figure 7, were used as baseline values to indicate how the aging 
process changed each property. An explanation of the effects Fe and Al had on the β-homogenized 
properties can be found in Ballor et al. [11] and Ballor [23]. The Vickers hardness and the tensile properties 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4519337

P
re

pr
in

t n
ot

 p
ee

r 
re

vi
ew

ed



of each alloy were measured after 0.75, 1.5, 3, 6, and 12 h of aging, see Figure 7. TC exhibited an increase 
in hardness after 0.75 h, followed by a subsequent decrease from 1.5 to 6 h, and an increase to its maximum 
hardness at 12 h. TCF followed a similar evolution, increasing in hardness from 0 to 0.75 h, decreasing to 
1.5 h, then increasing for the remainder of the aging. TCA and TCFA exhibited increased hardness with 
increased aging time. The UTS and σy followed similar trends as the hardness, see Figure 8. No further 
significant increase in Hv was measured for up to 300+ h of 400 °C aging for TC, TCF, TCA, or TCFA 
[24].
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Figure 7. Vickers hardness, UTS, and σy as a function of 400 °C aging time for TC, TCF, TCA, and 
TCFA. No σy data points are presented for TC after 0.75 and 1.5 h aging, indicating brittle failure where 

the 0.2% yield stress could not be calculated according to ASTM E8-E8M-13a.

The ω-containing microstructures (TC and TCF) did not exhibit significantly higher σy or UTS values than 
the ω-free microstructures (TCA and TCFA), see Figure 8. TC exhibited higher UTS values than the other 
three alloys after 0.75 and 1.5 h. TC exhibited similar UTS and σy values for all other aging times. The 
hardness evolution of TC suggests that both σy and UTS should be highest for this alloy after 0.75 h of 
aging.

The RT G values for TCF, TCA, and TCFA were 33 GPa, 30 GPa, and 33 GPa, respectively, as measured 
from one sample per alloy. For TC, two samples were measured, and the G values were 37 GPa and 40 
GPa. The higher G values exhibited by TC agreed with a higher average bond order between Ti and Cr 
(2.779) than Ti and Fe (2.651) or Ti and Al (2.426) [25]. Since bond order and bond strength are analogous, 
a higher average Bo should result in higher G values [25,26].

As the sample temperature increased to 400 °C, the G values of TC, TCF, and TCFA decreased to 34 GPa, 
31.5 GPa, and 32 GPa, respectively, and the TCA G value increased to 32 GPa. The decrease in G for TC, 
TCF, and TCFA can be explained by the softening of the lattice. Because TCA exhibited an increase in G, 
phase transformations were assumed to have occurred during the 400 °C aging. If transformations occurred 
during heating in TCA, it is possible that they occurred in the other alloys as well. After reaching 400 °C, 
both of the three-phase (β+α+ω) TC and TCF alloys exhibited a higher increase in G during the 24 h 400 
°C aging than the two-phase (β+α) TCA and TCFA alloys, see Figure 8. With the precipitation of the ω 
phase during the first 0.5 h at 400 °C, TC exhibited an increase in G of 9 GPa (or 26%) and TCF exhibited 
an increase in G of 2.5 GPa (or 8%).
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Figure 8. The shear modulus (G) of each alloy at 400 °C measured using RUS as a function of aging time. 
The ‘after cooling’ data indicated the data taken after the samples were cooled to RT.

After the 24 h aging, the samples were cooled to RT and the measured G values were 52.5 GPa, 50 GPa, 
35 GPa, and 36 GPa for TC, TCF, TCA, and TCFA, respectively. TCF exhibited the largest relative increase 
in G of 51%, followed by TC, which experienced an increase of 42%, while TCA and TCFA exhibited 
increases of 17% and 9%, respectively.

Discussion

Composition-microstructure relationship

The addition of the α-phase stabilizer Al into the Ti-Cr alloy system favored the β-to-α transformation more 
than the β-to-ω transformation. Thus, the ω phase was not formed in TCA or TCFA during the 400 °C 
aging. However, even though Al promoted the β-to-α transformation over the β-to-ω transformation, the 
Al-containing TCFA exhibited a lower α-phase volume fraction than the Al-free TC and TCF. Fe is a strong 
β-phase stabilizer [27], and the β-phase stabilizing effect of Fe resulted in a reduced α-phase volume 
fraction in TCFA. This effect could have been enhanced by the difference in the Fe and Al diffusion speed 
at 400 °C. The diffusion coefficients or diffusivities (D) for Cr, Fe, and Al at temperatures between 900 °C 
and 1350 °C were taken from diffusion data of Ti-18Cr [28], Ti-1Fe alloy [29], and Ti-2.1Al [30], see 
Figure 9. Extrapolating the trends of D from the 900 °C and 1350 °C temperature range to 400 °C, D was 
calculated to be 2.98x10-16 m2s-1 for Cr, 1.49x10-17 m2s-1 for Fe, and 2.48x10-19 m2s-1 for Al at 400 °C. The 
D for Al is 100x lower than the D of Fe, thus Al should diffuse significantly slower than Fe during the β-
to-α transformations. In TCFA, Fe would diffuse into the β-phase faster than Al could diffuse to the α phase 
in TCFA, and the strong β-stabilizing effect of Fe could limit the precipitation and growth of the α phase 
in TCFA compared to the Fe-free β matrix of TCA. Fe could also prevent the longer-range diffusion needed 
for α-phase formation [31], which would limit the α-phase volume fraction of TCFA compared to TCA.
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Figure 9. Diffusion data used to calculate the diffusion coefficients (D) for Cr, Fe, and Al in Ti at 400 °C. 
Data from [28], [29], and [30] were for Cr, Fe, and Al, respectively.

In TCF, the Fe addition could have limited the ω-phase volume fraction in a similar way. The β-to-ω 
transformation is diffusion controlled [1], where all alloying elements diffuse from the ω phase into the 
surrounding β matrix, and Fe diffuses approximately 10x slower than Cr, which would be expected to 
inhibit the β-to-ω transformation in TCF. The higher β-stability from the Fe addition in TCF could have 
also reduced the free energy of the β phase compared to the ω phase, thereby preventing the β-to-ω 
transformation in TCF [32].

The Fe addition did not reduce the α-phase volume fraction in TCF compared to TC. The ω phase could 
have increased the α-phase volume fraction in TCF compared to TCFA through the ω-assisted α-phase 
transformation. The ledges and interfacial energy at the ω/β boundary would act as a favorable nucleation 
site for the α phase [3,33–36]. The lack of β-stabilizers in the ω phase could indirectly promote the 
formation and growth of the α phase [37,38]. The decrease in the ω-phase volume fraction in both TC and 
TCF could be due to the ω-assisted α-phase transformation, as there is evidence that the α phase consumes 
the ω phase as it grows [2].

Microstructure-property relationship

For the two-phase β+α microstructures of TCA and TCFA, hardness, σy, and UTS increased with increased 
α-phase volume fraction, see Figure 10.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4519337

P
re

pr
in

t n
ot

 p
ee

r 
re

vi
ew

ed



Figure 10. Vickers hardness, σy, and UTS as a function of α-phase percentage for TCA and TCFA.

For the three-phase (β+α+ω) microstructures of TC and TCF, the increase in hardness and strength was 
influenced by both the ω- and α-phase volume fractions. The initial increase in hardness and strength was 
attributed to the ω-phase volume fraction, and the subsequent decrease in hardness was likewise attributed 
to the decrease in ω-phase volume fraction in both TC and TCF, even though the α-phase volume fraction 
was increasing. Although the ω-phase volume fraction continued to decrease with increased aging time, 
both TC and TCF exhibited an increase in hardness and strength at longer aging times, suggesting that the 
α phase became the dominant hardening and strengthening phase. This did not occur for a certain volume 
fraction of α or ω phase. Instead, when the ω/α phase volume fraction ratio fell below 0.25, the hardness 
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and strength of TC and TCF increased with increased α-phase volume fraction even as the ω-phase volume 
fraction decreased, see Figure 11. This evolution is less clear in TC due to the brittle failure of the TC 
samples after 0.75, 1.5, and 12 h aging (indicated with red circles in Figure 11), which prevented the 
calculation of σy for those aging times. The brittle fracture likely prevented higher strengths from being 
exhibited for those aging times.

Figure 11. The Vickers hardness and ω/α volume fraction ratio evolutions with increased aging time for 
TC and TCF. The arrows highlight the increased hardness when the ω/α ratios fell below 0.25.  The data 
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circled in red for TC were for samples which experienced brittle failure and therefore proper sy was not 
calculated. 

The G values for each alloy were checked to see if they agreed with the rule-of-mixtures (ROM) for multi-
phase materials. The ROM for a two-phase material was used to calculate the predicted G values for TCA 
and TCFA, with the upper bound for the ROM calculated using Equation 2 and the lower bound for the 
ROM calculated using Equation 3. Because the α and ω phases exhibit different G values along different 
crystallographic directions, the upper and lower bounds for the ROM were calculated using maximum and 
minimum G values. For TCA and TCFA, the ω-phase volume fractions were set to zero.𝐺𝑚𝑎𝑥= 𝐺𝛽𝑣𝛽+ 𝐺𝛼𝑣𝛼+ 𝐺𝜔𝑣𝜔 (2)𝐺𝑚𝑖𝑛= (𝜈𝛽𝐺𝛽+ 𝜈𝛼𝐺𝛼+ 𝜈𝜔𝐺𝜔)―1 (3)

Table 2 lists the values used in the ROM. The RUS-measured G values, once 400 °C was reached, were 
used for Gβ of each alloy. It was assumed that these G values were of the β phase of each alloy at 400 °C. 
The ω-phase G values at 400 °C are not known, so the measured RT values were used. The RUS-
measured G values for all alloys fell within the range of values predicted by the ROM, see Figure 12.

Table 2.  The values used in the ROM G calculations.

Alloy 𝐺𝛽 (GPa) 𝐺𝛼 <0001>(GPa) 
[39,40]

𝐺𝛼 <11-
20>(GPa) 
[39,40]

𝐺𝜔 
<0001>(GPa) 
[39]

𝐺𝜔 <11-
20>(GPa) 
[39]

TC 34 20 35 45 70
TCF 31.5 20 35 45 70
TCA 32 20 35 na na
TCFA 32 20 35 na na

na: not available
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Figure 12. The RUS-measured G values (data points) for (a) TC and (b) TCF compared to the ROM-
predicted G values (green and blue contours). The RUS-measured G values for (c) TCA and (d) TCFA 
compared to the ROM-predicted G values. The G values fell within the range of values predicted by the 

ROM.

While the values fell within those predicted by the ROM, some questions still remain about the G evolution 
of TC and TCF with increased aging time. For both TC and TCF, the ω phase volume fractions were highest 
after 0.5 h aging, and they decreased thereafter with increased aging time. Following the evolution of ω- 
and α-phase volume fraction, it was expected that the G of TC and TCF should have followed a similar 
evolution to that of the hardness, σy, and UTS values: an initial increase, followed by a decrease, followed 
by a further increase once enough α-phase formed in the microstructure, see Figure 11. Instead, G increased 
as the ω-phase volume fraction decreased, see Figure 13. This increase is clearly related to the ω phase, as 
TCA and TCFA (β+α microstructures) exhibited significantly lower G values, while they also exhibited 
similar or greater fractions of the α phase, see Figure 13.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4519337

P
re

pr
in

t n
ot

 p
ee

r 
re

vi
ew

ed



Figure 13. The shear modulus (G) and α- and ω-phase percentages as a function of aging time at 400 °C 
for each alloy.

The increase in G in TC and TCF could be purely due to the higher G of the ω phase compared to the β or 
α  phases, see Table 2. ω-phase precipitates are known to change morphology and coherency as they grow 
[42,43], and this coherency has been observed to affect elastic moduli in other systems [44]. In addition, ω 
precipitates have been shown to elastically interact, affecting their morphology [43]. These elastic 
interactions could also have an effect on G even as the overall volume fraction of the ω phase decreases. 
Also, during the β-to-ω and β-to-α transformations the β-stabilizers Cr and Fe diffuse into the β-matrix, 
affecting the β-phase lattice parameters, which would influence the inherent strain in the lattice [17].

The ω phase could also affect G in TC and TCF by assisting in α -phase precipitation. The ω-assisted α  
phase was not confirmed in TC and TCF, but in Figure 3(c,d) some lenticular α-phase precipitates appear 
near precipitates consistent with ω-phase morphology, suggesting that the ω-assisted α  phase could have 
formed in these alloys.
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The ω-assisted α phase has been shown to have a significantly deviated habit plane compared to non-ω-
assisted α phase [41]. As the α-phase G is anisotropic, the deviated habit plane of the ω-assisted α phase 
could affect G differently in TC and TCF compared to TCA and TCFA.

Further investigation into how the ω phase causes such a significant increase in G even as the ω-phase 
volume fraction decreases would be valuable.

Conclusions

Fe and Al were added to a base Ti-11Cr(at.%) alloy to determine their effect on microstructure evolution 
during 400 °C aging. Ti-11Cr(at.%) underwent the β-to-ω and β-to-α transformations. The Fe addition to 
Ti-11Cr(at.%) reduced the volume fraction of the ω phase. No ω phase formed when Al was present. When 
added to Ti-11Cr-5.3Al(at.%), Fe reduced the α-phase volume fraction.

The relationship between ω- and α-phase ratio and mechanical properties has been shown for the first time. 
The hardness and strength values of TC and TCF increased with increasing ω-phase volume fraction when 
the ω/α ratio was greater than 0.25. When the ω/α phase ratio was less than 0.25, the hardness and strength 
increased with increasing α-phase volume fraction. Precipitating the ω phase resulted in an increase in G of 
~140% compared to an increase of ~102% in the ω-free microstructures.
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